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achieving operational sustainability of boilers in the context of Industry 4.0. This research can
inform and guide the development of policies, strategies, and solutions aimed at improving the
sustainability of boilers in a rapidly changing technological landscape, and assist industrial
managers in finding strategic management for sustainable boiler operation.

1.0 INTRODUCTION

Industry 4.0, also known as the Fourth Industrial Revolution, is characterized by the integration of advanced
technologies such as the Internet of Things (l1oT), artificial intelligence (Al), robotics, big data, and so on into traditional
manufacturing processes (Al-Mughairy & Shrivastava, 2022). Boilers play a crucial role in many industries, providing
heat and steam to production processes (Rahman et al., 2022). However, the operation of boilers can be energy-intensive
and result in significant greenhouse gas emissions. Achieving operational sustainability of boilers is therefore a pressing
challenge in the context of Industry 4.0 (Kibulungu & Laseinde, 2023). Policymakers have become increasingly
concerned with energy sustainability in light of recent global energy supply disruptions caused by events such as the
Covid-19 pandemic and political crises such as the Russia-Ukraine war (Chofreh et al., 2021; Ingram et al., 2023). As a
result, operational sustainability in boilers has become a key focus in the pursuit of a more sustainable energy future.

Boilers are used in various industries for generating steam to drive turbines, heating and processing in chemical plants,
sterilization and pasteurization in the food and beverage industry, heating and finishing in the textile and leather industry,
providing heat in hospitals, schools, and other buildings, heating and humidification in paper mills, and many more (Bari
et al., 2022; Rahman et al., 2022; Wang, 2017). They also produce hot water in hotels, resorts, and other commercial
facilities. Boilers are crucial in many industrial processes, providing heat and steam to power production and meet the
heating needs of various facilities (Munsamy & Telukdarie, 2022).

Traditional boiler operation typically involves manual monitoring and control of the heating system, with limited use
of automation and digital technologies. In contrast, Industry 4.0 involves the integration of advanced technologies to
optimize and streamline production processes (Cheah & Tan, 2020). In the context of boiler operation, Industry 4.0 brings
new opportunities for improved energy efficiency and sustainability through real-time monitoring, predictive
maintenance, and advanced control algorithms that can optimize boiler performance and reduce energy waste (Kibulungu
& Laseinde, 2023). Additionally, Industry 4.0 also enables decentralized and data-driven decision-making, enabling
greater collaboration and flexibility in production processes, including the operation of boilers.

Amid this situation, some research questions are raised.

RQ1: What are the major challenges to achieving operational sustainability of boilers in the context of Industry 4.0?
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RQ2: What opportunities can Industry 4.0 technologies offer for enhancing the operational sustainability of boilers?
RQ3: What is the priority ranking of the identified challenges and opportunities in the context of industrial management?

Despite the widespread use of boilers in various industries, there is a gap in the literature regarding the study of their
operational sustainability in the context of Industry 4.0. While there have been numerous studies on boiler operations,
none have specifically addressed the challenges and opportunities for achieving operational sustainability in the era of
advanced technologies and automation. For instance, several recent studies have illustrated different aspects of boiler
operation and maintenance strategies in an Industry 4.0 environment with a depiction of various industries like the
manufacturing industry (Hardy et al., 2021; Harjamulya et al., 2019; Jha et al., 2022; Lim et al., 2021; Olkiewicz et al.,
2021; Tsai, 2018; Urgese et al., 2021), power generation industry (Arakelyan et al., 2021; Kluczek et al., 2021;
Muhammad Ashraf et al., 2020; Munsamy and Telukdarie, 2022; Toit & Laubscher, 2018), urban heating system
(Warsokusumo et al., 2020; Woon et al., 2022), petrochemical industry (Wang, 2017), and so on. However, none of these
studies have explored the topic of this current research, which seeks to provide further insights into the area of industrial
management. As a result, this study employs the SWARA method to analyze the challenges and opportunities related to
achieving the operational sustainability of boilers in the context of Industry 4.0. The goal of this analysis is to provide a
more comprehensive understanding of the issues and potential solutions, to better inform decision-making by managers
and policymakers.

The SWARA method is significant because it provides a systematic and structured approach for analyzing and ranking
(Kersuliene et al., 2010). The SWARA method is based on experts’ feedback, which allows for a more comprehensive
and accurate assessment of the issues. By using the SWARA method, it is possible to prioritize the most pressing
challenges and opportunities and to determine which areas require the most attention and resources. In the literature, the
SWARA method has been utilized for prioritizing risk remedial actions (Siraj et al., 2022), ranking of cost overrun factors
(Balali et al., 2022), supply chain risk assessment (Sivageerthi et al., 2022), ranking of the personnel (Popovi¢ et al.,
2021), performance analysis (Ayyildiz et al., 2021), and so on. However, the SWARA method has never been applied to
analyze the challenges and opportunities for achieving the operational sustainability of boilers in the context of Industry
4.0.

