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1. Introduction

The rapid evolution of emerging technologies, the globalization of industrial networks,
and the increasing complexity of production ecosystems have fundamentally reshaped the
paradigm of modern manufacturing and industrial engineering. The advent of Industry
5.0, characterized by cyber-physical systems, artificial intelligence, big data analytics,
and the Internet of Things (IoT), has not only transformed production processes but
also redefined the way decisions are made across all levels of manufacturing systems.
These transformations have resulted in an unprecedented need for integrating analytical
rigor with digital intelligence to ensure system adaptability, operational resilience, and
sustainability. Under such a dynamic context, organizations are challenged to respond to
volatile market demands, resource constraints, and environmental responsibilities, while
maintaining competitiveness and innovation capacity [1,2].

In this evolving industrial landscape, simulation, modeling, and decision-making
processes represent the cornerstone of scientific inquiry and managerial practice. Simula-
tion enables researchers and engineers to construct virtual representations of real-world
systems, allowing for the exploration of complex interactions among production, logis-
tics, and human factors without the cost or risk associated with physical experimentation.
Modeling, both analytical and data-driven, provides a mathematical abstraction to inter-
pret, predict, and optimize system behavior, facilitating the quantification of performance
indicators under various operational scenarios. Decision-making processes, built upon
these analytical foundations, transform quantitative insights into actionable strategies—
supporting evidence-based planning, real-time control, and multi-objective optimization in
uncertain environments [3].

Beyond their individual contributions, the integration of simulation, modeling, and
decision analytics forms the intellectual core of modern industrial research, driving ad-
vances in intelligent manufacturing, digital twins, and sustainable production systems.
This triad enables researchers to bridge the gap between theoretical frameworks and indus-
trial realities, linking predictive analytics with prescriptive decision-making to enhance
efficiency, flexibility, and competitiveness. Furthermore, as industries progress toward the
era of Industry 5.0—emphasizing human-centric design, resilience, and ecological balance—

Processes 2025, 13, 3767 1 https://doi.org/10.3390/pr13123767
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these methodologies will play an increasingly pivotal role in ensuring that manufacturing
systems evolve not only technologically but also socially and environmentally [1].

In light of these developments, this Special Issue, entitled “Simulation, Modeling,
and Decision-Making Processes in Manufacturing Systems and Industrial Engineering”,
aims to provide a comprehensive academic platform for advancing the theoretical foun-
dations, computational methodologies, and empirical applications that define the future
of industrial systems research. The Special Issue gathers sixteen carefully selected studies
that collectively address how simulation-based approaches, modeling frameworks, and
decision-support systems can be seamlessly integrated to improve operational perfor-
mance, sustainability, and strategic decision-making across diverse manufacturing and
industrial contexts. These contributions reflect a global and interdisciplinary perspective,
showcasing the synergistic relationship between engineering science, data analytics, and
managerial decision-making [4].

From a theoretical standpoint, the papers published in this Special Issue contribute to
a deeper understanding of how modeling and simulation interact within complex, multi-
layered production systems. They extend classical paradigms by incorporating modern
algorithmic techniques, such as machine learning, evolutionary optimization, and digital
twin technologies, offering enhanced accuracy, scalability, and adaptability to real-world
uncertainties. Methodologically, these studies explore hybrid approaches that combine de-
terministic and stochastic models, qualitative and quantitative analyses, and computational
and behavioral dimensions of decision-making. This multi-method integration provides a
richer, more holistic framework for understanding how industrial systems evolve and how
managers can make informed decisions in dynamic, uncertain environments [5].

Practically, the contributions emphasize the translation of theoretical insights into ap-
plicable solutions that can improve the design, control, and optimization of manufacturing
processes. Case studies span a wide range of sectors, including energy conversion, chemical
processing, logistics, metal forming, and smart production, demonstrating how simulation
and modeling can guide efficiency improvements, resource allocation, and sustainable
innovation. For example, data-driven decision-support frameworks are shown to assist
policymakers in shaping renewable energy strategies, while optimization-based models
enhance the flexibility and reliability of production scheduling, maintenance planning,
and quality control systems. Such works exemplify how industrial research can directly
contribute to technological advancement and socio-economic sustainability.

Moreover, this Special Issue underscores the importance of integrating human fac-
tors, environmental concerns, and digital transformation into industrial decision-making
processes. As manufacturing systems increasingly rely on autonomous and intelligent
technologies, the role of human cognition, ethics, and collaborative design becomes more
critical in ensuring that technological progress aligns with societal and ecological values.
By bridging theory, computation, and application, the research featured in this collection
not only advances academic understanding but also offers practical pathways toward the
realization of resilient, intelligent, and sustainable industrial systems.

2. Three Interrelated Strategic Directions Were Detected by the Set of
Contributions Gathered in This Special Issue

The collective insights derived from the papers in this Special Issue reveal a clear
trajectory toward three interrelated strategic directions that are reshaping the future of in-
dustrial and manufacturing systems—efficiency, resilience, and sustainability. These pillars
represent not only operational objectives but also the conceptual foundation for the next
generation of industrial transformation. In terms of efficiency, the contributions demon-
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strate how advanced simulation and optimization techniques can significantly enhance
production throughput, minimize waste, and reduce system variability. The integration of
computational intelligence, including metaheuristic optimization and machine learning,
enables dynamic process control and predictive analytics, achieving higher productivity
with fewer resources. This transition toward “smart efficiency” underscores the value of
real-time data integration, digital twins, and adaptive modeling in achieving leaner yet
more agile operations.

Equally important is the pursuit of resilience, as modern industries face increasing un-
certainty due to supply chain disruptions, market volatility, and environmental fluctuations.
The studies presented herein demonstrate how modeling and decision-making frameworks
can be employed to design systems that can absorb shocks and maintain functionality
under stress. Multi-scenario simulation, probabilistic modeling, and robust optimization
methods are emerging as vital tools for developing decision-support systems that can
anticipate disturbances, evaluate alternative responses, and facilitate rapid recovery. In this
way, these methodologies contribute to building organizations that are not only efficient in
steady states but also adaptable and self-correcting in dynamic contexts.

Ultimately, the theme of sustainability pervades the Special Issue as a unifying vi-
sion. Several contributions integrate environmental, social, and economic perspectives
into the design and assessment of industrial processes, promoting the transition from
resource-intensive production models to circular and regenerative systems. Simulation-
based environmental assessment, life-cycle modeling, and energy efficiency optimization
illustrate how data-driven strategies can reconcile profitability with ecological responsibil-
ity. More broadly, these studies affirm that sustainable industrial development requires
both technological innovation and strategic governance, ensuring that the evolution of
manufacturing systems aligns with global sustainability goals and social well-being.

In synthesis, the cross-pollination of efficiency, resilience, and sustainability reflects
a paradigm shift—from isolated process optimization to systemic intelligence and collab-
orative adaptation. This integrated vision positions simulation, modeling, and decision-
making not merely as analytical tools but as enablers of holistic transformation. As in-
dustries continue to navigate the convergence of digitalization, globalization, and envi-
ronmental transition, these three pillars will define the roadmap for advancing industrial
excellence in the decades to come [6,7].

3. Conclusions

This Special Issue has delved deeply into the core of contemporary manufacturing and
industrial engineering, where simulation, modeling, and decision-making methodologies
converge to address the multifaceted challenges of an increasingly complex industrial
ecosystem. Collectively, the sixteen papers published in this Special Issue make several
significant academic and practical contributions. First, they advance the theoretical un-
derstanding of industrial system dynamics by extending classical models toward hybrid
and data-driven frameworks that better capture uncertainty, nonlinearity, and interdepen-
dence across multiple production layers. Second, they introduce innovative computational
approaches—such as machine learning-enhanced optimization, digital twin modeling, and
the integration of multi-criteria decision-making—that improve the accuracy, scalability,
and adaptability of industrial analysis and control systems. Third, the contributions bridge
the long-standing gap between analytical rigor and practical implementation, offering
tangible tools for process design, energy management, logistics planning, and predictive
maintenance across diverse sectors, including chemical processing, renewable energy, metal
manufacturing, and intelligent production systems. Fourth, several studies emphasize the
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incorporation of behavioral, social, and environmental dimensions into decision-making
frameworks, reflecting a more holistic and sustainable orientation in industrial engineering
research, particularly in the era of Industry 5.0 and beyond.

From an editorial perspective, this collection highlights the growing importance of
interdisciplinary integration—where engineering science, artificial intelligence, data analyt-
ics, and management theory intersect to form new paradigms for industrial innovation. It
also reaffirms that the future of manufacturing lies not only in technological sophistication
but also in systemic intelligence—the ability of organizations to learn, adapt, and optimize
continuously within dynamic environments.

Looking ahead, future research should continue to expand in several promising
directions. One avenue involves the fusion of digital twin technologies with real-time
decision-making systems, enabling adaptive control and predictive optimization in com-
plex production networks. Another lies in the integration of human-centric and cognitive
models into simulation frameworks, ensuring that decision support systems remain aligned
with human judgment, ethical considerations, and organizational behavior. Additionally,
the application of explainable artificial intelligence (XAI) in industrial modeling deserves
greater attention to enhance transparency, interpretability, and trust in automated decision-
making processes. Researchers should also pursue cross-disciplinary studies that link
industrial engineering with environmental sciences, circular economy, and sustainability
assessment, to guide the transition toward carbon-neutral and resource-efficient manufac-
turing. Finally, the development of standardized benchmarking datasets, open simulation
platforms, and reproducible experimental protocols will be crucial to strengthening collab-
oration and accelerating innovation in this rapidly evolving field.

In conclusion, this Special Issue not only synthesizes the current state of research
but also provides a roadmap for future investigations into the intersection of simulation,
modeling, and decision-making. It is our hope that the insights presented herein will
inspire further academic inquiry and industrial application, fostering the development of
resilient, intelligent, and sustainable manufacturing systems that define the next generation
of industrial excellence.
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Abstract: Sustainability as a concept is present in most aspects of our everyday life, and industry
is no exception. Likewise, there is no doubt that the necessity to produce goods in a sustainable
way and to ensure that products are sustainable is gaining more and more attention from producers,
customers, governments, and various organizations. Understandably, there are several ways to increase
the sustainable development of industrial production. One effective tool is simulation, which can
have a significant impact on improving environmental, economic, and social sustainability. This
paper explores the role of simulation as a powerful scientific and engineering solution in advancing
sustainability within industrial ecosystems. Its main scope is to map the existing literature on the usage
of simulation as a supportive tool for achieving this goal. For this purpose, a bibliometric analysis was
conducted, allowing for tailored insights into the use of simulation in sustainable production.

Keywords: simulation; sustainability; industry; economic; environmental

1. Introduction

Sustainable development as a way to understand the interaction of economic, social,
and environmental systems, is widely recognized to have its origins in the UN Conference
on the Human Environment in Stockholm in 1972. In terms of modern-day problems, sus-
tainability is one of the main domains of interest worldwide. Therefore, even the industrial
sector has come to the conclusion that it is necessary to take a stand on this particular
issue [1-3]. The question of creating sustainable industry has been raised with the purpose
of clarifying the many challenges and problems that businesses are confronted with in the
application of this concept. The first time these issues were brought up in an industrial
context was in the Brundtland report of 1987 by the World Commission on Environment
and Development. This report, concerning industrial matters, focuses on changing how
resources and environmental considerations are viewed in industrial planning and decision
making [4]. Further elaboration and details are found in the concepts of Industry 4.0, and
more recently, in the concept of Industry 5.0. In both concepts, sustainability is divided into
three categories: economic, environmental, and social [5,6]. In terms of industrial practice,
sustainability is segmented into three categories: corporate sustainability, industrial sus-
tainability, and manufacturing sustainability (MS) [7-10]. This leads us to the conclusion
that the concept of sustainability is contemplated in all areas and structural levels of enter-
prise. It is logical that sustainability cannot be the main goal of a manufacturing company;
therefore, there has to be some impetus to participate in this industrial trend.

Some of the main reasons to incorporate sustainability into production, other than
sustainable conviction, are as follows [1]:

e  Customer demand for sustainable products. Nowadays, the marketing for many
companies and products is based on their sustainable characteristics, in terms of how
they were produced and how sustainable their usage is in terms of, for example,
energy usage, maintenance, and recycling processes. Then, there is the question of
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what materials were used in production, where these materials were obtained, and
last but not least, who made them and under what conditions.

e  Government pressure/support in sustainable production. Individual states can help
companies or put pressure on them by implementing laws in the form of bans or, on the
other hand, providing financial help if the company innovates in terms of sustainability.
The United Nations has set the goal to accomplish seventeen sustainable goals as part
of the 2030 Agenda for Sustainable Development [11]. Some of these are aimed directly
at the industrial sector.

e  Energy and material prices. These commodities are crucial for the functioning of
manufacturing companies. According to the latest data from 2021 from Eurostat, the
industrial sector consumed 25.6% of all final energy in the EU, making it one of the
largest energy consumers. Of the total amount of energy, only 9.7% was made up of
renewable sources and biofuels [12]. The prices of these commodities are constantly
increasing, and that is why companies should, for their own good, want to reduce
their usage.

In addition, it is also necessary to view environmental sustainability through the prism
of the reduction of manufacturing waste linked to material inputs. To better understand
waste process flows in manufacturing enterprises, a holistic approach is recommended
by Ball et al. [13]. The authors developed the input/output flow model of materials,
energy, and waste to show how they can interact, using simulation. Their paper also
demonstrates how this tool can be used to select appropriate technologies to reduce material
and energy consumption as well as the carbon footprint. Moreover, they showed how
results of the simulation can be used to redesign manufacturing processes to achieve the
above-mentioned effects. In this context, the concept of design for the environment has
been introduced to describe design and redesign practices through which products and
manufacturing processes are optimized [14]. Therefore, the analysis of the relationships
among of materials, energy, and waste is one of the first important steps companies need to
take to decrease the consumption of resources and energy and to reduce the emissions of
pollutants in line with the Corporate Social Responsibility concept [15-17].

It is crucial for management to think about sustainable production for their company
but also a sustainable future for everyone. In connection with sustainable industry, the
terms circular and sharing economy are commonly used [18,19]. The main goal of a
circular economy is focused on embracing practices that emphasize resource efficiency and
waste prevention by promoting close-loop systems in contrast to linear principles [20-22].
Therefore, decision making in terms of sustainability is important but also difficult. A small
mistake could lead to a big financial loss. On that note, there are supportive methods and
tools that can help management in decision making not just in matters of sustainability but
also in the optimalization of various types of processes.

One of these is simulation. Simulation can be described in a simplified form as an
imitation of a system [23-25]. From a dynamic point of view, it can be divided into two
categories: static simulation and dynamic simulation. All simulations have advantages and
disadvantages in terms of their usage [26]. Simulation, as a tool, is used daily in almost
all aspects of everyday life. Probably the most well-known everyday simulations include
weather forecasting, flight and car simulators, and job position training [27]. It is important
to note that simulation is a supportive tool and not a solution for problems. Simulation
can help provide a better understanding of the problem or create more possibilities for
management or others responsible for decisions. Simulation is not omnipotent; it is only as
good as the data that the creator puts into it [28]. In terms of data for simulation, the amount
and quality have improved with the implementation of digitalization based on Industry
4.0. The implementation of smart sensors, RFID technologies, the Internet of Things, and
cloud technologies brings potential for the usage of simulations with data in real time. In
other words, simulation can be used for monitoring and analyzing processes and events in
almost real time, which can help with smooth and quick decision making [29-33].
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The main research questions (RQs) that this paper addresses can be formulated as
follows:

e  RQI: What are possibilities for the utilization of simulation methods for addressing
sustainable issues?

e  RQ2: What types of simulation methods are most often used for addressing sustainable
issues in selected industrial fields?

2. Materials and Methods

To analyze the existing literature on the particular research problem as well as to reach
conclusions regarding the stated research questions, the following two approaches were
employed. The first one is based on a bibliometric analysis performed with a specialized
software that is described below. Two types of bibliometric analyses were applied, namely
(1) performance analyses, and (2) science mapping to obtain relevant scientific insights
from several angles for the given problem. After the initial step, selected papers were
reviewed for deeper analysis. The overall structure of the paper’s methodology with some
details is depicted in Figure 1.
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Figure 1. Methodological framework of the study.

3. Bibliometric Analysis and Literature Review

This section describes the results of the bibliometric analysis and the review of selected
papers regarding the usage of simulation for ensuring sustainability in industry according
to the triple bottom-line construct [34]. To this end, the Web of Science (WoS) database was
used to search for specified terms and conditions. The section is divided into two main parts:
bibliometric analysis and the review of selected papers. Performance analysis includes
categorization of total publications by document type, publication growth, research area,
contribution by country, publication title, frequently cited publications, and citation metrics.
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Country co-authorship, keyword co-occurrence, and the most used keywords are a part of
the science mapping analysis, which is performed using VOSviewer 1.6.20 [35-37].

3.1. Performance Analysis Based on Bibliometric Indicators

The search terms for the purpose of the performance analysis were as follows: simu-
lation (Topic) AND sustainability (Topic) AND industry (Topic) entered on the following
day: 25 March 2024. The conditions were also specified by the years, ranging from 2013 to
2023. Together, 1275 documents were identified. Only articles, proceeding papers, review
articles, early access documents, and book chapters were analyzed in this study. After
removing unrelated documents, a total of 1272 publications were further analyzed. These
publications were divided based on their types; see Table 1.

Table 1. Publications based on document types.

Document Types Total Publications
Article 983

Proceeding paper 199

Review article 107

Early access 24

Book chapters 13

From the previous table, it can be seen that more than 89% of the publications were
articles (74.1%) and proceeding papers (15%). Review articles made up 8.1% of the total
documents, while early access documents and book chapters contributed 1.8% and 1%,
respectively.

3.1.1. The Most Relevant Sources

This subsection is devoted to the evaluation of the publication sources of the papers.
There were more than 210 publication sources for this topic, from which the top 10 ones
were identified. They are listed in terms of importance in Table 2.

Table 2. The list of the most relevant sources.

Source of the Publications The Number of Publications
Sustainability 125
Journal of Cleaner Production 73
Energies 26
Applied Sciences 16
Buildings 15
Procedia CIRP 11
ACS Sustainable Chemistry Engineering 10
Applied Energy 10
Biofuels Bioproducts Biorefining 10
Renewable Sustainable Energy Reviews 10

From Table 2, it can be seen that, not surprisingly, the most frequently occurring
publication source is Sustainability, with 125 documents. The Journal of Cleaner Production,
with 73 publications, took second place. Other documents are distributed across various
journals with a similar scope. It is useful to mention some journals not listed in the table
above: Buildings, Energy, Polymers, Agricultural Systems, Green Chemistry, and Foods.

3.1.2. Development Trend Analyses of Publications and Citations

The annual publication growth of all the publications in the field, including the number
of citations per year and the total number of citations per publications, is shown in Table 3.
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Table 3. The number of citations per year and the number of citations per publication.

Year Total Publications  Percentage (%) Total Citations Number of Citations per Publication
2023 233 18.3 5328 22.87
2022 201 15.8 4819 23.98
2021 192 15.1 3629 18.9
2020 119 9.4 2371 19.92
2019 140 11 1458 10.41
2018 99 7.8 949 9.59
2017 74 5.8 546 7.38
2016 70 5.5 310 4.43
2015 64 5 147 2.3
2014 42 3.3 61 1.45
2013 38 3 10 0.26
Total 1272 100 19,628 -

The highest number of total citations was recorded in 2023, with 5328 citations from a
total of 19,628 citations. The highest number of citations per paper occurred in 2022. The
total annual publications saw an increasing trend from 2013 to 2019. A slight drop occurred
in the total annual publications in 2020 due to the COVID-19 pandemic situation. However,
the total annual publication number continued to increase until it peaked in 2023, with
233 publications from a total of 1272 publications, as can be seen in Figure 2.

250 6000
200 5000
4000
150
3000
100
2000
ol 1000
0 o]

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 Years
The number of total publications e==@==The number of total citations

Figure 2. Trend analysis of annual publications and citation growth in a given field.

3.1.3. Identification of Related Research Disciplines

The 1272 publications were subsequently divided into more than 60 research areas.
The top 15 research areas are listed in Table 4.

Table 4. The top 15 research areas in the field.

Research Discipline Number of Publications
Engineering 585
Environmental sciences ecology 333
Science technology and other topics 318
Energy fuels 144
Computer science 139
Business economy 96
Construction building technology 74
Materials science 73
Chemistry 61
Operations research and management science 57
Agriculture 51
Physics 39
Thermodynamics 32
Biotechnology and applied microbiology 27
Telecommunications 27

11
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The highest number of the documents (585) were categorized under the Engineering
domain; 333 publications were assigned to the Environmental sciences ecology research
area, and 318 publications were from the field of Science technology. The remaining
321 documents were covered by twelve other research areas listed in the lower part of the
table. To point out the most important publications on the research topic, Table 5 provides
the list of the top 10 cited papers.

Table 5. Selected attributes of the top ten cited publications.

Authors Year Number of Citations  Country Publication Title Journal Impact

Factor
Adil et al. [38] 2017 951 Saudi Arabia Chemical Society Reviews 46.2
Abubakr et al. [3] 2020 417 China International Journal of 12
Production Economics
Saudi Ara-
bia/Turkey/Israel/The .
Nunes et al. [39] 2020 289 Netherlands/ Journal of Membrane Science 9.5
Canada
Luetal. [40] 2017 269 China/Singapore Automation in construction 10.3
Guillard et al. [41] 2018 215 France Frontiers in nutrition 5
Abanda et al. [42] 2016 202 England Energy 8.9
. International Journal of
Rosin et al. [43] 2020 170 France Production Research 9.2
Chowdhury et al. [44] 2022 134 Australia Operations management 9.0
research
Goodarzian et al. [45] 2021 131 Iran Engineering applications of g
artificial intelligence
Jouzdani et al. [46] 2021 130 Iran Journal of Cleaner Production  11.1

It is also evident from Table 5 that there is a great interest in this topic in the scientific
field, which is supported by the number of citations, a wide range of countries involved in
this research, and the number of reputable international journals.

The most cited paper [38], with 951 citations, provides insights into the microscopic
mechanisms governing the resultant separation performance, suggesting a plausible cor-
relation between the inherent structural features/topology of metal-organic frameworks
and the associated gas/vapor separation performance. The Monte Carlo simulation is
used in this publication. The diversity of publication titles and countries within papers
is intriguing. Among the ten publications presented in Table 5, three are categorized as
review papers and seven as articles.

3.2. Science Mapping Using Bibliometric Networks

Bibliometric mapping or science mapping is used to investigate the interrelations
between selected research aspects using a spatial representation of how system elements
such as individual documents or authors are related to one another. Such mapping helps
to better understand the structure and dynamism of the given research area and to identify
research frontiers, leading collaborations, the most relevant sources, and so on. This method
was applied in order to identify the most influential countries in this area and the most
important sub-domains that can help to uncover connections between different themes
within the field of study.

3.2.1. The Most Influential Countries in the Research Field

As was mentioned above, this sub-subsection aims to identify the most important
countries and collaboration networks in the research area. This is important because
scholars from across the world are collaborating to expand and develop their research
interests, which ultimately advances the development of knowledge in a particular domain.
This trend can be viewed using VOSviewer software, which allows the creation of a country
co-authorship network map. To this end, the input data for VOSviewer was imported

12
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from WoS database; the keywords mentioned in Section 3.1 were used and subsequently
transferred into the bibliometric map shown in Figure 3.
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Figure 3. The country co-authorship map in VOSviewer.

The results obtained from VOSviewer showed that country co-authorship analysis
identified the USA as having the largest international collaboration, with 151 total link strength,
followed by China, England, Germany, and Italy, with 130, 101, 79, and 78 total link strength,
respectively. The strongest international collaboration occurs between the USA and China,
with 24 link strength. This is followed by cooperation between China and Australia, with
10 total strong links between them. In the third position from this point of view is the
cooperation between China-England and China—Canada, with 9 total strong connections.

The publications in the specified fields involve scholars from more than 90 countries.
The top 15 countries with the most contributions in the specified field are depicted in
Table 6.

Table 6. The top 15 countries with the most contributions in the specified field.

Country Total Publications Total Citations Number of Citations per Publication
China 207 4073 19.7
USA 190 3941 20.7
Italy 122 2363 19.4
England 98 2168 221
India 87 1200 13.8
Germany 76 1899 25
Spain 65 997 15.3
Australia 63 1612 25.6
Brazil 50 657 13.1
Canada 48 1107 23
France 46 2461 53.5
Malaysia 46 607 13.2
Portugal 40 541 135
Sweden 32 452 14.1
Iran 30 822 27.4

As can be seen from this table, Chinese scholars have the highest number of citations,
and French scholars have the greatest number of citations per paper.

