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Abstract
The Sustainable Development Goals (SDGs) encourage sustainable practices in organisa-
tions opting to use renewable energy resources. The current study focuses on the develop-
ment of a framework for the adoption of Industry 4.0 technologies (I4.0T) and Circular 
Economy (CE) practices that can help to achieve the SDGs for the manufacturing sector. 
The I4.0T-CE practices and the performance metrics were identified from the literature. 
The Pythagorean fuzzy analytical hierarchy process (PF-AHP) was used to compute the 
weights of the 30 identified I4.0-CE practices and the Pythagorean fuzzy combined com-
promise solution (PF-CoCoSo) method was used to prioritise the 18 performance metrics. 
The PF-AHP and the PF-CoCoSo are the advanced computational methods used in multi-
criteria decision analysis. The data was collected from 15 experts of Indian manufacturing 
industries. The industrial expert panel was asked to provide their input through a pairwise 
comparison matrix. The analysis of the results shows that the top three I4.0-CE practices 
are “Reduced”, “Collaborations and Partnerships” and “Continuous Improvement”. In 
contrast, the top three performance metrics are the “No. of global policy measures”, “No. 
of government budget appropriations” and “No. of innovation using low carbon technolo-
gies”. The study contributes to industrial practitioners in implementation, and researchers 
in theoretical enhancement. The performance metrics enable tracking progress, identifying 
improvement areas, and making informed decisions for achieving SDGs.

Keywords Circular Economy · Industry 4.0 · Sustainable development goals · Pythagorean 
Fuzzy AHP · Pythagorean Fuzzy CoCoSo
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Introduction

A conceivable route to accomplish the Sustainable Development Goals (SDGs) of the 
UN is through the combination of Industry 4.0 technologies (I4.0T) and Circular Econ-
omy (CE) practices [16]. The use of cutting-edge technologies like artificial intelligence 
(AI), the Internet of Things (IoT) and big data analytics (BDA) characterises Industry 
4.0 (I4.0) to replace manual manufacturing processes with intelligent, interconnected 
systems [55] [68]. In the meantime, the CE focuses on eliminating waste and pollution, 
reusing resources and goods, and rebuilding natural systems [66]. CE is receiving a lot 
of interest from academics, organisations, and international businesspeople [67]. Gov-
ernments and businesses are aware that sustainable development is necessary due to the 
quick depletion of resources and environmental deterioration (S. [40]). CE is primar-
ily a blend of concepts borrowed from old economic and environmental perspectives 
that recommend raising resource usage efficiency to accomplish changes in the present 
balance between the economy, environment, and society [9]. It is a closed-loop supply 
chain that enables the industrial system to adapt to the concept of restoration and regen-
eration [61]. Manufacturing companies play an important role in improving the living 
standards of people, but at the same time, they contribute to environmental problems. 
To overcome these problems the United Nations set certain (SDGs), the ’2030 Agenda 
for Sustainable Development, which consists of 169 targets and 232 indicators to track 
progress and are relevant for manufacturing organizations [54][10]. [67] cited the rel-
evance of circular economy practices to the SDGs and the findings suggested that CE 
practices can help achieve several SDG targets.

Organizations will need to give in to traditional practices and use innovative technol-
ogies to achieve SDGs [16]. Among the various industry-adopted practices like sustain-
able supply chain management, Industry 4.0 technology usage, circular economy and 
reconfigurable manufacturing systems,[54] this paper focuses on the nexus of Industry 
4.0 technology and circular economy practices to achieve SDGs. Many authors cited the 
potential of I4.0T as a facilitator for CE, such as implementing I4.0T tools to enhance 
the performance of the reverse supply chain, and the benefits of using Big Data (BD) on 
the agricultural supply chain [16]. Further [63], suggested that universities should play 
a critical role in transforming the linear economy to CE in the emerging  4th industrial 
revolution, which is a synergy of Industries 4.0 and CE. As universities train wide pro-
fessionals, he believed that they have the power to influence supply chains and convince 
diverse groups including future generations, political bodies and the public.

