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Abstract

Transitioning from a linear economy to circular economy—based business models can be difficult for small and medium—sized
enterprises (SMEs) because of dynamic technological changes and market demands. This transformation is aligned with
sustainable development goal 12: responsible production and consumption. In this context, adaptation of digital technolo-
gies can be helpful for SMEs to track their resources and energy consumption and optimize logistics and supply chains in
new and innovative ways. Also, proper management of these technologies have major implications for organization’s com-
petitiveness. But practices remain limited in SMEs due to lack of technological management and their linkages with other
enabling factors to improve competitiveness. Therefore, the present study aims to discuss the enabling factors for digital
technologies adaptation in SMEs to facilitate circular economy—based business model and develop a framework. The study
utilizes the 183 responses from Indian manufacturing sector using exploratory factor analysis to develop a framework which
is further tested by identifying priority order of factors using Bayesian Best—Worst method (B-BWM) approach using a
case study. The results indicate that management support and the Internet of Things are the most critical factors for SMEs
which facilitates the circular business models and improve market competitiveness, optimize resources and enable product
life cycle thinking. Apart from this, study offers managerial implications such as resource efficiency, supply chain visibility,
and circular business models, which can guide SME:s to facilitate circular business models and improve competitiveness.

Keywords Circular economy - Digital technologies - Industry 4.0 - SMEs - Exploratory factor analysis - Bayesian best
worst method - Environmental management
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Introduction resources (Kirchherr et al., 2017). Government bodies and

customer pressure are forcing manufacturing firms to adopt

The global increase in population and personalized demands
has put the pressure on natural resources which particularly
affect manufacturing firms that consume substantial global
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circular economy-based approaches in their business models
to address climate change challenges and achieve sustain-
ability (Mhatre et al., 2021; Trevisan et al., 2023). Circular
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economy initiatives help to promote sustainability by better
resource utilization and waste minimization (Kumar et al.,
2021; Schoggl et al., 2023). At present, manufacturing sec-
tor face an issue of higher pollution generation and carbon
emissions, which are major concerns in addressing sustain-
ability and are well discussed in the literature (de Sousa
Jabbour et al., 2018). Sustainability generally refers to social
growth while implementing sustainable manufacturing prac-
tices that have less environmental impact (Haapala et al.,
2013). At the same time, the manufacturing sector is under-
going digital transformation, also known as “Industry 4.0,
which includes various digital and physical technologies in
manufacturing to complete personalized demands (Kager-
mann et al., 2011; Kim, 2017). Its vertical and horizontal
integration helps manufacturing firms in real-time process
monitoring and control, energy management, decentralized
decision—making, personalized production and predictive
maintenance (Machado et al., 2020). Advanced technolo-
gies to support manufacturing sector can be categorized into
physical and digital technologies, which include additive
manufacturing, robotics, artificial intelligence, the Inter-
net of Things, and augmented and virtual reality (Jamwal
et al., 2021). In past few years, technological developments
have aligned Industry 4.0 concept with the United Nations
SDGs to achieve sustainability in manufacturing (Berndts-
son, 2015). Prior studies in this area such as: Dwivedi et al.,
(2021) also suggest the benefits of digitalization to unlock
new opportunities for sustainability and circular economy.
However, adopting these practices requires a deep under-
standing and benefits of these technologies for the circu-
lar economy, which will help reduce manufacturing costs,
waste, and lead times and increase sustainable value with
market competitiveness (Jabbour et al., 2019; Jamwal et al.,
2023). Digital technologies are playing an important role in
transition to circular economy through resource utilization,
data analytics and waste management (Khan et al., 2022;
Mhatre et al., 2021). Also, these technologies facilitate the
collaboration among the supply chain members to identify
new opportunities for continuous improvement in SMEs
(Ghadge et al., 2022; Kumar et al., 2021).