The integration of Industry 4.0 technologies offers new opportunities for improved energy efficiency and reduced
emissions, but it also presents new challenges and a need for a deeper understanding on how to optimize and sustainably
operate boilers in this rapidly evolving industrial landscape (Kluczek et al., 2021). Therefore, this research will contribute
to the industrial management literature by fulfilling the following research objectives:

RO1: To identify and assess the challenges faced by the boilers industry in achieving operational sustainability in the
context of Industry 4.0.

RO2: To determine the opportunities for improving the operational sustainability of boilers using Industry 4.0
technologies.

RO3: To prioritize the challenges and opportunities through the use of the SWARA method to inform and guide the
development of policies and solutions aimed at improving the sustainability of boilers in the Industry 4.0 era.

20 CONCEPTUALIZING THE CHALLENGES AND THE OPPORTUNITIES BY REVIEWING
THE LITERATURE

Sustainable boiler operation involves reducing negative impacts on the environment, improving energy efficiency,
ensuring long-term operational reliability and cost-effectiveness, and promoting social responsibility (Gopal & Panchal,
2023). It is achieved through the integration of best practices, technology, and processes that balance economic,
environmental, and social considerations. Promoting sustainable boiler operation in the context of Industry 4.0 aligns with
the broader trend towards sustainable and responsible business practices, and can help organizations to build a positive
reputation and attract socially conscious consumers (Cheah & Tan, 2020). However, existing literature has identified
some challenges as well as opportunities that require systematic review and analysis.

Since no prior research has examined the operational sustainability of boilers within the framework of Industry 4.0,
this study had to expand the literature review to encompass some closely related fields to this study. After conducting a
thorough review of the literature on challenges and opportunities related to Industry 4.0 in various domains, including
manufacturing, supply chain, energy, operations, maintenance, and management, a primary list of randomly selected 13
challenges and 12 opportunities was compiled. To validate the inclusion of these challenges and opportunities, whether
they are relevant or not to this study scope, experts (see Figure 1 for experts’ profiles in brief) were surveyed using a
simple 'yes' or 'no’ questionnaire. Besides this, they were asked to contribute to any additional challenges or opportunities
based on their expertise. However, the experts did not add any new challenges or opportunities to the list. But, based on
their feedback, 3 challenges (‘“need for real-time monitoring”, “shifting energy infrastructure”, and “skepticism towards
new technology”) and 2 opportunities (“reducing the number of human workforces” and “reducing downtime™’) were
removed due to the lack of relevance or making repetitions with others. Thus, this study compiled a list of 10 challenges
and 10 opportunities for further analysis in this study, based on the consensus among the experts. This was done to
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maintain simplicity in the calculations and to present the information visually in a clear manner for industrial managers
and policymakers.

2.1  Challenges

Our determined 10 challenges based on the literature review and experts' feedback can be found in Table 1. Further
descriptions of the challenges are depicted as follows. The existing literature has indicated technical challenges as a crucial
factor that hinders the achievement of sustainable boiler operation in the context of Industry 4.0. These technical
challenges can range from the integration of advanced technologies, cybersecurity concerns, and lack of proper
infrastructure and expertise, among others (Li & Yu, 2022; Wyrwicka & Mrugalska, 2017).

Data management and integration are critical for sustainable boiler operation in the context of Industry 4.0 (Malhotra
etal., 2021). With the integration of advanced technologies, large amounts of data are generated and need to be effectively
managed to provide valuable insights and inform decision-making. Effective data management and integration are crucial
for ensuring the proper functioning of the boiler and its components, as well as optimizing energy efficiency, reducing
emissions, and improving safety (Warsokusumo et al., 2020). However, there are challenges associated with data
management and integration, such as the need for standardized protocols, to ensure data quality, and ensuring data
security.

Table 1. Identified challenges to achieving operational sustainability of boiler in Industry 4.0

Denotation Challenges Source
C1 Technical challenges Li and Yu, 2022; Wyrwicka and Mrugalska, 2017
C2 Data management and integration ~ Malhotra et al., 2021; Warsokusumo et al., 2020
C3 Cybersecurity Ustundag et al., 2018; Ding et al., 2022
C4 Workforce transformation Mukti et al., 2021; Shaharudin et al., 2021
C5 Regulation and standardization Pozdneev et al., 2019
C6 Economic and financial challenges Hina et al., 2022
C7 Complex system interoperability Yan et al., 2017; Ding et al., 2018
C8 Scalability and flexibility Oluyisola et al., 2022
C9 Human-machine interaction Krupitzer et al., 2020; Malavazi, 2022
C10 Social and ethical implications Cheah and Tan, 2020

Cybersecurity is a significant challenge that has been identified in existing literature as an obstacle to achieving
sustainability in the context of Industry 4.0 (Ustundag et al., 2018). With the increasing reliance on technology and digital
systems in the operation of boilers, the risk of cyber-attacks, hacking, and other security threats is also increasing (Ding
et al., 2022). These security breaches can compromise the confidentiality, integrity, and availability of critical data,
leading to a wide range of negative consequences, including safety risks, reduced energy efficiency, and increased
emissions.