I4.0T are not just the enablers but amplifiers to increase the attention towards CE and 
environmental sustainability, as they enable new tools for manufacturing firms that are 
used to control and measure the use of resources and eventually boost their resource effi-
ciency [17]. The use of I4.0T empowers circular economy in business [81]. For example, 
[23] Blockchain Technology (BCT) is a facilitator for implementing sustainability and cir-
cular economy concepts by increasing systems efficiency and decreasing development and 
operational costs, Internet of Things (IoT), Cyber-Physical System (CPS), Cloud Comput-
ing (CC) can encourage the transition from linear to circular business model and provide 
a powerful set of tools to overcome barriers for implementation of CE [26][57]. To ensure 
consumerism and less waste generation during manufacturing, Additive Manufacturing 
(AM) can be used to provide the advantages of sustainability and the circular production 
system [72]. concluded that we cannot have a sustainable 4th Industrial Revolution without 
advancing the CE. Likewise, it is hard to imagine CE without the 4th Industrial Revolution.
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Organizations looking towards less polluted energy resources and better resource 
consumption have adopted I4.0T [58]. Developed countries started applying advanced 
technologies on the production level to compete with other uprising countries and to 
offer more value to the customers (A. [37]). The most common way to describe the rela-
tion between CE and I4.0T was the digitalisation of CE. In the context of CE, I4.0T is 
considered a galaxy of opportunities that supports the company in achieving circular-
ity through digitization [65]. However, the adoption of I4.0T in CE is quite complex 
([2, 60] believes that digitalization will promote CE by enabling the efficient use of 
resources through accurate information and increasing its visibility resulting in the clo-
sure of resource loops. [65] stated that there needs to be more empirical evidence on 
how firms apply CE and I4.0T principles. Hence further investigation is needed to iden-
tify the potential impact of I4.0T and CE in designing business models.

There is a lot of research that is beginning to explore the nexus between CE and 
I4.0T [57]. It offers benefits that link advanced technologies to system-wide shifts in 
economic and industrial models [16]. As a result, a review is also conducted in this 
paper to identify I4.0T that contributes to achieving CE practices. Many researchers 
have contributed to different research chunks related to sustainability. [16] is the first 
publication to simultaneously address CE, I4.0 and SDGs. However, in this paper struc-
tural framework during the adoption of CE-I4.0T practices and performance evaluation 
are included. The combination of the two topics is growing in the manufacturing sec-
tor [16]. Hence, investigating general CE practices and I4.0T is essential so researchers 
and practitioners can make decisions. Investing in research and implementation of these 
practices that includes the initial production of the raw materials to the final disposal or 
recycling of the product will have a positive impact over time.

The following research questions (RQ) emerge:
RQ1. What CE practices and I4.0T are described in the literature?
The first research objective is to conduct a literature review for the recognition of CE 

practices and I4.0T.
RQ2. Which SDGs can be achieved with the help of I4.0T-CE practices?
The second research objective is to understand SDGs and to identify which SDG 

targets can be accomplished using Industry 4.0 technologies and CE practices through a 
literature review.

RQ3. What will be the nexus effect of adopting I4.0T-CE practices on SDGs?
The third research objective is to determine the impact of Industry 4.0-CE practices 

on SDGs.
RQ4. How can the systematic framework be helpful when adopting Industry 4.0-CE 

practices?
The fourth research objective is to develop a systematic framework along with a set 

of performance metrics for evaluation.
To achieve the objectives mentioned above, an extensive literature review is con-

ducted to identify CE practices and Industries 4.0 technologies that are interconnected. 
Apart from this, a literature review is conducted to identify and categorize the SDGs, 
which are achieved with the help of CE practices and Industries 4.0 technologies. This 
review also assisted in determining the impact of CE practices and Industries 4.0 tech-
nologies on SDGs, creating a set of performance metrics that can reflect CE and Indus-
try 4.0T’s contribution to SDG achievement. Further, ranking performance metrics 
according to their importance was necessary, and the authors decided to prioritize them. 
For this purpose, a panel of 15 experts is formed from five medium-scale industries. 
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Their opinions are gathered to create a pairwise comparison matrix. The PF-AHP and 
PF-CoCoSo method is used for the analysis part.

Theoretical Background

The process of collecting various literature was carried out by retrieving publications from 
Taylor and Francis, John Wiley, Emerald Insight, SpringerLink and Science Direct. The 
keywords used for the search include “Circular Economy practices”, “Industry 4.0” and 
“Sustainable development goals”. The publications considered were peer-reviewed jour-
nals and book chapters. Many irrelevant publications were excluded after reading each 
paper’s abstract and conclusion as a part of the initial screening. The second stage of exclu-
sion was done by reading a full-length paper. The relevant publications were stored in a 
single location. The word relevant refers to the publications that present various CE prac-
tices, I4.0T, and assessments of SDGs. Finally, 73 papers were selected for the study. The 
current section aims to review these articles, and this literature review’s important out-
comes are summarized below.