The adoption of robotics and sensor technologies helps
to streamline manufacturing practices, less exposure of
labour to the hazardous environment and reduce defects in
manufacturing (Tseng et al., 2018). Despite of these ben-
efits in manufacturing, the practices related to the circular
economy are limited in emerging economies due to lack
of digital infrastructure, complexities in supply chain, and
financial constraints (Yadav et al., 2020a, 2020b). Digital
transformation is in its early stages in India due to lower
technological maturity as well as lack of understanding
about the benefits of these technologies (Luthra & Mangla,
2018). Also, there is need of circular business model in
an emerging economy like India due to need to address

resource depletion, environmental issues (Dwivedi et al.,
2021). In this context, adopting digital technologies and
their role in SMEs is important because of their poten-
tial to enable better resource management in the system,
improve market competitiveness, promote life cycle man-
agement and waste tracking in the entire supply chain
(Ghadge & Mogale, 2023; Kumar et al., 2021). Digital
technologies provide new opportunities for manufactur-
ing sector in terms of optimization, data—driven decision-
making, and inventory management (Tseng et al., 2018).

In this context, adopting digital technologies to promote
sustainability practices in supply chain and circular business
models will be helpful for Indian SMEs. Therefore, identifi-
cation and integration of digital technologies enablers which
can support circular economy business models in Indian
SMEs will be beneficial to improve market competitiveness
and enhancing the overall effectiveness of circular business
models.

Therefore, the present study aims to identify critical ena-
blers for digital technologies adoption which can support
circular business models in SMEs. We use the mix method
approach with B-BWM approach for weight prioritization
of enablers. The research objectives addressed in the study
are as follows:

(1) Identification of criteria for digital technologies—ena-
bled circular economy business models, (2) identification
of enabling factors for digital technologies enabled circular
economy business models, (3) prioritizing these enablers for
circular economy business models in SMEs.

The study findings will be helpful for industry profes-
sionals and academia to understand the benefits of digital
technologies to support circular economy business models.
The paper’s organization is as follows: The Second section
discusses the literature review. Third section discusses the
research methodology. Fourth section discusses the results
and discussion. Finally, the conclusion and future scopes
have been discussed.

Literature Review

In this study, comprehensive literature review is done to
identify opportunities and research gaps for circular econ-
omy. This section discusses the concepts of digital tech-
nologies in Industry 4.0 and their benefits for the circular
economy.

Industry 4.0 and Digitalization

Digitalization is currently driving through the Industry 4.0
concept in the manufacturing sector (Bag et al., 2022). In
this digitalization wave, factors such as personalized produc-
tion, urbanization, and advanced technologies have forced
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manufacturing firms to revisit their business models and
incorporate digitalization initiatives, i.e., digital technologies
(Yadav et al., 2020a, 2020b). Due to growing market competi-
tiveness Indian manufacturing sector is now adopting Industry
4.0 technologies in their business practices to promote flex-
ibility as well as agility in the production systems (de Sousa
Jabbour et al., 2018; Raj et al., 2020). In existing literature, the
term Industry 4.0 is also referred as “Smart manufacturing”
concept. Industry 4.0 integrates both the physical and digital
technologies through Cyber physical systems and enable more
flexibility and sustainability in the existing business models
(Cinar et al., 2020). Therefore, the concept of Industry 4.0 is
now popular in both the developing and developed countries
due to its benefits for manufacturing sector (Sung, 2018). How-
ever, the adoption rate is still lower in the developing countries
as compared to developed countries due to lower understand-
ing of technologies and maturity of Industry 4.0 practices (de
Sousa Jabbour et al., 2018).

Digital Technologies and Circular Economy

In last few years, adoption of digital technologies in manu-
facturing sector has gained attention due to their important
role to promote circular economy to reduce waste, resource
extraction and pollution (Khan et al., 2022). These practices
also involves the zero waste philosophy with the considera-
tion of closed loop material flow with in the entire system
(Stahel, 2016). In this context, existing studies in literature
have discussed the potential benefits of adopting digital tech-
nologies in terms of waste reduction, improve organizational
performance, improve market competitiveness and improve
resource utilization (Rajput & Singh, 2019). As compared
to the traditional concept of reusing, reducing and recycling,
circular economy approach goes beyond the new strategies
like regeneration and restoration in manufacturing (Singhal
et al., 2020). Digital technologies in the manufacturing
sector support all these approaches by analyzing the large
amount of data generated across the supply chain (Pagoro-
poulos et al., 2017). Despite such benefits, the existing stud-
ies in this area show that there is lack of understanding in
circularity concept in SMEs due to lack of adequate discus-
sion between role of digital technologies and its benefits for
circular economy in developing economies (Chauhan et al.,
2022; Jabbour et al., 2019). Due to government pressure and
dynamic customer market, SMEs of emerging economies are
realizing the need of IoT and Al to improve their resource
efficiency, decentralized decision-making and energy man-
agement (Rajput & Singh, 2019). These technologies also
supports the collaborative environments in supply chain
network to facilitate the circularity concept across the sup-
ply chain (Giudice et al., 2021). Also, other technologies
such as: Blockchain can help to improve the data security,
transparency, organizational performance, and sustainable
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product management in supply chain through technological
innovations (Upadhyay et al., 2021). Therefore, it is impor-
tant to understand the role of these enablers for developing
economies. In this context, we have identified the list of
enabling factors for digital technologies adoption for circular
business models. The list of identified enablers which can
support a circular economy is shown in Fig. 1.

