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Practising circular economy performance in Malaysia: Managing supply chain disruption and
technological innovation capability under Industry 4.0

Abstract

In response to environmental awareness and financial return, manufacturing firms are
increasingly concerned about practicing circular economy performance (CEP). The lack of
comprehensive evidence on the integrated technology capability in IR4.0 driven based supply
chain management literature has motivated this study to investigate how the company
manages the disruption of Industry 4.0 technology and its impact on CEP. Data were obtained
from 130 Malaysian manufacturing companies. Data were analyzed using structural equation
modelling using PLS-SEM. The results showed CEP's positive and significant effect on managing
supply chain disruption and technological innovation capability (TIC). Positive relationships
prove that CEP has a considerable influence on the manufacturing industry. The mediating
results found that the TIC has played a complimentary mediation effect to support the nexus
of managing supply chain disruption, supply chain disruption recovery and CEP. Supply chain
managers are encouraged to control interference problems and improve effective
communication and teamwork.

Keywords: Circular economy performance; Supply chain disruption orientation; Supply chain
disruption discovery; Technological innovation capability; Industry 4.0



Practising circular economy performance from managing supply chain disruption and
technological innovation capability under Industry 4.0

1. Introduction

In developing countries, the manufacturing industry has contributed to the country's
economic growth and prosperous society. However, rapid industrialisation has increased
resource depletion, environmental pollution and acid waste (Bui et al., 2021; Chien et al.,
2021; Wang & Feng, 2019). To avoid the negative impact on the environment, firms have
shown interest to practice a circular economy (CE). CE is a concept introduced by the European
Union to replace the linear economy for sustainability. The concept focuses on promoting and
providing human access to environmentally friendly practices and a responsible society
(Moraga et al., 2019; Tseng et al., 2021). Fernando et al. (2021) postulated that firms need to
practice circular economy-based eco-innovations to remain relevant in the market.

Malaysia has two scenarios to practice the CE with support of the Industry 4.0 (IR4.0)
technology. First, the government has implemented strict standard operating procedures to
curb the spread of Coronavirus Disease 2019 (COVID-19). As a result, the manufacturing firms
have experienced major disruption as fewer workers are allowed to work in the manufacturing
plants. As a result, firms have had to lay off workers to reduce company costs. In the first 14
days of the movement control order policy, Malaysian manufacturing companies suffered
heavy losses when production and export products ceased. Major supply chain disruption is
when some manufacturing firms rely on imported raw materials from China. The border also
has been closed, resulting in a reduced supply of migrant workers in the manufacturing sector.
The local manufacturing firms have to find a way to use existing raw materials and recover the
scrap. Sensor, digitalisation and automation have to be deployed to monitor production
during the movement control order. Second, the recent government initiative to promote
digitalisation in the supply chain has attracted the industry to deploy the IR4.0 technology.
Nowadays, the digitalisation of technology has changed business operations, from
dependency on the low skills workers to high skills workers while improving productivity and
business efficiency. The deployment of IR4.0 has critical to support circular economy
operations, especially to repair, refurbish and recycle hazardous chemicals, waste and other
physical hazards.

The same situation of COVID-19 has happened globally. For example, Orlando et al. (2022)
argued that the COVID-19 outbreak has disrupted the European Union and found that firm’s
innovation has impacted the most resilient supply chain. Hohenstein (2022) confirmed that
the COVID-19 pandemic had caused long-term disruption in firm operations and globally
dispersed supply chain networks based on the German country setting. Spieske and Birkel
(2021) postulated that IR4.0 could mitigate supply chain risks during COVID-19 outbreaks.
From Australia, Hopkins (2021) argued the COVID-19 outbreak has disrupted the supply chain
and increased risk. The firms need to digitalise and automate the supply chain operation with
innovation to overcome this. Based on the previous literature, we argue that the firms need
to practice the circular economy to anticipate the resource supply disruption and utilise the
IR4.0 technology to be resilient among competitors. It is critical to examine the supply chain
digital disruption of IR4.0 technology and its impact on circular economy outcomes. The
results can be useful to benchmark and manage the supply chain disruption to other countries.