Manufacturing industries are transforming from a linear economy to a circular economy 
and in this context, Industry 4.0 is the key enabler of innovative technology [61]. Table 1 
summarises the Industry 4.0 technologies and CE practices that were associated with each 
publication examined in the literature review. The conducted literature review focused on 
papers that used either CE practices or Industry 4.0 technologies to obtain sustainability of 
the system and to eventually achieve SDGs. [61] investigated the CE practices and I4.0T 
applied in a sustainability context. There is a growing interest in the hands-on applica-
tions of both CE and I4.0 as a route to achieving sustainability. [19] believed that Additive 
manufacturing (AM) techniques like 3D printing enable CE practices such as reuse, modu-
larity, upgrade, refurbishment and remanufacture. Soon Artificial intelligence (AI) could 
develop at a level, where humans only need to define the goal and show AI the databases, 
the rest leave everything else for machines to generate the solutions [78]. Further, AI pro-
vides precise resource data, enabling CE practices like recycling, refurbishment, remanu-
facturing, reducing, repair and reverse logistics [29]. CE practices such as recycling, reuse, 
recovery, repair, reduce are identified. Such practices are achieved using Augmented Real-
ity (AR) [16], Autonomous robots [78], Blockchain Technology (BCT) (S. A. R. [39]), 
and Cyber-Physical Systems (CPS) [71]. [64] cited that collaborative robots (co-bots) can 
interact with humans and can support CE practices such as recovery, treatment of hazard-
ous resources, reuse, remanufacturing and reverse logistics. [46] found out that Cybersecu-
rity (CS) has no direct effect on reducing CE problems but when paired with other I4.0T, 
it promotes CE practices like reducing waste and emissions, reuse, recovery and recycling.

[70] studied the function of the Internet of Things (IoT) in CE practices. The main 
finding of the study was that IoT remarkably improves CE activities and practices like 
green manufacturing, circular design, remanufacturing and recycling. Logistics service 
providers have invested or are likely to invest in technologies like IoT, Big Data Ana-
lytics (BDA) and Machine learning to gather real-time data, logistics network visibil-
ity, and productivity monitoring [48]. [71] developed a roadmap for achieving reverse 
logistics 4.0. The author stated that the adoption of I4.0T has extensive impacts on 
refining data quality, computational intelligence and operations in reverse logistics. In 
continuation, the author quoted that IoT, CPS, AI and autonomous robots are enablers 
of reverse logistics 4.0 transformation. The fourth phase of waste management and 
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CE are connected, which considers not only ways of using recycled materials but also 
the period of their use. Following these new policies, the author found out that min-
eral nanotechnology is the best alternative for renewable materials supply [52]. Radio 
Frequency Identification (RFID) tags provide information on the product lifecycle, ena-
bling CE practices like reuse, repair and recycling. However, RFID tags are not treated 
as e-waste, leading to a huge environmental threat [15]. (A. A. [36]) stated the use of 
simulation in manufacturing supply chain chains. Simulation helps in product traceabil-
ity and improves raw materials used in production. After reviewing these articles vari-
ous I4.0T and CE practices are listed in Table 1.

The Millennium Development Goals (MDGs) were replaced by the Sustainable Devel-
opment Goals (SDGs), which were formed on September 15, 2015, and are titled “Trans-
forming our World: 2030 Agenda for Sustainable Development”. The SDGs are relevant to 
all countries and regions of the world and contain 17 agendas that cover around 169 targets 
[4]. SDG 8 (Decent work and economic growth), SDG 9 (Industry, Innovation and Infra-
structure), and SDG 12 (Responsible Consumption and Production) deal with sustainable 
design, innovation and production while several other SDGs aid in competitive advantage 
among industries [69]. I4.0-related technological advancements may help organisations 
achieve their goals and the SDGs [54]. Further [67] concluded that a significant number of 
SDG targets can be achieved using CE practices and specialized implementation strategies.

According to [16], SDGs 7, 8, 9, 11, 12 and 13 can be achieved with the nexus of 
CE-I4.0T. As a result, the author decided to look into the nexus effect of CE-I4.0T in 
achieving the SDGs as mentioned above. The business SDGs that CE-I4.0T addresses 
are outlined along with the performance metrics in Table 2 and selected performance 
metrics along with their descriptions are listed in Table 3.

Literature Gaps

The existing research articles were thoroughly read and the authors identified the fol-
lowing gaps during the literature review.

• The current body of literature does not provide a comprehensive framework to steer CE 
practices through different stages of implementation. A similar observation was noted 
regarding the application of I4.0T.

• The existing publications do not offer a framework that demonstrates the combined 
impact of I4.0T and CE practices on the SDGs. Moreover, available research articles do 
not specify performance metrics to assess the contribution of CE and I4.0.

• No pieces of study were found that assessed the relative importance of I4.0T-CE prac-
tices using weight-determining techniques.

• No studies considered expert opinion to improve the performance of I4.0-CE practices.

The mentioned limitations show the importance of organizing CE practices, I4.0T and inter-
connectivity between them. Also, it is necessary to determine how CE practices and I4.0T aid 
each other. As discussed in the introduction section, some of the intellectuals examined SDGs 
in the CE and I4.0T but failed to measure the success of SDGs in the available literature. As a 
result, a framework that can aid in measuring SDGs success using CE and I4.0T is intended to 
be developed in the current study. This study also features the expert’s opinions on the devel-
oped framework to ensure proper alignment of the framework with the actual industrial factors.
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Research Methodology