Based on the comprehensive literature analysis, gaps
related to the relationship between digital technologies and
the circular economy are as follows:

1. The existing studies present the theoretical understand-
ing of both concepts but lack in empirical research in
developing economies, which requires further investiga-
tion.

2. Although literature reported on the digital economy ena-
blers, the impact on SMEs to improve organizational
performance remains unclear.

3. Existing research overlooks SMEs' perspective in the
emerging economy manufacturing sector. Consider-
ing the varied levels of adoption and maturities among
SMEs, there is a need for a comprehensive understand-
ing of these two concepts.

Research Methodology

The study adopts a mixed-method approach, which com-
bines literature analysis, expert consultations and inputs
from five managers during questionnaire design (See Fig. 2).
The study conducts a large—scale survey in the Indian manu-
facturing sector, which validates these 22 enablers which
can support a circular economy through digital technologies
adoption.

Questionnaire Design and Data Collection

The survey was conducted in the Indian manufacturing sec-
tor, focusing on validating identified enablers as mentioned
in the scope of the study. A questionnaire survey based on a
1-5 Likert scale was developed in the initial phase and vali-
dated through a pilot study to refine questions. After input
from experts, a few modifications were made to the question-
naire per the inclusion criteria shown in Table 1. The ques-
tionnaire included a formal cover letter explaining the data
collection objectives and a consent form. The final question-
naire was distributed to a sample of 1310 manufacturing
firms in India, targeting those with technological maturity
and experience in digitalization. We targeted at least 150
responses with an aim to respondent to factor ratio of 5:1 or
higher (Reio Jr & Shuck, 2015). After data collection, these
responses were cleaned and tested for validity and reliability.
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Enabling factors for digital technologies to build circular business models

Big data analytics

It helps in effective decision-making and can
create new databases for future use by data
integration approaches

Blockchain technology

It helps provide a decision support system for
circular economy practices and full control of
the product life cycle

Cloud computing

It can help optimize supply chain practices,
reducing the pressure of procuring
computing hardware for data analysis and
management

Machine Learning and Al

Machine learning and Al adoption help
improve quality, optimization, and circular
design processes

Internet of Things

It helps provide data-driven solutions for the
circular economy. It helps assess the
circular economy measures

Distributed Manufacturing

It helps provide robust products and
services through decentralized
manufacturing activities. Distributed
manufacturing also helps reduce

transportation costs
Additive Manufacturing

It helps reduce waste during manufacturing
activities and can generate complex shapes
with minimum material loss

o800 BD0

Flexible Manufacturing Systems
Adopting flexible manufacturing systems helps
improve resource waste valorization, further
improving the role of the business models

Smart Factory Equipment

Adopting smart factory equipment helps
reduce waste and improve production

system efficiency

Man Machine Interaction

A better architecture for man-machine
interaction helps reduce costs,
communications, and locate

malfunction in the system

Smart Budget allocation

Smart budget allocation helps achieve

circular economy  projects
specified time frame,
organizational performance

Management Support

Management awareness related to the
circular economy and support for related
projects  helps improve the

economy

Adopting Reverse logistics

It is important for waste
treatment, and
remanufacturing processes

Dedicated Teams

Dedicated teams for circular economy help
perform practices better and develop new

solutions to improve circularity

transportation

Industrial Safety Equipment
Helps to improve the working
environment, increasing economic
efficiency.