The digitalisation of supply chain management can improve productivity and resource
efficiency by utilising smart digital technology to manage the upstream and downstream
ecosystems in the supply chains (Tseng et al., 2021; Yong et al., 2019). For instance, Awan et



al. (2021) argued that managing CE requires digital enable technology to uncover relationships
from information and data for useful data-driven decision-making. However, there is less
comprehensive research on managing supply chain disruption while manufacturing relies on
digital technology. Recent disruption due to the COVID-19 has impacted the supply chain flow
especially when the country depends on imported products and materials for production
(Koirala & Acharya, 2020). Due to limited material resources and delayed delivery due to the
COVID-19 pandemic, the manufacturing firms began reducing production. Physical activities
need to be reduced and replaced by automation and online meetings for communication
purposes. Since then, the CE that supports IR4.0 technology has played a vital role in the
manufacturing sector. The manufacturing firms must design the mitigation strategy to
overcome the supply chain disruption, especially at the upstream level.

This has led to the manufacturing-focused countries facing supply chain disruption issues
due to COVID-19. It has boosted the adoption of digital and intelligent technology. An IT-driven
digital transformation that enhances machine-human correlation to improve productivity and
reduce cost have been adopted for business competitiveness. According to Moosavi et al.
(2021), the advanced digitalisation paradigm allows manufacturing firms to improve flexibility
and performance. As the manufacturing firms in the developing countries focused on low cost,
productivity, and operational flexibility, the adoption of IR4.0 impacts the manufacturing
performance (Luthra & Kumar, 2018). The adoption of IR4.0 is not only driven by the
manufacturing firms that tend to improve business performance but also depends on
government support and policy. However, further debate on how the industry policy can assist
the success of the manufacturing industry and national competitiveness is required
(Dalenogare et al., 2018).

In addition, inflation and currency exchange has created uncertainty regarding imported
raw materials and caused an increase in total production costs. The manufacturing companies
need to figure out how to utilise the end-life-products and leftover materials for
remanufacturing. The manufacturing firms need to design a production ecosystem that
ensures no waste and improves the economic values added in the supply chains. Despite the
advanced development of the IR4.0 in supply chain management to handle environmental
degradation and resource scarcity, little is known about how manufacturing firms can handle
the supply chain disruption using IR4.0 technology to support the business operations. It is
equally critical to examine how the manufacturing firms can manage the IR4.0 technological
disruption to improve the CEP. The previous scholars have been discussed the interconnection
between the circular economy performance and IR4.0. For example, Nascimento et al. (2019)
argued that IR4.0 technology could optimise circular economy operations. Di Maria et al.
(2022) concurred that IR4.0 technology incorporated in smart manufacturing has significantly
improved circular economy outcomes. Yet, it is challenging to predict how the IR4.0
technology supports sustainable CEP in the long term. Although CE and IR4.0 have been
discussed in the literature, Rajput and Singh (2019) argued that integrated IR4.0 in the supply
chain is hard to achieve when the circular economy has not been placed as the enabler.
Belhadi et al. (2022) suggest that future study needs to capture the improvement of
sustainable assessment indicators for a well-integrated circular economy and IR4.0.

There are issues related to the lack of infrastructure and internet-based networks to
support the IR4.0 driven supply chain in managing CE practices. To effectively implement IR4.0
concepts, sufficient infrastructure, information technology-based facilities, and technological
innovation capabilities (TIC) are required (Bag et al., 2021; Bui et al., 2021; Chien et al., 2021).
A lack of internet access hampers Industry 4.0 initiatives. Furthermore, internet-based



technology is not equally accessible in urban and rural areas in some developing countries,
which stymies long-term business growth (Alnajem et al., 2021; Chien et al., 2021; Bedekar,
2017). For instance, Pourmehdi et al. (2021) argued that little research shows how the
manufacturing industry in developing countries can overcome the challenge to integrate the
IR4.0 technology and sustainability in the supply chains. Although most of the production is
focused on developing countries, technology, infrastructure, and technical knowledge are still
insufficient to support CE based IR4.0 implementation. The government has just set up the
guideline of IR4.0 and policy. This study argues a lack of research findings because the IR4.0
and CE movement in developing countries is still in the early stages. The firms have uncertainty
about adopting IR4.0 because of disruption issues and are not ready with technology know-
how. There are two research questions:

® Do the Industry 4.0-driven manufacturing firms have a proper mitigation strategy to
avoid the technological disruption in adopting the circular economy practices?