3.2.2. Mapping of the Most Important Sub-Domains of the Research Topic

To identify the most important sub-domains of the research topic, the co-occurrence
keywords search was used to access scientific manuscripts that were sourced from the
WoS database using the same input data as in the previous Section 3.2.1. The keyword
co-occurrence map was generated by VOSviewer, and the minimum number of occurrences
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of a keyword was set to 15. A total of 85 keywords met the threshold, for which the network
shown in Figure 4 was created. The keywords are grouped into five clusters, which are
illustrated in different colors. The size of the circle for each keyword emphasizes frequency
of the usage of the particular keyword. The bigger the circle, the more frequently the word
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Figure 4. The keyword co-occurrence map.

The most frequent keyword was ‘sustainability’, which occurred 410 times, with a
total link strength of 1378. The second most used keyword was ‘simulation’, appearing
347 times and having a total link strength of 1284. The third most important was ‘man-
agement’, which occurred 169 times and had a 711 total link strength. From the same
figure, it is possible to determine four clusters; the red cluster contains keywords such as
sustainability, industry, simulation, impact, circular economy, system dynamics, sustain-
able development, innovation, etc. This cluster is mostly focused on sustainability topics
and its application through the company. The second cluster—the green one—involves
the keywords simulation, optimization, management, model, system, strategies, support,
indicators, energy, decision making, information, prediction, uncertainty, etc. The listed
keywords can help managers direct their activities to correspond with these categories.
The third blue cluster includes keywords like design, framework, technology, challenges,
future, Industry 4.0, big data, internet, Internet of Things, digital twin, machine learning,
etc. The blue cluster highlights the digital transformation of a company using Industry
4.0 tools. The last cluster, purple in color, features the following keywords: performance,
supply chain management, waste, implementation, operations, logistics, implementation,
etc. This cluster highlights approaches to improve supply chain management and influence
the industry towards sustainability by building a responsible supply chain.

Following the results from the previous map, the top ten keywords and their allocation
to the clusters are listed in Table 7.

The primary results from bibliometric analysis indicate a significant interest in the
topic of simulation usage in sustainable industry. This conclusion is based on the number
of publications and the presence of more than 60 research areas under which publications
were submitted. These areas encompass a wide range of disciplines, including engineering,
chemistry, agriculture, and telecommunications, among others, suggesting that simulation
has broad applications across various fields in connection with sustainable industry. Fur-
thermore, interest in this topic is evident across numerous countries, as indicated by the
number of publications originating from different regions. As was already mentioned, it is
not surprising that the majority of publications are found in reputable journals that focus
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on sustainability, such as Sustainability and the Journal of Clean Production. Additionally,
strong connections in collaborations between scholars suggest a collective effort to address
sustainable industry issues and explore how simulation can contribute to solving this global
problem. In terms of the most frequently occurring keywords, sustainability and simulation
are closely linked to concepts such as management, optimization, design, performance,
and industry as a whole. One could argue that achieving sustainable industry, supported
by simulation, can be applied throughout the entire product life cycle.

Table 7. The top 10 keywords and their allocation to the clusters.

Keyword Appearance Cluster Color
Sustainability 410 Red
Simulation 347 Green
Management 169 Green
Optimization 142 Green
Design 124 Blue
Performance 118 Purple
Model 111 Green
Industry 102 Red
Framework 97 Blue
Systems 91 Blue

In the next paragraph, a deeper analysis of selected publications will be conducted to
gain a better understanding of where and in what contexts simulation is used in terms of
sustainable industry.

3.3. Identification of Areas of Simulation Application

The final step in investigation of the published articles is to look at some of them more
closely in terms of the areas in which simulations are used for sustainability purpose. For
this particular analysis, publications from WoS were used, and papers with 50 and more
citations, based on the WOS dataset, were selected for in-depth analysis. This analysis
was carried by analyzing the selected publications as distributed over four categories. It is
reasonable to assert that almost every paper can by placed in more than one category; thus,
the categorization was carried out based on the main field of study.

In the following part, each category is briefly described based on the publications were
assigned to it. The two most prominent categories with the most assigned papers are the
energy /source category and building/construction category. Manufacturing as a discipline
is third in this context.

3.3.1. Energy and Energy Sources

Based on the selected publications, the main topics of this category are how to prevent
extensive usage of energy and what can be used for alternative sources of energy. In the
publication by Cossu [47], the authors focus on the photovoltaic energy used in the green-
house industry and focus on identification of strategies to design such greenhouses with a
specific agricultural purposes. The authors of [48] used numerical simulation to calculate
the light distribution and availability for the main types of photovoltaic greenhouses in
the EU. The other publications focused on the usage of photovoltaics include an article by
Yang, which emphasizes the usage of simulation in monitoring energy performance [49].
Even if solar energy has great potential, there are many problems with its application
as the main source of energy in industry. One of these obstacles is the lack of thermal
conversion devices, which have specific parameters for industrial application. In a study
by Fernabdez-Garcia, numerical simulation was used for designing such devices [50].

The publication by Jokar is focused on studying the cement industry and its impact on
CO; pollution, focusing on how more effective methods in processing can help ensure the
cement industry is more sustainable in terms of alternative material usage and reduction of
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pollution. Simulation carried out by the authors was used to indicate how CO, emissions
and economical aspects are affected by sustainable decisions [51]. Another publication [52],
focused on the usage of alternative sources of energy, namely jet fuel production, was
published by Shen. The study in [53] focused on feedstock lignin and cellulosic ethanol.
Simulation in this particular publication was conducted via the Aspen Plus simulation tool.
In terms of alternative fuels, the publication by Li presents another feedstock opportunity
for producing sustainable fuel. In their study, Monte Carlo simulation is used [54]. The re-
view on biomass as a renewable source of energy focused on the biomass supply chain [55].
Another industry affected by sustainable goals is the shipping industry; in the publication
by Trivyza, simulation is used for ship energy systems [56]. Another alternative source
of energy, namely natural gas hydrate, was more or less successfully tested. One study
focused on the exploitation of natural gas hydrate; the investigated methods were thermal
simulation and numerical simulation [57]. In another example, natural gas from shale was
tested by simulation [58].

3.3.2. Building/Construction

Sustainability has gained much attention in the building and construction sectors.
Concerning the building and construction industry, two of the methods that were adopted
in various publications were Building Information Modeling [40,42,59-62], with its model-
based methods for studying construction through the whole life cycle, and Building Energy
Modeling [63-65], bringing opportunities to study construction energy consumption. These
models present opportunities to study and analyze construction and the processes that take
place [66-68]. In terms of sustainability, it is necessary to look at ways to make the building
industry greener in terms of the analysis of existing buildings and possibilities to make
them more energy efficient but also regarding new ways to build and which materials are
more fitting for sustainability demands [69,70].

3.3.3. Manufacturing and Supply Chain

One of the greatest impacts on the sustainability aspect is undoubtedly manufacturing
and the processes connected with it. Therefore, there is a significant demand for solutions
to tackle these challenges. Even manufacturing industries themselves are interested in
making their systems more sustainable, at least from an economic standpoint. This trend
can be noticed in government strategies such as Industry 4.0, Industry 5.0, and Made In
China 2025, which focus on processes related to industry, with sustainability being a key
topic in these concepts [71-77].

For sustainable manufacturing, it is crucial to examine all levels and processes con-
nected to manufacturing systems. A new perspective on manufacturing sustainability has
introduced strategies such as trade-in programs [78], where old products are exchanged for
new ones. In this situation, determining the value of the new product is difficult due to
the varying condition of the returned product. Simulation proves to be a helpful tool in
achieving economic sustainability in such scenarios.

Based on concrete literature, simulations could bring great advantages in designing
sustainable manufacturing systems [79]. In many aspects of manufacturing, such as people
management, supply chain, and employee management, studies have shown that simulation
can be beneficial [80]. For instance, a study by Rehman [81] focuses on the implementation
of green manufacturing for organizational performance, for which artificial neural network
simulation is utilized. Several publications are based on the implementation of simulation
in terms of energy modeling and resource utilization [82-85] In terms of sustainability for
workers, 3D modeling and simulation are used; for example, one publication used simulation
to set parameters in Delmia Robotics [86] to optimize energy consumption.

A critical component of manufacturing is the supply chain. Numerous studies are
dedicated to examining the supply chain through simulation methods across various
branches of manufacturing. There is a significant focus on supply chain studies within the
food industry [87]. For example, Kamble’s [88] paper utilizes a digital twin for studying
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the supply chain, which is a simulation-based model of the physical world. Similar studies
support the use of simulation in optimizing supply chains, which can help minimize waste,
energy consumption, and carbon emissions, as well as evaluate supply chain strategies for
more sustainable decision making.

3.3.4. Livestock, Agriculture, and Food Industry

In this section, utilization of simulation is presented in the livestock, agriculture, and
food industry. In the context of beef cattle production [89,90], simulation was used to
quantify greenhouse gas emissions, fossil energy use, water consumption, and nitrogen
loss. Similarly, in the production of aged red wine, a Monte Carlo simulation was employed
to address parameter uncertainty, providing confidence intervals for environmental im-
pacts [91]. Additionally, simulation techniques were utilized to analyze land use [92] and
food security scenarios [93], using the GlobAgri-AgT model. Studies explored supply chain
configurations [44,46,94] and food packaging solutions using mathematical simulation and
modeling approaches [41].

3.4. Identification of the Simulation Methods

Simulation methods are modeling approaches that are commonly used for analyzing
and optimizing complex systems in operations research. Simulation modeling is frequently
defined as the process of creating and experimenting with a computerized mathematical
model of physical systems [95]. Simulation methods can be categorized using the taxonomy
system model shown in Figure 5.

System model

Deterministic Stochastic

Static Dynamic Static Dynamic

Continuous Discrete Continuous Discrete

Figure 5. Taxonomy system model (adapted from [96]).

This categorization corresponds to mathematical models that are broadly divided
into deterministic and mathematical approaches. Further, in line with RQ2, it is possible
to identify actual simulation methods from the above-mentioned literature sources [97].
The simulation methods that are mostly used for solving sustainable issues in the selected
industrial field are presented in Table 8.

According to Kelton and Law [96], the most commonly used type of simulation models
is the stochastic-dynamic one. The results obtained showed that this type of simulation
model is included in 22 publications of the 34 literature sources. Moreover, this table
also provides examples of simulation tools used in the articles. Among them, the most
frequently used is Building Information Modeling software. This simulation tool is mostly
used in building and construction areas to represent the physical and functional aspects of
a facility in a digital format. One of the most interesting software programs, which deals
specifically with sustainability and the circular economy, is Aspen Plus.
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Table 8. The simulation tools used in sustainability.

System Model Related Documents Simulation Tool Examples
Ansys Fluent
Deterministic, (https:/ /www.ansys.com/products/fluids/ansys-fluent),
. . [50,52-54,58]
dynamic, continuous Aspen Plus v.10,

Stochastic, static

Deterministic, static

Stochastic, dynamic,
discrete

BioSTEAM (https:/ /biosteam.readthedocs.io/en/latest/),
SimaPro Software (https://simapro.com/about/),
MATLAB (https:/ /www.mathworks.com/products/
[3,38,71,79,81] matlab.html?s_tid=hp_products_matlab), Monte Carlo
simulation (Version 1.1), NOAM calculation software
(https:/ /gbs.autodesk.com/gbs)
The Integrated Farm System Model (IFSM)
[89,90] (https:/ /www.quantitative-plant.org/model/
IntegratedFarmSystemMaodel)
Autodesk (https:/ /www.autodesk.com/), Vensim (10.1.4),
Arena (https:/ /www.rockwellautomation.com/en-us/
products/software/arena-simulation.html), Witness
(Version 25.0), Anylogic (https:/ /www.anylogic.com/),
ESP-r (https:/ /www.strath.ac.uk/research/
[40,42,47,51,55,59-66,68,69,78,86—-88,91] energysystemsresearchunit/applications/esp-r/),
TRMSYS (https:/ /www.trnsys.com/index.html),
EnergyPlus (https:/ /www.3ds.com/products/delmia/
industrial-engineering/robotics), Building Information
Modeling (https:/ /www.energy.gov/eere/buildings/

building-energy-modeling)

4. Results and Discussion

The presented literature review shows the possibility of utilizing simulation in indus-
trial practice. Simulation, as one of the optimization tools, can bring great opportunities for
studying and decision making in terms of the sustainability issues that managers face. The
results of the presented bibliometric analysis show that interest in this topic is increasing.
This can be seen, for example, in the number of nationalities of the scholars involved in this
research. Furthermore, there are efforts to address this issue globally. This demonstrates
collaborations on various publications involving authors from countries like China, Eng-
land, Canada, and others. The study then presents a more in-depth analysis of selected
papers. From the mentioned analysis, it is valid to declare that simulation has found
utilization in creating a more sustainable environment in the industry. By this statement,
the first research question is answered; the utilization of simulation in various industries is
presented in Section 3.3. As for the second research question, the classification of system
models is provided in Section 3.4. Along with this classification, the most-used simulation
methods for solving sustainability issues were identified. Moreover, the frequently used
system models applied in the simulations were selected according to the taxonomy from
Figure 5. From the viewpoint of uncertainty, stochastic models are more often used than
deterministic ones, dynamic models prevail over static ones, and discrete models are more
common than continuous ones. In addition, the typical simulation software brands for
the given purpose were determined from the pertinent publications; these are Building
Information Modeling (BIM) and AspenPlus. These simulation tools are in most cases used
as a supporting tool in decision making by creating various scenarios and possibilities to
achieve the best results. To make the industry sectors sustainable, it is important to achieve
accomplishment in three aspects: environmental, economic, and social sustainability. To
achieve this kind of implementation in terms of sustainable industry and a sustainable
world, the circular economy is viewed as a promising notion. Conceptualization of this
approach in relation to sustainable industrial development is outlined in graphic form in
Figure 6.

18



Processes 2024, 12, 1007

“ Enviromental ‘ Economical

L ) sustainability

Industry

CEmm—— Social

Y

Resilience - "/”/4"//—//"//— J@—g .
‘@ W 7
Present Future

Figure 6. Circular economy as a crucial element of sustainable industrial development.

The concept of circular economy is frequently linked with sustainable manufacturing;
both of these concepts highlight the importance of implementing green thinking into industrial
sectors in a global perspective. As mentioned in previous sections, the survival of a company
can be built solely on sustainable principles. Based on the literature review, it can be stated
that simulation can be considered as a valuable tool for sustainable industrial development.

5. Conclusions

Itis an indisputable fact that sustainability is a prominent topic not just in the industrial
sector but also in every aspect of life. Technological progress brings many opportunities
to solve problems in more sophisticated and accurate way. Simulation clearly contributes
to the current methods of achieving this effect. It is necessary to say that sustainable
production is a key element to achieving competitiveness in the long run. This movement
is supported by concepts like Industry 4.0, Industry 5.0, and Made in China 2025, where
sustainability is one of the main pillars. Based on research in the literature, the potential of
utilization of simulation for sustainability questions is considerable, but there is also great
room for improvement in designing new and improving existing simulation methods and
tools. With regards to future work and possible improvements in the utilization of simula-
tions for a more sustainable industry, it is necessary to implement sustainability modules
into simulation tools for easier implementation of simulations for sustainable industrial
development. Also, there appears to be a need for more simulation tools regarding social
and employee sustainability.
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Abstract: In an integrated gasification combined cycle (IGCC), a gasification process produces
a gas stream from a solid fuel, such as coal or biomass. This gas (syngas or synthesis gas)
resulting from the gasification process contains carbon monoxide, molecular hydrogen, and
carbon dioxide (other gaseous components may also be present depending on the gasified solid
fuel and the gasifying agent). Separating hydrogen from this syngas stream has advantages.
One of the methods to separate hydrogen from syngas is selective permeation through a
palladium-based metal membrane. This separation process is complicated as it depends
nonlinearly on various variables. Thus, it is desirable to develop a simplified reduced-order
model (ROM) that can rapidly estimate the separation performance under various operational
conditions, as a preliminary stage of computer-aided engineering (CAE) in chemical processes
and sustainable industrial operations. To fill this gap, we present here a proposed reduced-
order model (ROM) procedure for a one-dimensional steady plug-flow reactor (PFR) and
use it to investigate the performance of a membrane reactor (MR), for hydrogen separation
from syngas that may be produced in an integrated gasification combined cycle (IGCC). In
the proposed model, syngas (a feed stream) enters the membrane reactor from one side into
a retentate zone, while nitrogen (a sweep stream) enters the membrane reactor from the
opposite side into a neighbor permeate zone. The two zones are separated by permeable
palladium membrane surfaces that are selectively permeable to hydrogen. After analyzing
the hydrogen permeation profile in a base case (300 °C uniform temperature, 40 atm absolute
retentate pressure, and 20 atm absolute permeate pressure), the temperature of the module,
the retentate-side pressure, and the permeate-side pressure are varied individually and their
influence on the permeation performance is investigated. In all the simulation cases, fixed
targets of 95% hydrogen recovery and 40% mole-fraction of hydrogen at the permeate exit are
demanded. The module length is allowed to change in order to satisfy these targets. Other
dependent permeation-performance variables that are investigated include the logarithmic
mean pressure-square-root difference, the hydrogen apparent permeance, and the efficiency
factor of the hydrogen permeation. The contributions of our study are linked to the fields of
membrane applications, hydrogen production, gasification, analytical modeling, and numerical
analysis. In addition to the proposed reduced-order model for hydrogen separation, we present
various linear and nonlinear regression models derived from the obtained results. This work
gives general insights into hydrogen permeation via palladium membranes in a hydrogen
membrane reactor (MR). For example, the temperature is the most effective factor to improve
the permeation performance. Increasing the absolute retentate pressure from the base value of
40 atm to 120 atm results in a proportional gain in the permeated hydrogen mass flux, with
about 0.05 kg/m?2.h gained per 1 atm increase in the retentate pressure, while decreasing the
absolute permeate pressure from the base value of 20 bar to 0.2 bar causes the hydrogen mass
flux to increase exponentially from 1.15 kg/m?.h. to 5.11 kg/m?.h. This study is linked with
the United Nations Sustainable Development Goal (SDG) numbers 7, 9, 11, and 13.

Processes 2025, 13, 1455

24

https://doi.org/10.3390/pr13051455



Processes 2025, 13, 1455

Keywords: hydrogen; palladium; membrane; permeate; retentate; syngas; reduced-order
model; IGCC; chemical; processes

1. Introduction
1.1. General Overview

Gasification is a thermochemical process in which a carbonaceous solid fuel (such as
coal or biomass) is converted into a synthesis gas, which is known as “syngas” [1-3], using a
gasification agent, also called “gasifying reagent” or “gasification medium” (such as steam,
oxygen, carbon dioxide, or a mixture of them) under a controlled gasification environment
(such as the residence time, heating rate, pressure, and temperature) within a facility called
a “gasifier” [4-8]. In other words, gasification is a partial oxidation (substoichiometric)
process consisting of physical processes, such as pyrolysis, and chemical reactions, such as
gasification using steam [9,10]. Syngas is a mixture of gases, primarily carbon monoxide
(CO) and hydrogen (H;), with possible additional impurities such as carbon dioxide (CO,),
methane (CHy), water vapor (HO), and nitrogen (Ny) [11]. Syngas is also produced from
natural gas or light crude oil fractions through steam reforming [12]. The molar ratio of
molecular hydrogen (H;) to carbon monoxide increases as the ratio of hydrogen atoms to
carbon atoms in the feedstock increases. Thus, ideal steam reforming of one mole of carbon
gives a molar ratio of H,:CO equal to 1:1, given the following reaction:

C +H,0 — H, + CO 1)

which has one mole of hydrogen and one mole of carbon monoxide as the products. On
the other hand, the ideal steam reforming of one mole of methane (as an approximation for
natural gas) gives a molar ratio of H,:CO equal to 3:1, given the following reaction:

CHj + H,O — 3H, + CO @)

which has three moles of hydrogen and one mole of carbon monoxide as the products [13].

Syngas has multiple uses beyond being a gaseous fuel that can be used in gas turbines or
boilers [14,15]. For example, syngas is also a feedstock for the production of methanol, ammo-
nia, synthetic gasoline, and hydrogen [16,17] in alignment with SDG 9 “Industry, innovation
and infrastructure” [18-24]. Syngas-based hydrogen, particularly, is of special environmental
importance, as it enables the production of electricity through fuel cells without harmful carbon
dioxide emissions [25,26]. This is aligned with the United Nation’s seventh Sustainable Devel-
opment Goal (SDG) “Goal 7: Affordable and Clean Energy” [27-32]. Syngas-based hydrogen
also can be used as an alternative fuel for sustainable mobility [33-35] in alignment with SDG
11 “Sustainable Cities and Communities” [36—41], leading to reduced greenhouse gas (GHG)
emissions in the transportation sector and thus mitigating global warming effects [42—44] in
alignment with SDG 13 “Climate Action” [45-47], and also leading to improved air quality
in the built environment [48,49] in alignment with SDG 11 “Sustainable Cities and Commu-
nities” [50-53], since the combustion of hydrogen does not lead to carbon dioxide or toxic
products [54,55] (but undesired nitrogen oxides or NOx “NO and NO," are still possible due
to the oxidizing air [56]). In the power sector, nitrogen-diluted syngas-based hydrogen can
be used in hydrogen-fueled gas turbines, with no harmful carbon dioxide emissions [57,58].
This dilution allows for reducing the combustion temperatures, and thus reducing the NOx
emissions [59]. A nitrogen-diluted hydrogen flame with a fuel mixture having a chemical
composition of 60% nitrogen and 40% hydrogen (mole fractions) was experimentally studied,
and it was shown that this nitrogen dilution is effective in adjusting the flame length [60]. Sep-
arating hydrogen from syngas increases the concentration of carbon dioxide in the remaining
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content [61], thereby facilitating the carbon capture process afterward [62,63], which is similar
to how using pure oxygen (rather than air) as an oxidizer in oxy-fuel combustion [64—67] causes
the combustion products to be rich in carbon dioxide and this makes its capture easier [68,69].
The impurity carbon dioxide can be captured from the syngas, preventing its release into the
atmosphere [70,71]. The captured carbon dioxide may be stored underground and it may be
utilized commercially to achieve economic gains in different applications [72-74]. This carbon
capture scenario is classified as a pre-combustion capture because carbon dioxide is segregated
from the fuel stream (syngas in this case) before it is sent to the combustion facility [75,76].
Hydrogen separation from a hydrogen-containing gas mixture can be accomplished by var-
ious methods, including membrane separation [77,78]. Palladium-based (Pd-based) membranes
allow the production of high-purity hydrogen [79-81], which is important for the effective oper-
ation of proton exchange membrane (PEM) fuel cells [82-86]. Palladium-based membranes are
known for selectively separating hydrogen from a gas stream [87], which undergoes a dehydro-
genation process as hydrogen is removed and is made to pass across the membrane. Compared
to pressure swing adsorption (PSA), where adsorbing the impurities is used for hydrogen
separation, membrane-based hydrogen separation allows for higher hydrogen recovery [88].
The term “hydrogen recovery” means the fraction of hydrogen mass in a gaseous mixture that is
extracted (separated) from that mixture acting as the source of hydrogen [89-94]. Thus, if all the
hydrogen content in a mixture of gases is extracted, the hydrogen recovery reaches its highest
value of 100% or 1.0. Pressure swing adsorption is a process used for separating a gas (such
as hydrogen) from a mixture of gases, or for purifying a gas mixture by removing present gas
impurities in it [95-100]. Although this is the same purpose as the palladium membrane in the
current study, the mechanism is very different. In PSA, selective adsorption—desorption takes
place. When PSA is used in separating or purifying hydrogen, a mixture of gases containing
hydrogen is pressurized, and then it passes through a reactor with an adsorbent material in the
form of solid particles, which selectively attract the molecules of the impurities (the gases other
than hydrogen) from the mixture onto their surface, as an adsorption stage, leaving hydrogen
atoms at a high level of purity. Then, the pressure is decreased, which causes bound molecules of
the impurities (the adsorbed non-hydrogen gases) to be released from the adsorbent surface, as
a desorption stage [101]. Compared to cryogenic distillation, where impurities are condensed at
low temperatures for purifying hydrogen; membrane purification is less energy-intensive [102].
The cryogenic separation of hydrogen uses a refrigeration system to cool a gaseous mixture
containing hydrogen [103]. Because the constituent gases of the mixture typically condense and
change from a gaseous state into a liquid state at different temperatures (at different boiling
points), non-hydrogen gases in the mixture condense first, leaving only the hydrogen in a
purified gaseous form [104-110]. Among all elements, hydrogen has the second lowest boil-
ing point of any pure substance, which is about 20.3 K (—252.85 °C) at normal atmospheric
pressures [111-114], while helium has the lowest one, which is about 4.2 K (—268.95 °C) at
a normal atmospheric pressure [115,116]. Similarly, hydrogen has the second lowest melting
point of any element, while helium has the lowest melting point [117-123]. Membrane-based
hydrogen purification here refers to a pressure-driven process, where the selective permeation
of hydrogen through the palladium membrane is stimulated by a difference in the partial
pressure of hydrogen as it is transferred from the retentate side (before the hydrogen separa-
tion, where hydrogen has a higher partial pressure) to the permeate side (after the hydrogen
separation, where hydrogen has a lower partial pressure). It may be worth mentioning that
the carbon capture process (such as pre-combustion capture as demonstrated in the current
study, or post-combustion carbon capture and oxy-fuel carbon capture) is a retrofitting action
to mitigate carbon dioxide (CO,) emissions from existing energy systems or other industrial
facilities [124,125]. For better environmental aspects, a total switch to renewable energy sources
(particularly solar energy [126,127] and wind energy [128,129]) and harvested energy [130,131]
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is preferred because, in such scenarios, no carbon dioxide is produced [132-134]. However,
such an energy transition toward renewable and sustainable resources may not be readily easy
for existing conventional energy plants, whereas carbon capture strategies may remain suitable
solutions for low-emission energy and process systems [135].