Quality Management

Improve the circular economy practices
by providing specific quality measures
against the quality standards

Sustainability Rewards

Promote sustainability by
rewarding good performance in the
sustainability journey

Employee Training
Promote circular economy-based
business models

Ecosystem collaboration

Adopt circular business models
with  the help of digital
technologies.

Recycling and Resource
recovery
Improve circular economy-based

business models

Remanufacturing
Improve the circularity of business
models

Sustainable Design Initiatives
Improve environmental and
economic sustainability by
improving resource utilization

l Understanding of Industry 4.0 and Circular Economy Through Literature review

v

l Identify research gaps and opportunities and define research objectives

|

Expert opinions (Industry Expert)

v

Questionnaire development

Expert opinions (Academia)

l Sample size selection

v

l Questionnaire pre-test and administration

!

l Data collection

v

[ Reliability and validity test

Data analysis

n

Demographic analysis l

v

l Descriptive data analysis l

v

-

l Exploratory factor analysis

Check Significance of Enablers and Categorize into groups

"

'

Apply Bayesian BWM Approach for prioritization

|

v

Results and Discussion

!

Theoretical Implications

Managerial Implications

Conclusion and Future scope

Fig. 1 Enabling factors for digital technologies to build circular business models [Based on studies: (Agrawal et al., 2021; Kouhizadeh et al.,
2020; Rajput & Singh, 2019; Sehnem et al., 2019; Tseng et al., 2018; Upadhyay et al., 2021; Yadav et al., 2020b)]

Fig.2 A research framework for the study
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Data Analysis and Results

The identified enablers were finalized with a discussion with a
team of five managers from leading SMEs. The list was final-
ized based on the enabler’s applicability in the SMEs and lit-
erature support reported in past studies. Out of 1310 contacted
manufacturing firms, only 210 responses were received, of
which 27 were incomplete and excluded from the data analysis.
The remaining 183 responses were utilized for the reliability
and validity tests, which report the Cronbach Alpha value of
0.79, well accepted in the literature (Field, 2013; Hair, 2009).
The demographic details of the study are presented in Table 2.

The results of standard deviations and mean obtained
from the descriptive analysis are presented in Fig. 3. All the
enabling factors related to digital technologies for circular
economy show more than 2.5 mean value, which means all
the enabling factors reported are somewhat significant for
industries. This helps include the variables for the EFA in
the next sections.

Exploratory Factor Analysis (EFA)

In the initial step of EFA, inter-related factor correlation
was checked. Further, the reliability of all factors was
checked. Also, Bartlett’s test was conducted and results
found to be significant. This suggests the factors were
highly relevant for the exploratory factor analysis. Further,
Table Al as given in supplementary Appendix file shows
the total variance of factors under the major groups. In the
third step, the number of reduced factors, latent variables, or
components was determined, which explains the significant
total variance presented in Table Al. The pattern matrix is
shown in Table A2 in Appendix. Based on the EFA analysis,
all the factors were categorized into major dimensions and
a framework is proposed for SMEs (See Fig. 4).

Bayesian Best-Worst Method Approach
The literature on multi—criteria decision—-making (MCDM)

methods offers various weight computation approaches,
including DEMATEL, AHP, Interpretive ranking process,

Table 2 Demographic analysis of survey

Indicator Response Frequency Percentage
Industry sector Automobile 41 22.40
Pharmaceutical 37 20.21
Food 39 21.31
Chemical 22 12.02
Electronics 19 10.38
Textile 25 13.66
Turnover Less than 10 crores 98 53.55
Less than 50 crores 85 46.44
Organization size Small 105 57.37
Medium 78 42.62
Experience Less than 3 years 55 30.05
3-5 years 57 31.14
5-10 years 33 18.03
More than 10 years 38 20.76

ANP and multi-attribute approaches. The approach used for
decision—making depends on the problem's nature and expert
selection (Kumar et al., 2017). However, relying solely on the
expert decision may result in biased outcomes and decisions.
To address this issue, we have used the Bayesian Best—Worst
method, which overcomes the limitation of the traditional Best
worst approach (Yadav et al., 2020b). The best—Worst method
has gained popularity in multi—criteria decision—making in the
last few years due to its ability to consider both positive and
negative criteria. Unlike other MCDM methods, this method
finds out the relative importance of criteria systematically
and identifies the best and worst alternatives in the deci-
sion—making problem. This helps in robust decision—making
over alternative methods. Apart from this, the BWM approach
can handle incomplete or imprecise information, which makes
it a suitable choice for handling complex decision—making
problems. For this reason, the present study adopted a Bayes-
ian-based BWM approach for decision—making.