A literature review was conducted to understand the nexus between Industry 4.0 technolo-
gies and CE practices to achieve the SDGs. The topics addressed by this study are emerg-
ing hence only peer-reviewed papers published in the English language were considered. 
Since all subjects addressed in this paper are emerging, no time boundaries were set for 
this review. The search was carried out in March 2023 to find the most up-to-date and rel-
evant literature on this topic. The searched files were stored in a single location to access 
them when needed. Following these articles were inspected to identify CE practices, Indus-
try 4.0 and SDGs. Accordingly, literature gaps were identified, along with a set of perfor-
mance metrics to gauge the adoption of SDGs. An expert group was formed to collect their 
opinion for computing weights and prioritizing the performance metrics. The profession-
als with 4+ years of experience and from diverse academic backgrounds were chosen. To 
collect their opinions, the authors took surveys, structured interviews and focus groups to 
gather detailed feedback. One-on-one interviews using a set of predefined questions were 
asked to ensure consistency and on the other hand, surveys consisted of both open-ended 
and closed-ended questions. To compute weights, the Pythagorean Fuzzy Analytical Hier-
archy Process (PF-AHP) methodology is used whereas for prioritizing SDG performance 
metrics Pythagorean Fuzzy Combined Compromised Solution (PF-CoCoSo) technique is 
used. Expert opinions from 5 different medium-scale industries were taken into consid-
eration. The framework developed constitutes to real-world industrial scenario. Figure  1 
shows the research methodology undertaken.

During the expert panel discussion, it was suggested that the selected I4.0T-CE practices 
be divided into five major criteria based on their area of application. The selected I4.0T-CE 
practices were linked to the performance metrics. Computing their global weights helps to 
compare the selected I4.0T-CE practices within and outside the group.

Case Analysis

The current section describes the entire framework development process, including the use 
of multi-criteria decision-making (MCDM) techniques.

Problem Definition and Data Collection

The authors decided to choose 10 potential organizations that can assist in the first step of 
the study project. The authors used a proactive outreach approach, contacting these busi-
nesses through official study requests. Ultimately, 5 companies agreed to participate in the 
research study after multiple rounds of negotiations and talks. The nature of each of the 
five participating companies was remarkably similar. Each business mostly produced or 
supplied goods for the same industry sector. In terms of volume and scale, the companies’ 
manufacturing capacities were equivalent. About 100 to 120 employees were working for 
each organization.

A panel of 15 experts having extensive experience in I4.0 and CE was formed 
from these organizations. Three of the fifteen experts are PhDs, six are postgraduates 
in diverse fields and six are graduate engineers (refer to Table 4). In the first meeting 
itself, the author discussed CE practices, I4.0T, SDGs, framework development and its 
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advantages. During the first brainstorming session, the expert panel was given a sum-
mary of the study goals, the pertinent response and the expected outputs required for the 
analysis. Few experts suggested categorising the practices into various groups based on 
their similarities. The first survey was prepared to collect data on pair-wise comparisons 
of major criteria and sub-criteria. This information is used to compute the weights of 
shortlisted practices by the “PF-AHP” method. After the success of the first session, 
the author scheduled the second brainstorming session. The author briefed experts on 
the weights of major criteria and sub-criteria. In the second session, a survey was con-
ducted to collect inputs for prioritizing performance metrics by the “PF-CoCoSo” meth-
odology through agreement with experts. In this survey, the experts were told to make 
the decision matrix using Table  8. Minor changes if any were made based on expert 
advocacy. Finally, the decision matrix was developed and the framework analysis was 
performed, as discussed in the following section.

Fig 1  Research methodology
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Framework Development

According to the suggestions given by the experts, the CE-I4.0T were classified into main 
criteria and sub-criteria. The major criteria are Cyber Layer, Circular Supply Chain Man-
agement, CE process, Product Lifecycle Management, Physical Layer and Cyber-Physical 
Layer. All the CE-I4.0T practices were classified using these criteria. This helps to evaluate 
all the performance metrics associated with practices. Figure 2 shows the framework devel-
oped following the CE-I4.0T practices selected for this study.

Framework Analysis

This research uses a hybrid PF-AHP and PF-CoCoSo framework for analysis purposes. 
The detailed steps undertaken to achieve the objective of this research are discussed further 
below.

Application of Pythagorean fuzzy AHP

To find answers for RQ1 and RQ2, the weight determination of I4.0-CE practices influ-
encing selected SDGs was needed. Out of several weight calculation methods such as the 
best-worst method, stepwise weight assessment ratio analysis, multi-objective optimiza-
tion based on ratio analysis and other methods, the analytic hierarchy process (AHP) is 

Table 4  Industry Expert’s profiles

Expert code Age group (years) Academic qualifi-
cation

Designation Department Experience

Exp 1 35-40 Postgraduate Manager New Product 
Development

10 years

Exp 2 30-35 Graduate Senior Engineer Design 7 years
Exp 3 25-30 Graduate Manager Service 5 years
Exp 4 45-50 PhD Manager Research and 