1.2. The Objectives of the Study

This work considers metal membranes that are unsupported (bulk), relatively thick,
dense (non-porous) palladium foils for hydrogen separation. Catalytic reactors with dense
metallic membranes for hydrogen production have shown a potential to overcome limi-
tations on the yield that are associated with chemical equilibrium [136]. The mechanism
of permeation through the membrane involves the dissociation of molecular hydrogen at
the surface of the palladium membrane as hydrogen atoms, which then diffuse into the
palladium membrane [137]. An isothermal hydrogen separation module (thus, having a
uniform temperature) is adopted here. The spatial variation in the chemical composition
of the permeate stream and retentate stream is modeled numerically as a plug-flow re-
actor. The permeation performance is examined under a reference set of representative
conditions, as well as when each of the three control (design) variables is changed from
the reference (base) case. These control variables are as follows: (1) the reactor temper-
ature; (2) the retentate-side pressure; (3) the permeate-side pressure. Our study is based
on simplified system-level computational modeling using principles of membrane-based
hydrogen permeation. The interested reader can find some information about modeling a
continuous plug-flow reactor in Appendix A.

1.3. Novelty and Added Knowledge

The contributions of this work include the following: (1) the detailed step-by-step
numerical model algorithm for membrane-based hydrogen permeation; (2) the regression
models that qualitatively show the impact of three operational conditions on membrane-based
hydrogen permeation; (3) the contrasting profiles of hydrogen recovery and mole fractions
in an isothermal membrane reactor at a base case and three other extreme cases. Although
reduced-order modeling (ROM) is a new concept, and it has been used in several fields of
engineering and physics [138-142]; our study proposes a detailed reduced-order model for
plug-flow reactors (PFRs) when viewed as membrane reactors for mass transfer. This unique
model is helpful in computer-aided design (CAD) and computer-aided engineering (CAE) in
important applications under chemical engineering (CAE) and industrial processes, as an early-
stage analysis without formidable three-dimensional computational fluid dynamics (CFD)
models [143-147] and expensive experimental testing [148,149]. For high-fidelity analysis,
these sophisticated CFD models or experimental prototypes may be utilized while guided by
the finding of our ROM. In addition, all the results and regression models presented here are
novel, thereby expanding our knowledge about palladium-based hydrogen production.

1.4. The Structure of the Manuscript

In the next section, the research method is described. Then, details about the geometric
and inlet parameters are provided. Most of these settings remain fixed throughout the
entire study. Then, the modeling procedure is described for the hydrogen permeation
in the reactor. After this, five quantitative scalar quantities are introduced as criteria for
evaluating the overall permeation performance. This is followed by a presentation of
results for a base case, combined with a discretization-sensitivity analysis that confirms the
adequacy of the spatial resolution utilized. Then, the influence of three control variables
is explored, with some regression models relating the value of each control variable (as
an independent or explanatory variable) to the five permeation metrics of the hydrogen
permeation (as dependent or response variables). Finally, concluding remarks are provided.
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2. Research Method

The research conducted here is computational in principle, and it relies on the model-
ing of hypothetical units for the permeation of hydrogen from a feedstock (feed) gas stream
to a destination stream called permeate.

2.1. Connection to Real-Life Application

The feed stream is representative of a realistic syngas flow in an integrated gasifi-
cation combined cycle (IGCC), in which coal is converted into syngas (mainly carbon
monoxide “CO”, molecular hydrogen “H,”, and carbon dioxide “CO,”) [150-159]. In the
IGCC power plant, this syngas drives gas turbines as the first method of electric power
generation [160-168]. Then, the heat content in the exhaust gases is partially recovered
to produce steam as a working fluid for steam turbines that form the second method
of electric power generation [169-177]. An IGCC power plant has an efficiency (with
respect to the lower heating value, LHV) of about 48%, which means it has a higher effi-
ciency (10-15% increase) and lower harmful emissions (10-15% reduction) compared to a
conventional steam power plant operating by burning coal as a fuel [178-181].

2.2. Computer Modeling Tool

We performed the computational modeling through spreadsheets (Microsoft Excel
software program, Version (2019)), where the mathematical equations governing the hydro-
gen permeation along the membrane length were implemented as dependent formulas.
The built-in tool “Goal Seek” within the Microsoft Excel desktop application (under the
Microsoft Windows operating system) was utilized for solving the nonlinear algebraic
equation relating the unknown membrane length to the specified hydrogen recovery target
(95%) [182,183]. Obtaining a solution using this nonlinear solver tool is nearly immediate
on a personal computer. This is a big advantage compared to multi-dimensional detailed
computational fluid dynamics (CFD) models, which not only take more time and require
more computing power, but also require advanced skills and specialized software for
setting the model and running a computer solver [184-190]. While such detailed CFD
models allow for more realistic solutions (such as three-dimensional flow fields), for a
preliminary design stage, a quick and convenient tool may be advantageous for exploring
the approximated impact of the quantities of interest, particularly when only system-level
operational parameters are desired. Such reduced-order modeling allows for rapid prelimi-
nary design, benchmarking, optimization and control, parametric sensitivity analysis, and
investigating the validity of wide ranges of operating conditions [191-194].

2.3. Controllable Variables

The variables that are subject to change in this work as independent parameters are
(1) the temperature of the membrane reactor (while keeping the retentate-side pressure and
the permeate-side pressure at reference values of a base case), (2) the retentate-side pressure
(while keeping the temperature and the permeate-side pressure at reference values of a
base case), and (3) the permeate-side pressure (while keeping the temperature and the
retentate-side pressure at reference values of a base case).

For each of the three scenarios listed above, the influence of the isolated design variable
on the hydrogen permeation and fluid flow was investigated.

2.4. Simplifying Assumptions and Their Implications

Some assumptions were made in the present work, which reduces the interaction of
factors and makes the interpretation of cause—effect dependence more evident. Such assump-
tions include the uniformity of the temperature and ignoring the effect of permeation on the
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pressures [195]. It is acknowledged that these assumptions limit the generality of the results
and introduce deviations from real-world systems. However, the study focuses on trends and
patterns of relational dependence between variables for a simplified configuration. Thus, the
results presented here can be useful when regarded as broad guides rather than firm facts.

The assumption of constant temperature (isothermal environment) seems proper since
the modeled dehydrogenation process does not involve internal heat sources, combustion,
coolants, or external heat exchange [196].

The assumption of fixed total pressure in either the retentate zone or the permeate zone
during the hydrogen transfer from the retentate zone to the permeate zone was relaxed
given that it is the partial pressure of hydrogen (not the total pressure of the gas mixture)
that effectively drives this mass transfer. The variations in the partial hydrogen pressure
during the hydrogen transfer were captured in our simplified model through the variation
in the hydrogen mole fraction.

The detailed steps of the numerical modeling procedure for the proposed palladium-
based hydrogen separation are presented in Appendix B.

2.5. Flow Setup

Figure 1 is a sketch of the stream directions and the compositions of the feed (inlet of
the retentate side, in the shell) and the sweep (inlet of the permeate side, inside the tubes).
Instead of showing all eight tubes (which can make the sketch unclear), only the central
tube is shown. The coordinate (x) is the longitudinal distance measured from the left edge
of the membrane reactor. The feed syngas enters the shell from the left, and the sweep
nitrogen enters the tubes from the right.

Shell

Retentate (Shell) side

eed (hydrogen decreases)
(50% co
30% H, Tubes (only one
20% CO,) / of 8shown)
Permeate (Tubes) side
(hydrogen increases) (100% N,)
Hydrogen \ Palladium

membrane
(tubes surface)

permeation

Retentate (Shell) side
(hydrogen decreases)

Feed

i Distance (x)
—_—

Figure 1. Inlet conditions and flow directions for retentate and permeate streams.

The counter-flow profile used here for the streams (where the two streams enter from
the opposite ends of the membrane reactor) is preferred over the parallel or co-flow profile
(when the two streams enter the membrane reactor from the same edge and exit from the
same edge). This is due to a more even distribution of the driving force for the mass transfer
of hydrogen from the retentate side to the permeate side. This advantage of counter-flow
design over parallel flow (co-flow) design also exists in the field of heat exchangers, where
heat transfer rather than mass transfer is sought [197-199].
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3. General Model Settings
3.1. Fixing Common Parameters

This section illustrates various elements of the hydrogen separation modeling that
remained unchanged for all simulation cases. They may be classified into two groups:
(1) geometric parameters; (2) flow parameters. It should be noted that this work is not
primarily intended to solve a particular problem or recommend a specific design. Instead,
more value is provided by examining variations in permeation parameters when three op-
erational variables are changed. Thus, any reasonable selection of settings was considered
satisfactory here to establish a starting design point in the design space.

3.2. Underlying Geometry

All the imagined hydrogen separation modules investigated in this study share the
same presumed geometric configuration except for the length. Such a proposed module is in
the form of a shell-and-tube reactor, with eight cylindrical tubes placed inside a cylindrical
shell. The sum of the cross-sectional areas of the tubes is 50% of the cross-sectional area of
the outer enclosing cylinder, which forms the outer boundary of the shell. In the current
work, the term “shell” means the part of the outer enclosing cylinder that remains after
subtracting the tubes. Thus, it refers to the passage available for the gaseous stream to flow
around the tubes but within the outer enclosing cylinder. This stream is referred to as the
shell stream or the retentate. It is the fluid stream where the syngas feedstock enters and
loses hydrogen during a dehydrogenation process to the other stream located inside the
tubes. The retentate stream entering the shell is referred to as the feed, which means the
raw syngas that is supplied before any processing by the hydrogen permeation membranes.

The other stream located inside the eight tubes is the tube-side stream or the permeate.
It is the destination of the hydrogen that is transported from the retentate through the
palladium membranes. At the inlet of the permeate, a non-hydrogen gas of molecular
nitrogen (N») is supplied in the current model. This intentionally added nitrogen (or
other gas) is referred to as the sweep gas or the sweep [200-205], and this is common
in membrane-based separation or distillation processes [206-212]. While the use of such
sweep gas is, strictly speaking, optional, it helps improve the permeation process by
ensuring that the permeate side can never be saturated with hydrogen, and it increases the
difference in the hydrogen partial pressures across the membrane, leading to an increased
hydrogen permeation flux [213-216]. The added sweep gas can play another function
of controlling the temperature [217], but this is not considered here as we assume the
membrane reactor to be isothermal for simplicity. Other gases can also be used as a sweep
gas, such as argon, Ar [218-221]; steam, H,O [222-225]; helium, He [226-229]; or a mixture
of gases [230-235]. The use of nitrogen here seems adequate [236,237].

The shell-and-tube reactor configuration was used in another study [238] while com-
putationally modeling the propane steam reforming process under high temperatures
(between 750 K and 900 K). In the propane steam reforming process, propane (C3Hg) reacts
with steam (H;O) to produce molecular hydrogen (H,) and carbon dioxide (CO;). This
reformation reaction takes place within a porous medium acting as a catalyst. Unlike the
present study, the model in that external study did not include hydrogen separation. The
tubes in the reactor were used in that external study to heat the surrounding porous shell
through passing hot gases.

Another computational study for propane steam reforming (as a method for producing
hydrogen from propane) used the shell-and-tube configuration [239-242]. There is a
difference between the modeled reactor in that study and the modeled reactor in the present
work. The reactor in the external study was a reformer with a catalytic chemical reaction
taking place inside it, while here it is a separator with selective permeance (selective mass
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transport) but without a chemical reaction between gaseous species. However, there are
some similarities between the two studies. One similarity is that both modeling methods
assumed a steady flow (no change with time). Also, the flow entering the tubes (heating
gas) and the flow entering the shell (reactant propane and steam) in the other study flow in
opposite directions longitudinally, which is the same situation here for the retentate stream
and the permeating stream.

Outside the field of hydrogen generation or separation (purification), shell-and-tube
reactors can be used for heat transfer processes, when the fluid in the tubes is used to
heat or change the phase of the fluid in the shell (or vice versa) without direct contact.
The heat transfer performance can be improved by adding baffles of different geometries
that alter the path of the fluid in the shell and control its level of mixing through intensi-
fied turbulence [243-245]. The shell-and-tube configuration is also viable in multi-phase
flows [246-248].

In other research work, a palladium-based membrane reactor of steam methane
reforming (MR-SMR) was optimized with two objectives, which are (1) minimum heat
exchange and (2) minimum power consumption—through reducing the pressure gradient
that should be counteracted by an external compressor unit [249,250]. In that reported
work, by controlling the exterior wall temperature, it was found possible to achieve a
saving of 5.1% for the power consumption and a drop of 1.4% in the rate of heat exchange.
The membrane reactor was tubular (a single tube inside a single tube). It was treated as
a plug-flow reactor, given the high aspect ratio (large length compared to the diameter).
The outer annular tube is the reaction zone (where methane reacts with steam to produce
hydrogen), while the inner circular tube is the permeation zone (hydrogen permeates from
the outer tube to the inner tube through a separating palladium membrane). The outer
annular tube has a catalyst in the form of particles uniformly filling the outer annular tube,
making it a porous ‘packed bed’. The palladium membrane was dense.

Figure 2 shows a proposed cross-section of the membrane reactor, indicating the areas
of the eight tubes (yellow color) and the area of the shell (white color). To obtain more
uniform gaps between walls, one of the tubes was placed exactly at the center of the shell.
The remaining seven tubes were arranged with equal circumferential spacing. It should be
mentioned that the plug-flow reactor modeling conducted here utilized the details about
the layout of tubes when calculating the total perimeter of the palladium membranes (but
the shell outer diameter was not utilized in the permeation calculation). In addition, such
a layout provides justification for the adopted membrane perimeter, and also helps the
reader envision how the membrane reactor looks in a real situation.

Table 1 shows some details about the shell-and-tube geometry. The tubes and shell are
assumed to have zero thickness, and the palladium membranes cover the entire surface
of each tube. Being a reduced-order one-dimensional model, there are no baffles in the
membrane reactor [251-253].
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Figure 2. The proposed cross-section of the shell-and-tube membrane reactor (all dimensions are in cm).

Table 1. Some fixed geometric details about the proposed shell-and-tube membrane reactor.

Geometric Feature Value
Shell diameter 5.000 cm (1.969 in)
Tube diameter 1.250 cm (0.4921 in)
Number of tubes 8

Shell cross-section area (excluding tubes) 9.817 cm? (1.522 in?)

Tubes cross-section area (all 8 tubes) 9.817 cm? (1.522 in?)
Shell-to-tubes area ratio 1:1

Tube cross-section area (single tube) 1.227 cm? (0.1902 in?)

3.3. Fixed Conditions

Table 2 shows some details about the retentate stream, whose inlet conditions corre-
spond to the raw syngas (the feed) supplied to the membrane reactor. The temperature
and pressure are considered uniform in that stream. The temperature and pressure values
are not specified because they are not common in all simulation cases, but are varied and
their influences are studied later in multiple simulations.

Table 2. Some common fixed properties of the retentate stream.

Condition Value
Inlet mole fraction, Hy 30% [254]
Inlet mole fraction, CO 50% [255]
Inlet mole fraction, CO, 20% [256,257]
Molecular weight, Hy 2.01588 kg/kmol [258]
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Table 2. Cont.

Condition Value
Molecular weight, CO 28.0101 kg/kmol [259]
Molecular weight, CO, 44.0095 kg /kmol [260]
Molecular weight, mixture 23.412 kg/kmol
Inlet mass fraction, H, 0.025832
Inlet mass fraction, CO 0.598207
Inlet mass fraction, CO, 0.375961
Inlet mass flow rate 60 kg/h (132.28 Ibm/h)
Inlet standard volume flow rate 970,068 sccm (standard cubic centimeters per minute)
Target hydrogen recovery 95% (by mass, by mole, or by standard volume—identical)

The mixture molecular weight of the feed (MW, ) is calculated as a mole-weighted
average of the molecular weights of the constituent gases, according to [261-267].

MWnix = MW X + MWeo Xco + MWceon Xcop 3)

where (MW) refers to the molecular weight, (X) refers to the mole fraction, and the sub-
scripts refer to the individual gases.

The mass fraction (Y) for each constituent gas in the feed is dependent upon its mole
fraction (X) according to [268].
- 1\/[‘/\71 Xi
B MW pix

where the subscript (i) refers to any gas of the constituent gases in the feed.

Y

(4)

The standard volume flow rate [269-273] of a gas (as a compressible medium whose
volume is considerably sensitive to pressure and temperature) is the virtual volume flow if
the temperature and pressure are at specified reference standard values [274-278]. These
standard conditions are taken here as Tg,,q = 0 °C (32 °F, 273.15 K) and Pg,q (abso-
lute pressure) = 10° Pa (0.9869 atm, 14.504 psi). These two standard values of temper-
ature and pressure are based on the International Union of Pure and Applied Chemistry
(IUPAC) [279-285].

An ideal gas is a gas that obeys the ideal-gas equation of state, which can be expressed as

PV=NRT (5)

where (P) is the pressure, (V) is the volume, (N) is the number of moles, (R) is the universal
gas constant, and (T) is the absolute temperature, expressed in kelvins. For an ideal gas, each
mole occupies a volume of 22,711 cm? (22.711 L) at the standard pressure and temperature
mentioned earlier. Thus, the standard volume is directly proportional to the number of moles,
which in turn (and assuming no change occurs in the chemical composition of the gas) is
directly proportional to the mass. This value can be obtained from the ideal-gas equation of
state by solving for the standard volume per mole (Vgy,4q/N) as follows:

Vstnd ) Tsnd o 6 ] 273.15 K . Cma
N RPSmd N (10 ) 8‘3145mol.K 10°Pa ) 22, 711mol ©

where the multiplier (10°) is inserted to convert the volume unit from cubic meters (m?)
to cubic centimeters (cm?), and the value of the universal gas constant (R) is a physical
constant taken from the U.S. National Institute of Standards and Technology [286]. The

33



Processes 2025, 13, 1455

value shown in the above equation is a truncated version of the published one used in the
computation, which is 8.314462618 ] /mol.K.

Table 3 shows some details about the permeate stream, whose inlet conditions corre-
spond to the sweep gas supplied to the membrane reactor. The temperature and pressure
are considered uniform in that stream.

Table 3. Some common fixed properties of the permeate stream.

Condition Value
Inlet gas 100% Ny
Molecular weight, N; 28.0134 kg /kmol [287]
Inlet mass flow rate 30.692 kg /h (67.664 Ibm/h)
Inlet standard volume flow rate 414,704 sccm (standard cubic centimeters per minute)
Target outlet mole fraction of Hy 40%

The flow rate of the sweep gas is decided based on the target mole fraction of hydrogen
in the permeate outlet (Xp per—out), the mass flow rate of hydrogen in the syngas (pp feed),
and the target hydrogen recovery () according to

i MWNZ (1 - XHZ,perfout) ,B i
sweep — H2,feed
u MWHZ XHZ,perfout f

@)

The above relation can be used under the condition that there is only nitrogen in the
sweep gas (which is true in all the simulations in the present work). It is a special relation
and should not be used in other configurations, such as when the sweep gas is a mixture.

In the present work, 3 = 0.95, Xt per—out = 0.4, and myyp feeq = 1.5499 kg/h (this is the
product of the feed mass flow of 60 kg/h, and the mass fraction of hydrogen in the feed of
0.025832). With the previously mentioned molecular weights of hydrogen (Table 2) and
nitrogen (Table 3), we obtain msweep = 30.692 kg/h as mentioned in Table 3.

The mass flow rates (and the standard volume flow rates) and the chemical composi-
tions of the sweep gas and the feed gas are fixed in all the simulations of this work.

4. Hydrogen Permeation Metrics

After performing a complete steady-state simulation for the palladium membrane
permeation of hydrogen in a segmented plug-flow reactor, the assessment of the overall
permeation process is facilitated using a number of quantitative scalar quantities (referred
to here as performance metrics or permeation metrics) that are convenient to utilize for
comparing the performance of different simulations. The use of quantitative metrics is an
effective way of concisely assessing and benchmarking the performance of two processes
or systems, and they are adopted in many fields [288,289]. In this section, five performance
metrics for hydrogen separation are discussed.

4.1. Membrane Length

The first permeation performance metric adopted here was the membrane length
needed to achieve the target hydrogen recovery (f = 95%). This is designated by the
symbol (L).

A smaller membrane length was desired, because it means a shorter membrane reactor,
which is a better design due to reduced cost and space.
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4.2. Average Hydrogen Permeation Mass Flux

The second permeation performance metric adopted here was the average mass flux
(mass flow rate per unit area) of the permeated hydrogen through the membrane. It is
designated by the symbol (Mjy,). Since the local mass flux of the permeated hydrogen is
subject to variation from one segment to another in the membrane reactor model, the average
of all segmental values is used. This metric is related to the corrected (second-iteration)
segment-level molar flux of permeating hydrogen through the palladium membrane (Jy12;) as

_ 1
Mp = 3.6 MngZ?:l JH2,i ®)

where (MWyy, = 2.01588 kg/kmol) is the molecular weight of the molecular hydrogen,
and the factor (3.6) appears to enable unit conversion such that the average mass flux is
expressed in (kg/ m?2.h) when the segmental mole flux (Ji ;) is expressed in (mol/ m?.s).

A higher average mass flux is desired, as it shows more intense utilization of the
membrane surface (better use of each unit area).

In the present study, because the total permeated hydrogen is fixed (by fixing the
inlet mass flow of hydrogen in the syngas feed and fixing the target hydrogen recovery),
and the membrane perimeter is also fixed, the average hydrogen mass flux (M) and the
membrane length (L) are not independent. Instead, they are inversely proportional to each
other, and their product should be invariant.

4.3. Log Mean Pressure-Square-Root Difference

The third permeation performance metric adopted here is a global (membrane-level,
not a segment-level) pressure-square-root difference, which is a membrane-level difference
in the hydrogen partial pressure raised to the power of 0.5, between the retentate stream
(higher value) and the permeate stream (lower value). It is designated here by the symbol
(LMPsrD), or simply (LMPD), and is called log (or logarithmic) mean pressure-square-
root difference. This difference in the square root of the hydrogen partial pressure (PsrD)
stimulates the permeation through the palladium membrane. Because this stimulus driving
force can vary along the membrane segments, an average value was sought. Instead of a
simple arithmetic average over all segments, a logarithm-based average was used, which
takes into account the differences at the left end and at the right end of the entire membrane
reactor (where the flow inlets and outlets are located). Unlike computing a simple average
of the driving force (the difference in the square root of the hydrogen partial pressure, or
PsrD) along the membrane, the LMPD is related to the change in this driving force between
the two ends of the hydrogen separation modules only, and this makes this metric simpler
to compute without the need to know the details of the driving force between the two side
ends of the hydrogen separation module. This resembles an approach of calculating an
overall temperature difference in the field of heat transfer within heat exchangers, which is
called log mean temperature difference (or LMTD); and this is a representative temperature
difference between the colder stream and the hotter stream [290-296]. The global log mean
pressure-square-root difference is calculated as follows:

(AP%E)LHSJ B (AP%E)RHS,H (9)
In ((APIQI;)LHS,1> —In ((AP%S)RHs,n)

where (APHZO'S)LHSJ is the driving force at the left end of the membrane reactor (at x = 0),

LMPD =

(APgp0? )RHSn is the driving force at the right end of the membrane reactor (at x = L), and
the (In) function is the natural logarithm. The LMPD should lie between (AP0 )Lus,1 and
(APgp0? )RHS n, regardless of which of them is larger than the other.
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A higher log mean pressure-square-root difference (LMPD) is desired, as it is an
indicator of the average driving force for hydrogen permeation between the left end and
the right end of the membrane reactor, and is interpreted in a similar way to the LMTD in
heat exchanges, being the driving force for heat transfer [297].