For the framework validation proposed after EFA, we
have done a case study in the automotive firm in which
eight experts were considered to provide their inputs on a
1-5 Likert scale and analyzed using the Bayesian BWM
approach, which is discussed below:

Table 1 Questions categories, questions, and reason for inclusions [Adapted from: (Bhandari et al., 2022)]

Question category Questions

Reason for inclusion

Rating of Factors
(Likert—Scale)
understanding]

Demographic Industry sector

Size of organization

Classification of organization

Region of organization

Experience in circular economy-related projects

Experience in 14.0-related projects

Kindly rate the factors’ significance of digital technologies for circu-
lar business models [List of 22 factors with descriptions for better

The inclusion is done to get industry respondent opinions on the
significance of factors identified through the SLR approach

The questionnaire included all these questions to assess the
respondents’ demographic information
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Mean values of Enablers

Standard Deviation values of Enablers

Sustainable design initiatives 3.879 Sustamable design initiatives I 0692
Remamufacturing 4.081 Remamfacturing I .49
Recydingand Resource recovery 3.901 Recycling andR esource recovery I 0 663
Ecosystem collaboration 4 Ecosystem collaboration 0.564
Empl oyee training 3.18 Employee traning I 0,861
Sustamnability rewards 3.622 Sustainability rewards 0.729
Quality management 3.398 Quality management 0.748
Industrial safety equpm ent 3327 Industrial safety equipm ent 0.846
Dedicated Teams 3.972 Dedicated Teams 0.623
Adopting reverse logistics 3.874 Adopting reverse logstics 0638
Management Support 3912 Management Support 0.622
Smartbudget allocation 3.928 Smart budget allocation 0.602
Man-machine interaction 3.994 Man-machine interaction GG 0 606
Smart factory equipm ent 3.622 Smartfactory equipm ent 0.752
Flexible m anufacturing systems 3.77 Flexible m amfacturing systems I 0.68 S
Additi ve manufactunng 3.743 Additve manufactunng 0.706
Distributed mamufacturng 3.595 Distnbuted manufactuning 0671
Intemet of Things 2.945 Internet of Things 0.843
Machine leaming and Al 2.896 Machine leaming and Al 091
Cloud computing 2885 Cloud com puting 0.891
Blockchain technology 3.076 Blockchain technology 0.879
Big data analytics 2765 Big data analytics 0.854
Fig.3 Descriptive analysis
Big data analytics
NPT Blockchain technology
0:71 4 Cloud computing Resource Efficiency
o::- Machine learning and Al

Internet of Things

Supply chain transparency

Product life extension

Distributed manufacturing
S
oF o Additive manufacturing
0801 Flexible manufacturing systems
0,906
0749 Smart factory equipment

Man-machine interaction

Bayesian
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Fig.4 Framework for SMEs for circular business models through digital technologies enablers

Step 3: In this, a pairwise comparison is made between other
criteria C and best criteria (Cg). The “best-to—others”
vector is presented by Ay and can be calculated as:

Step 1: In the initial step, a set of decisions for the criteria

is provided:
C={C,C,,....C,}

Step 2: In this step, input for best criteria (Cz) and worst
criteria (Cy, ) from criteria C is provided by a group of
decision—makers. Here, the best criteria are the most
desirable criteria or most important, while the worst cri-
teria are the least important.