Development
20 years

Exp 5 40-45 Postgraduate MCAD support Information Tech-
nology

15 years

Exp 6 50-55 Postgraduate Senior Director Administration 26 years
Exp 7 35-40 Graduate Data Analyst Research and 

Development
12 years

Exp 8 50-55 PhD General Manager Procurement 25 years
Exp 9 45-50 Postgraduate Senior Engineer Service 18 years
Exp 10 30-35 Graduate Executive Supply chain 6 years
Exp 11 35-40 Postgraduate Senior Director Marketing 11 years
Exp 12 25-30 Graduate Engineer Research and 

Development
5 years

Exp 13 55-60 PhD Vice President Engineering 27 years
Exp 14 40-45 Postgraduate Manager Purchase 18 years
Exp 15 35-40 Graduate Senior Engineer Information Tech-

nology
14 years
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considered the most powerful MCDM technique to solve complex problems. The AHP 
method is integrated with the Pythagorean fuzzy sets (PFS) to eliminate impreciseness in 
MCDM problems [45]. Therefore, this research employs the PF-AHP method.

The procedure for the PF-AHP method is as follows [45]:
Step 1: Finalize the major criteria and construct pairwise comparison matrix A = (aik)m × n 

obtained from an expert panel with the help of linguistic variables used in PF-AHP method 
(refer Table 5).

Step 2: Evaluate the differences matrix D = (dik)m × n between lower and upper values of 
the membership and non-membership functions using following equations.

Step 3: Calculate the Interval multiplicative matrix S = (sik)m × n using the following 
equations.

Step 4: To calculate weights, calculate determinacy value τ = (τik)m × n of the aik using:

(1)dikL = u2
ikL

− v2
ikU

(2)dikU = u2
ikU

− v2
ikL

(3)SikL =
√
1000dikL

(4)SikU =
√
1000dikU

(5)�ik = 1 −
(
u2
ikU

− u2
ikL

)
−

(
v2
ikU

− v2
ikL

)

Fig 2  A framework developed to prioritize SDG performance metrics
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Step 5: Multiply the determinacy degrees with S = (sik)m × n matrix to calculate weights 
before normalization T = (tik)m × n using:

Table 6 represents the sample pairwise comparison matrix prepared by one of the experts 
for major criteria practices.

After performing the PF-AHP technique, the values were obtained for major criteria weight 
and global weights of the enablers in Table 7.

Application of Pythagorean fuzzy CoCoSo

CoCoSo is a significant MCDM method [45]. In a range of decision-making situations, the 
CoCoSo method provides flexibility, transparency and efficacy. It can be applied in a variety 
of sectors and utilized as a decision support tool to improve the reliability and calibre of deci-
sions. Researchers have given CoCoSo significant consideration for resolving difficult deci-
sion-making issues like risk assessment [56].

[79] integrated PFS theory in the CoCoSo method to have an advantage over other MCDM 
techniques in terms of differentiating the best options. The following is the computational pro-
cess of the PF-CoCoSo method [56]:

Step 1: Obtain the decision matrix D = (Dij)m × n (where i =1 to m and j =1 to n) with the 
help of experts’ opinion by assigning linguistic scale of PF-CoCoSo Table 8.

Step 2: Obtain Pythagorean fuzzy decision matrix by converting the linguistic decision 
matrix using the equation:

Step 3: Compute the score function R = (rij)m × n of each PFN pij = (uij, vij) using the follow-
ing equation:

(6)wi =

∑m

k=1
tik∑m

i=1

∑m

k=1
tik

(7)P =
(
Pij

)
m×n

where i = 1 to m and j = 1 to n

(8)rij = u2
ij
− v2

ij
− ln

(
1 + �

2
ij

)

Table 5  Linguistic terms used in 
PF-AHP

Linguistic variables Pythagorean fuzzy numbers

uL uU VL VU

Certain low importance (CLI) 0.00 0.00 0.90 1.00
Very low importance (VLI) 0.10 0.20 0.80 0.90
Low importance (LI) 0.20 0.35 0.65 0.80
Below average importance (BAI) 0.35 0.45 0.55 0.65
Average importance (AI) 0.45 0.55 0.45 0.55
Above average importance (AAI) 0.55 0.65 0.35 0.45
High importance (HI) 0.65 0.80 0.20 0.35
Very high importance (VHI) 0.80 0.90 0.10 0.20
Certainly high importance (CHI) 0.90 1.00 0.00 0.00
Exactly equal (EE) 0.1965 0.1965 0.1965 0.1965
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Step 4: Obtain the orthonormal Pythagorean fuzzy matrix R� =

(
r�
ij

)
m×n

 by converting 
the score function R = (rij)m × n using the following equation:

Step 5: Calculate the total of the weighted comparability sequence for every alternative 
using equation:

Step 6: Determine the whole of the power weight of comparability sequences for every 
alternative using the equation:

Step 7: Obtain the relative weights of the alternatives using aggregation strategies using 
following equations:

(9)r�
ij
=

⎧
⎪⎨⎪⎩

rij−r
−
j

r+
j
−r−

j

, if j ∈ B,

r+
j
−rij

r+
j
−r−

j

, if j ∈ C,
where r−

j
= min

i
rij, and r+

j
= max

i
rij

(10)Si =
∑n

j=1
wj ∗ r�

ij

(11)Pi =
∑n

j=1

(
r�
ij

)wj

(12)Kia =
Pi + Si∑m

i=1

�
Pi + Si

�

(13)Kib =
Si

min
i
Si

+
Pi

min
i
Pi

(14)Kic =
�Si + (1 − �)Pi

�max
i
Si + (1 − �)max

i
Pi

0 ≤ � ≤ 1,

Table 8  Linguistic scale for 
PF-CoCoSo

Linguistic term Pythagorean fuzzy number

μ ν

Extremely low (EL) 0 1
Very low (VL) 0.1 0.9
Low (L) 0.2 0.8
Middle low (ML) 0.3 0.7
Below middle (BM) 0.4 0.6
Middle (M) 0.5 0.5
Above middle (AM) 0.6 0.4
Middle high (VH) 0.7 0.3
High (H) 0.8 0.2
Very high (VH) 0.9 0.1
Extremely high (EH) 1 0
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Where,

1) Kia= Arithmetic mean of sums of weighted sum method (WSM) and weighted product 
model (WPM) scores.

2) Kib= Sum of relative scores of WSM and WPM.
3) Kic= Balanced compromise of WSM and WPM models scores.

Step 8: Calculate the assessment value Ki using equation:

Step 9: Ultimately rank the alternatives based on the diminishing value of Ki (i=1, 2. . 
., m).

Table  9 depicts the pairwise comparison of the selected performance metrics, while 
Table 10 shows the rank of the performance metrics.

Discussion

In the current study, a hybrid Pythagorean fuzzy AHP method is used to compute the 
weights of the major and sub-criteria, while a Pythagorean fuzzy CoCoSo method is used 
to rank performance metrics. The current section discusses the study’s findings and their 
implications in real-world cases.

Study Findings

The author began by referring to peer-reviewed research articles on CE, I4.0 and SDGs. 
Only the relevant articles are examined to identify best practices. It has helped facilitate 
the study of existing literature with the ongoing study. The created framework will help the 
practitioners evaluate the selected SDGs. This has helped to answer RQ1. The I4.0T-CE 
practices (refer to Table 1) and the performance metrics are identified from the literature 
review. Table  2 consists of SDGs and the enablers along with the performance metrics. 
This answers RQ2 and RQ3.

Figure 3 shows the pie chart for the distribution of weights among the major criteria. 
The PF-AHP major criteria weight computation (Table 6) shows that the “Circular Econ-
omy Process” has the highest weight. [67] supported this by stating that there is the strong-
est relationship between CP and SDG 7, SDG 8 and SDG 12. Many manufacturing com-
panies have started exploiting CE practices to achieve economic, social and environmental 
sustainability [10]. The second highest among the major criteria is “Circular Supply Chain 
Management” followed by “Product Lifecycle Management” in third, with [35] support-
ing our findings by discovering that the smart sustainable circular supply chain has great 
influence in achieving SDG 9. Business uses circular supply chain models to extend the 
product’s life span, reduce waste, and advance economic sustainability [1]. Thus, CSCM 
has the potential for business sustainability. And [21] believed there is a need to deal with 
PLM to facilitate SDG 11.

(15)Ki =
3
√
Kia ∗ Kib ∗ Kic +

Kia + Kib + Kic

3
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The weight calculations of the major criteria have “Cyber-Physical Layer” in fourth 
place followed by “Cyber Layer”. [34] cited that the utilisation of AI and ML, in conjunc-
tion with CPS contributes to the reduction of GHG emissions that leads to the attainment 
of SDG 13.

“Reduce” comes in first when analysing the overall weights of the I4.0-CE practices 
that have been shortlisted, followed by “Collaboration and Partnerships”, “Continuous 
Improvement”, “Reuse” and “Circular Design”. [31] cited the importance of reducing costs 
and emissions associated with solid waste connection (SWC). Whereas [11] emphasized 
the role of collaborative partner selection in a supply chain’s optimum course of action.