Workforce transformation has been identified as another critical challenge in the existing literature for achieving
sustainability in the context of Industry 4.0 (Mukti et al., 2021). The integration of Industry 4.0 technologies and
digitalization has resulted in the need for new skills, competencies, and processes within the workforce. This requires
significant investments in employee training and development to ensure that workers have the necessary knowledge and
skills to operate and maintain these systems. Moreover, the workforce must be able to adapt to the new technologies and
processes and integrate them into their daily work practices, which may require changes to the organizational structure,
job roles, and responsibilities (Shaharudin et al., 2021). Failure to address the workforce transformation challenge could
result in a lack of adoption and ineffective implementation of Industry 4.0 technologies, undermining the potential benefits
for sustainable boiler operation.

Regulation and standardization is an important challenge for sustainable boiler operation in the context of Industry
4.0 as it requires the development of new standards and regulations that align with the changing technological landscape.
The lack of harmonization and coordination across different countries, industries, and regulatory bodies can lead to
confusion and slow the implementation of these technologies (Pozdneev et al., 2019).

Economic and financial challenges can take many forms and include issues such as increasing costs for energy and
resources, changes in the global market, and the need for investment in new technologies and equipment. Additionally,
there may be difficulties in securing funding for such investments, as well as the need to allocate budgets and manage
finances in a manner that supports sustainability goals (Hina et al., 2022).

Complex system interoperability is the ability of various technical systems and components to work together
seamlessly and efficiently (Yan et al., 2017). In the context of sustainable boiler operation, this can pose a critical
challenge as multiple systems are involved, each with its unique requirements, interfaces, and protocols (Dai et al., 2013).
The existing literature highlights that a lack of interoperability can result in decreased productivity, increased downtime,
and higher maintenance costs, all of which can impact sustainability in the context of Industry 4.0 (Ding et al., 2018).
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Scalability and flexibility refer to the ability of the boiler operation system to adapt and accommodate the increasing
demands and changes in the industry while ensuring the sustainability of the system (Edlund et al., 2011). The system
should be able to be easily expanded or reduced to accommodate new production requirements without compromising its
efficiency and performance. The lack of scalability and flexibility may result in inefficiencies, increased costs, and
decreased sustainability, making it a critical challenge that needs to be addressed (Oluyisola et al., 2022).

Human-machine interaction refers to the interface between the human operators and the technology systems that
control the boilers (Krupitzer et al., 2020). This interaction is crucial for ensuring the safe, efficient, and reliable operation
of boilers. In the context of Industry 4.0, the integration of advanced technologies requires a new level of interaction
between humans and machines. Human-machine interaction can also be affected by various factors, such as the design of
the control systems, the training and experience of the operators, and the availability of real-time data and feedback
(Malavazi, 2022).

In the existing literature, the social and ethical implications of Industry 4.0 have been identified as a critical challenge.
This encompasses a range of considerations such as the impact on employment, privacy concerns arising from the
increased use of data and automation, and ethical considerations surrounding the responsible use of new technologies in
the workplace (Cheah & Tan, 2020).

2.2 Opportunities

Our determined 10 opportunities based on the literature review and experts' feedback can be found in Table 2. Further
descriptions of the opportunities are depicted as follows.

Table 2. Identified opportunities to achieve operational sustainability of boiler in Industry 4.0

Denotation  Opportunities Source
o1 Increased automation Oluyisola et al., 2022
02 Improved energy efficiency Mohamed et al., 2019; Ding et al., 2018
03 Optimized performance Ding et al., 2018
04 Predictive maintenance Yan et al., 2017; Behzad et al., 2019
05 Data-driven decision-making Ding et al., 2018; Muhammad Ashraf et al., 2020
06 Increased productivity Yusof and Mohammad, 2022
o7 Improved environmental performance Carvalho et al., 2020; Olah et al., 2020
08 Competitive advantage Hollander, 2018; Urgese et al., 2021
09 Enhanced safety Kibulungu and Laseinde, 2023
010 Enhanced customer experience Lee et al., 2022; Cheah and Tan, 2020

Increased automation by the implementation of advanced technology, such as automation systems, can improve the
efficiency and sustainability of boiler operations. Automation can reduce human error and increase the accuracy of
operational processes, leading to improved energy efficiency and reduced maintenance costs (Oluyisola et al., 2022).

Improved energy efficiency refers to the ability of boilers to operate more efficiently and effectively, leading to
reduced energy consumption and lower costs for industrial operations (Mohamed et al., 2019). In the context of Industry
4.0, this opportunity is achievable through the integration of advanced technologies, which enable real-time monitoring,
analysis, and optimization of energy usage. By leveraging these technologies, boilers can be designed and operated more
sustainably, reducing their carbon footprint and improving their overall energy efficiency (Ding et al., 2018).