Ap = (‘131,‘132’ '7aBn) ()

Here, in Eq. 1 ag; represent C which is the preference
of best criteria over the ¢; € C
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Step 4: In this, a pairwise comparison worst criteria (CW)
from criteria C is provided by a group of decision—mak-
ers. The “worst—to—others” vector can be represented by
A,, and can be calculated as:

A, = (alw,aZW, .,anw)T 2)

Here, in Eq. 2 a;,, represent the preference of ¢; € C
over worst criteria C,,
Step 5: The optimal weights can be calculated as:

*

w* = (w’f,w;....,w:) 3)

Using the following equation, we can find the weight

vector W>x<
’ w,, ]

wj=1,ijOVj=1,2,....,n 4)
1

. w,

mlnmax{ ’—" —ag;

: W, 3
woJ J

subject to:
n

J

The consistency ratio (CR) can be checked by:

_&

CR =
CI

&)
Here optimal value obtained in Eq. 3 can be repre-
sented by &* with a fixed value of CI (value of ag,,)
The credal ranking in the BWM approach is used to
calibrate the degree that one criterion in any problem is
superior to the other criteria. The definitions for Credal
ordering and Credal ranking are represented below:

Definition 1 (Credal ordering): Let us consider, c;andc; are
the pair of criteria, then credal ordering can be represented
by O and computed as:

0 = (cciR.d) (6)

Here,

R represents the relationship between the c;andc; criteria
e, =;<,>

The confidence in the relationship can be represented by
de[0,1]

Definition 2 (Credal ranking): Here we considered criteria
C={Cl1,C2,.....Cn}

and Credal ranking can be calculated as:

(o Cj), where C;, Cj e€C

If the c; is superior to ¢;

Then, confidence P(c; > cj) can be computed as:
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P(Ci > Cj) = /I(W;Igg>w;'gx)P(Wagg) 7)

P(w?88) can be represented as the posterior distribution of
agg
Wi
If there are Q samples, then confidence, as well as poste-
rior distribution, can be computed as:

0
P(c;>¢;) = é DI > i 8)
g=1
1 d agg, agg,
P(ci > cj) = é Zl(wi >w; ) 9)

g=1

The weight of all enabling factors with their ranking
is shown in Table 3.

Results and Discussions

Initially, the EFA approach was used to categorize these ena-
blers into the respective groups, i.e., technological, environ-
mental, manufacturing systems, organizational, and people.
The priority order of major groups in enabling factors for
digital economy—based circular economy business model
is as follows: (a) organizational (0.2490); (b) technological
(0.2438); (c) manufacturing systems (0.2102); (d) environ-
mental (0.1539); (e) people (0.1429).

It is found that Organizational factors play an impor-
tant role in the adoption of digital technologies in SMEs.
The existing studies such as: (Mittal et al., 2018) also sug-
gested that management support is important to adopt digital
technologies on the shop floor which helps in shop floor
digitalization. (Yadav et al., 2020a, 2020b) suggested that
digitalization in manufacturing requires smart budget allo-
cation which guides manufacturing firms to prioritize their
investment areas related to technological upgradation.

Adopting smart budget allocation strategies in the SMEs
helps to improve the circular economy practices through
more sustainable closed loop business models (Jabbour et al.,
2019). Investments on developing recycling infrastructure will
help manufacturing firms to reduce their waste and promote
resource efficiency (Thorley et al., 2021). A good top level
management support will be helpful to create a supportive
environment for new innovation which will further help organ-
ization to achieve their sustainability goals (Sehnem et al.,
2019). Organizations can focus on their employee engagement
in circularity practices which can be done through the support
of top level management (Moktadir et al., 2020).

SMEs can also focus on the reverse logistics practices
and digital technologies adoption to enable real-time track-
ing and data-driven decision-making (Chauhan et al., 2022).
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Table 3 Weight of enabling Dimension Enabling factor Weight Ranking
factors with their ranking
Technological Big data analytics 0.0427 11
Blockchain technology 0.0438 10
Cloud computing 0.0400 16
Machine learning and Al 0.0526 7
Internet of Things 0.0645 2
Manufacturing system Distributed manufacturing 0.0474 9
Additive manufacturing 0.0427 12
Flexible manufacturing systems 0.0415 13
Smart factory equipment 0.0402 15
Man-machine interaction 0.0383 18
Organizational Smart budget allocation 0.0644 3
Management Support 0.0764 1
Adopting reverse logistics 0.0552 4
Dedicated Teams 0.0528 5
People Industrial safety equipment 0.0281 20
Quality management 0.0395 17
Sustainability rewards 0.0348 19
Employee training 0.0403 14
Environment Ecosystem collaboration 0.0520 8
Recycling and Resource recovery 0.0261 21
Remanufacturing 0.0527 6
Sustainable design initiatives 0.0230 22

Formulating dedicated teams for circular economy practices
will help the manufacturing organizations to improve their
resource efficiency and resource management (Torres—Gue-
vara et al., 2021).