4.4. Global Apparent Permeance

The fourth permeation performance metric adopted here is the global apparent perme-
ance (k’app), which is a solution-dependent variable that represents the effective permeance
based on the obtained profile of hydrogen permeation in the membrane reactor. It has the
same unit of the actual (ideal) permeance (k’), which is an input parameter that depends on
the temperature and the membrane length, and thus can be computed before the numerical
simulation of the plug-flow reactor. To explain the usefulness and significance of the global
apparent permeance (k’app), it should be noted that the actual permeance (k') is a local value,
corresponding to a specific segment (or even a specific point), and it depends on the tempera-
ture and the membrane thickness, as in Equation (A14). However, the apparent permeance is
computed based on the overall performance of the membrane reactor as a whole, as follows:

1
Voo a1 T2

p - LMPD (19

Therefore, two dehydrogenation palladium membrane reactors may have the same
actual permeance because they have the same uniform temperature and the same uniform
thickness, but due to variations in the dehydrogenation performance, they can have differ-
ent global apparent permeance values. This makes the global apparent permeance a good
metric for assessing the dehydrogenation process.

The numerator in the above equation is the arithmetic average of the molar flux
of permeating hydrogen through the palladium membrane (average of the n segmental
values), while the denominator is the log mean pressure-square-root difference (LMPD).

A higher apparent permeance is desired, as it shows that the membrane reactor yields
a higher useful output (hydrogen molar flux) for a given average input (hydrogen pressure
driving force).

4.5. Efficiency Factor

The fifth and last permeation performance metric adopted here is the efficiency fac-
tor (my), which is simply the ratio of the global apparent permeance to the local actual
permeance, expressed as a percentage. Therefore,

k/

The efficiency factor is the only permeation metric presented here that is non-

dimensional, which makes it unambiguous and identical in any system of units.

The “efficiency factor” is not strictly an efficiency as used in energy conversion by
a heat engine or an energy conversion process [298-303], being a useful output energy
that is a fraction of an input heat energy, and this case the efficiency is limited to an upper
ceiling value of 100% [304]. Instead, the “efficiency factor” is a ratio between two quantities
that have the same dimensional units but have different meanings, and either of them is
allowed to exceed the other. Thus, the “efficiency factor” used here can exceed 100%. This
is somehow similar to the concept of the Octane Number or the Research Octane Number
(RON) as a quality scale for gasoline (petrol) automotive fuels, where this rating is not
strictly bound by an upper limit of 100 [305-315].
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A higher efficiency factor is desired, as it is directly proportional to the global apparent
permeance; thus, it is related to the goodness of the membrane reactor operation with
regard to hydrogen permeation.

5. Results
5.1. Base Case and Spatial Resolution Test

The first implementation of the plug-flow membrane reactor model is referred to as
the base case or reference simulation. To run a simulation, three thermodynamic properties
that describe the two flowing streams in the reactor are needed. These three properties are
as follows: (1) temperature (assumed uniform in the entire reactor); (2) retentate pressure
(assumed uniform in the retentate stream); (3) permeate pressure (assumed uniform in the
permeate stream).

The uniform-temperature assumption avoids ambiguity when computing the actual
(ideal) permeance of the palladium membrane, which is temperature-dependent. Thus, the
actual permeance is also uniform in the entire membrane, and this eliminates an undesirable
distracting influence from varying permeance.

The three aforementioned thermodynamic properties are to be varied individually
later, deviating from their base values. The influence of each of them on the hydrogen
permeation is examined.

The base case is considered to have representative (realistic) values of the membrane
streams [316-318], which are summarized in Table 4.

Table 4. Temperature and pressures of base case (reference simulation).

Fluid Property Value
Temperature 300 °C (572.00 °F)
Absolute retentate pressure 40.0 atm (587.84 psia)
Absolute permeate pressure 20.0 atm (293.92 psia)

The local actual hydrogen permeance (k’) for the base temperature of (300 °C, 573.15 K)
is 10.263 x 10~* mol/m?.s.Pa’>.

Table 5 gives numerical results for the base case after a complete simulation of the
segmented plug-flow reactor. The normal resolution of 200 segments is compared with
another resolution with twice the number of segments (400 segments) having the same
membrane length found necessary for the 200-segment case.

Table 5. Some results obtained for the base case with 200 segments (normal resolution) and
400 segments (refined resolution for testing only).

Value Absolute Percentage Change
Result n =200 Segments n =400 Segments —‘Va'“e(‘z/g?&;(zgé‘)‘e(‘loo)‘

Membrane length (cm) 407.359 407.359 0% (identical)
Average hydrogen permeation mass flux (kg/m?2.h) 1.151 1.150 0.01%

Pressure-square-root difference at left end (Pa’?) 202.345 202.345 0% (identical)
Pressure-square-root difference at right end (Pa’?) 260.655 268.896 3.16%
Log mean pressure-square-root difference (Pa’?) 230.271 234.05 1.64%
Global apparent hydrogen permeance (mol/m?.s.Pa’5) 6.8849 x 1074 6.7732 x 1074 1.62%
Efficiency factor (%) 67.09% 66.00% 1.62%
Hydrogen recovery (%) 95.000% 94.991% 0.01%
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Also, the absolute percentage deviations of these results between the two resolutions
are shown in the table. Such comparison reveals small deviations not exceeding 2% in all
four permeation performance metrics other than the membrane length, which was forced
to be identical in the two simulations. Namely, these metrics are (1) average hydrogen
permeation mass flux, (2) log mean pressure-square-root difference, (3) global apparent
hydrogen permeance, (4) efficiency factor.

For the hydrogen recovery, it was a specified input in the case of using 200 segments,
where the membrane length was a computed output. In the case of using 400 segments,
the membrane length was the specified input (to ensure geometric consistency between
the two simulations), while the hydrogen recovery was computed from the segmented
plug-flow reactor model, in an inverse simulation mode. There is an insignificant difference
(0.01% absolute change) in the two values of the hydrogen recovery.

In addition to the demonstrated quantitative agreement between the normal-
resolution simulation with 200 segments and the high-resolution validation simulation
with 400 segments, the qualitative agreement can also be observed in Figure 3. This figure
compares the cumulative hydrogen recovery along the base-case plug-flow reactor model,
for the 200-segment resolution and the 400-segment resolution. The profiles under both
resolutions are visually indistinguishable.
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Figure 3. Commutative hydrogen recovery for the base case, with two spatial resolutions (the
200 segments represent the normal resolution adopted in the study; the 400 segments represent the
finer resolution for testing the resolution insensitivity).

Figure 4 shows the segmental hydrogen recovery profile (contribution of each reactor
segment to the total hydrogen recovery). The normal resolution (200 segments) corresponds
to nearly twice the values of the high resolution (400 segments). Although this may indicate
a mismatch between the two simulations, it is actually appropriate because each segment
under the normal resolution has twice the membrane area of a segment under the high
resolution. For a meaningful visual comparison, a third curve was added to the figure
by doubling the segmental hydrogen recovery obtained under high resolution (because
each data point, in this case, represents only half of what a data point represents in the
case of normal resolution). When the added curve (the adjusted high-resolution curve) is
compared with the normal resolution curve, it is seen that both curves are visually identical.
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Figure 4. Segmental hydrogen recovery for the base case, with two spatial resolutions (the
200 segments represent the normal resolution). There is a third curve added, with the segmen-
tal recovery values in the case of 400 segments being doubled.

The nonlinear profile of the segmental recovery is attributed to the underlying varia-
tion in the driving force for the segmental hydrogen permeation (the segmental pressure-
square-root difference), which is a nonlinear function of the hydrogen mole fraction in the
permeate stream and the hydrogen mole fraction in the retentate stream.

The variations in the hydrogen mole fraction in the retentate stream as the retentate
gas traverses the membrane reactor from the left to the right are shown in Figure 5. It
decreases from 30% at the left end corresponding to x/L = 0 to 2.10% at the right end
corresponding to x/L = 1. The variation is weakly nonlinear with the distance. The exit
mole fraction is not exactly zero, but this is consistent with the target hydrogen recovery of
95%. The value of the exit mole fraction of hydrogen (2.10%) and the longitudinal pattern
of that mole fraction for the normal resolution (200 segments) are consistent with those for
the validation resolution (400 segments).
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Figure 5. Hydrogen mole fraction in the retentate stream for the base case, with two spatial resolutions
(the 200 segments represent the normal resolution).
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The variations in the hydrogen mole fraction in the permeate stream as the permeate
gas traverses the membrane reactor from the right to the left are shown in Figure 6. It
increases from 0% at the right end corresponding to x = L (a normalized variable x/L =1 is
used in the figure) to the target 40% at the left end corresponding to x = 0. The variation is
weakly nonlinear with the distance, as in the case of the retentate stream. Comparing the
mole fraction patterns with 200 segments and with 400 segments suggests independence of
the results on the spatial resolution. Thus, using 200 segments is adequate and there is no
need to use a higher resolution.
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Figure 6. The hydrogen mole fraction in the permeate stream for the base case, with two spatial
resolutions (the 200 segments represent the normal resolution).

With such good observed agreement between the normal spatial resolutions and the
high testing resolution, the choice of 200 segments (normal resolution) was considered
satisfactory and was adopted in all remaining simulations.

5.2. Influence of Temperature

After completing the segmented flow reactor under a set of representative operational
conditions, the temperature of the flows in the membrane reactor was varied in a discrete
manner, leading to seven temperature values that are higher than the base value of 300 °C.
The base value and the six additional temperatures are as follows:

300 °C (base);
350 °C;
400 °C;
500 °C;
600 °C;
700 °C;
800 °C.

It is understood that high temperatures may pose practical challenges for the materials

NG » N

and the process feasibility. Despite this, the model allows for exploring the change in the
permeation performance due to elevated temperatures. This is achieved by monitoring the
changes in the five performance metrics due to the changes in the temperature alone. The
other two design variables (retentate pressure and permeate pressure) are kept at their base
values (40 atm absolute and 20 atm absolute, respectively).
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Figure 7 shows the influence of the temperature on the first hydrogen permeation
metric, which is the membrane length. The figure shows a monotonic nonlinear decline
in the needed membrane length as the temperature increases. This dependence can be
described by a nonlinear power-type regression model, which is also shown in the figure.
In the equation shown within the figure, (x) refers to the temperature in degrees Celsius, T
(°C), while (y) refers to the membrane length in meters, L (cm). Therefore,

L(cm) = 3.0364 x 10° T(°C) 15676 (12)

Thus, the temperature is an instrumental variable in limiting the membrane length
(for a given target hydrogen recovery) to less than 25% of its base value. Thus, it is equally
instrumental to increase the hydrogen recovery for a given geometric length.
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Figure 7. The membrane length as a function of the temperature in the membrane reactor.

Figure 8 shows the influence of the temperature on the second hydrogen permeation
metric, which is the average hydrogen permeation mass flux. There is an almost linear increase
with temperature, which can be described by the following linear regression model:

M (kg/mz.h) — —1.4491 + 0.0084087 T(°C) (13)

with an (R?) value of 0.9990. This value that accompanies the linear regression equation is
called the coefficient of determination. It helps in evaluating the goodness of the regression
fit, with a perfect fit having a value of 1.0, which means that the data points lie exactly on a
straight line [319-328]. Therefore, the provided regression model is almost perfect within
the examined range of temperatures.

Thus, the temperature is an instrumental variable to improve the permeation flux. This
is justified by the increase in the actual local permeance when the temperature increases,
following an Arrhenius-type dependence, which actually appears in different fields other
than the current application of hydrogen permeation (such as chemical reaction rates [329]).
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Figure 8. The average hydrogen permeation mass flux as a function of the temperature in the
membrane reactor.

The third hydrogen permeation metric, which is the logarithmic mean pressure-square-
root difference (LMPD), maintains its base values due to fixed inlet and outlet pressures.
Therefore, its implicit dependence on the temperature is not manifested. Similarly, the left-
end pressure-square-root difference, (AP2"?) ps 1, and the right-end pressure-square-root
difference, (APH20'5)RHS,n remain the same when the temperature of the membrane reactor
is varied while fixing the inlet and outlet pressures. Thus, they maintain their base values.
Therefore, there is no need to visualize these three variables in a dedicated figure with the
temperature being the independent variable (because they would simply appear as three
straight horizontal lines in such a figure).

The lack of influence of temperature on this permeation metric is valid, due to fixing
the pressures in all the cases while changing only the temperatures.

Figure 9 shows how the fourth and fifth hydrogen permeation metrics change as the
temperature increases. These metrics are the global apparent permeance and the efficiency
factor, respectively. In addition, the figure also includes the actual local permeance. While both
the actual (local) permeance and the global apparent permeance increase nonlinearly with the
temperature, their ratio remains constant at the base value of 67.09%. Because their ratio is, by
definition, the efficiency factor, the efficiency factor remains constant at its base value when the
operational temperature of the palladium membrane reactor module increases. The increase in
the permeance values exactly follows an exponential function of the following form:

K or k' app (mol/mz.s.PaO'5) o e #/(T(°C)+273.15) (14)
where (p) is a constant, being the activation energy divided by the universal gas constant (E/R).

Therefore, while increasing the temperature leads to better permeance, it is useless for
improving the efficiency factor.
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Figure 9. Local actual permeance, global apparent permeance, and efficiency factor as functions of
temperature in membrane reactor.

5.3. Influence of Retentate Pressure

After exploring the role of the temperature as a design variable to improve permeation
in a membrane reactor, this subsection explores the similar role of the retentate pressure.
The retentate pressure was varied in a discrete manner, leading to a number of pressures
higher than the base value of 40 atm (absolute). The base value and seven additional
absolute retentate pressures are as follows:

40 atm (base);
45 atm;

50 atm;

60 atm;

70 atm;

80 atm;

100 atm;

120 atm.

PN L=

The goal here is to investigate the relation between this retentate pressure and the five
performance metrics. The other two design variables (temperature and permeate pressure)
are kept at their base values (300 °C and 20 atm absolute, respectively).

Figure 10 shows the influence of the retentate pressure on the first hydrogen perme-
ation metric, which is the membrane length. Similarly to the observed relation with the
temperature, there is a favorable nonlinear decline in the membrane length as the retentate
pressure increases. This relation can be described by the following fifth-order polynomial:

L(cm) = 4.43331 x 107° * — 0.015423 1> +2.0356 r> — 119.74 r + 2812.2 (15)

where (1) refers to the retentate absolute pressure, expressed in atm, Pret (atm, absolute).
The retentate pressure was found to be an instrumental variable in limiting the membrane
length (for a given target hydrogen recovery) to less than 25% of its base value at about 110
atm (absolute). In other words, it can be utilized to increase the hydrogen recovery for a
given geometric length.

Figure 11 shows the influence of the retentate pressure on the second hydrogen
permeation metric, which is the average hydrogen permeation mass flux. There is an
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approximate linear increase with pressure, which can be described by the following linear
regression model:

M (kg /mz.h> = —0.75288 + 0.051720 Pge;(atm, absolute) (16)

with an (R?) value of 0.9931, which is close to the perfect value of 1.0. Thus, the retentate
pressure is useful for improving the permeation flux. This is justified by the increase in the
driving force for permeation when the retentate pressure increases, due to the resulting
proportional increase in the hydrogen partial pressure in the retentate stream.
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Figure 10. The membrane length as a function of the retentate pressure in the membrane reactor.
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Figure 11. The average hydrogen permeation mass flux as a function of the retentate pressure in the
membrane reactor.

Figure 12 shows that the third hydrogen permeation metric (log mean pressure-
square-root difference—LMPD) increases logarithmically with the retentate pressure. The
relation between the log mean pressure-square-root difference and the absolute pressure of
the retentate stream over the range of considered pressures can be approximated as the
following logarithmic function:

LMPD (Pa0-5) = 442 40 In(Pge: (atm, absolute)) 14126 17)
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Figure 12. The pressure-square-root difference at the left end of the membrane reactor (x = 0), the
pressure-square-root difference at the right end of the membrane reactor (x = L), and the log mean
pressure-square-root difference (LMPD) as functions of the retentate pressure in the membrane reactor.

At an absolute retentate pressure of about 47 atm, the left-end pressure-square-root
difference and the right-end pressure-square-root difference are equal, and become match-
ing with the log mean pressure-square-root difference. The gap between the left-end and
right-end pressure-square-root difference becomes larger as the retentate pressure increases.

Figure 13 shows how the global apparent permeance and the efficiency factor change
as the retentate pressure increases. The actual local permeance is fixed at its base value of
10.263 x 10~ mol/m?.s.Pa’3, but the apparent global permeance increases slightly as the
retentate pressure increases, and it approaches the actual local permeance at high retentate
pressure. The efficiency factor increases from its base value of 67.09% at 40 atm (absolute)
t0 98.71% at 120 atm (absolute).
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Figure 13. Local actual permeance, global apparent permeance, and efficiency factor as functions of
retentate pressure in membrane reactor.
5.4. Influence of Permeate Pressure

In this subsection, the impact of the permeate pressure (the last design variable considered
in this study) on the permeation metrics is discussed. Seven additional simulations with
different values of the absolute permeate pressure were conducted with the aim of capturing
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the trend of the permeation performance when the permeate pressure decreased from the base
value of 20 atm (absolute) to a small value near the absolute vacuum (zero atm absolute) [330-
332]. The base value and seven additional absolute permeate pressures are as follows:

20 atm (base);
17.5 atm;

15 atm;

10 atm;

5 atm;

1 atm;

0.5 atm;

0.2 atm.

®© NGk L=

The other two design variables (temperature and retentate pressure) are kept at their
base values (300 °C and 40 atm absolute, respectively). Unlike the temperature and the
retentate pressure, where larger values than the base values were investigated, smaller
values of permeate pressures are investigated here to seek better permeation, since this
permeation pressure has a resistive effect for permeation (not a supportive effect as the
temperature and the retentate pressure).

Figure 14 shows the influence of the permeate pressure on the first hydrogen per-
meation metric, which is the membrane length. There is a nonlinear (nearly exponential)
increase in the membrane length as the retentate pressure increases. This relation can be
described by the following regression model:

L(cm) —93.105 60.07192Ppw(atm,absolute) (18)
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Figure 14. The membrane length as a function of the permeate pressure in the membrane reactor.

Although manipulating the permeate pressure can reduce the membrane length
(for a given target hydrogen recovery) to less than 25% of its base value (which was
also achievable by manipulating the temperature or the retentate pressure), a partial
vacuum is needed to achieve this, with pressures below the normal atmospheric pressure
of 1 atm. This imposes complications and expense, and may not be acceptable. However,
the reduction in the permeate pressure within more realistic values (like 10 atm, absolute)

46



Processes 2025, 13, 1455

has still a favorable effect, and the membrane length can decrease to less than half of its
base value by halving the absolute permeate pressure.

Figure 15 shows the influence of the permeate pressure on the second hydrogen perme-
ation metric, which is the average hydrogen permeation mass flux. There is approximately
an exponential decline in the average hydrogen permeation mass flux as the permeate
pressure increases. This can be described by the following nonlinear regression model:

MHZ (kg/mz.h) — 5.0339 6—0.07192Ppe,(atm,absolute) (19)

If the absolute permeate pressure can be reduced to half of its base value, the average
hydrogen permeation mass flux can be intensified to more than twice its base value. In
the base case (with the base absolute permeate pressure of 20 bar), the average hydrogen
permeation mass flux is 1.15054 kg/m?.h. This increases to 2.48568 kg/m? h at an absolute
permeate pressure of 10 bar (which is an increase by a multiplicative factor of 2.160 compared
to the base case), and increases further to 5.10756 kg/m?.h at an absolute permeate pressure
of 0.2 bar (which is an increase by a multiplicative factor of 4.439 compared to the base case).

Average Hydrogen Permeation Mass Flux (kg/m?.hr)

y = 5.0339 e0.07192x

0 5 10 15 20
Permeate Absoulte Pressure (atm)

Figure 15. The average hydrogen permeation mass flux as a function of the permeate pressure in the
membrane reactor.

Figure 16 shows that the third hydrogen permeation metric (log mean pressure-square-
root difference) increases logarithmically with retentate pressure. The relation between the
pressure-square-root (LMPD) and the absolute pressure of the permeate stream over the
range of considered pressures can be approximated as an exponential function as

LMPD (PaOS) — 57105 6—0.04471 Ppe,(atm,absolute) (20)
Below the absolute permeate pressure of about 17.5 atm, the left-end pressure-square-

root difference is larger than the right-end pressure-square-root difference, which is re-
versed at higher permeate pressures.
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Figure 16. The pressure-square-root difference at the left end of the membrane reactor (x = 0), the
pressure-square-root difference at the right end of the membrane reactor (x = L), and the log mean
pressure-square-root difference (LMPD) as functions of the permeate pressure in the membrane reactor.

Figure 17 shows how the global apparent permeance and the efficiency factor decrease
as the permeate pressure increases. The actual local permeance is fixed at its base value of
10.263 x 10~% mol/m?.s.Pa’%, but the apparent global permeance decreases from a value
higher than the actual local permeance (thus, an efficiency factor above 100%) at very low
permeate pressures to a value smaller than the actual local permeance as the permeate
pressure increases (thus, an efficiency factor below 100%) as the absolute permeate pressure
is increases beyond about 5 atm. Specifically, the efficiency factor reaches 102.53% and
118.43% at absolute permeate pressures of 5 atm and 0.2 atm, respectively (compared to the
base value of 67.09% at 20 atm, absolute).

Hydrogen Permeance (mol/m?Z.s.Pa%%), and Efficiency Factor (%)
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Figure 17. Local actual permeance, global apparent permeance, and efficiency factor as functions of
permeate pressure in membrane reactor.

5.5. Profiles with Extreme Design Variables

The final method to highlight the general impacts of the three design variables (tempera-
ture, retentate pressure, and permeate pressure) on the hydrogen permeation within a generic
palladium membrane reactor is contrasting some longitudinal profiles when the membrane
reactor operates at the extreme values (of the ranges considered in the current study) assigned
to each design variable while keeping the other two design variables at their base values.

This means contrasting results from three different simulations with the following
conditions in Table 6.

48



Processes 2025, 13, 1455

Table 6. Some details about the extreme cases.

Extreme Case Number Temperature Absolute Retentate Pressure Absolute Permeate Pressure
1 800 °C (1472.00 °F) 40.0 atm (587.84 psia) 20.0 atm (293.92 psia)
2 300 °C (572.00 °F) 120.0 atm (1763.5 psia) 20.0 atm (293.92 psia)
3 300 °C (572.00 °F) 40.0 atm (587.84 psia) 0.20 atm (2.9392 psia)

The cumulative hydrogen recovery profiles for the three extreme cases are contrasted
in Figure 18. The left-end value (0%) and the right-end value (95%) are implicitly imposed
by the enforced inlet or outlet conditions. Thus, all profiles should coincide at both the left
and right edges of the membrane reactor, but they can deviate in the intermediate zone. The
cumulative hydrogen recovery for the extreme temperature shows more linearity than the
other two profiles, with the extreme permeate pressure corresponding to a curved profile,
resembling a second-order function of the normalized membrane coordinate (x/L), with
a gradually declining slope as x/L increases. The extreme retentate pressure simulation
shows an intermediate behavior between the other two extreme cases, in terms of the
cumulative hydrogen recovery profiles.
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Figure 18. Commutative hydrogen recovery with the extreme values considered for the temperature,
absolute retentate pressure, and absolute permeate pressure.