Optimized Performance refers to the ability to enhance the overall functioning of boilers, leading to improved
efficiency and reduced downtime (Ding et al., 2018). This can be achieved through the integration of advanced
technologies and data analytics in the context of Industry 4.0.

Predictive maintenance is an opportunity for sustainable boiler operation in the context of Industry 4.0, as it enables
the use of advanced technologies and data analysis to predict when maintenance is necessary, reducing downtime and
increasing the efficiency of operations (Yan et al., 2017). By using data from sensors, machine learning algorithms, and
other technologies, predictive maintenance can help identify potential issues before they become problems, leading to
more efficient and cost-effective maintenance practices and ultimately improving the overall performance of boilers
(Behzad et al., 2019).

Data-driven decision-making refers to the process of making informed decisions based on data analysis and insights.
In the context of sustainable boiler operation in Industry 4.0, data-driven decision-making is considered an opportunity
because it enables organizations to optimize their operations and make decisions based on real-time data (Ding et al.,
2018). This can lead to improved energy efficiency, reduced downtime, and increased productivity. By leveraging
advanced technologies, organizations can collect and analyze large amounts of data from their boilers and other
equipment, which can then be used to make informed decisions that promote sustainable boiler operation (Muhammad
Ashraf et al., 2020).
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The adoption of Industry 4.0 technologies and practices in the operation of boilers has the potential to increase
productivity. This is achieved through the integration of advanced technologies into the production process, which can
lead to improved efficiency, optimized performance, and informed decision-making (Yusof & Mohammad, 2022). The
use of these technologies can also help to automate certain tasks, freeing up personnel to focus on higher-value activities
and further increasing overall productivity (Munsamy & Telukdarie, 2022).

Improved Environmental Performance refers to the ability to reduce the negative impact of boiler operation on the
environment through the implementation of Industry 4.0 technologies. This can be achieved by reducing emissions,
improving energy efficiency, and reducing waste through the use of real-time monitoring and data analysis. The
integration of advanced technologies can provide a more comprehensive understanding of the environmental impact of
boiler operation, enabling organizations to make informed decisions that promote sustainability (Carvalho et al., 2020;
Olah et al., 2020).

Implementation of sustainable boiler operation in the context of Industry 4.0 can bring about a competitive advantage
for organizations (Hollander, 2018). This can be achieved through the optimization of operational processes and the
integration of advanced technologies, leading to improved performance, increased productivity, and more efficient use of
resources, thereby giving the organization a competitive edge in the market (Urgese et al., 2021).

Enhanced safety is an opportunity that refers to the potential for Industry 4.0 technologies and practices to improve
the safety of boiler operations through the ability to quickly respond to any potential safety hazards (Kibulungu &
Laseinde, 2023). Additionally, Industry 4.0 can also provide improved training and support for workers, which can help
to reduce the risk of accidents and incidents in the workplace.

Implementation of sustainable boiler operation within the context of Industry 4.0 has the potential to enhance the
customer experience. This can be achieved through the integration of advanced technologies which can lead to improved
operational efficiency, increased productivity, and a more streamlined and personalized customer experience (Lee et al.,
2022). Additionally, Industry 4.0 can also bring about a shift towards a more data-driven approach to decision-making,
providing real-time insights into customer preferences and behavior, and enabling organizations to tailor their offerings
and services to meet the evolving needs of their customers (Cheah & Tan, 2020).

3.0 METHODOLOGY AND CALCULATIONS

This study applied a structured framework to identify and analyze the challenges and opportunities for achieving
operational sustainability of boilers in the context of Industry 4.0 which can be found in Figure 1 and a detailed description
of the methodological calculations can be found in the following subsections.

3.1 SWARA method

Kersuliene et al. (2010) first proposed the SWARA method in 2010 in the decision-making literature, which is
mathematically simpler than other expert opinion-based decision-making tools such as AHP or DEMATEL. Additionally,
the comparatively simpler evaluation score collection steps ensure consistency in decision-making among participating
experts. A panel of experts, including production managers, maintenance managers, and professors of industrial
management, was formed purposively for this study (refer to Figure 1). In decision-making research, purposive selection
of experts rather than random sampling is preferred to align with the study objective, and the size of the expert panel can
range from one expert to multiple (Bari et al., 2022). In this study, 15 experts were surveyed, with 33.33% of participants
selected from each field of expertise. Details of the procedural steps of the SWARA method (Siraj et al., 2022) are
described below:
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Figure 1. The structural framework of the research

Fifteen experts participated in a survey where they evaluated challenges and opportunities through a
questionnaire using a 5-point Likert scale, as displayed in Table 3.