® To what extent can the TIC mitigate the Industry 4.0 disruption to manufacturing firms
in developing countries?

The contributions in this study are as follows. (1) A limited study uses ecological
modernisation theory to describe the complexity of managing digital disruption in the supply
chain and integrate it into the circular economy initiative; (2) Little is known about how the
mitigation strategy on the IR4.0 driven manufacturing firms can overcome supply chain
disruption, recovery issues, and CEP. As a low-cost oriented manufacturing strategy and
enhanced business competitiveness, manufacturing firms that do not have a strategic plan on
IR4.0 adoption will struggle in the infancy stage. Our study has provided evidence of the
mediating effect of TIC to enhance the firm's supply chain mitigation strategy and circular
economy performance; (3) To the best of our knowledge, there is no study to examine the
complimentary mediation effect to support the nexus of managing supply chain disruption,
supply chain disruption recovery and circular economy performance; and (4) The research
model can serve as a handy counter for practitioners on how to mitigate the disruption risk
and remove the circular economy barriers using IR4.0 technology.

To fill the research gap, this study has focused on IR4.0 disruption that challenges the
early adopters and examines the circular economy performance from the micro perspective
using a manufacturing firm as a unit of analysis. In a developing country like Malaysia,
integrating CE and IR4.0 is a relatively new concept. It requires precise guidelines and best
practices to be correctly understood and used in business. This study has been divided into six
sections. The first section briefly describes the motivation of the study. Section 2 discussed
the relevant literature review that establishes the research model and outlines the hypotheses
of this research. The methods used and the analysis results in this study are presented in
sections 3 and 4. Section 5 shows the discussion. Finally, the limitation and conclusions are
presented in section 6.

2. Literature Review

Sustainable manufacturing is a concept that brings about a safer environment through
efficiency in using existing energy and water resources and helping the company reduce the
cost of raw materials by recycling the waste. IR4.0 has emerged as a digital transformation
and improved manufacturing performance in the modern era. This study has utilised the
ecological modernisation theory (EMT) to explain the variables in the research framework.



The theory is defined as an innovation to the systematic eco in modern times. Ecological
modernisation aims to link advanced modernisation and planning systems through advanced
innovation and technology (Chien et al., 2021; Janicke, 2008). One of this theory's advantages
is that it enhances communication efficiency between the two parties and diversifies the
industry (Christoff, 1996). Sehnem et al. (2021) argued that EMT has contributed to the
advancement of circular economy practices that assist in understanding effective circular and
sustainable operations. Fernando et al. (2022a) suggest that citizens need to be aware of the
benefit of a circular economy and its impact on well-being. Social well-being has been
conceptualised in the EMT. The relationship of supply chain disruption, technical innovation
and ecological impact on the circular economy performance has been explained using EMT.
The literature review section has been built based on the topic's relevance to the previous
studies. We also consider the literature patterns by developing a theoretical framework. The
discussion of the subtopic is as follows:

2.1. Circular Economy Performance

The CEP aims to manage the environmental issue by focusing on waste treatment and
eliminating waste after use (Alnajem et al., 2021; Saavedra, 2018). The CEP has indicated how
the firms can remanufacture disposal materials and waste using sustainable resources and
practices. According to Saidani et al. (2019), the CE is part of the economic systems that
reduce, recycle, and recover materials in three stages of the supply chain process: production,
distribution, and consumption. According to INC (2017), there are four benefits of CEP
specifically to the industry: (1) reduces environmental damage, (2) reduces dependence on
imported materials, (3) avoids damaging the environment from excessive consumption of
natural resources, and (4) reduce air pollution. In addition, the firm's CEP implementation will
be more competitive by reducing energy consumption and cost savings and controlling waste.
Therefore, we define the CEP as the outcome of a sustainable production and consumption
process.