This behavior is better explained by visualizing the segmental contribution to the total
hydrogen recovery for these three extreme cases in Figure 19. While the profile for the
extreme temperature is not horizontal, it first decreases and then increases, making it behave
as if changing around a uniform mean value. Thus, the cumulative value (integration of
the profile) should be close to a straight upward line as shown earlier. On the other hand,
the extreme permeate pressure causes a nearly linear declining profile for the segmental
hydrogen recovery, which when integrated, gives a nearly quadratic profile as shown
before. The extreme retentate pressure simulation shows an intermediate behavior between
the other two extreme cases, as noted earlier.

The hydrogen mole fractions in the retentate stream and the permeate stream for the
three extreme cases are contrasted in Figures 20 and 21, respectively. The simulation with
the extreme permeate pressure shows a regular variation for both streams. The simulation
with the extreme temperature shows an accelerated decline in the hydrogen mole fractions
in both streams as the coordinate x approaches the right end (permeate inlet, retentate exit).
This can be attributed to the rapidly elevated segmental hydrogen recovery in this region,
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after steadily declining in the left part of the membrane reactor. Again, the extreme retentate
pressure simulation shows an intermediate behavior between the other two extreme cases.
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Figure 19. Segmental hydrogen recovery with the extreme values considered for the temperature,
absolute retentate pressure, and absolute permeate pressure.
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Figure 20. The hydrogen mole fraction in the retentate stream with the extreme values considered for
the temperature, absolute retentate pressure, and absolute permeate pressure.
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Figure 21. The hydrogen mole fraction in the permeate stream with the extreme values considered
for the temperature, absolute retentate pressure, and absolute permeate pressure.
6. Discussion

This section addresses four topics. First, it briefly discusses how some of the presented
components in this study can add new insight to the literature and fill a potential gap in it.
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Second, it addresses the question of whether or not the results are limited to ideal gases.
Third, it comments on the type of validation used for the presented reduced-order model.
Fourth, we provide a visual summary that compares the influence levels of the three design
variables examined in this study.

6.1. The Contributions of the Study

The contribution of this work to the fields of energy systems, computational modeling,
hydrogen production, and carbon capture includes presenting a simple plug-flow reactor
computational model for the membrane-based hydrogen separation, which takes a short time
to give rough predictions as a precursor of time-consuming three-dimensional computational
fluid dynamics (CFD) models performed using specialized computer programs [333-337].
The simple plug-flow reactor model developed here can be automated using spreadsheet
software without resorting to complicated computer programming or expensive simulation
packages. The model was checked by comparing cases with different spatial resolutions.
The model uses a predictor-corrector approach in the computation, where an initial value
(in a predictor step) is refined (in a corrector step) to yield the final value at each segment
of the segmented reactor. An apparent lack of such a model in the literature is one of the
motivations for disseminating this study. The present study also demonstrates examples of
consolidated metrics for comparing and judging the permeation performance of hydrogen.
This can guide researchers when analyzing or interpreting similar problems. In addition, the
study describes the impact of three different design variables on the hydrogen permeation
performance, accompanied by good-fit regression models. This step helps in having a broad
estimation of the advantage of manipulating each of these variables, which can be weighed
against the expenses or practical difficulty in a realistic setting, thus helping in selecting
optimum operational conditions. Aside from the technical aspect of the current study, the
study may also be viewed as an educational asset for diversifying and enriching teaching
content in various courses (modules), such as chemical engineering, material science, energy
systems, industrial processes, or numerical methods [338-342]. The simplicity of our proposed
reduced-order model (ROM) becomes particularly advantageous here, where students can
be exposed to the covered modeling concepts without having a deep background in many
subjects. The students can replicate the presented simulations to ensure their understanding
of the problem and can even expand this work through innovative projects.

6.2. Ideal-Gas Law and Compressibility Factor

While inspecting the steps of the proposed numerical membrane-based permeation
model for hydrogen, confusion may arise regarding any restriction of applicability to gases
that obey the ideal-gas law (ideal-gas equation of state). This can occur because the proposed
model has steps (steps e and j) where the molar flux of permeating hydrogen through the
palladium membrane (with the unit mol/m?.s, which is moles per square meter per second)
was expressed as a standard-temperature—pressure volume flow rate (with the unit scc/min or
sccm, which is standard cubic centimeters per minute). In particular, in step e, the conversion
constant (22,711 scc/mol) was explicitly utilized, and it was derived earlier in Equation (6)
using the ideal-gas equation of state. However, such restriction does not exist. The standard
cubic centimeter (scc) for a gas is simply another unit of the amount of substance, like the
mole (mol) unit and the kilomole (kmol) unit. All the numerical values used to derive the
conversion constant (22,711 scc/mol) represent universal constants themselves. These values
are the universal gas constant (R = 8.3145 ] /mol.K), the units multiplier (10° ecm3/m?), the
standard absolute temperature (273.15 K), and the standard pressure (10° Pa). Therefore, the
unit (scc) is always linearly related to the unit (mol) through a fixed multiplication factor that
is independent of the type of gas, the operating temperature, and the operating pressure. The
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use of scc in the model (rather than mol for example) can be viewed as an arbitrary choice
for compliance with others who use this unit for gaseous flow rates in academic, commercial,
or governmental sectors [343-346], and for convenience due to dealing with larger numbers
having many significant digits before the decimal point.

Some studies may adopt slightly different values for the standard temperature and
standard pressure than those adopted here. For example, the pressure value of 1 atm
(101,325 Pa) may be considered the standard pressure instead of 10° Pa [347-351]. In such a
case, the conversion constant (22,711 scc/mol) derived here consequently should change
slightly to 22,414 scc/mol (after multiplying 22,711 by 10° and dividing it by 101,325), but
this does not invalidate the fact that the scc and the mol are two related units.

In relation to the aforementioned remark, Table 2 in the present study provides the inlet
standard volume flow rate (in sccm) for the retentate stream. This value is what is needed
as a boundary condition to start using the proposed numerical hydrogen permeation
model. The same table also provides the equivalent mass flow rate (in kg/h and Ibm/h).
This mass flow rate is auxiliary information. It is not directly utilized in the proposed
permeation model.

The deviation from the ideal gas condition (which is utilized in the current study) is
expressed in terms of a non-dimensional number called compressibility factor or deviation

factor, Z [352-358], defined as
P Po

2= RT " RT @)

where (P) is the absolute pressure, (p) is the density, (R) is the specific gas constant, (T) is
the absolute temperature, and (v) is the specific volume (the reciprocal of the density).
For ideal gases, the compressibility factor has the value of Z = 1 [359-366]. The more
the deviation from the unity compressibility factor, the more the error resulting from using
the ideal-gas law. The compressibility factor depends on the type of the gas, its temperature,
and its pressure. Each gas has a characteristic temperature called the critical temperature
or T, [367-372], above which a vapor-liquid phase change becomes no longer observable.
When the temperature of the gas is well above its critical point, this gas generally does
not deviate significantly from being ideal, over a wide range of pressure [373,374]. All the
simulations presented in the current study are at relatively high temperatures (from 300 °C
to 800 °C, or 573.15 K to 1073.15 K), which are much more than the critical temperature of
all the four gases (Hp, CO, CO,, Ny) included in all the simulations in the current study. The
critical temperature of these gases ranges from 33.2 K for Hj to 304.2 K for CO, [375-379].
Therefore, these gases are not expected to deviate largely from the ideal gas behavior in the
performed simulations. For example, experiments showed that the compressibility factor
for hydrogen at 75 °C (348.15 K) varies from 1.0024 at an absolute pressure of 4.5400 atm to
1.0455 at an absolute pressure of 85.269 atm [380]. As another example to support the ideal-
gas assumption adopted in the current study, reported calculations based on the Reference
Fluid Thermodynamic and Transport Properties Database or (REFPROP) [381-384] of the
United States National Institute of Standards and Technology (NIST) [385-389] showed
that the compressibility factor for hydrogen at 125 °C (398.15 K) varies from 1.0005 at an
absolute pressure of 0.9869 atm to 1.0481 at an absolute pressure of 98.69 atm [390].

6.3. Self-Validation

In the current study, we presented self-validation by comparing results from our proposed
reduced-order model (ROM) at a normal spatial resolution with results from the same ROM but
at a higher spatial resolution. The outcome of this validation was very promising and satisfactory.
Although further validation through comparisons with experimental results or three-dimensional
computational fluid dynamics (CFD) tools may appear to add value to our study, we do not

52



Processes 2025, 13, 1455

incorporate such high-fidelity validations. This should not harm the objectives of the study, which
were fully accomplished. The study still presents a novel ROM for a membrane-type plug-flow
reactor (PFR) as a preliminary stage before proceeding with a more-detailed computational
modeling or an experimental prototype. Our ROM is not intended to replace such a more detailed
analysis. Rather, it is aimed to assist it by providing a quick and convenient pre-analysis step
that does not require specialized CFD software or prohibitive laboratory work (either of them
can be extremely costly, time-consuming, and available only to institutionally backed researchers).
In addition, our ROM is largely built upon first principles in chemistry and physics rather than
unproven or complex concepts. Thus, the performed self-validation is considered sufficient for
supporting the success of our ROM algorithm. We point out that our ROM is favorably made
simple and easy to implement, but this also means it lacks the ability to capture some features
that appear in a high-fidelity analysis. Such features include heat transfer effects, eddy structures,
and temporal unsteadiness [391-393]. On the other hand, a three-dimensional CFD simulation
is expected to have a lot of uncertainty given the large number of options and user-defined
parameters that need to be selected during the simulation. Added to the different geometric
and physical phenomena involved in a CFD model but not involved in our ROM, it is felt that
a comparison with such CFD results is not a critical element of this study and can be skipped
without major harm.

6.4. Priority Design Chart

Based on the findings of our study, the temperature of the membrane reactor for the
palladium-based hydrogen separation is the most influential design variable affecting the
hydrogen permeation performance, while the permeate pressure is the least influential, and
the retentate pressure has an intermediate level of importance. We depict this variation among
the three control variables in Figure 22, taking the shape of an inverted triangle. The relative
importance of each variable in this figure is designated by the font size as well as by the area
it occupies within the triangle. We refer to this sketch as a “priority design chart”.

Ranked Design Variables (by Importance of Their Influence)

Temperature

Retentate
Pressure

Permeate Pressure

Figure 22. A visualization of the importance of the three design variables covered in the current study
(a priority design chart) showing that the temperature has the highest priority, while the permeate
pressure has the least priority.

7. Conclusions

A discrete plug-flow reactor model was established for simulating the one-dimensional
isothermal permeation of hydrogen through palladium membranes, and was applied for
separating hydrogen from a pressurized hot syngas stream. The model assumed a shell-
and-tube cross-section for estimating the exact membrane area. A set of inlet conditions
for the feed syngas and an inlet sweep nitrogen were established. Also, a target hydrogen
recovery of 95% and a target hydrogen mole fraction of 40% at the permeate exit were
enforced. The required membrane length was computed to achieve these targets. The
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model consisted of 200 segments, with each segment having a length of about 2 cm. After a
validity test, it was found that this spatial segmentation was adequate.

Then, the impact of three operational variables was investigated, when varied in-
dividually starting from the reference values such that better hydrogen permeation can
be obtained. These design variables are the temperature, retentate-side pressure, and
permeate-side pressure. For quantitative evaluation of the hydrogen permeation improve-
ment, five assessment metrics were discussed, including the apparent global permeance
and the efficiency factor. Linear or nonlinear regression models were provided for the
membrane length, the average permeation mass flux, and the log mean pressure-square-
root difference. In addition, the one-dimensional profiles of some permeation-related
quantities (such as the segmental hydrogen recovery) at the extreme value of each design
variable were contrasted. The present study can serve as a rough guide for palladium-
based hydrogen separation, showing designers some potential gains in hydrogen per-
meation by manipulating some operational conditions. The designers may then seek
an optimum compromise between the expected gain and the incurred complications
or implementation costs.

Considering the relative changes in the three investigated design variables and the
dependent hydrogen permeation metrics in 21 simulations (one reference simulation and
20 addjitional ones), temperature is the most effective variable for improving the permeation
performance. The retentate pressure comes in second place. The permeate pressure is the
least powerful way to improve hydrogen permeation.
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Appendix A. Continuous Plug-Flow Reactor Modeling

This appendix gives a brief description of modeling a continuous plug-flow reactor (PFR).

The Center for Chemical Process Safety (CCPS) within the American Institute of
Chemical Engineers (AIChE) defines a plug-flow reactor (PFR) as “A tubular reactor where
the feed is continuously introduced at one end and the products continuously removed
from the other end. The concentration/temperature in the reactor is not uniform” [394].
This definition is commended for being generic enough to cover different varieties of
the PFR model, based on specific sets of assumptions implied. It can be added that in a
plug-flow reactor, the plug-like flow of substance does not have any mixing along the axial
direction (no axial mixing between different ‘plugs’ of material) [395].

If the axial (longitudinal) axis is denoted by (x), the concentration of the ith species
is denoted by (C;), the volumetric reaction rate is denoted by (r), the linear velocity is
denoted by (1), and the stoichiometric coefficient of the ith species is denoted by (v;), then
the following partial differential equation governs the temporal and spatial evolution of
the concentration along the PFR [396]:

9C; G _ 1
ot 9x u
If the flow is assumed to be steady, the above partial differential equation (PDE) is

Vi r (A1)

reduced to an ordinary differential equation (ODE):

ac; 1
dixl = ; vir (AZ)
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Furthermore, if the reaction is first-order, which means that the reaction rate depends
linearly on the concentration of only one reactant [397], then the axial gradient of the
concentration (C) of that reacting species in the PFR becomes

dc 1
iy kC (A3)
where (k) is the rate coefficient of the reaction, which can depend on the absolute tempera-

ture (T) following an exponential profile [398], such that
k=koetT (A4)

where (ko) and (¢) are constants.

Appendix B. Modeling Hydrogen Permeation
Appendix B.1. Segmental Plug-Flow Reactor

Hydrogen permeation through a palladium membrane is a nonlinear phenomenon [399],
which can be understood and investigated through numerical simulations rather than sim-
ple symbolic expressions [400]. For simulating the hydrogen permeation in the simplified
hydrogen membrane reactor (HMR), piece-wise constant profiles are utilized to replace the
continuous distributions along the membrane reactor, and no partial differential equations
or sources of unsteadiness are involved. The membrane reactor is divided into (n) segments,
having a small thickness and a constant cross-section. Each segment is assumed to have
a uniform gas composition in either the permeate stream or in the retentate stream, and a
uniform permeation flux. The flow is steady (time-independent), with a feed syngas entering
the reactor from the left end (and leaving the reactor from the right end after losing 95% of
its hydrogen moles), and a sweep gas entering the reactor from the right end (and leaving
the reactor from the left end after gaining the same amount of hydrogen lost from the syngas,
reaching a composition of 40% hydrogen and 60% nitrogen, by mole or volume). Such a
segmental approach for handling the one-dimensional evolution of the permeation process
along the membrane reactor resembles a discretized version of a plug-flow reactor, PER [401].
Instead of having infinitely small segments (or plugs) in a true PFR, these segments here are
finite. Also, instead of solving ordinary differential equations to find the composition distribu-
tion as a function of the longitudinal coordinate as in true PFR problems [402], a numerical
approach based on a nonlinear mathematical framework involving scalar algebraic equations
only, without a need to solve vector equations or to process matrices [403] is used to describe
that composition in adjacent segments, by ensuring continuity of the permeate flow and the
retentate flow at the interfaces of each pair of adjacent segments. The hydrogen permeation
occurs through the palladium membranes from the retentate to the permeate, with the perme-
ation rate approximated as being uniform (having the same value) within each segment, but it
can change from one segment to another. In other words, the smoothly changing permeation
rate is discretized and approximated as a piecewise-constant function. Similarly, the driving
force for hydrogen permeation (which stems from the partial pressures of hydrogen in the
retentate and the permeate sides) is also approximated as a piecewise-constant function.

Appendix B.2. Modeling Algorithm

Figure A1 explains the segmentation of the hypothetical hydrogen membrane reactor
(HMR). It shows a portion of its left end, with the two most-left segments. The left end of
the membrane reactor is where the coordinate (x) is assigned the value zero. Because the
segmental plug-flow reactor (PFR) model is aimed to capture the hydrogen permeation with
no consideration of the flow pattern, only the membrane surface is of concern here, because
it is where permeation occurs. No gradients are allowed in the direction perpendicular
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to the longitudinal axis (thus, no gradients perpendicular to the membrane surface). The
membrane is simplified in the figure as a cylindrical surface, separating the permeate
stream (inside) from the retentate stream (outside).

The left-hand side (LHS) of the first segment is the left end of the entire membrane
(where x = 0).

The LHS of the other segments (all segments except the first one) is the right-hand
side (RHS) of the previous segment located to its left.
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Figure A1. An illustration of the segments of the membrane reactor near its left end.

The index number (i) for a segment can take the value from (1) for the first segment
at the left edge of the membrane reactor to (n) for the last segment at the right edge of
the membrane reactor. The algorithm for calculating the segment-wise composition in the
permeate and the retentate streams for a generic segment is provided below.

(a) Start with a known hydrogen mole fraction in the retentate at the LHS (X2 Ret-LHS i),
standard volume flow rate of retentate at the LHS (QRget-1Hs,i), hydrogen mole fraction
of permeate at the LHS (Xp12 per-LHs i), and standard volume flow rate of permeate at
the LHS (Qper.LHs,i) of the segment (say segment number i).

For this step, there are two routes of calculations.
For the first segment (i = 1), implement the inlet conditions and the target mole fraction
as follows:
XHo,Ret—LHS1 = 30% (specified inlet condition) (A5)

QRet—rHs,1 = 970,068 sccm (specified inlet condition) (A6)
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QHo,Ret—LHS,1 = XH2,Ret—LHS,1 QRet—LHS,1 (A7)

In the last equation, the product (Xm2 ret-LHs,1 QRet-LHS,1) gives the standard volume
flow rate of the hydrogen content in the feed syngas.

X2, per—LHs1 = 40% (specified target) (A8)

B QmHo,Ret—LHS1
Qper—LHS1 = B P—— (A9)
H2,Per—LHS,1

In the last equation, multiplying the standard volume flow rate of the hydrogen
content in the feed syngas (Qma ret-LHs,1) by the target hydrogen recovery () gives the
target standard volume flow rate of the hydrogen content in the permeate stream as it exits
the membrane reactor from its left end. Dividing this value further by the target mole
fraction of the exiting permeate stream (Xp2 per-1Hs 1) gives the target standard volume
flow of the exiting permeate stream (Qper-1Hs,1), Which is composed of molecular hydrogen
and molecular nitrogen. Performing these calculations gives Qper.1Hs;1 = 691,173 scem.

For other segments except the first one (i =2, 3, ... n), the connectivity condition of
the segments (interfacing condition) can be used as follows:

XH2,Ret—1LHS,i = XH2,Ret—RHS,i—1 (A10)
QRet—1LHS,i = QRet—RHS,i—1 (A11)
QH2,Ret—LHS,i = QH2,Ret—RHS,i—1 (A12)
XH2,Per—1LHS,i = XH2,Per—RHS,i—1 (A13)
Qper—1LHS,i = QPer—RHS,i—1 (A14)

where the values of (Xpp Rret-rRHS,i~1), (Qret-RHS,i~1), (QH2,Ret-RHS,i—1), (XH2,PerRHS,i—1), and
(QRet-rHS,i—1) should be available from the analysis of the previous segment (numbered i — 1).

(b) Compute (Qmo per-Lus,i), Which is the standard volume flow rate of the hydrogen
content in the permeate stream at the LHS of the current segment being analyzed (say
segment i), as follows:

Qmuo,per—LHS,i = XH2,Per—LHS,i QPer—LHS,i (A15)

(c) Compute (AP"°) s i, which is the difference in the partial pressures of hydrogen
raised to the power of 0.5 (this difference is the driving force for hydrogen permeation
through the palladium membrane) at the LHS of the current segment being analyzed
(say segment i), as follows:

05 05
(AP ?Ig) . (XHo,Ret—LHS,i Pret)”” — (XH2,Per—LHS,i Pper) (Al6)

where (Pret) is the absolute pressure of the retentate stream, and (Ppe;) is the absolute
pressure of the permeate stream. Since the retentate stream is assumed to have a constant
pressure, there is no need to add details (a subscript index) about the location for its value
to be used in the above equation. The same reason justifies not specifying a particular
location for the permeate pressure.

(d) Compute (Juz), which is a predicted (first-iteration) segment-level molar flux of
permeating hydrogen through the palladium membrane based on the conditions at
LHS of the current segment being analyzed (say segment i), as follows:
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Fini =K (8PR3) (A17)

This predicted flux value is an initial estimation, based on LHS conditions only. In
a subsequent step of the present algorithm, it is refined by including the effects of RHS
conditions of the segment.

The above equation is referred to as the Richardson equation [404,405]. It is based
on applying both Fick’s law for diffusion of hydrogen atoms across the metal membrane,
and Sieverts’ law relating the concentration of the hydrogen atoms in the metal membrane
(the equilibrium between gaseous hydrogen molecules next to the metal membrane and
dissociated hydrogen atoms in the metal membrane) to the square root of the partial
pressure of the adjacent molecular hydrogen gas [406—408]. The factor (k') is an ideal (or
local, or actual) permeance for hydrogen permeation. It is the product of the Fick’s diffusion
coefficient (for the hydrogen atoms” diffusion across the metal membrane) and the Sieverts’
solubility constant (the Sieverts’ law constant for the dissociation of a H, molecule into two
H atoms), and divided by the thickness of the metal membrane. In the current model, the

factor (k) is calculated as

K = ?e_E/ (RT) (A18)

where (A) is a pre-exponential factor for hydrogen permeation, (3) is the thickness of the
palladium membrane, (E) is an activation energy for hydrogen permeation, and (T) is the
absolute temperature (in kelvins). The values of (A) and (E) used here are [409,410].

A =22 %1077 mol/m/s/Pa%® (A19)

E = 15,670 ] /mol (A20)

with R = 8.3145 ] /mol K, the value of (E/R) in the above equation becomes 1884.7 K.
The thickness of the palladium membrane is set to 80 pm, which is considered a
reasonable value [411,412].

(e) Convert the LHS-based first-iteration molar flux (Jiy2) to a predicted (first-iteration)
segment-level standard volume flow rate of permeating hydrogen (Qmp,) for the
current segment being analyzed (say segment i).

This temporary standard volume flow rate value is an initial estimation, based on LHS
conditions only. In a subsequent step of the present algorithm, it is refined by including the
effect of RHS conditions. It is computed as follows:

QHo,i = A JH2,i Aseg (A21)

where (Aseg) is the membrane surface area in one segment, and (A) is a constant that arises
from a necessary unit conversion, as follows:

A=22,71155 60> (A22)
mol  min
where (scc) stands for (standard cubic centimeters). This gives A = 1.36266 x 10° scc.s/mol.min.
When computing the segmental membrane area, the envisioned tube layout in the
shell-and-tube design and its specified dimensions become necessary.
If the tube diameter is designated by the symbol (d), and the length of the entire
membrane reactor is designated by the symbol (L), then for eight tubes and (n) segments,
the length of a single segment is

L
Ax =

- (A23)
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and the membrane area within a single segment is
Aseg =8Ax 1t d (A24)

where (7t = 3.14159) is the traditional mathematical constant.

(f) Compute (Xp2 Ret-rHS,i) and (Xm2,per-rHs 1), Which are predicted (first-iteration) mole
fractions of hydrogen in the retentate stream and the permeate stream, respectively, at
the RHS of the current segment being analyzed (say segment i), as follows:

QH2,Ret—LHS,i — CH2,i
QRet—LHS,i — CHo,i

XH2,Ret—RHS,i = (A25)

QH2,Per—LHS,i — CHo,i
Qper—LHS,i — Cm2,i

XH2,Per—RHS,i = (A26)

(g) Compute (AP"°)rps,, which is the difference in the partial pressures of hydrogen
raised to the power of 0.5 (as the driving force for hydrogen permeation) at the RHS
of the current segment being analyzed (say segment i), as follows:

05 05
(AP 1%3) RHSi (XHo,Ret—RHS,i Pret)"~ — (XH2,Per—RHS,i Pper) (A27)

(h) Compute (APp"°);, which is the difference in the partial pressures of hydrogen raised
to the power of 0.5 assigned to the current segment being analyzed (say segment i). It
is taken as the arithmetic average of the LHS value and the RHS value, as follows:

(arti), = 05( (8885) s, + (OPEE) 1y, (29)

(i) Compute (Jz;), which is a corrected (second-iteration) segment-level molar flux
of permeating hydrogen through the palladium membrane, which includes driv-
ing forces for permeation at both sides of the current segment being analyzed (say
segment i), as follows:

Jio,i = K (APES) (A29)

(j) Convert the corrected, segment-level molar flux (Jy2,;) to a corresponding updated
(refined) segment-level standard volume flow rate of permeating hydrogen (Qy3 ;) for
the current segment being analyzed (say segment i), as follows:

QHZ,i = AIHZ,i Aseg (A30)
This is considered the final representation of the segment-level permeation of hydrogen.