Table 3. 5-point Likert scale for gathering experts’ opinion
Linguistic Variable Numerical Value

Very Low 1
Low 2
Medium 3
High 4
Very High 5

The experts' feedback on each challenge (and opportunity) was calculated using the geometric mean method,
producing aggregated values within the range of [1,5]. These values were then converted to decimal score values (pj)
through a simple linear calculation, with a range of [0,1]. These decimal scores were used in later steps of the SWARA

method.
Step 2.
Step 3.

Step 4.

Step 5.

ijim.ump.edu.my

Rank the challenges (and opportunities) based on the expert's preferences in descending order.

Calculate the relative importance (sj) of the challenges (and the opportunities) starting from the second most
preferred one. This is done by subtracting the score of that challenge (and the opportunity) j-1 from the challenge
(and the opportunity) j, using Equation (1).

Sj-1 = Pj— Pj-1 1)
Determine the comparative coefficient (k;) by applying Equation (2).

{ 1, j=1

)

Calculate the recalculated weight (qj) by using Equation (3).
1, j=1
q} = kj—l

k; '’

j>1 @)
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Step 6. Compute the final weights of the challenges (and the opportunities) (wj) by using Equation (4).

qj
j=14;

3.2  Calculations

(4)

The gathered evaluation scores for the selected challenges by the 15 experts can be found in Table 4, in which the

aggregated scores and the decimal scores have been determined as well.

Table 4. Evaluation of the selected challenges by the panel of experts

C1 c2 C3 C4 C5 C6 Cc7

(@]
©

(@]
©

C10

Expert 1
Expert 2
Expert 3
Expert 4
Expert 5
Expert 6
Expert 7
Expert 8
Expert 9
Expert 10
Expert 11
Expert 12
Expert 13
Expert 14
Expert 15
Aggregated score 1.838 3.689 1.447 4439 3239 1149 3302 1.320
Decimal score (Pj) 0.368 0.738 0.289 0.888 0.648 0.230 0.660 0.264

P P RNRNERENMNRNONDMRNOD®WERERNDN
2 A D WOWDAEDEADWWDDOWDD®W
P O R RPNNMNERPRNNMNNODMNONRNONDR R
OO BMADMDDMOTOOOOODMNSD-NO D
W W WD DD WWWWWWWwWwHS
P RPN R PR R RRERRERERERERENDN
B W W WS WWDSWWDSWWDW
P RPN R, RPRPNNREREERERRERNNDDN

W W W WNDMNDNWWPEDNDNWWNDW

2.671
0.534

P NPRPNMNERPNRPRRRPRNOMNNRRRR

1.260
0.252

Relative weights of the challenges based on what the ranking is done can be found in Table 5.

Table 5. Relative weights of the challenges

Challenges Pj Sj Kj qj Wj
C4 0.888 1.000 1.000 0.143
c2 0.738 0.150 1.150 0.870 0.124
c7 0.660 0.077 1.077 0.807 0.115
C5 0.648 0.013 1.013 0.797 0.114
C9 0.534 0.114 1.114 0.716 0.102
C1 0.368 0.167 1.167 0.614 0.087
C3 0.289 0.078 1.078 0.569 0.081
C8 0.264 0.026 1.026 0.555 0.079
C10 0.252 0.012 1.012 0.548 0.078
C6 0.230 0.022 1.022 0.536 0.077

The gathered evaluation scores for the selected opportunities by the 15 experts can be found in Table 6, in which the

aggregated scores and the decimal scores have been determined as well.

Table 6. Evaluation of the selected opportunities by the panel of experts

0o1 02 03 04 05 06 o7 08 09 010
Expert 1 1 5 2 2 2 4 3 2 4 4
Expert 2 2 5 2 1 2 3 3 2 4 4
Expert 3 2 5 3 2 1 4 4 2 5 3
Expert 4 2 5 3 3 2 4 3 1 5 3
Expert 5 2 4 2 2 1 4 4 1 5 3
Expert 6 3 5 2 3 3 4 3 1 5 3
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Table 6. (cont.)

01 02 03 04 05 06 o7 08 09 010
Expert 7 3 5 3 2 3 3 3 2 5 3
Expert 8 3 5 2 3 2 4 3 2 5 4
Expert 9 2 5 3 2 3 4 3 3 4 3
Expert 10 2 4 4 3 2 5 4 3 5 2
Expert 11 2 5 3 4 2 4 3 2 5 3
Expert 12 1 5 2 3 3 4 4 2 5 3
Expert 13 2 5 2 3 3 4 4 3 5 2
Expert 14 1 5 3 3 2 5 3 2 4 4
Expert 15 2 5 3 3 2 4 3 1 4 3
Aggregated Score 1.888 4.853 2531 2483 2.087 3.966 3.302 1.803 4.642 3.069
Decimal Score (Pj) 0.378 0.971 0.506 0.497 0.417 0.793 0.660 0.361 0.928 0.614

Relative weights of the challenges based on what the ranking is done can be found in Table 7.