2.2. Managing supply chain disruptions

Supply chain disruption has become an obstacle for manufacturing companies that aim to
compete globally. Supply chain disruptions are a combination of unforeseen triggering events.
If the firms are unable to manage it, it has consequences that will jeopardise the flow of
materials and business operations (Bui et al., 2021; Bode & Wagner, 2015; Tseng et al., 2021).
The supply chain disruption will impact the total supply chain cost and economic performance.
According to Hendricks and Singhal (2005), firms that experience supply chain disruption will
experience sales, stock return, and profitability loss. To handle the supply chain disruption and
data-driven decision making, Kinsey (2016) suggested that firms replace traditional supply
chain management with IR4.0 technologies such as the Internet of things (loT) and Artificial
intelligence. This study conceptualises supply chain disruption into three domains: (1)
Managing Supply Chain Disruptions (MSCD), defined as a combination of ideas from all
management staff to plan ways to reduce disruption issues and prevent material flows and
business activities from being significantly abnormal (Bode & Wagner, 2015); (2) Supply Chain
Disruption Orientation (SCDO), defined as general awareness and responsiveness of an
organisation, responsibility, earnestness to and acceptance of the opportunities from learning
the supply chain disruptions (Bode et al., 2011); (3) Supply Chain Disruption Discovery (SCDD),
defined as the function of controlling disruptions and formulating problem-solving plans (Bode
& Macdonald, 2017; Macdonald & Corsi, 2013).



2.3. Technological Innovation Capability

TICis an essential factor in competing between firms in the manufacturing industry, especially
at the global level (Guan & Ma, 2003; Yong et al., 2019). According to Wang et al. (2008), TIC
is @ complex and uncertain concept that is hard to determine. It is typically measured using
quantitative and qualitative criteria. There are seven dimensions of TIC: (1) manufacturing
capability, (2) resource exploiting capability, (3) learning capability, (4) strategic capability, (5)
organisation capability, (6) R&D capability and (7) marketing capability (Guan et al., 2006). This
study defines the TIC as the firms’ ability to be innovative using the IR4.0 technology to
improve the CEP. Therefore, the firms need to explore the uniqueness and be innovative using
technological capability. TIC is a comprehensive set of company features that will support and
improve business strategy through technological innovations (Guan & Ma, 2003).

2.4. Hypotheses Development
A hypothesis development explains the relationship among variables and requires support
from the literature on the subject. The proposed hypothesis with the statistical test is
expected to extend the current literature on the nexus of supply chain disruption, TIC and CEP.
SCDO is defined as the firm's awareness, concerns, and determination in providing
opportunities and solutions to disruptive problems. According to Bode et al. (2011), firms
oriented to supply chain disruptions can evolve through learning from past experiences. These
disruptions will occur in every firm. Therefore, rapid response is required from top
management. Structuring and updating infrastructure can reduce threats and disruption
issues (Ambulkar et al., 2015). Yu et al. (2019) argued that SCDO includes alertness activities
that benefit companies to increase response to SC interference through early warning
notifications. Kwak et al. (2018) postulated that supply chain innovation could improve
performance and enhance risk management capabilities. This study argues that firms that
deployed supply chain disruption orientation could mitigate the risk through the ability to
handle technological innovation.

H1la: There is a positive and significant relationship between SCDO and TIC.

Managing SC is closely associated with TIC in the manufacturing industry. SC disruption will
hurt the manufacturing performance. The problem is an increase in anomalies when orders
are in transit for delivery to other departments. The consequence is that the company suffered
losses, and the product is lost during the transit process, and the supplier must bear and
compensate for each lost item. Thus, implementing TIC in managing SC can minimise
uncertainty problems and maximise profit. For example, the TIC introduced is Radio Frequency
Identification (RFID) to monitor each product's movement from factory to consumer (Hill et
al., 2016). RFID chips placed on all products help the company detect any anomalies that may
exist quickly.

H1b: There is a positive and significant relationship between MSCD in IR4.0 and TIC.