Big data analytics has a weight of (0.0427). Adopting
big data analytics—based approaches in manufacturing sec-
tor will be helpful to improve data-driven decision-making
with more transparency and visibility (Awan et al., 2021).
Blockchain technology has a weight of (0.0438). Adopting
blockchain technology increases accountability and trust
among the supply chain partners by better data manage-
ment which helps develop more sustainable business models
through sustainable value creation (Kouhizadeh et al., 2020;
Shojaei et al., 2021).

Cloud Computing has a weight of 0.0400. Adopting cloud
computing provides a highly scalable platform for better data
management (Tseng et al., 2018). Al and Machine learn-
ing—based approaches have a weight of 0.0526. Machine
learning and Al-based approaches help in predictive ana-
lytics, which allows manufacturing firms to predict their
demands and improve resource utilization (Agrawal et al.,
2021). IoT has a weight of 0.0645. Adopting IoT-based plat-
forms will help industries monitor their waste in real-time
and make data—driven decisions (Pagoropoulos et al., 2017).

Distributed manufacturing systems have a weight of
(0.0474). Distributed manufacturing helps reduce the need
for centralized production and enhances production through
decentralized production (Moreno et al., 2017). Additive
manufacturing has a weight of (0.0427). Additive manu-
facturing technologies help reduce waste associated with

traditional manufacturing approaches (Ponis et al., 2021).
Flexible manufacturing systems have a weight of (0.0415).
Adopting a flexible manufacturing system improves resource
utilization by minimizing overproduction and underutiliza-
tion of resources (Reddy & Kumar, 2021).

Man-machine interaction has a weight of 0.0383.
Improvement in man—machine interaction helps the opera-
tors to work more closely with the manufacturing system on
the shop floor (Shayganmehr et al., 2021). Adopting safety
modules helps improve circular business models by reducing
accidents in the workplace and exposing workers to haz-
ardous areas (Fontana et al., 2021). Quality Management
has a weight of 0.0395. Digital technologies can play an
important role in building circular business models through
quality management (Barbaritano et al., 2019). Sustainabil-
ity rewards have a weight of 0.0348. Sustainability reward
system is helpful for organizations build circular business
models by motivating them to reduce waste (Marrucci et al.,
2021). Ecosystem collaboration has a weight of 0.0520.
Ecosystem collaboration or cooperation between various
stakeholders or supply chain partners helps to improve the
circular economy practices (Suchek et al., 2021).

Recycling and resource recovery practices have a weight
of (0.0261). In manufacturing firms both recycling and
recovery strategies are important to reduce waste, promote
innovation and improve resource efficiency. These practices
help organizations to develop an equitable as well as sus-
tainable economy (Nelles et al., 2016). Remanufacturing
initiatives have a weight of (0.0527). Adopting remanufac-
turing strategies are helpful to create new market jobs in

@ Springer | X

o



32

A. Jamwal et al.

the manufacturing sector (Hazen et al., 2017). Further, we
have developed a pairwise superiority network based on the
credal ranking which is shown in Fig. 5.

The study results reveal that SMEs are focused on the
digital technology adoption for circular economy business
models. But besides, it is important to understand that tech-
nological landscape are constantly changing. So, SMEs need
to think beyond the initial adoption of digital technologies.
They need to embrace the strategy of continuous adaptation
to evolving technologies and regularly upgrade these to maxi-
mize the benefits of circular business models. The previous
cases in the automobile sectors such as by: Momaya, (2017)
also shared the experiences of automobile firm and suggested
that once technologies are adopted, organizations can start ini-
tiatives on the capabilities for technology transfer and absorp-
tion. In this context, the adaptability of technologies will be
helpful for the seamless integration of digital technologies
into the existing processes and alignment with circular model.
Also, SMEs need to be put more efforts on their technological
upgradation and remains informed about latest innovations to
enhance their digital infrastructure. This will help them not
only to improve their resource tracking capabilities but also
optimize their supply chain, improve competitiveness, com-
mitment towards responsible production and consumption.