Table 7. Relative weights of the opportunities

Opportunities  Pj Sj Kj qj wj
02 0.971 1.000 1.000 0.143
09 0.928 0.042 1042 0.959 0.137
06 0.793 0.135 1.135 0.845 0.121
o7 0.660 0.133 1.133 0.746 0.106
010 0.614 0.047 1.047 0.713 0.102
03 0.506 0.108 1.108 0.644 0.092
04 0.497 0.010 1.010 0.637 0.091
05 0.417 0.079 1.079 0,591 0.084
01 0.378 0.040 1.040 0.568 0.081
08 0.361 0.017 1.017 0.559 0.080

4.0 RESULTS AND DISCUSSIONS

The ranking of the challenges based on their relative weights have been determined as C4> C2> C7> C5> C9> C1>
C3> C8> C10> C6 (see Table 5 and Figure 2) and the opportunities as 02> 09> 06> 07> 010> 03> 04> 05> 01> 08
(see Table 7 and Figure 3). The SWARA method has assigned a relative weight to each of the challenges and
opportunities, thereby providing a quantitative measure of their relative importance to aid decision-makers.

ijim.ump.edu.my

Weights of the challenges

0.16

0.14

0.10

0.0

[¢F]

0.0

[e)]

0.0

>

0.0

N

0.00

0.087
0

C1

0.124

C2

.081
3

C

0.143

0.114

c4 c5

0.077

Cé

Challenges

0.115

c7

Figure 2. Ranking of the challenges

0.102

0.079 I
C8 C9

0.078

C10

145



Payel etal. | International Journal of Industrial Management | Vol. 17, No. 3 (2023)

0.16
0.143 0.137
0 0.14
S 0.121
C
S 012 0.106 0.102
S 0.092 0.091
0.10
§ 0.081 0.084 0.080
o 0.08
Ny
Lo
% 0.06
8
& 004
(V]
= 0.02
0.00
0Ol 02 03 04 05 06 07 08 09 010

Opportunities
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4.1  Validation of the results through sensitivity analysis

Sensitivity analysis is required to check the validity and robustness of a decision-making study, as the calculation
steps often lead to an unstable solution of such a study (Pramanik et al., 2021). A widely recognized technique to conduct
sensitivity analysis for a prioritization or ranking-based study is to impose different weights on different responding
experts (Akter et al., 2022). We have created 3 case scenarios, where we varied the weights of scores provided by the
experts. In case scenario 1, we have taken the weight of Expert 1 (E1) as 16% and the rest as 6%, in case scenario 2, we
have taken the weight of Expert 2 (E2) as 16% and the rest as 6%, and in case scenario 3, we have taken the weight of
Expert 3 (E3) as 16% and the rest as 6%. We have applied the same technique for validating both rankings. We have
found a similarity in the results in all the cases which is depicted in Figure 4 and Figure 5.
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Figure 4. Sensitivity analysis for the ranking of the challenges
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Figure 5. Sensitivity analysis for the ranking of the opportunities

Figures 4 and 5 demonstrate that the rankings obtained in this study remain consistent even when the weightage
assigned to the experts is altered in different case scenarios. However, the weights assigned to the challenges and
opportunities differ from the original or base result, which can be attributed to the influence of one expert's opinion over
others. This phenomenon of weightage changes in different case scenarios, while maintaining the base result, is common
in a sensitivity analysis. Such changes may result in a relative shift in the weight-to-weight ratio for the challenges (and
opportunities) (Akter et al., 2022). Nevertheless, the stability observed in both rankings indicates the robustness of our
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study's results. Therefore, our obtained result from this study is validated as a ranking framework that can be used with
confidence.

4.2 Discussing obtained results regarding the challenges

The results regarding the challenges are illustrated in Figure 2 below. It depicts that the top three challenges, ranked
by relative weight, are C4 (workforce transformation), C2 (data management and integration), and C7 (complex system
interoperability) with weights of 0.143, 0.124, and 0.115 respectively. When considering strategies to mitigate
implementation challenges and ensure sustainable boiler operation within the context of Industry 4.0, managers and
policymakers should prioritize the highest-ranked challenges. This is because resource limitations may constrain decision-
making processes. Thus, a hierarchical or tiered approach to mitigating these challenges is likely to be both realistic and
effective. Furthermore, addressing the most significant challenges first can have a positive impact on mitigating the
remaining challenges. For instance, workforce transformation has been determined as the topmost ranked challenge for
sustainable boiler operation in the context of Industry 4.0 because it involves the integration of new technology, processes,
and skills into the workforce, which can be a significant and complex undertaking. The existing workforce may not have
the necessary skills or experience to operate and maintain advanced technology, leading to operational inefficiencies and
potential safety risks (Mukti et al., 2021; Shaharudin et al., 2021). By effectively addressing the challenge of workforce
transformation, it can help mitigate other existing challenges such as data management and integration, cybersecurity,
and human-machine interaction. This is because the skilled and trained workforce will be better equipped to handle the
implementation and operation of Industry 4.0 technologies and processes, reducing the risk of errors and security
breaches. Additionally, the improved collaboration between human operators and technology will result in more
optimized performance, increased productivity, and enhanced safety, leading to a more sustainable boiler operation.
Therefore, by addressing this challenge, other challenges may become more manageable and easier to resolve.