(k) Compute (Rppp;), which is the hydrogen recovery due to the current segment being
analyzed (say segment i), as follows:

Ruo,i = Qno,i/ QH2,Ret—LHS,1 (A31)

The denominator (Qp Rret-LHs,1) in the previous equation is basically the standard
volume flow rate of hydrogen in the inlet feed syngas. Thus, it is the standard volume flow
of hydrogen available for permeation.
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The segmental contribution to the overall recovery (Rgp ;) can help in studying the
distribution of the permeation, and thus identifying portions of the membrane reactor that
are more effective than others.

(I)  Optional: Compute (RHZ/i), which is the cumulative hydrogen recovery, due to all
previous segments of the membrane reactor in addition to the current segment being
analyzed (say segment i), as follows:

Rei=Y " _ R (A32)

While this value is not necessary for continuing the calculation process, it is part of
the data visualization of results here. It is thus beneficial to explain how it is obtained.

(m) Compute (Qret-rus,i) and (Qmo ret-rHs,i), Which are the standard volume flow rate of
the retentate stream and the hydrogen content in that retentate stream, respectively, at
the RHS of the current segment being analyzed (say segment i), as follows:

QRret—rHS,i = QRet—LHS,i — QH2,i (A33)

QHo,Ret—RHS,i = QH2,Ret—LHS,i — QH2,i (A34)

(n) Compute (Xp2 ret-rHs,i), Which is the corrected (second-iteration) mole fraction of
hydrogen in the retentate stream at the RHS of the current segment being analyzed
(say segment i), as follows:

XH2,Ret—RHS,i = QH2,Ret—RHS,i/ QRet—RHS,i (A35)

(0) Compute (Qper-rus;i) and (Qmo per-rHs,i), Which are the standard volume flow rate of
the permeate stream and the hydrogen content in that permeate stream, respectively,
at the RHS of the current segment being analyzed (say segment i), as follows:

Qper—rHS,i = Qper—LHs,i — QH2,i (A36)

QHa,per—rHS,i = QH2,Per—LHS,i — QH2,i (A37)

(p) Compute (Xp2 per-rHs,i), Which is the corrected (second-iteration) mole fraction of
hydrogen in the permeate stream at the RHS of the current segment being analyzed
(say segment i), as follows:

XH2,Per—RHS,i = QH2,Per—RHS,i/ QPer—RHS,i (A38)

(q) Set the obtained RHS conditions of the current segment being analyzed (say segment i)
as LHS conditions at the next adjacent segment to be analyzed (segment i + 1), and
repeat the computation procedure sequentially for all remaining segments until the
last membrane segment (segment n).

The following values should be obtained for each segment:

(APH2"%)1hs i

Froi

Qm,i;

XH2,Ret-RHS,i aNd X2 Per-RHS, i/
(APt ")RHs s

(APR");

Tm2i
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Qm2,is

R i

Optional: IA{Hz,,-

QRet-rHS,i and Q2 Ret-RHS,i;
XH2,Ret-RHS,i’

Qper-rHS,i and Q2 per-RHS,i;
XH2,Per-RHS i-

(r) Compute (Rpp ), which is the cumulative hydrogen recovery at the last segment. It is
the overall hydrogen recovery by the entire membrane reactor, and it is obtained by
simply adding the segment-level hydrogen recovery (R ;) for all the (n) segments of
the membrane reactor. The total cumulative value is the target hydrogen recovery (j3).
Therefore,

BorRipuy =3 " Ry, (A39)

The hydrogen recovery is an important success criterion not only from the chemical
perspective, but also from an economic perspective. A higher hydrogen recovery leads to a
lower cost per unit mass of hydrogen produced [413,414].

In the presented algorithm, the length of the entire membrane (L) is a nonlinear
function of the overall hydrogen recovery (3). Since (f3) is fixed at a desired value of 95% (in
all the simulation cases of this study), a matching membrane length (L) should be obtained.
Solving such a nonlinear system of equations is achieved here using the Goal Seek tool
in the Microsoft Excel software program Version (2019). This tool is useful only when the
equation or system of equations relates a single independent variable to a single dependent
variable [415]. This condition is satisfied in the segmented plug-flow reactor problems here,
with the independent variable being the membrane length, and the dependent variable
being the hydrogen recovery.
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Abstract: Maintenance plays a key role in oil and gas enterprises, especially in the pro-
cess of increasing pressure to improve equipment efficiency, reduce costs, and comply
with environmental protection requirements towards sustainable production. This study
proposes an optimal maintenance strategy based on the overall equipment effectiveness
(OEE) index, using a multi-criteria decision-making method (MCDM) integrating an Ana-
lytical Hierarchy Process (AHP) and a Technique for Order of Preference by Similarity to
an Ideal Solution (TOPSIS). The study evaluates five maintenance strategies—preventive
maintenance (PM), risk-based maintenance (RBM), condition-based maintenance (CBM),
reliability-centered maintenance (RCM), and predictive maintenance (PdM)—based on
four key criteria: maintenance cost, safety, efficiency, and flexibility. The comparison of
each pair of criteria and the maintenance strategy choices was carried out systematically to
ensure consistency in the decision-making process. The Evaluation Distance to the Mean
Solution (EDAS) method was used as a cross-validation tool to strengthen the reliability of
the results. The results showed that RCM is the optimal maintenance strategy, providing
superior equipment performance and reliability. The study expands the theoretical basis in
industrial maintenance, providing a structured and data-driven decision support tool. The
method can be flexibly applied in many industries to optimize maintenance strategies and
promote sustainable production.

Keywords: oil refinery; maintenance strategy selection; overall equipment efficiency (OEE);
multi-criteria decision-making; Vietnam oil and gas industry

1. Introduction

The petrochemical industry is essential to each country’s economic, energy, transporta-
tion, and defense development. In particular, the maintenance of production equipment
is vital to ensure continuous operation, stable product quality, and minimize leakage and
negative environmental impacts. Production lines and equipment in oil refineries are the
most significant assets of the enterprise, acting as the “heart” in maintaining continuous
and efficient production operations. According to many previous studies, effective mainte-
nance strategies help to reduce machine downtime, improve system reliability, optimize
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costs, and improve overall productivity [1-3]. Maintenance costs can account for up to
15-70% of total production costs [4], the second largest category after energy costs [5].
Therefore, choosing the correct maintenance strategy is an essential problem in industrial
production management.

Modern maintenance models such as reliability-based maintenance (RCM), total pro-
ductive maintenance (TPM), predictive maintenance (PdM), condition-based maintenance
(CBM), and risk-based maintenance (RBM) have been widely applied [6-9]. However,
these methods share the fact that they require the evaluation of many different factors,
such as cost, safety, efficiency, flexibility, and practicality. Therefore, the optimal strategy
selection must be based on a systematic, quantitative approach that can handle conflicting
criteria. A popular indicator for evaluating maintenance effectiveness is the OEE, which
analyzes losses related to availability, performance, and product quality [10]. In practice,
OEE has been applied to identify the causes of major losses in critical equipment systems,
typically the injection pump system at an oil field of the Pertamina group in Indonesia [11].
Despite many studies addressing different maintenance policies and methods, there is still
a gap in building a systematic decision-making framework that integrates qualitative and
quantitative factors to support selecting appropriate maintenance strategies. Particularly in
the petrochemical industry complex and high-risk production environments, a structured
decision support model with multi-criteria evaluation capabilities is extremely necessary.

The MCDM, which integrates two methods, namely the Analytical Hierarchy Process
(AHP) and Technique for Order of Preference by Similarity to an Ideal Solution (TOPSIS),
was proposed to address this gap. This combination allows for a systematic evaluation
of maintenance options, based on both expert opinion (AHP determines the weighting of
criteria) and real-world data to rank options (TOPSIS) [12-17].

However, through a survey of existing documents, there have not been many studies
that systematically integrate AHP and TOPSIS to select the optimal maintenance strategy
based on the OEE index in the real context of oil refineries. This is the research gap
that this paper aims to overcome. Specifically, the study proposes an integrated AHP-
TOPSIS model to select the optimal maintenance strategy for equipment in the oil and
gas industry. The OEE index is used as the basis for measuring the overall efficiency of
the equipment, combined with multidimensional evaluation criteria such as cost, safety,
efficiency, flexibility, and deployment capability. The methodology is systematically built
through defining objectives, creating a criteria system, evaluating weights through AHP,
and ranking options using TOPSIS, ensuring objectivity and scientificity in decisions.

2. Literature Review
2.1. Equipment Maintenance Strategies in the Oil and Gas Industry

The maintenance of equipment in the oil and gas industry has garnered significant
attention due to its critical role in enhancing operational efficiency, minimizing costs,
and adhering to environmental regulations. Traditional maintenance strategies, such as
preventive maintenance (PM) and corrective maintenance (CM), have been widely adopted;
however, the evolving complexities of industrial operations necessitate the exploration of
more dynamic and effective maintenance methodologies.

Over time, many new maintenance strategies have been developed, each with ad-
vantages and limitations. Abdel Bayoumi et al. [18] proposed a predictive maintenance
(PdM) model based on sensor data collection and data analysis to support maintenance
decision-making. Similarly, Hameed and Khan [19] developed a risk-based maintenance
(RBM) model to effectively plan inspection and maintenance, significantly improving safety
and cost and reducing downtime. Condition-based maintenance (CBM), as presented
in [20], is based on condition monitoring data used to perform maintenance when there
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are signs of failure. They integrate real-time data to assess asset condition and predict
potential failures, thereby taking timely maintenance actions, minimizing unnecessary
interventions, and improving reliability. TPM and RCM are third-generation maintenance
methods that help increase operational efficiency and maintain equipment stability [21].
Studies have also shown that the effectiveness of maintenance strategies can be evaluated
through performance indicators such as OEE. For example, a study at the PEP field Bunyu
injection system showed that measuring and analyzing OEE combined with the “six ma-
jor losses” model significantly improved operating performance and reduced the risk of
environmental pollution [11].

2.2. Application of the MCDM in Selecting Maintenance Strategies

Since each maintenance strategy has advantages and disadvantages, selecting the
appropriate strategy requires the consideration of many factors simultaneously. The MCDM
is an effective tool for selecting the optimal solution. Many studies have applied MCDM in
the industrial field, including the AHP-Delphi-PROMETHEE method, which is applied
to select the optimal maintenance solution for each marine engine part based on fuzzy
reliability and many criteria [13]. The combined FAHP and TOPSIS model has been used
in the paper industry to select the optimal pump maintenance strategy [14,15]. The studies
of Hemmati et al. and Jamali et al. have demonstrated the effectiveness of combining AHP
and TOPSIS in a fuzzy environment to make optimal maintenance decisions [16,17].

2.3. Criteria for Evaluating Maintenance Strategies

To ensure the effectiveness of maintenance strategy selection, the criteria commonly
considered include cost, safety, efficiency, and flexibility. Studies have shown the following:

Cost: The implementation of PAM and RCM reduces unplanned downtime and
maintenance costs by 15% to 25% [22,23].

Safety: The application of CBM reduces accidents due to equipment failures by up to
20% [24,25].

Effectiveness: Combining RCM and CBM increases OEE by up to 15%, while PdM can
improve equipment performance by 18% [26,27].

Flexibility: PAM and RCM improve flexible planning by 20% to 25%, adapting to
changing operating conditions [28-30].

In addition to the four main criteria, recent studies have expanded to 18 sub-criteria:
spare parts, personnel training, outsourcing costs, machine downtime, CMMS system,
reliability, product productivity, employee acceptance, and flexible scheduling. These
criteria provide a more comprehensive and realistic evaluation framework in the decision-
making process for selecting the optimal maintenance strategy. [27,28,30-33].

The selection and weighting of these sub-criteria, derived from expert consultation
and literature synthesis, form the foundation for applying the AHP-TOPSIS model in this
study. This comprehensive approach ensures the selection of a maintenance strategy that is
not only cost-effective but also safe, efficient, and adaptable to operational demands.

2.4. Research Gap

Although many studies have applied MCDM models when selecting maintenance
strategies in various industrial sectors, such as manufacturing, marine, and paper in-
dustries, the number of in-depth studies using these models in the o0il and gas industry,
especially for equipment in oil refining plants, is still limited. Building a systematic decision-
making framework that integrates qualitative and quantitative factors to support selecting
appropriate maintenance strategies is extremely necessary.

The MCDM that integrates two methods, AHP and TOPSIS, was proposed to address
this gap. This combination allows for a systematic evaluation of maintenance options, based
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on the use of expert opinion (AHP determines the weighting of criteria) and real-world data
to rank options (TOPSIS). In addition, the OEE index has been proven to be a useful tool
for measuring equipment performance; the integration of OEE as an evaluation criterion
in MCDM models for selecting maintenance strategies has not been studied. This novel
combination is essential when businesses increasingly focus on optimizing equipment
performance to improve productivity and reduce maintenance costs.

Therefore, this study aims to fill this gap by developing an AHP-TOPSIS-integrated
model incorporating OEE as a performance measure to ensure that strategy selection
reflects actual operational outcomes in the oil and gas industry. It supports the decision-
making process of selecting the optimal maintenance strategy for equipment in complex
and constrained operating environments.

3. Methods and Materials
3.1. Methodology

The research methodology is designed with an integrated approach to evaluate equip-
ment performance and propose optimal maintenance strategies in the petrochemical refining
sector. The research process includes two main stages, as described in Figure 1 below.
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Figure 1. Research methodology diagram.
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3.1.1. Phase 1: Analyze Equipment Status Based on OEE Index and Identify Root Causes

The first phase focuses on measuring manufacturing equipment performance through
the OEE index, which includes three components: availability, performance, and quality.

Overall equipment efficiency (OEE) is developed based on the TPM concept intro-
duced by Nakajima in 1988. OEE has been widely applied in industrial production to
measure equipment performance [34]. OEE has been applied in the semiconductor indus-
try to evaluate and remove loss in manufacturing [35,36]. In another paper, Hwang et al.
developed a new manufacturing performance model to measure real-time performance
metrics based on the IoT and OEE [37]. Previous studies have found that the OEE index is
a popular tool used to calculate the overall performance of equipment. OEE performs loss
identification and the measurement of significant aspects of production in terms of three
key factors: availability, operational efficiency, and quality ratio. The following equations
calculate the OEE value:

OEE = Availability (A) x Performance efficiency (PE) x Rate of quality (Qr) (1)

World-class OEE is a standard used to compare a company’s OEE. Studies worldwide
show that the average OEE rate in manufacturing plants is 60%. Therefore, there is potential
to improve OEE in many plant areas. World-class OEE is considered 85% or better [38].

After calculating the OEE for all equipment, Pareto analysis (80/20) is applied to identify
the group of necessary equipment that accounts for most production losses. These types of
equipment are subjected to in-depth analysis to propose appropriate maintenance strategies.

Next, to identify the root causes affecting the OEE index, a fishbone (Ishikawa) diagram
is created based on combining real-world data and expert consultation.

OEE is an essential tool to evaluate the performance of equipment, including three
main components:

Availability: The time in which the equipment is ready to operate compared to the
planned time.

Performance: The actual speed of the equipment compared to the standard speed.
Quality: The rate of products meeting quality requirements compared to the total number
of products produced.

After analysis, the study identifies that the factors affecting OEE can be transformed
into maintenance strategy evaluation criteria, creating a logical and practical input foun-
dation for the AHP model, which helps to link qualitative data with the systematization
of quantitative criteria. The requirements that are consistent with the enterprise’s actual
goals were identified, ensuring that each AHP criterion accurately reflects the root cause
affecting OEE. This bridges the current status analysis of OEE and maintenance strategy
decisions, helping the decision-making model to be highly applicable.

3.1.2. Phase 2—Multi-Criteria Decision-Making Using the AHP-TOPSIS Integrated
Method and Verifying the Optimal Results

The hybrid optimization method has become helpful in addressing complex decision-
making problems, especially in MCDM tasks, where single methods may not be effective
enough. This method combines the strengths of various techniques to achieve better
optimization results, overcoming the limitations of single methods. AHP determines the
weights of essential criteria in evaluating alternatives [39,40], while TOPSIS helps analyze
these alternatives based on their distances to the ideal and negative ideal solutions.

Although other methods like PROMETHEE and VIKOR can be applied in MCDM
situations, the combination of AHP and TOPSIS offers several advantages. PROMETHEE
compares criteria-based alternatives and identifies the best solutions through a scoring
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system. However, PROMETHEE lacks a precise mechanism to systematically determine
the criteria weights and ensure consistency in these weights, which AHP does very well.

On the other hand, VIKOR is primarily used to identify the “best” solution based on
benefit or cost criteria. Still, it depends on establishing a system of weights and priorities for
the requirements. VIKOR lacks a straightforward method for determining these weights,
whereas AHP offers a rigorous process for calculating and ensuring the consistency of
these weights. Moreover, VIKOR may face challenges in handling conflicting or unclear
criteria, while AHP addresses these issues through pairwise comparisons and consistency
checks. Therefore, the combination of AHP and TOPSIS helps overcome the drawbacks of
PROMETHEE and VIKOR, while providing a more transparent, systematic, and efficient
decision-making process. This method accurately determines the criteria weights, and then
uses them to evaluate and rank alternatives objectively, leading to better decision outcomes.

a. The process of applying the AHP analytical hierarchy method is presented as follows:

Step 1: Define the problem and set its objective.

Step 2: Create a hierarchy from the top (objectives) down to the lower levels (criteria
and alternatives).

Step 3: Create pairwise comparison matrices (size m x n) for each lower-level ele-
ment compared to every other level component immediately above, using the relative
scale measurement outlined in [39,40]. The comparisons should indicate which element
dominates the other in terms of importance. A total of n x (n — 1) /2 udgments are needed
to construct the set of matrices in step 3. Reciprocals are automatically assigned in each
pair-wise comparison.

Step 4: Hierarchical synthesis weights eigenvectors by criteria weight, summing over
all corresponding entries at the next lower level of the hierarchy.

Step 5: After completing all pair-wise comparisons, consistency is assessed using the eigen-
value, A max, to compute the consistency index (CI) as follows: CI = (A, —n)/(n—1).
The size of the matrix, denoted by 1 determines the consistency. The consistency ratio (CR) of
the consistency index (CI) should be compared to the values in [39,40].

Step 6: An acceptable (CR) does not surpass 0.10. If it exceeds this threshold, the
judgment matrix is inconsistent. It is necessary to review and enhance the judgments to
ensure consistency.

Step 7: Steps 3 to 6 are carried out for every level within the hierarchy.

b. After determining the criteria weights using AHP, TOPSIS ranks the alternatives
based on their distance from the ideal and negative ideal solutions.

The main steps in the TOPSIS approach are as follows [41,42]:

Step 8: Based on m alternatives and # criteria, a B matrix with elements bij is made,
where each element denotes the rating of the ith decision maker (DM) with respect to the
jth criteria. The matrix is known as the decision matrix, denoted by B:

bll blz bln
b b ... b

B = ( ij)mxn _ 21 22 2n (2)
bml me e bmn

Step 9: Normalization of the evaluation matrix:

hyi= 0 i=1,23...... mj=123...... n 3)
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This is denoted by H as follows:

hll hlz .o hln
hyr  hyp ... hyy

H=0), . =|. . . . (4)
hml hmZ oo hmn

where m is the number of feasible alternatives and n is the number of criteria.
Step 10: Construction of the weight-normalized decision matrix, which is denoted by Q:

Q= (wjhy) ©)

mxn

The weights (w;) were calculated using the AHP method.

Step 11: Determining the positive ideal solution q]* and negative ideal solution q;
by finding the maximum and minimum values of weighted normalized elements in each
column for benefit criteria and reverse for cost criteria.

Step 12: Calculate the Euclidean distance for each alternative.

The Euclidean distance from the positive ideal solution is represented by Q:':

OF =\ g = i € 112, m) ©

wherei =1,2,...,m;j=1,2,..., n.
Q; represents the Euclidean distance from the negative ideal solution.

Or =\ g0y i e 112, m) 7)

Step 13: Calculate the relative closeness to the ideal solutions Cj. If it is closest to 1,
then it depicts the best solution:
=S icpa.m ®)
Q" +Q

Q;" represents the distance from the positive ideal solution, and Q; represents the
distance from a negative ideal solution.

Step 14: Rank the alternatives based on their closeness ratio C; in order of preference.
The alternative with the shortest distance to the ideal solution is considered the best. The
shortest distance to the ideal solution indicates the longest distance from the negative
ideal solution.

Next, the reasonableness and reliability of the selected maintenance strategy must
be ensured. The EDAS method (Evaluation based on Distance from Average Solution)
was chosen as a comparison tool. EDAS evaluates the plans based on the distance
to the average value, providing a different perspective to compare with the TOPSIS
method. If the rankings are similar, this confirms the stability and reliability of the selected
optimal choice.

3.2. Materials

A case study was conducted at an oil and gas company in Vietnam [43] to collect data.
The company has come into operation after many years of having maintenance problems
with the following issues: reduced production efficiency, increased maintenance costs, and
challenges with pressure to improve machinery and equipment maintenance for sustainable
production with the environment. Observations are performed on the machine operations,
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and the performance data available are recorded. The meeting discussions were conducted
to contextualize staff responses and experts’ opinions regarding the observations made
during the data collection process in the company’s maintenance department. The textual
data of three years were collected from available historical records, such as downtime,
failure time, output, and other data, to determine the OEE of the petrochemical refinery
production company.

3.2.1. OEE Measurement and Identify Root Causes

The production line operates daily for 24 h, being evenly divided into three 8 h shifts.
The number of working days a week is seven days (including Sundays), and the number
of working hours per year is 8760. The research team collected data for the last three years,
including defects during each shift, corrective actions to correct errors, downtime, and the
exact failure time. Common types of damage in each workstation are damage to the valve
system, electrical, mechanical, pneumatic pressure, etc.. .. There may be the same failure mode
in different workstations. In each case, the record also includes the failure type, machine, and
failed workstation. To serve the process of preparing petroleum, the leading equipment in
the plant includes seven devices: towers, heating furnaces, pumping equipment, containers,
reaction towers, and valve systems. The process of mixing petroleum will be shown in detail
through the technology diagram shown in Figure 2 below.

Heat
- First heating
exchanger i

furmnace

|Rea1' heating fumace |<—| Second heat |<—| Separation flazlk |<-| MNaptha |

Feactors (level 1
and level 2)

Heavy element
separation tower

Absorption Tower

Abzorbent oil

| LPG }—>| Tanks LPG |

Stabiliza tion Tower

| Gasoline |—P| Tanks Gasoline

Figure 2. Diagram of the process of mixing petroleum at company.

Research data are collected directly from maintenance department personnel and
maintenance department statistics. The factory is divided into 30 leading equipment
systems. During data collection, systems that have never been damaged are ignored.
Therefore, only 24 systems will be selected for discussion in this study. According to the
design, the maximum wattage of the plant is 130,000 tons/year. The real operating time of
the equipment in each year is calculated as the sum of operating time in a year of 8760 h
minus the number of downtime hours (the number of failures multiplied by the time each
failure occurs). The real operation of the machinery is the availability of machinery and
equipment. The time when the machinery and equipment are down and the availability
time are shown in Table 1.
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Table 1. Data of downtime and availability time.