Implications
Theoretical Implications

The present study contributes to advance the knowledge in
the area of digital technologies and circular economy by
developing theoretical concepts related to these two topics.
Firstly, this study identifies the critical enablers for adopt-
ing circular economy through digital technologies enablers
by understanding the literature. This study also provides
insights about the prioritization of enablers in SMEs. In
addition, this study contributes to the theory of technology
adoption by including the circular economy perspective in
the framework of environmental, technological and environ-
mental factors in the SMEs.

Practical Implications

The present study has practical implications for both poli-
cymakers and practitioners. R&D efforts in SMEs can help
drive innovations and develop sustainable solutions for
Industry 4.0 practices, which can improve maturity and
readiness levels. By understanding the significance of digi-
tal technologies for circularity and sustainability, SMEs can
develop an adoption roadmap through prioritization for cir-
cular business models. The major implications of the study
are as follows:
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Fig.5 Pairwise superiority network based on credal ranking

1. Improved resource efficiency: The findings indicate that
digital transformation in SMEs helps to optimize the
resource utilization through advanced technologies such
as: IoT and data analytics. These technologies can be
used by SMEs to address the energy consumption, emis-
sions, waste generation issues.

2. Supply chain visibility: Adoption of digital technolo-
gies enhances supply chain visibility and transparency in
SME:s. It also allows SME:s to track their waste genera-
tion, demand trends in the supply chain so that they can
manage their inventory in the better way.

3. Circular business models: SMEs can adopt digital tech-
nologies for remanufacturing strategies which support
circular economy business models. These initiatives will
help SMEs to explore new opportunities for recyclability
and repairability.

4. Sustainability practices: SMEs can invest on digital tech-
nologies such as: machine learning and IoT platforms
to promote sustainability through real time monitoring
of energy consumption trends and resources. Also, they
can align their consumer preferences and regulations to
promote market competitiveness and improve corporate
social responsibility.

These are the major implications of the study for practi-
tioners and policymakers. In this sense, digital technologies
can support the digital transformation in the manufacturing
sector and provide new opportunities for Indian SMEs to
develop sustainable business models and make India as a
world—class manufacturing hub.
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Conclusions

In the context of urbanization and global market competi-
tion, adopting digital technologies for circular economy is
important for manufacturing SMEs. The adoption of digital
technologies in SMEs of emerging economies is still lower
due to a lack of understanding about their sustainability and
circular economy benefits. To address this issue, we followed
a systematic literature review approach and find out 22 key
enablers which can support the circular economy business
modes. Further, these enablers were validated through a sur-
vey conducted in the Indian manufacturing sector in which
183 responses were utilized for the data analysis. The find-
ings indicate that organizational factors plays a vital role
in circular economy adoption and emphasize the need for
dedicated teams and budget allocation. SMEs can invest in
upgrading digital skills for labour, which will help facilitate
digitalization projects and foster a sustainable culture. Also,
SME:s can focus on strategies like resource conservation,
sustainable product design and remanufacturing to promote
circular economy. This study's findings can serve as a basis
for developing a conceptual framework for future studies,
which can be validated using structural equation modelling.
However, the study’s limitations is the inclusion of limited
number of responses and industry—specific focus, which
can addressed in future. Further research will be carried out
by exploring alternative decision—making approaches and
including other industry sectors.

Key Questions Reflecting Applicability in Real Life

Based on the study, following are key questions reflecting
the applicability of study in real life:

1. How manufacturing firms can efficiently implement and
integrate digital technologies for circular economy?

2. What different strategies can be implemented to enhance
the awareness and understanding regarding the benefits
of digital technologies for circular economy and sustain-
ability in SMEs?

3. What are the key challenges and success factors influ-
encing the adaptation of circular economy—based busi-
ness models in SMEs and how do these factors contrib-
ute to or hinder the competitiveness of SMEs?

4. How organizational related factors such as dedicated
teams and smart budget allocation can help to promote
circular economy in SMEs?

5. What specific strategies for resource conservation,
remanufacturing and sustainable product design can be
employed to promote circular economy?

6. How digital skills can be enhanced for workforce in
SMEs?
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