The previous studies have examined the relationship between SCDD and TIC in the
manufacturing industry. Interruptions in the supply chain are often viewed as a significant
issue in the manufacturing industry. According to Blackhurst et al. (2011), each firm can deal
with supply chain issues through a redesigned system. In phases, the redesigned system in the



supply chain can solve interference problems such as interruption on raw materials and
intermediate goods. In today's advanced technology industry, system technologies such as big
data, Al, and loT are very useful in the manufacturing industry and function in detecting
interference problems in the supply chain (Bui et al., 2021; Dubey et al., 2019). Blackhurst et
al. (2011) support the application of TIC systems in solving SC interference, such as through
the construction of monitoring systems the use of Blockchain and FRID that enhances
information access in firms. It can directly identify the problem and the solution quickly.
According to Yong et al. (2019), using a functional TIC monitoring and analysis system provides
an early warning to the firm to be prepared for interference in the SC. Seo et al. (2014) argued
that technology drives innovation capability and knowledge expansion in the supply chain.
Therefore, the firm capability to handle IR.40 innovation in the supply chain will impact the
sustainable competitive advantage.

Hlc: There is a positive and significant relationship between SCDD and TIC.

This hypothesis explains the relationship between SCDO and CEP through support from
previous literature. This study involving SCDO shows how disruption occurred in the past in
providing a flatform solution through CEP combination. According to Rahman (2020), this
literature is discussed because CEP has a limited scale for interference problems in the supply
chain. Although the relationship between SCDO and CEP is different, CEP helps the firm a little
with infrequent disturbances (Rahman, 2020). For example, through the CEP system, the firm
can recycle pre-consumer and post-consumer products that can source 24% of supply during
a disruption (Gaustad, 2018). Next, CEP's combination shows CEP's ability to increase
resilience and reduce dependence on SC. After that, other firms' knowledge and experience
can also be applied as additional knowledge to all firms.

H2a: There is a positive and significant relationship between SCDO and CEP.

MSCD in IR4.0 and CEP is a good combination of positively impacting the manufacturing
industry. Managing supply chains prevents production and product delivery (Mativenga,
2017). These issues include the machine breakdown of the production line and the delay in
product delivery due to technical problems. The advanced technology of IR4.0 in the
manufacturing industry also provides smooth manufacturing processes. Through this
technology and IR4.0 support, firms can get faster information and more accurately
(Manavalan & Jayakrishna, 2019; Tseng et al., 2021). Furthermore, IR4.0 contributes to CEP's
sustainability and efficiency using the IoT to collect community waste data. Recycling
resources can minimise waste of resources, and implementing IR4.0 in CEP has positive effects
(Angioletti, 2017), such as producing quality and innovative products. The effective synergy
between IR4.0 and circular economy has improved the sustainability of logistics (Bag et al.,
2022). The CEP can stimulate SC's growth and management within the company through
energy recovery and environmental awareness. Thus, the positive effects of combining these
two concepts in manufacturing make the process more orderly through the introduction of
Corporate Social Responsibility (CSR) within the company on the importance of environmental
protection during production (Manavalan & Jayakrishna, 2019).

H2b: There is a positive and significant relationship between MSCD in IR4.0 and CEP.



Fernando et al. (2022b) suggest that the firms need to incorporate the strategic circular
business models using Industry 4.0 technology. The SCDD is closely associated with CEP in the
manufacturing industry. The CEP reduces the cost of resource use in inventory through re-use
and recycling methods in the list (Alnajem et al., 2021; Paul, 2014). Simultaneously, ideal plans
are developed and mitigation forecast to control interference problems during production and
demand processes. Paul (2014) argued that the combination of SCDD and CEP in the industry
had opened many solutions to interference. CEP's concept can solve this problem through
CEP's idea to attract manufacturing firms to reduce unnecessary processes, recycle, and
remanufacture by obtaining stock to avoid running out of supply resources.

H2c: There is a positive and significant relationship between SCDD and CEP.