Mean Downtime (MDT) Mean Time Between

No. ]S)yes‘;fl (h/time) Failures (MTBEF) (h) Availability (A)
Name 2021 2022 2023 2021 2022 2023 2021 2022 2023
1 PRS-1 2375 2517 3005 24170 35570 22760 9105 9339 8834
2 PRS2 2167 2258 2839 32873 29028 26361 9382 9278  90.28
3 PRS-3 16.75 19.25 23.80 233.54 246.20  200.82 93.31 92.75 89.40
4 PRS-4 2570 2567 3193 32470 33933 29251 9267 9297 9016
5 PRS-5 2075 2358 2592 26183 22671 32448 9266 9058 9260
6 PRS-6 2058 2162 2774 22275 31530 32266 9154 9358 9208
7 PRS- 2567 2675 3289 33933 26525 30403 9297 9084  90.24
8 PRS-9 23.75 24.67 29.62 278.32 232.98 195.00 92.14 90.42 86.81
9 PRS-10 1775 1867 2491 28432 26391 28795 9412 9339  92.04
10 PRS-11 1875 2030 2514 27325 21646 33986 9358 9143 9311
11 PRS-13 1775 1925 2410 34725 23840 20052 9514 9253 8927
12 PRS-15 1875 2022 2515 23154 21654 28771 9251 9146 919
13 PRS-16 19.67 22.25 24.95 304.77 260.33 311.97 93.94 92.13 92.59
14 PRS-17 2567 2567 3098 26633 31125 27100 9121 9238  §9.74
15 PRS-18 1858 2017 2598 27342 34483 26602 9364 9447 9110
16 PRS-19 3383 3276 4192 30309 24099 22353 8996 8503 8421
17 PRS20 1858 1963 2598 28349 24582 23947 9385 9261 9021
18 PRS-21 17.58 19.26 24.26 319.34 246.19 300.18 94.78 92.74 92.52
19 PRS-22 2167 2263 2896 29119 22766 22860 9307 9096  88.76
20 PRS-23 2167 2423 2889 24378 35664 30803 9184 9364 9143
21 PRS24 2370 2522 3010 27837 35565 23535 9215 9338  88.66
22 PRS-25 21.75 22.73 28.48 221.58 259.85  295.96 91.06 91.96 91.22
2 PRS-26 2367 2361 2895 24178 28925 19567 9108 9245  87.11
24 PRS-30 3253 3278 3397 29191 25922 23148 8997 8877  §7.20

The production department has an annual registration of 80-85% of the capacity as a
landmark for operation. On the other hand, for the quality ratio, due to the specificity of the
oil and gas industry, the input materials through the separation process and the production
system will be controlled on the computer by the DCS system, including adjusting the
temperature, pressure, and flow rate of semi-finished products during production. When
preparing to enter the final stage of exporting finished products, the chemical laboratory
staff will be responsible for taking samples for testing. If the test does not pass, the
finished product will be transferred to the reflux system for reprocessing. At this time, the
parameters of the pressure and temperature conditions will be changed according to the
results of the chemistry laboratory. The data on the pressure and temperature of the first
flow will be based on experience and standard parameters to adjust until it runs through
the finished tank system. Because the process does not have a forecast system for defective
products, this causes a waste of raw materials and time and increases production costs.
Additionally, the factory inevitably damaged machinery and equipment during production,
affecting product quality. The summary table includes the availability index, equipment
efficiency, and the ratio of product quality collected directly at the company in the past
three years, as shown in Table 2.

Formula 1 is applied to calculate the OEE index shown in Table 3. According to world
standards, the standard value of the OEE index must reach 85% or more. The performance
of OEE values from 2021 to 2023 is shown in Table 3, indicating that OEE values for the past
three years are below the set requirements. More importantly, the company’s OEE index
tends to decrease over 2021, 2022, and 2023. This signals that the problem of maintenance
activities has not been researched, paid attention to, or implemented correctly from the
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start. Based on the analysis of the current state of maintenance at the company, many
causes still need to be resolved to improve the maintenance work effectively. According to
the Pareto principle, this maintenance strategy will be applied at the company for 19 pieces
of equipment that affect 80% of the manufacturing downtime. The list is shown in the red
frame in Figure 3.

Table 2. Results of overall equipment effectiveness at Orient Oil, Vietnam.

Target Actual Total Availability Performance

Time Amount of Amount of Amount of lgﬁilstsi:d Index (A) Efficiency (PE) Ql(lg:_;};;{ )a e OEE (%)
Product Product Quality y (%) (%) °
2021 117,000 107,640 102,530.4 110,032 92.59 92.00 93.18 79.37
2022 115,700 104,130 101,334.4 107,640 92.07 90.00 94.14 78.01
2023 118,300 107,653 101,394.2 108,836 90.04 91.00 93.16 76.34
Table 3. Description of leading causes and their impact on OEE components.
Leading Causes Impact on OEE Components Detailed Description
g . Lack of training, incorrect operation, incorrect
Man Availability, Performance, Quality . . .
operating habits, lack of skills
Machine Availability, Performance Equipment damage, no spare parts, long repair time
. Poor maintenance planning, lack of standard
Method Performance, Qualit ’
Q y procedures, no PM/CMMS
. I . Lack of maintenance budget, no investment in
Cost/Material Availability, Quality . . udgel, .
improvement, ineffective use of external services
. . e Temperature, humidity, dust, unsafe workin
Environment Quality, Availability P Y &

environment, affect product reliability and quality

6% 100%

5%
80%
43
60%

5

/

3% 4]

=1 4
3 =

2
1%
|~
|~

0% 0%

%
PRS PRS PRS PRS PRS PRS PRS PRS PRS PRS PRS PRS PRS PRS PRS PRS PRS PRS [PRS PRS PRS PRS PRS PRS
19 -0 9 -26 -1 -22 217 B -4 35 3 4 05 15 -20 -2 223 -13| -6 -11 -16 -1 -10 21

e % Downtime| 6% 6% 5% 5% 4% 4% 4% 4% 4% 4% 4% 4% 4% 4% 4% 4% 4% 4% | 4% 4% 4% 3% 3% 3%
=% Cumulative 6% 12% 17% 22% 26% 31% 35% 39% 44% 48% 52% 56% 60% 64% 68% 719 75% 79% (83% 86% 90% 93% 97% 100

o

% Downtime of each device
5]

The descending order of the device's downtime rate

Figure 3. The list of 19 pieces of equipment affects 80% of the manufacturing’s downtime.

The study grouped the causes into five main groups, commonly found in industrial
manufacturing environments: man, machine, method, cost/material, and environment. To
identify the root causes of low OEE, each group of causes was directly linked to the three
components that make up the OEE index, namely availability, performance, and quality, to
clarify the mechanism that affects the overall operational efficiency of the equipment. This
relationship is presented in Table 3.

Next, the Ishikawa method was used to analyze the root cause of low OEE (Fishbone
diagram). This diagram is often used for “digging up” the cause after rearranging the
causal relationships [44]. The resulting diagram, shown in Figure 4, highlights the five
aforementioned categories as the company’s principal sources of OEE degradation.
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Figure 4. Fishbone chart analysis of the causes affecting OEE.

Through this root cause analysis, the study effectively established a causal pathway
linking OEE decline to the company’s current maintenance inefficiencies. The next ob-
jective is to define criteria to select optimal maintenance strategies. These criteria must
comprehensively reflect the underlying causes of poor OEE performance, ensuring that
strategic decisions are evidence-based and practically applicable.

Accordingly, a hierarchical structure of decision criteria was developed using the AHP.
The model consists of four primary criteria groups, namely cost, safety, efficiency, and
flexibility, and eighteen sub-criteria, all directly derived from the root cause categories
identified in the Fishbone diagram. This structured framework ensures alignment between
observed performance issues and strategy selection. The mapping between the AHP criteria
and their associated OEE impacts is presented in Table 4.

Table 4. Relationship between AHP criteria and OEE root causes.

AHP Criteria Group Detailed Criteria (Link from Fishbone) Impact on OEE

- Spare parts availability

- Training cost oy .
Cost - Outsourced maintenance cost Availability, Quality

- Productivity loss due to downtime

- Human safety
Safety - Equipment safety Quality, Availability
- Environmental safety

- Preventive/prognostic maintenance

- Reliability . Availability,
Efficiency - Investment capacity Performance
- Output per hour (UPH) Quality !

- Operator habit/routine
- Repair time/downtime
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Table 4. Cont.

AHP Criteria Group Detailed Criteria (Link from Fishbone) Impact on OEE
- Use of CMMS
- Improvement cost Performance
Flexibility - Product variety Availability

- Labor acceptance
- Maintenance planning flexibility

The factors affecting the OEE index have been transformed into input criteria for the
decision-making model to select a maintenance strategy. Each AHP criterion reflects the
root cause while ensuring that it is consistent with the goals and actual conditions of the
enterprise. This transition bridges the current status analysis of OEE and maintenance strat-
egy planning, helping the decision-making model achieve feasibility and high applicability
in the industrial environment.

3.2.2. Choosing a Maintenance Strategy

a. Maintenance strategy

After the analysis process, the results are combined with the data collection from the
maintenance department managers’ needs and related studies. The set input consists of
4 main criteria, and 18 sub-criteria were determined to select the maintenance strategies,
including PM, CBM, RBM, RCM, and PdM, as shown in Figure 5.
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Figure 5. A hierarch of the criteria and maintenance strategy.
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4. Results

The maintenance strategy for the refinery is determined using a model that combines
the AHP and TOPSIS methods. The AHP method will be used first to assess the weights of
the main criteria. From there, the weights for the sub-criteria are calculated based on the
weights of the main criteria. After performing pairwise comparisons of the main criteria,
the resulting weights are as follows: cost (0.055), safety (0.586), efficiency (0.256), and
flexibility (0.102). The evaluation results show that the weight of safety and efficiency
criteria is higher than that of cost and flexibility. This result is entirely consistent with the
characteristics of the oil and gas industry because safety and efficiency factors will be given
more special attention during the production process. The consistency ratio (CR) value was
also tested to be 0.04, which is within the acceptable threshold of 0.1.

After determining the relationship between the overall goal and the main criteria,
the sub-criteria related to the main criteria will be shown in the pairwise comparison
process. The pairwise comparison matrix of the sub-criteria is built by synthesizing the
experts’ assessments. After standardization, the initial pairwise comparison matrix of the
sub-criteria will provide the local weights. Next, the local weights were multiplied by the
main criteria weight in Table 5 to find the global weight. The CR for each sub-criteria group
is also determined and presented in Table 5.

Table 5. Comparison of each pair of sub-criteria.

Local Weights Global Weights CR
Cost SP PT CcO YP 0.055
SP 1.000 0.333 4.000 0.333 0.175 0.010
PT 3.000 1.000 5.000 2.000 0.459 0.025 0.079
CcO 0.250 0.200 1.000 0.333 0.075 0.004 )
YP 3.000 0.500 3.000 1.000 0.290 0.016
Safety p Eq En 0.586
P 1.000 5.000 2.000 0.556 0.326
Eq 0.200 1.000 0.200 0.090 0.053 0.052
En 0.500 5.000 1.000 0.354 0.207
Effective 1P R I UPH PR DRW 0.256
1P 1.000 2.000 1.000 1.000 2.000 2.000 0.218 0.056
R 0.500 1.000 2.000 1.000 0.500 1.000 0.145 0.037
I 1.000 0.500 1.000 0.333 2.000 2.000 0.161 0.041 0.082
UPH 1.000 1.000 3.000 1.000 1.000 2.000 0.213 0.055 )
PR 0.500 2.000 0.500 1.000 1.000 2.000 0.165 0.042
DRW 0.500 1.000 0.500 0.500 0.500 1.000 0.097 0.025
Flexible CMMS EMI VP AL PL 0.102
CMMS 1.000 0.500 0.500 0.333 1.000 0.108 0.011
EMI 2.000 1.000 0.333 0.333 2.000 0.152 0.016
VP 2.000 3.000 1.000 3.000 2.000 0.359 0.037 0.084
AL 3.000 3.000 0.333 1.000 3.000 0.273 0.028
PL 1.000 0.500 0.500 0.333 1.000 0.108 0.011

Following this, the TOPSIS method was utilized to evaluate and compare the main-
tenance alternatives based on the weighted criteria obtained from the AHP method. A
decision matrix is created based on five alternatives and eighteen criteria, with each element
representing the rating of the people surveyed. In the TOPSIS method, the weight of each
option related to each criterion is shown in Table 6.
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Table 6. The weights of the alternatives and criteria are aggregated using the arithmetic mean.

Maintenance Strategy

Main Criteria  Sub Criteria

PM RBM CBM  RCM  PdM
sp 70 50 50 80 70
PT 90 90 70 90 90
Cost co 60 30 50 40 30
YP 30 20 40 40 20
P 20 40 50 80 40
Safety EQ 50 50 50 80 90
EN 20 40 30 80 60
P 20 60 70 90 80
R 20 50 40 90 60
, I 70 70 60 90 80
Effective UPH 50 50 30 50 20
PR 20 50 40 80 40
DRW 70 40 30 40 20
CMMS 20 60 60 90 90
EMI 20 60 60 90 90
Flexible VP 20 40 30 60 60
AL 30 40 50 70 50
PL 20 50 40 80 80

The elements of the decision matrix in Table 6 will be normalized to create the evalua-
tion matrix. This step is performed according to Formulas (3) and (4) of the Methodology
Section. After normalizing the elements in Table 7, the weight-normalized decision matrix
will be constructed following Formula (5), where the weight (w;) is calculated using the
AHP method. Apply Formulas (6) and (7) to calculate the Euclidean distance for each
alternative. The positive ideal solution (q]*) and negative ideal solution (q]-_) are identified
by finding the maximum and minimum values of the weighted normalized elements in
each column. The results in Table 7 are as follows:

Table 7. Weighted normaliabilized decision matrix.

Maintenance Strategy

No. Criteria q; q;
PM RBM CBM RCM PdM WEIGHT
1 SP 0.005 0.003 0.003 0.005 0.005 0.010 0.005 0.003
2 PT 0.012 0.012 0.009 0.012 0.012 0.025 0.012 0.009
3 CcO 0.003 0.001 0.002 0.002 0.001 0.004 0.003 0.001
4 YP 0.007 0.005 0.009 0.009 0.005 0.016 0.009 0.005
5 P 0.058 0.117 0.146 0.233 0.117 0.326 0.233 0.058
6 EQ 0.018 0.018 0.018 0.029 0.032 0.053 0.032 0.018
7 EN 0.037 0.073 0.055 0.146 0.110 0.207 0.146 0.037
8 1P 0.007 0.022 0.026 0.033 0.029 0.056 0.033 0.007
9 R 0.006 0.015 0.012 0.026 0.018 0.037 0.026 0.006
10 I 0.017 0.017 0.015 0.022 0.020 0.041 0.022 0.015
11 UPH 0.029 0.029 0.017 0.029 0.012 0.055 0.029 0.012
12 PR 0.008 0.019 0.015 0.030 0.015 0.042 0.030 0.008
13 DRW 0.018 0.010 0.008 0.010 0.005 0.025 0.018 0.005
14 CMMS 0.002 0.005 0.006 0.006 0.005 0.011 0.006 0.002
15 EMI 0.002 0.006 0.006 0.009 0.009 0.016 0.009 0.002
16 VP 0.007 0.015 0.011 0.022 0.022 0.037 0.022 0.007
17 AL 0.008 0.010 0.013 0.018 0.013 0.028 0.018 0.008
18 PL 0.002 0.004 0.003 0.007 0.007 0.011 0.007 0.002
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The Euclidean distance from the positive ideal solution (Q;r) and negative ideal
solution (Q,") is calculated for each alternative. The relative closeness to the ideal solutions,
denoted as Cj, is calculated for each alternative to determine the best solution. Finally, the
alternatives are ranked based on their closeness ratio C;. This methodology calculates the
close distance ratio (C;) as in Formula (8), with the alternative closest to 1 being considered
the best option.

The research results in Table 8 show that RCM is the most optimal maintenance
strategy among the five strategies considered, with the ranking order of maintenance
strategies being RCM > PdM > CBM > RBM > PM. The results have been verified and
compared with the EDAS method; both methods provide the same results, with RCM
being the most optimal maintenance strategy. The TOPSIS method will find the difference
between the positive ideal value (Q;") and the negative ideal value (Q; ), from which
the ranking results are provided. From the ranking table, it is found that RCM has the
highest score and shows the suitability of this strategy with the optimization criteria set
by the company. The results from EDAS also provide similar ranking results, proving the
consistency and high accuracy of RCM in optimizing maintenance strategies.

Table 8. The results of optimal maintenance strategy by TOPSIS method.

Maintenance TOPSIS Method Results EDAS Method Results
Strategy Qf Q; Cy RANK NSPi NSNi ASi RANK
PM 0.212 0.022 0.095 5 0.049 0 0.024 5
RBM 0.141 0.075 0.347 4 0.044 0.364 0.204 4
CBM 0.131 0.092 0.414 3 0.120 0.461 0.291 3
RCM 0.009 0.212 0.961 1 1 0.854 0.927 1
PdM 0.126 0.100 0.443 2 0.257 0.469 0.363 2

The EDAS is a method for comparing and evaluating alternatives based on their
distance from the average solution. This method was chosen to verify the results from
TOPSIS because EDAS provides an independent approach with a more intuitive assessment
of the suitability of maintenance strategies in real environments. Compared with TOPSIS,
EDAS can be more flexible in handling heterogeneous and complex factors in production
systems. The application of EDAS has demonstrated that the ranking results of RCM
are stable and accurate in evaluating maintenance strategies, increasing the reliability of
the research results. Both methods provide consistent results, indicating the rationality
and high applicability of the RCM strategy. In addition to the verification by the EDAS
method, the study also provides insight into the combination of AHP and TOPSIS methods
in evaluating and comparing maintenance strategies. This method helps to determine
the optimal strategy and clarifies the relationship between the criteria and the priority
level of each factor. The result is a clear, reasonable, and convenient ranking that supports
managers in making accurate and optimal decisions for the company. Another critical factor
is the cost and feasibility of implementation. Hybrid methods such as GA or SA require
significant computational resources and may require a long time to find the optimal solution.
Meanwhile, TOPSIS can be implemented more easily in manufacturing companies, helping
to save costs and reduce implementation time while ensuring maintenance efficiency. More
importantly, TOPSIS considers each criterion separately and analyzes the relationship
between the factors and the overall system, helping to optimize production performance
and reduce maintenance costs comprehensively.

Moreover, RCM is theoretical and very practical when applied to industrial environ-
ments. Implementing the RCM strategy helps minimize failures, improve system reliability,
and reduce overall maintenance costs, thanks to focusing on the most critical factors in the
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maintenance process and ensuring that maintenance resources are allocated reasonably.
RCM is suitable for the company in the study and has broad applicability in the petrochem-
ical refining industry. The petrochemical refining systems are highly complex and require
excellent operational reliability and stability. The application of RCM helps optimize main-
tenance for these systems, minimize unexpected incidents, improve performance, and
reduce maintenance costs. Therefore, RCM is an ideal choice for industries with complex
maintenance requirements and high stability requirements, such as petrochemical refining.

Thus, this study provides a powerful tool to help the company choose the most
optimal maintenance strategy and demonstrates the high practical applicability of the
TOPSIS method in the petrochemical refining and production industry. Implementing an
RCM strategy in the company will contribute to stable operation, improve maintenance
efficiency, minimize incidents, optimize maintenance resources, and reduce overall costs
for the business.

5. Discussion

The results of this study have emphasized the importance and necessity of mainte-
nance activities in improving operational efficiency, minimizing downtime, and improving
OEE in the oil blending sector of the oil and gas industry. The OEE measurement results
of the enterprise show that the operational efficiency has been on a continuous down-
ward trend over the past three years, with a value lower than the global standard of 85%.
This situation further highlights the urgency of developing and applying a more effective
maintenance strategy based on practical data.

To address this pressing issue, the study proposed applying the AHP-TOPSIS com-
bined methodology framework in the MCDM system to evaluate and select the optimal
maintenance strategy. It should be noted that the AHP-TOPSIS-integrated approach was
first applied in the oil and gas sector to choose a maintenance strategy based on the criteria:
safety, cost, efficiency, and flexibility. The application of AHP-TOPSIS allows for the sys-
tematic evaluation of multiple criteria at the same time, thereby enhancing consistency in
the decision-making process in the oil and gas industry.

The outstanding contribution of the study is the construction of a comprehensive
evaluation framework, including a detailed decision matrix and quantitative analysis of the
criteria, ensuring that the evaluation process is based on real data and can be reproduced
in subsequent studies.

Moreover, to bridge the gap between theoretical analysis and practical application, the
study conducted compares the potential suitability of maintenance strategies by analyzing
the advantages and disadvantages of each option in the actual context of the oil and gas
industry, as shown in Table 9.

Although all five maintenance strategies have advantages, the company’s long-term
goal is to enhance the OEE index and reduce production losses due to equipment failures.
Meanwhile, the RCM strategy balances operational efficiency, safety, and cost-effectiveness.
Notably, compared with the existing literature [25,45], the study also shows consistent
results: RCM is often favored in environments that require operational excellence but have
not yet achieved a complete digital transformation. This indicates that the recommendation
of RCM in this study is based on data and the context of the Vietnamese oil and gas industry.

The study is based on the AHP-TOPSIS results and was reconfirmed by the EDAS
method, showing high consistency and reliability throughout the strategy selection pro-
cess. This cross-validation confirms that RCM consistently outperforms other strategies,
providing scientific rigor and additional credibility to the results.
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Table 9. Comparison of maintenance strategies for the oil and gas industry.

Strategy Advantages Disadvantages
- Focuses on critical failure modes for optimal . . .
RCM resource allocation - Requires extensive data analysis
(Reliability-Centered - Balances cost, safety, and reliability anc.l system kpowledge .
. : - High initial implementation effort
Maintenance) - Proactively reduces unexpected breakdowns (e.g. training, FMEA tools)
- Improves system reliability and availability & &
- Enables real-time failure prediction using _ High initial investment in
PdM advanced sensors and data analytics technology and infrastructure

(Predictive Maintenance)

- Reduces unnecessary maintenance and
extends equipment life
- Supports better planning and resource use

- Requires technical expertise for data
interpretation

- Avoids over-maintenance by acting only

- Demands continuous condition

CBM when the conditions warrant it monitoring
(C&r;?rllileorrl;iaes; d Lfiizéz‘f];r; preventing unexpected - Requires skilled personnel and adds
- Improves spare parts and labor utilization system complexity
- Prioritizes high-risk assets, ensuring efficient Lac.k s r.eal—tlme condition
RBM monitoring

(Risk-Based Maintenance)

allocation of resources
- Supports decision-making under uncertainty

- Can overlook lower-risk assets,
leading to eventual inefficiencies

PM
(Preventive Maintenance)

- Simple to implement and widely understood
- Reduces chances of sudden equipment failure
through scheduled checks

- Based on time/usage intervals, not
actual equipment condition

- Can lead to unnecessary downtime
and increased cost

In terms of practical implementation, although PAM and CBM strategies also demon-

strate modernity and are ranked higher after RCM, the significant technological investment
costs and operational complexity barriers make mass adoption difficult, especially for
companies with limited infrastructure.

Meanwhile, RCM allows for a more systematic implementation roadmap, starting with
training personnel in the analysis process and applying computerized maintenance manage-
ment systems (CMMSs) and failure analysis tools such as FMEA. Furthermore, staying ahead
of emerging technologies like IoT and machine learning can enhance the predictive capabilities
of RCM, moving the strategy closer to real-time, intelligent maintenance ecosystems.

However, the study still has some limitations:

Reliance on manual data: Data collection from personnel and manual recording can
lead to bias or inconsistencies.

Limited data scope: The data were collected from a single enterprise, while operational
and maintenance factors can vary significantly across manufacturing facilities or
industries.

Limitations in applying modern technology: Although advanced strategies such
as PdM or CBM have potential, they have not been widely deployed due to high
investment and infrastructure requirements.

In conclusion, the study provides a quantitative, transparent, and scalable approach
to maintenance strategy selection. It promotes operational efficiency, reduces costs, and
increases sustainability in oil and gas production. Adopting RCM as a central strategy
can be a practical solution for many businesses in the industry to achieve sustainable
development and long-term competitiveness.
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6. Conclusions
6.1. Findings

The findings of this study show the integrated model of the MCDM techniques (AHP,
TOPSIS) along with the OEE index and verification using EDAS, which is useful specifically
within the unique operational context and challenges of the oil and gas industry. This
integrated framework provides a systematic, quantitative approach to maintenance strategy
selection, which was previously limited in detailed studies within this sector. The structured
process, from analyzing OEE and identifying root causes via the Fishbone diagram, defining
the criteria and sub-criteria linked to these causes, determining criteria weights using AHP,
evaluating and ranking strategies with TOPSIS based on these weighted criteria, to finally
verifying the results with EDAS, represents the novel comprehensive methodology applied
to the oil and gas industry-specific problem. This model uses a data-based decision,
ensuring alignment with the company’s goals and conditions.