The performance metrics are ranked using the PF-CoCoSo methodology, with “Num-
ber of global policy measures” taking the position on top (refer to Table 7). This metric 
tells how many policies are adopted and put into practice globally, highlighting the sig-
nificance of global collaboration and partnerships in addressing sustainability issues suc-
cessfully. “Government budget appropriations” occupies a second place which is the way 
of measuring government support for research and development activities. In support [82] 
cited that financial globalisation significantly enhanced technological innovation, which is 
more pronounced in nations with higher-quality institutions. The third performance metric 
is the “Number of innovations using low-carbon technologies”. Encouraging and tracking 
the development of low-carbon technologies is essential since it plays an important role in 
achieving sustainable development by assisting in the path dependency of a carbon-inten-
sive economy and current energy infrastructure (W. [12]). “Renewable energy share in total 
energy used” is ranked fourth. The signing of the Kyoto Protocol in 1997 and the 2015 
Paris Conference by international communities on climate change was aimed at achieving 
a higher proportion of renewable energy consumption [42]. The expression “accessibility 

Table 10  Ranking of performance metrics obtained using Pythagorean fuzzy CoCoSo method

Code Performance Metrics Kia Kib Kic Ki Rank obtained

PM1 Accessibility and affordability to renewable 
energy sources

0.0569 3.1768 0.8428 1.8928 5

PM2 No. of cities incorporating smart grid 0.0602 2.8545 0.8922 1.8043 7
PM3 No. of products promoting renewable energy 0.0588 3.0991 0.8704 1.8839 6
PM4 Renewable energy share in total energy used 0.0608 3.1552 0.9001 1.9288 4
PM5 GDP per capita growth 0.0517 2.3522 0.7654 1.5095 15
PM6 Total material requirement 0.0541 2.7027 0.8010 1.6751 11
PM7 No. of local employment opportunities 0.0538 2.4576 0.7967 1.5749 14
PM8 No. of Government budget appropriations 0.0667 4.3303 0.9883 2.4536 2
PM9 Productivity at bottleneck 0.0470 2.1111 0.6957 1.3613 17
PM10 Production Effectiveness 0.0492 2.1482 0.7285 1.4006 16
PM11 Infrastructure Efficiency 0.0541 2.6905 0.8016 1.6707 12
PM12 Recycling rate 0.0583 2.7738 0.8632 1.7504 8
PM13 Carbon footprint 0.0523 2.7589 0.7745 1.6769 10
PM14 Waste to Energy conversion 0.0542 2.7447 0.8029 1.6931 9
PM15 No. of firms implementing PRP framework 0.0483 2.7791 0.7162 1.6395 13
PM16 No. of innovation using low carbon technolo-

gies
0.0575 3.4680 0.8516 2.0127 3

PM17 No. of global policy measures 0.0675 4.8053 1.0000 2.6447 1
PM18 Energy expenditure on carbon 0.0488 2.0418 0.7233 1.3542 18
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and affordability to renewable energy sources” is ranked fifth, and it can help measure the 
accessibility and affordability of renewable energy supply by all in society. The perfor-
mance metrics at the bottom of the ranking, however, are “Productivity at bottleneck” and 
“Energy expenditure on carbon”. Often it is seen in the organisation that when the external 
stakeholder exerts pressure it usually leads to reactive environmental practices. Here the 
organisation reacts to external demands rather than taking proactive measures. Therefore, 
in most cases, businesses adopt green practices to avoid fines, negative publicity and legal 
issues [5].

Performance metrics such as “No. of cities incorporating smart grid”, “Recycling rate”, 
“Waste to energy conversion” and “Carbon footprint” have occupied middle-ranking posi-
tions. These metrics are related to the environment dimension. [77] evaluated “Total Mate-
rial Requirement” (TMR) referring to it as Material Footprint (MF) to set a threshold for 
energy, greenhouse gas (GHG), and material consumption required to attenuate poverty. 
[84] quoted “Infrastructure efficiency” as overall equipment effectiveness (OEE), a process 
performance indicator for measuring manufacturing productivity. Whereas [49] explained 
how pre-market producer responsibility (PPR) would regulate the ways of adopting CE that 
increase product lifetime. This study provides a strong framework for adopting I4.0-CE 
practices and can be used by a variety of industries. This answers RQ4.

Theoretical Implications

Few researchers discussed adopting I4.0T-CE practices for SDGs, but none studied the ena-
blers, their weights, and the ranking of the performance metrics to achieve SDGs. Hence 
this study tries to find enablers and performance metrics that help achieve SDGs using 
PF-AHP and PF-CoCoSo method. The demonstrated application of the PF-AHP and PF-
CoCoSo can be used in other research areas to obtain the relative weights between the ena-
blers and rank the performance outcomes. This can attract more researchers in this domain 
leading to increased I4.0T-CE practices adoption [18] [75]. This research can be viewed as 
a significant contribution to MCDM and CE-promoting applications in the domain areas 
[62]. The framework developed in this study serves as an inspiring model for creating 

Fig 3  Major criteria weights
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similar frameworks across other research areas, providing a blueprint for addressing com-
plex problems in various fields. Finally, the prioritised performance metrics highlight the 
future research directions for effective SDG attainment. These implications indicate that 
I4.0-CE practices can help in achieving SDGs by proper and careful implementation of a 
circular supply chain, all three layers of information technology (i.e. Cyber Layer, Physical 
Layer and Cyber-Physical Layer), CE process and product lifecycle management [6]. The 
importance may vary from organization to organization depending on the level of status of 
I4.0-CE practices.