The manufacturing industry's development is now facing the constraints of material
resources due to the increasing growth of firms and the pollution disruption. It is argued that
the supply of materials is unbalanced with the production patterns. For example, to curb
corruption and increase the economy's purchasing power, China has begun to take steps in
the economic transformation to stay developed and in line with environmental sustainability
(Chien et al., 2021; Tseng et al., 2018; Tseng et al., 2021) through CEP TIC's practice in its
country. CEPs and TICs function to balance economic growth and protect the environment.
These technological developments include the use of IR4.0 in the company's operations.
Therefore, it can achieve sustainability by integrating CEP and TIC, such as IR4.0, at a better
level (Rajput and Singh, 2019). The correlation between TIC through IR4.0 and CEP has many
positive effects on environmental sustainability and improves the company's living standards
and economy (Ghobakhloo, 2020). Yadav et al. (2020) argued that sustainable production
could produce better products by integrating IR4.0 and CE.

H3: There is a positive and significant relationship between TIC and CEP.

TIC influences the changing relationship between SCDO and CEP. Another TIC that firms can
use is the concept of blockchain technology (BCT). The BCT serves as permanent information
storage having high and strict security. Using the concept of BCT, each report is shared.
Therefore, all data is accessed by authorised networks in the chain. The BCT, as technological
innovation, can make the transaction transparent and free from manipulation (Lu, 2018).
According to Lu (2018), the relationship between BCT and CEP could prevent interference.
Therefore, BCT's use will help integrate and share information throughout the SC process. In
addition, BCT has the advantage of offering strict security of online communication. The
technology can inform the users and enhance the SC integration and cooperation among the
networks (Alnajem et al., 2021; Rusinek, 2018). Also, through past supply chain disruptions
orientation, firms began to use BCT and CEP to change company security system patterns to
protect the organisations' intellectual property (Kouhizadeh, 2019).

H4a: TIC mediates the relationship between SCDO and CEP.

The introduction of the IR4.0 era to support operations of Third-party logistics (3PLs), has
improved information and automated systems' accuracy and speed to provide better data
capture. New techniques include Electronic Logging Devices (ELDs) to obtain proprietary
information such as employee feedback on supply chain management and CEP. Throughput



ELD is used to control the response to operations and reduce risks and problems. However,
with limited technology resources to support CEP's implementation, small and medium
enterprises need to be better prepared for technology disruption (Bui et al., 2021; Soroka,
2017). Thus, the Malaysian government has created a comprehensive business model
designed to reduce costs and create legitimacy (Manninen, 2018). After that, IR 4.0 and CEP
have an integration that can help the industry transform traditional linear SC to CEP or closed
loop. In addition, it reduces the waste of material and resource use in SC (Jabbour, 2018).

H4b: TIC mediates the relationship between MSCD and CEP.

According to Bode (2018), firms can make initial preparations as a backup, like the problem
of stuck material resources and delay risk that leads to supply chain disruption. This study
argues that the deployment of TIC could quickly resolve discretion issues. The IR4.0 is an
interference platform to monitor potential disruption and early warning detection systems.
The firms can adopt a supply chain disruption strategy to support CE practices and improve
the CEP. The recovery phase needs to ensure the CE process is stable and sustainable. Nayal
et al. (2021) argued that the IR4.0 related technologies such as Artificial Intelligence and the
Internet of Things mediate the supply chain and firm performance under the CE. The
technology has driven the mitigating supply chain disruption discovery, and the response
stage has a mediating role on the firm’s readiness prior to a disruption (Bode & Macdonald,
2017).

H4c: TIC mediates the relationship between SCDD and CEP.

3. Methods

The data were collected using a quantitative technique with a set of questionnaires. This
method was selected to obtain a more dispersed location of respondents with accurate
information. To ensure the accuracy of statistical results, the early response and late response
tests were examined. There was no reaction bias found to exist between these data-collection
approaches. This study used IBM SPSS 26 to examine the sample profile and PLS-SEM with
SmartPLS version 3.3.8 to calculate convergent and discriminant validity, composite reliability,
and PLSpredict. The measurement items were adapted from the previous studies (Table 2)
and verified and tested using a pilot test. The pilot test was conducted among 30 practitioners,
and the results were not included for final analysis (a = >80). The feedback from the pilot test
was the questionnaire needed to be amended with minor language concerns and each of
exogenous and endogenous variables.

Figure 1 shows the r