According to the result, data management and integration is the second most crucial challenge for sustainable boiler
operation in the context of Industry 4.0 as it refers to the effective organization, management, and integration of data
generated from various sources such as sensors, devices, and equipment used in the operation of boilers. The challenge
lies in ensuring that the data is accurate, up-to-date, and easily accessible for analysis and decision-making purposes
(Malhotra et al., 2021; Warsokusumo et al., 2020). Effective data management and integration can mitigate other
challenges by providing real-time information for predictive maintenance, optimizing performance, and improving energy
efficiency. It can also facilitate data-driven decision-making, enabling organizations to make informed decisions that can
improve overall sustainability and reduce risks. Additionally, well-managed data can provide valuable insights into the
operation of boilers and support continuous improvement efforts, enabling organizations to identify and resolve
challenges proactively. The third most critical challenge is complex system interoperability or seamless integration of
multiple systems and technologies which is critical to ensuring efficient and reliable boiler operation. A lack of
interoperability between different systems and technologies can result in communication gaps and errors, leading to
decreased efficiency, decreased productivity, and increased downtime (Ding et al., 2018; Yan et al., 2017). By addressing
complex system interoperability, other challenges such as technical challenges, cyber security, and human-machine
interaction can be mitigated. A well-integrated system ensures that all components are communicating effectively,
reducing the risk of errors and improving the overall performance of the boiler operation. The integration of multiple
systems also enables data sharing and exchange, which can lead to better decision-making, improved productivity, and
increased automation. Similarly, by the ranking order, all of the challenges are considered to be more critical and
significant than those ranked lower. It is therefore reasonable to conclude that addressing the highest-ranked challenges,
as determined by the study results, can serve as an effective foundation for implementing a hierarchical approach to
resolving other challenges.

4.3  Discussing obtained results regarding the opportunities

The results regarding the opportunities are illustrated in Figure 3. It depicts that the top three opportunities, ranked by
relative weight, are O2 (improved energy efficiency), O9 (enhanced safety), and O6 (increased productivity) with weights
of 0.143, 0.137, and 0.121 respectively.

In the pursuit of maximizing opportunities and maintaining sustainable boiler operation in the context of Industry 4.0,
decision-makers should give priority to the opportunities ranked highest in importance. Resource constraints can often
limit the decision-making process, so a step-by-step or prioritized approach to exploiting these opportunities is likely to
be feasible and successful. By first focusing on the most valuable opportunities, the likelihood of realizing the benefits of
the other opportunities is increased. For instance, improved energy efficiency is considered the top-most ranked
opportunity for sustainable boiler operation in the context of Industry 4.0 due to several reasons. Firstly, the energy
efficiency of boilers has a direct impact on operational costs, as it reduces fuel consumption and thus saves money.
Secondly, improved energy efficiency also results in lower carbon emissions, which aligns with the increasing demand
for environmentally friendly solutions. By improving energy efficiency, other opportunities can be leveraged in the
context of sustainable boiler operation. For example, enhanced energy efficiency can result in a longer lifespan of boilers,
which supports the implementation of predictive maintenance strategies, thus improving reliability and reducing
downtime. Additionally, reduced energy consumption also leads to reduced demand for energy resources, helping to
mitigate potential energy supply shortages and price volatility. Furthermore, improved energy efficiency can result in
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increased competitiveness, as it allows boilers to operate more effectively, improving the overall performance of the
organization (Ding et al., 2018; Mohamed et al., 2019).

According to the result, enhanced safety is considered the second most significant opportunity for sustainable boiler
operation in the context of Industry 4.0 because of the potential to reduce the risk of accidents and injuries to workers and
the general public. A safe work environment not only benefits the workers but also has a positive impact on the company's
reputation, as well as reducing the cost of insurance and potential lawsuits (Kibulungu & Laseinde, 2023). Additionally,
a safe work environment also helps to foster employee satisfaction and loyalty, which can improve productivity and
efficiency. The implementation of Industry 4.0 technologies, such as real-time monitoring and predictive maintenance,
can enhance safety by allowing operators to identify potential hazards and address them before they become a problem.
This, in turn, can help to take advantage of other existing opportunities, such as increased productivity, improved
performance, and enhanced customer experience, as a safer work environment contributes to a more positive work culture
and overall better outcomes. Increased productivity is the third-most ranked opportunity for sustainable boiler operation
in the context of Industry 4.0 as it directly impacts the profitability and efficiency of the operation. By adopting Industry
4.0 technologies and practices, sustainable boiler operations can improve their productivity by streamlining processes,
reducing downtime, and maximizing resource utilization. Improved productivity can help to take advantage of other
existing opportunities by allowing organizations to achieve more with fewer resources, which can lead to cost savings
and increased competitiveness (Munsamy & Telukdarie, 2022; Yusof & Mohammad, 2022). Additionally, improved
productivity can also lead to better customer satisfaction as operations can deliver services and products more efficiently,
enhancing the customer experience. Moreover, increased productivity can also have a positive impact on the environment,
as more efficient operations consume fewer resources and generate less waste, leading to improved environmental
performance. Thus, increased productivity can act as a catalyst to help organizations take full advantage of other existing
opportunities in sustainable boiler operations. Similarly, the opportunities are ranked according to their importance, with
those ranked higher being considered more crucial and impactful than those ranked lower. It can be concluded that
focusing on the highest-ranked opportunities, as indicated by the results, provides a strong basis for a hierarchical
approach to realizing the benefits of other opportunities.