Managerial Implications

This study offers significant implications for industrial managers, streamlining the deci-
sion-making process related to achieving SDGs. For e.g., tracking innovation using low-
carbon technologies can guide managers in investing in research and development ini-
tiatives that promote sustainability and mitigate carbon emissions. This will assist the 
organisation in attaining SDG 9 [6]. Furthermore, the weights can help managers identify 
the relative importance of identified I4.0T-CE practices so that they can implement them 
accordingly [18]. After implementing I4.0T-CE practices, it is necessary to evaluate the 
performance and effectiveness of these implemented practices. The identified set of perfor-
mance metrics evaluates the same and determines the areas of poor performance. For e.g., 
metrics like waste-to-energy conversion indicate the ability of the organisation to convert 
waste into energy, which helps achieve SDG 12. The developed framework also motivates 
managers to implement I4.0T-CE practices to attain industrial sustainability [62].

Implications for Researchers and Practitioners

The presented work is both theoretically sound and practically applicable to CE, Indus-
try 4.0 and sustainable development. Based on the proposed framework, highlighting con-
cerns, and acquired ranking, the authors contend that this study has the following implica-
tions for researchers and practitioners. Researchers and practitioners can consult identified 
I4.0T-CE practices to learn and identify fresh study areas [51]. MCDM techniques are used 
to model these practices [30]. Furthermore, product development professionals can use 
digital technologies to monitor material flows, energy usage, and environmental effects of 
production processes and products. In addition, new business models and value proposi-
tions that rely on sharing, leasing, or remanufacturing things rather than selling them can 
be made possible by digital technologies [41].

This study concentrated on the combined effect of I4.0-CE practices on the achieve-
ment of directly influenced SDGs. This will help young researchers explore the achieve-
ment of SDGs discussed in this study. This research will raise awareness about customer 
needs, energy consumption, environmental protection, and opportunities for digital 
technologies. This study identified 18 performance metrics that will help researchers 
and practitioners evaluate the process’s effectiveness in achieving sustainability. The 
metrics also include environmental and social aspects. The ranking emphasizes the 
importance of certain performance measures and methods. Practitioners can adjust their 
actions at the right stage if there is a deviation in the output. The current study was 
carried out with the help of an expert panel with varying educational backgrounds and 
experience. They contributed to the creation of the framework as well as insight into 
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real-world issues they faced. This will benefit future scholars and practitioners to con-
duct research and discover new areas related to manufacturing. The nexus of I4.0-CE 
practices can serve as a basis for exploring the attainment of SDGs in various manufac-
turing domains, such as industrial equipment, automotive, clothing and so forth.

Conclusion and Future Scope

The current study commenced an extensive literature review, to identify I4.0-CE prac-
tices and SDGs. For this study, thirty I4.0-CE practices and a set of eighteen perfor-
mance metrics were identified. Out of 17 SDGs, SDGs 7, 8, 9, 11, 12 and 13 were taken 
into consideration. A framework associating I4.0T-CE practices with performance met-
rics was created and evaluated in a case organization with the help of expert inputs. PF-
AHP and PF-CoCoSo are used to calculate the weights of the practices and to prioritize 
the 18 performance metrics respectively.

In the sub-criteria, “Reduce” secured the highest weight, followed by “Collabora-
tion and Partnerships” and “Continuous improvement” at third. This means that every 
organisation should prioritize reducing waste. I4.0T such as BDA, IoT and smart manu-
facturing enable organisations to organize resources leading to responsible consumption 
and production. On the other hand, sharing best practices, information and innovation 
can be made possible through the collaborative nature of I4.0, which results in better 
procedures, products and services for sustainable development. Given the current situa-
tion, Continuous improvement can build a competitive edge by increasing the efficiency, 
accuracy and effectiveness of business operations. Among various performance metrics, 
the “Number of global policy measures” was ranked first, followed by the “Number of 
government budget appropriations” and then by the “Number of innovations using low 
carbon technologies”. Practitioners are expected to keep a watch on these performance 
metrics to evaluate performance regularly.

It is expected that the case organization will try to strengthen their collaborations 
with various institutions across the globe. The developed framework will help to reduce 
social and environmental issues while increasing revenue generation. Researchers and 
practitioners can further gain detailed knowledge that can be used in achieving SDGs. 
However, there are some limitations to this framework and some suggestions for future 
research. This study considered the nexus effect of I4.0T-CE practices in achieving cer-
tain SDGs. As a result, further research should investigate the different types of adop-
tion of I4.0T-CE practices in enhancing sustainability. The findings of this study are 
entirely dependent on the expert panel inputs. Despite an extensive literature review, the 
author believes that some I4.0T-CE practices may not have been noticed in this study. 
By incorporating such practices similar studies could be conducted to speed up the pro-
cess of achieving SGDs. Further, researchers can use different MCDM methods to rank 
the performance metrics.
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