5.0 IMPLICATIONS OF THE STUDY IN THE CASE OF ACHIEVING SUSTAINABILITY

The results of this study have significant implications for organizations looking to achieve operational sustainability
of boilers in the context of Industry 4.0. To overcome the challenges and take advantage of the opportunities, organizations
must adopt a holistic approach that takes into account the various interrelated factors that impact sustainable boiler
operation. The findings of this study can be used as a roadmap for organizations to achieve sustainable boiler operation,
including:

e Addressing the workforce transformation challenge by investing in training and development programs for employees
and integrating technology in the workplace.

o Developing robust data management and integration strategies to ensure the seamless flow of data between different
systems and applications, thereby reducing the risk of data loss or security breaches.

¢ Improving complex system interoperability by implementing standardized protocols and open-source platforms that
allow different systems and applications to communicate and exchange data.

e Maximizing energy efficiency by investing in advanced technologies such as digital twins and artificial intelligence
to optimize performance and reduce energy consumption.

e Enhancing safety by investing in advanced safety systems and procedures, and by conducting regular safety audits to
ensure that safety protocols are being followed.

e Increasing productivity by adopting agile and flexible production processes that can adapt to changing market
conditions and customer needs.

¢ Utilizing data-driven decision-making to make informed decisions that optimize performance and reduce waste.

e Improving environmental performance by reducing emissions and implementing sustainable practices that protect the
environment.

e Achieving a competitive advantage by adopting industry-leading technologies and best practices that set the
organization apart from its competitors.

e Enhancing the customer experience by adopting customer-centric processes and technologies that provide a seamless
and personalized experience for customers.

Overall, this study highlights the importance of a systematic and integrated approach to achieving the operational
sustainability of boilers in the context of Industry 4.0. Organizations that take these findings into account and adopt a
proactive approach to sustainable boiler operation are likely to be better positioned to overcome the challenges and realize
the opportunities presented by this rapidly evolving technological landscape. This study has significant implications for
achieving the sustainable development goals (SDG) set by the United Nations as well. The study highlights the crucial
role that technology and human resources play in achieving sustainability. The findings have significant implications for
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the implementation of sustainable development goals and provide valuable insights for policymakers and industry leaders
to take action toward a sustainable future. The study highlights the importance of improving energy efficiency, which
aligns with SDG 7 on affordable and clean energy. The emphasis on enhancing safety in boilers operations aligns with
SDG 3 on good health and well-being. The findings on increased productivity and improved environmental performance
align with SDG 8 on decent work and economic growth and SDG 14 on life below water, respectively.

Moreover, the study's focus on the challenges related to data management and integration, complex system
interoperability, and workforce transformation highlights the importance of technology and human resources in achieving
sustainability. These challenges and opportunities have implications for the implementation of the SDGs, as they provide
a roadmap for the development and deployment of technologies and processes that can support sustainable development.

6.0 CONCLUSION

The study aimed to identify the challenges and opportunities for achieving operational sustainability of boilers in the
context of Industry 4.0. By applying the SWARA method, 10 challenges and 10 opportunities were ranked in terms of
their significance. The study highlights the importance of addressing workforce transformation, data management and
integration, and complex system interoperability as the top three challenges, and improving energy efficiency, enhancing
safety, and increasing productivity as the top three opportunities for sustainable boiler operation.

One of the limitations of the study is that it is based on a limited number of sources and expert opinions. Further
research is needed to validate the results and to incorporate the perspectives of a wider range of stakeholders, such as
boiler operators, policymakers, and consumers.

Future research could explore in more detail the interplay between the identified challenges and opportunities and
how they can be effectively addressed to achieve sustainable boiler operation in the context of Industry 4.0. Additionally,
it would be beneficial to investigate how the findings of the study can be applied in practice to support decision-making
and policy development. In conclusion, the study provides a useful starting point for further research on sustainable boiler
operation in the context of Industry 4.0 and contributes to the development of strategies and solutions for sustainable
energy use in the industry.
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