The study shows that RCM is theoretical and practical when applied to industrial
environments. RCM is the optimal choice based on a systematic, data-driven, multi-criteria
evaluation tailored to the specific context of the oil and gas industry. Additionally, imple-
menting RCM helps minimize failures, improve system reliability, and reduce maintenance
costs by focusing on critical factors and allocating resources reasonably. RCM is highlighted
as suitable for the company in this study and has broad applicability in the petrochemical
refining industry due to its complexity and requirement for high reliability and stability.

6.2. Contributions

The study proposed several significant contributions to both academic research and
industrial practice.

The scholarly contributions include proposing a novel hybrid approach combining
AHP and TOPSIS for maintenance strategy selection in the oil and gas industry and expand-
ing the theoretical foundation in industrial maintenance. It marks the first application of
the AHP-TOPSIS method to maintenance strategy selection within this sector, using safety,
cost, efficiency, and flexibility as evaluation criteria. The study also validates the EDAS
method as a cross-validation tool. It provides a structured, data-driven decision support
tool applicable across various industries. Moreover, the research emphasizes the signifi-
cance of the OEE index as a metric for evaluating performance and identifying maintenance
needs. It employs a Fishbone diagram to analyze the primary factors impacting OEE in
oil and gas companies. It offers a detailed analysis and comparison of five maintenance
strategies (PM, RBM, CBM, RCM, and PdM) within the o0il and gas industry context. It
explores four main criteria and their eighteen sub-criteria for selection. The study also
proposes future research directions and demonstrates the application of the AHP-TOPSIS
model in an honest company. It quantitatively presents criteria weights and TOPSIS/EDAS
results, explicitly highlighting its novelty in applying these techniques tailored to the oil
and gas industry’s unique challenges.

In addition, industrial contributions include providing oil and gas enterprises with
a systematic, data-driven methodology for selecting the optimal maintenance strategy
and facilitating consistent and efficient decision-making. It emphasizes the crucial role of
the correct maintenance strategy in enhancing OEE, reducing downtime, and lowering
costs. The case study results indicate that RCM is the most optimal strategy for the studied
company, offering superior performance and reliability. It provides a feasibility analysis for
RCM in real industrial settings, highlighting its potential benefits and comparing different
strategies regarding cost-effectiveness and implementation. The study underscores RCM’s
alignment with the oil and gas industry’s high emphasis on safety and efficiency and
suggests concrete steps for RCM’s implementation. It highlights RCM’s broad applicability
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in complex petrochemical refining systems and quantitatively indicates the company’s
declining OEE, emphasizing the urgency for improved strategies.

6.3. Future Research Directions

Future research could develop a predictive maintenance model that integrates ad-
vanced technologies, building a predictive maintenance framework incorporating advanced
technologies such as the Industrial Internet of Things (IloT), artificial intelligence (AI), and
machine learning. This model could provide real-time data analysis, the early detection of
failure signals, and automatically recommend an optimal maintenance plan for each piece
of equipment in the oil blending system.

In addition, the study may extend to test the sensitivity of changing the weight of each
criterion to consider how the results depend on the criterion weights, especially safety and
cost, which might influence the rankings of different maintenance strategies.

Moreover, the research may also compare maintenance strategies across the auto-
motive, electronics, and chemical manufacturing industries. Evaluating similarities and
differences in the selection and implementation of maintenance strategies would help iden-
tify each industry’s best way to implement and provide a basis for the flexible adaptation
and application of RCM or a hybrid approach.
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Abstract: The present paper addresses dynamic risks in automotive industry factories,
specifically in the car lead-acid battery manufacturing area. The main analyzed risk is fire
risk. The battery manufacturing process is described and analyzed from this perspective,
and the hazard areas are identified. The investigation methodology uses case studies for
different lead-acid battery formation processes, combined with 3D simulations using the
PyroSim platform, and it is based on our practical experience in the battery manufacturing
field. The results of the case studies are compared using the same inputs but specific
process conditions, and conclusions are formulated. To avoid fires and mitigate the risk, a
series of actions are proposed in the discussion section. As a general conclusion, the current
research demonstrates that the complex and dynamic risks in the automotive industry,
associated with Industry 5.0 technologies, must be analyzed using combined methods,
both quantitative and qualitative, including 3D simulations.

Keywords: risk assessment; fire risk; battery manufacturing; automotive industry;
lead-acid batteries

1. Introduction

In our previous research and articles, we found that automotive industry companies
adopting digitization and technologies specific to the fourth and fifth industrial revolutions
face dynamic risks that are complex and difficult to control and mitigate [1,2]. After
analyzing and testing various risk assessment methods, we concluded that developing
a specific generic model for the automotive industry is essential, considering emerging
technologies. Organizations should combine qualitative and quantitative analysis methods
to discover and mitigate risks effectively [3]. Considering these aspects, this research aims
to carry out validation case studies on complex dynamic risks in automotive industry
companies, with the most relevant being fires in various phases of the manufacturing
process, which are unpredictable and impactful. We chose the manufacturing of lead-
acid batteries, considering the future market trend of these batteries and the industry’s
development towards efficiency and sustainability. Although in recent years, the main
focus of automotive battery manufacturing has been on lithium-based batteries and related
technologies such as LiFePO,4 and Nickel Cadmium, lead-acid technology batteries still
have and will continue to have a significant demand, reflected in the total number of
batteries produced worldwide, as shown in the statistics by GS Yuasa in Figure 1 [4].
Their reliability and proven track record make these batteries a necessity even for electric
vehicles. Their manufacturing is expected to improve to keep up with changing customer
expectations and the evolving regulatory landscape.
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Figure 1. Worldwide car battery demand forecast, 20232035, in million units [4].

The significant demand for lead-acid batteries is due to the continued manufacturing
of conventional cars with combustion engines until 2035 and possibly beyond. Additionally,
most hybrid and fully electric cars still use a lead-acid battery as an auxiliary battery for
backup and stationary consumption support, because these batteries are much cheaper,
electrically efficient, and more stable than lithium technologies. Even though the switch to
electric cars aims to reduce the carbon footprint and achieve zero emissions by 2035 [5], the
reality is that lithium-based batteries are currently more polluting and have a lower recy-
cling rate, which also involves higher costs. According to Romanian battery manufacturer
Rombeat’s official website, the recycling rate of lead from wasted batteries is about 99% [6],
and based on our experience, the overall recycling rate of all battery materials can reach
84%. The significant advantage of lead is that it can be infinitely recycled and reused with
minimal loss.

Within the current research, we aim to test the methodology proposed in our previous
studies and to apply a combined analysis model to a real automotive company that uses
a 360-degree battery manufacturing process, located in Romania. The manufacturer has
implemented automated processes with collaborative robots, IloT (Industrial Internet of
Things) processes, and monitoring and planning using SCADA (Supervisory Control and
Data Acquisition) and SAP ERP (Enterprise Resource Planning). Most of the production
is concentrated on lead-based batteries, but it also sells lithium-based batteries dedicated
solely to energy storage in small volumes at this time.

Lithium-based batteries are more often associated with fires, due to the “thermal
runaway” phenomenon that occurs during use (in the car or at the storage site) caused
by internal manufacturing defects or exploitation problems [7]. However, such incidents
are very rare at the production plant due to strictly supervised processes. The literature
provides several research studies and case studies on fire risk causes and mitigation
solutions, including fire extinction methods, as can be seen in articles [8-10] and others.
Compared with lithium batteries, lead-based batteries are much safer and more stable
during use because of the reduced possibility of generating a fire, as the battery itself
is smaller in size. However, we focused on lead-based technologies because there are
many manufacturers worldwide, and the risks are more associated with the manufacturing
process than with the product itself. Additionally, for sustainable development, the safety
of employees is critical.

2. Materials and Methods

At the beginning of the study, we created the research methodology based on best
practices specific to the field of engineering management (Figure 2).
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Figure 2. Research methodology.

The introduction is based on our previous research and experience in lead-acid battery
manufacturing. We decided to analyze fire risk using case studies and 3D simulations.
To provide a proper context, we first describe car lead-acid batteries and then present the
complete manufacturing process. Next, we identify and present the risk areas. These risks
are analyzed in the case studies by presenting the theoretical background for each specific
area, and 3D simulations are performed using PyroSim software to test the hypotheses
and demonstrate their effects. The simulation results are analyzed using graphs and
numerical data, forming the basis for pertinent conclusions and recommendations for
manufacturers in this field. The research instruments include case studies, Solid Works
Premium 2020 SP01 software for modeling some parts, PyroSim 3D fire simulation software,
and graphs and tables for comparative analyses. The most complex instrument is the
PyroSim software, version 2023.3.1312 X64, provided to the team through a six-month free
license by Thunderhead Engineering Software House, Manhattan, KS, USA. This software
offers a 3D interface, as shown in Figure 3, allowing users to model the desired areas
and objects and generate numeric results and graphs based on fire knowledge and user
inputs [11].

Objects can be modeled directly in the application or imported from other programs
such as Autodesk or SolidWorks. For this study, we modeled the production area to create
a realistic simulation. All the specific points, such as access doors, windows, vents, and
exhaust systems, were defined, along with input parameters like dimensions, airflow,
the materials involved, and burning areas. The burning areas were defined using the
software library and were represented in our research by polypropylene and a gas mix
of hydrogen and oxygen. Default parameters can be used or modified based on user
experience. Additionally, the simulation time, frame number, display mode, and other
parameters can be set. Depending on these settings, the simulation can take from a few
minutes to several hours, allowing for a detailed investigation of phenomena.
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3. Results

3.1. Lead-Acid Batteries and Manufacturing Process Description
3.1.1. Car Lead-Acid Batteries—Overview

Lead-acid batteries for cars are a type of battery that quickly charges and discharges,
providing energy for starting the engine and supporting consumption while the engine is
off. This is why they are called SLI batteries (Starting, Lighting, Ignition). These batteries
have a long history of about 150 years and were invented by Gaston Plante in 1859 [13,14].
Initially, they were developed to provide a nominal OCV (Open Circuit Voltage) of 6 volts.
However, after 1950, they switched to 12 volts due to higher consumption and engines that
required a higher power supply [15]. Modern batteries provide 12 volts and are built with
six individual cells. Each cell contains groups of positive and negative plates that provide
a nominal voltage of 2 volts and are connected in series, as shown in Figure 4. The most
basic parts are the positive and negative grids, made of lead and alloyed with different
materials according to the manufacturer’s specifications. These grids are produced using
various technologies such as punching, expanding, and continuous casting. A paste made
of lead oxide is applied to the grids to create positive plates, while metallic lead is used
for negative plates. The positive and negative plates are connected separately with a lead
strap called the Cast On Strap, which is cast into a mold with melted lead alloy, forming
the terminals on the sides. The plates are separated using different separators, such as
polyethylene bags or glass mat foil, depending on the battery technology. Inside the box
or separator, there is an electrolyte liquid containing approximately 35% sulfuric acid and
distilled water. The groups, known as element sets, are connected in series (positive plates
from one cell connected to negative plates from the next cell) and react with the electrolyte
to generate lead sulfate and electrons, providing the energy needed for the car. For proper
battery operation, other components not mentioned in Figure 4 include the polypropylene
battery box, lid, plugs, handle, positive and negative terminals, terminal protection and
covers, and specific labels for recycling, safety, and battery parameters.
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Figure 4. Lead-acid battery construction [16].

The main parameters of the battery are as follows:

e  OCV—(Open Circuit Voltage);

e Battery Capacity—defined as the amount of energy provided over a specific time
period [17]. This is rated at 20 h (Cpp) and measured in ampere-hours (Ah), according
to ISO EN 50342 standards [18]. The battery’s capacity is linked to the quantity of
active mass applied to the plates and is determined by the manufacturer during the
development phase;

e CCA (Cold Cranking Amps)—defined as the maximum amount of current that the
battery can provide at a temperature of —18 °C for 30 s [19]. The starting current is
linked to the active surface area that reacts during the electrochemical process. This
theoretically means that the more plates a battery contains, the higher its CCA value.

The dimensions of the batteries (length, height, width, terminal positions, etc.) and the
requirements for testing the parameters are specified in the ISO EN 50342 standards. These
standards also define the current technologies, including the Standard Flooded battery,
and other technologies such as EFB (Enhanced Flooded Battery [20]), which has almost the
same construction as the Flooded battery but is enhanced to withstand higher numbers
of charging and discharging cycles; EFB + C; and VRLA (Valve-Regulated Lead-Acid
battery [20]), which can use AGM (Absorbent Glass Mat [21]) technology or GEL (where
the electrolyte is not liquid but a gel). EFB and VRLA batteries are dedicated to cars with a
Start and Stop System.

3.1.2. Manufacturing Process Description

To better understand the risks, Figure 5 presents the manufacturing process of lead-
acid batteries. The process starts with lead preparation, using either pure lead (99.998% Pb)
or lead alloy, depending on the process. The lead bars are melted and transformed into
strips or grids using various methods (continuous casting, punching, expanding, etc.). The
melted lead is also shaped into molds to create cylinders, which are then introduced into a
mill. Through continuous rotation and friction, a thin dust called lead oxide is obtained.

Next, the lead oxide is mixed with electrolyte, distilled water, and other elements to
create the positive and negative paste. Using pasting machines, the paste is applied to
the grid strips, pressed, and dried with special paper to ensure optimal adherence. The
plates are cut from the strips, stacked on special pallets, and prepared for the next step:
plate formation. The plates are placed in automatic chambers with climate and humidity
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control for several hours, as prescribed. The plates are then stored, awaiting stacking,
enveloping (only the positive plates), and the preparation of plate groups. A robot takes
the groups, stores them in a buffer, and transfers them into molds, where connection strips
are built using melted lead. Another robot extracts the groups, places them into battery
boxes, and performs an electrical test to detect possible short circuits. If the battery passes
the test, it proceeds to group welding (creating series connections). Another electrical
test is conducted to detect internal defects. The lid and box are fitted using a thermal
welding process, and the terminals are built using an oxy-acetylene flame and molds.
To ensure proper welding, a leakage test is performed. The batteries are then weighed,
and manufacturing codes are engraved on the lid. Finally, an industrial robot stacks the
batteries on pallets and transfers them to the warehouse, awaiting the next phases.
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Figure 5. Lead-acid battery manufacturing process.

Based on the orders, the semi-finished batteries are transferred to the finishing line,
where they are filled with electrolyte, connected in series, and introduced into the formation
process (charging process). The charging time depends on the formation technology used,
the battery type, and the battery capacity. The charged batteries then go through the
washing step, electrical tests to detect any defects, manufacturing code engraving, and
labeling according to customer requirements. Terminal protections are fitted, and a robot
places the batteries on pallets. The pallets are wrapped, labeled, registered into the ERP,
and transferred to the warehouse, awaiting delivery.

3.2. Case Studies for the Fire Risk Areas

In Figure 5, the areas where fire risks can occur are highlighted in orange/red, specifi-
cally during the lead oxide manufacturing process and the formation step. According to
previous experience, the formation process presents the highest fire risk. In the lead-acid
battery industry, three types of formation processes are used:

e  Formation in open air, on shelves—the most basic and least efficient type;
e  Formation in tank cells with water cooling;
e  Formation with electrolyte recirculation—the most advanced one.

These three formation processes are the most common worldwide in lead-acid battery
manufacturing. Based on industrial experience within a real-world battery factory in
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Romania, it is inferred that fire risk is one of the most significant cause of disasters, when
compared with other process and product risks (e.g., worker safety or logistical errors).
The root causes of the fire may seem to be in common, but due to process specificity,
they will be treated separately.
The generic root causes of fires during formation are as follows:

Internal battery defect;

Electrolyte filling problems;

Empty battery or empty battery cells due to formation process problems;
Foaming on the cooling water surface;

Cooling water level problems;

Electrolyte recirculation system problems;

Cables or connection worn or wrongly connected.

Usually, these are automated processes controlled by computerized systems, and
operators only need to supervise the parameters without being physically present in the
workplace.

There is another risk area in the complementary processes—the air aspiration area
(exhaust system). Occasionally, and under extraordinary conditions, the filters can burn,
but the effects are less significant. The risks are analyzed in detail below, and the important
ones are simulated using PyroSim.

3.2.1. Fire Risks in the Battery Formation Process—In Open Air, on Shelves

As the name suggests, the batteries are placed on metal shelves, connected with cables
for electricity transfer, and cooled solely by airflow, as shown in the 3D model in Figure 6.

Figure 6. A 3D model of formation on shelves in open air using PyroSim.

This process is the slowest, and due to high temperatures, various complications can
occur. The cooling method can cause the temperature to rise quickly, leading to fires if
there are any process problems, especially in the summertime when outside temperatures
are also high. For example, if one of the batteries has electrolyte level problems (a lack or
low level) due to the filling process or other causes, the temperature in the problematic cell
will rise significantly due to the applied electrical current. The plates come into contact due
to grid growth and separator wear, generating short circuits. The battery box and lid will
slowly melt and eventually burn. If the fire is not quickly detected, it will spread to other
batteries through the air or connection cables, as shown in Figure 7.

An internal battery defect due to manufacturing processes, such as short circuits or
interruption problems, can cause sparks, local heating, water loss, and gas release, resulting
in the same effects as described above. Moreover, because the gases generated during the
formation process are oxygen and hydrogen, any spark or fire can cause the battery to

105



Processes 2025, 13, 837

explode, increasing the fire’s intensity and propagation. This can cause significant trouble
and injuries to firefighters, as the hot and corrosive electrolyte is splashed around the area.
The smoke is also dangerous for workers and firefighters.

Figure 7. Fire simulation for formation on the shelves in open air using PyroSim.

3.2.2. Fire Risks in the Battery Formation Process—Formation in Tanks with Water Cooling

The batteries are placed in special tanks made of stainless steel or plastic base materials.
They are connected to each other and to the chargers with cables (series connection) and
continuously cooled with water, as shown in the 3D model created in PyroSim (Figure 8).

Figure 8. A 3D model of formation in tanks cooled with water, using PyroSim.

Water pumps are used to continuously recirculate the water. These pumps are
computer-controlled using information from the PLC, level sensors, and temperature
sensors. The water is supplied from the municipal network or the internal neutralization
station. While this process ensures good cooling and involves water, making it theoretically
safer from a fire risk perspective, problems can still occur. If the cooling process fails, the
water level is inadequate, or the batteries have internal defects or level issues as previously
described, a fire can still occur, as shown in Figure 9.

Additionally, in this process, the “foaming phenomenon” can occur on the water’s
surface, causing electrical contact between the positive and negative battery terminals
through the foam, leading to lids melting or burning, fire, and even explosions. Other
problems can arise after the formation process, during battery resting (e.g., on weekends),
with or without the water drained from the tanks. If one or more batteries have internal
defects (usually a short circuit), especially if the tanks are made of plastic, fires can occur.
Similar to the previous case, the plastic materials used in battery construction can cause
the fire to escalate quickly, leading to explosions and splashing, which are dangerous for
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operators and firefighters. Usually, the fire is isolated to one formation tank, but without a
proper response, it can spread to others. The smoke is also hazardous.

Figure 9. Fire simulation in the case of formation in tanks, using PyroSim.

3.2.3. Fire Risks in the Battery Formation Process—Formation with Electrolyte
Recirculation

This is the most advanced formation process today, but it is also the most challenging
from a fire safety perspective. The batteries are placed in modules integrated into the
formation cell, as shown in Figure 10. They are connected with cables for electricity and
hoses to the acid recirculation system. The electrolyte is continuously recirculated using
special pumps and a tank to ensure cooling and cleanliness.
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Figure 10. A 3D model of formation with electrolyte recirculation, using PyroSim.

Most of the components of the formation modules are made of plastic and rubber
because they need to resist the corrosive effect of the electrolyte. Unfortunately, this also
facilitates the propagation of fire. If there are batteries with electrolyte level problems,
including issues caused by the recirculation system (such as clogged hoses), excessive
heating can occur, causing the battery lid to ignite. The fire spreads rapidly due to the
connecting hoses, which conduct it to the top of the module and the rest of the batteries, as
shown in Figure 11.

Due to the various plastic-based materials used in the modules’” construction, fires
can spread quickly. If not detected urgently, the consequences can be disastrous, which
is why every manufacturer using this technology takes precautions. Moreover, when the
connection hoses burn and melt, a large amount of electrolyte leaks and splashes onto

107



Processes 2025, 13, 837

the floor and factory. Similar to the other two processes, explosions can occur, but in this
case, the electrolyte splashing can make the firefighters” work harder. The smoke is also
dangerous for the workers.

Figure 11. Fire simulation in the case of formation with electrolyte recirculation, using PyroSim.

3.2.4. Fire Risks in the Lead Oxide Manufacturing Process

Depending on the type of lead oxide desired, various methods are available. The
process usually involves a rotary mill loaded with lead cylinders or slices. The lead parts are
introduced into a spinning metal drum, and due to the friction between them, a thin dust of
oxide is generated. This dust is then aspirated into tanks based on the airflow introduced
from outside. The airflow, containing oxygen and water, plays a role in the superficial
oxidation of the lead. If rough lead particles with a lower oxidation grade are generated
and aspirated by the airflow, an exothermic reaction can occur due to the humidity and air,
causing the filters to burn. This is specific to mills with low-grade oxidation processes. The
fire remains inside the mill, typically damaging only the filters and lead oxide, and usually
does not spread outside. Modern mills use an automated and controlled process of water
supply and oxygenation that theoretically prevents fires, though small, localized fires can
still occur. Because this risk is considered very low and the effects are not significant, only
causing material damage, we decided not to treat it the same way as the other three cases
above and not to perform a 3D simulation. We applied the same reasoning to the next risk
as well.

3.2.5. Fire Risks in the Auxiliary Processes

Separate from the manufacturing processes, there are also places with fire risks. These
are linked to auxiliary processes, one of which is the vent system that eliminates and filters
the polluted air from the factory, especially from the lead oxide manufacturing area, pasting
area, and assembly area. Special textile bags are used, which can generate a fire under
certain conditions, such as when low-oxidized lead oxide dust accumulates, humidity is
present, or small parts of the pasting paper are aspirated from the process. This can cause
local fires and filter burning. The filters are located outside on the roof of the factory, and
theoretically, the fire effects are reduced and limited to air quality and system efficiency.

3.2.6. Fire Risks in the Recycling Process

The recycling process is quite safe from a fire perspective because there are strict
regulations and supervised processes. Scrap batteries (out of use) are collected from the
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market by authorized distributors. The batteries are stored in dedicated containers that
prevent leakage, usually made of plastic-based materials. Transport from dealers to the
recycling factory is performed according to legislation and only by companies that hold
environmental licenses. Only trucks equipped with ADR (Agreement concerning the
International Carriage of Dangerous Goods by Road) certification are allowed to carry
the scrap batteries. The route of the truck must be declared to the authorities and strictly
followed. Because most of the scrap batteries are discharged or deeply discharged, the
voltage and current values are low, resulting in a very low risk of fire during storage
or transport. According to our experience (more than 10 years), no incidents have been
reported in Romania directly linked to batteries as the root cause. As a precaution, to
prevent any short circuits or possible fires, new batteries that are fully charged must have
terminal protections (made of plastic), should be stacked in a vertical position to prevent
leakage, and properly wrapped.

As we mentioned, the batteries have an 85% recycling rate for the materials they are
made of, and specifically, the lead can be recovered at a rate of up to 99%. At the recycling
unit, the batteries are processed to give new life to future batteries, as shown in Figure 12.

*From shops *Crush the batteries
and dealers eSeparate the
materials
e Melt the lead

Collecting
used
batteries

Recycling

New Reusin A
batteris g
oL ead refi tand
¢ Alloy lead acha)y refinement an
ePlastic beads ePlastic reusing /
recycling
eSulphuric acid

neuralized or valued

.

The first step is unloading the batteries from the truck directly into a large collector.

Figure 12. Battery recycling process [9].

To prevent any fire risks, continuous watering is implemented. Using a conveyor belt, the
batteries are transported to a mill that crushes them. There is a risk of fire if lithium- or
nickel metal-based batteries arrive at the mill, because they can explode and catch fire. The
damage could cause a prolonged production breakdown and high repair costs. The easiest
and cheapest way to prevent this is to collect the batteries very carefully and strictly. To
ensure this, the collectors are trained, and handbooks can be prepared for them. For some
batteries, metal detectors installed on the conveyor might be sufficient for detection, but
they are not 100% effective. We suggest implementing a robust action plan that involves
Al technologies to detect battery types. Cameras can be used to detect labels and battery
shapes, and X-ray detectors can also be employed. The solutions must be adapted to the
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company’s budget because complex ones, such as those involving X-rays, can cost over
1 million Euros.

The materials are separated by the mill and transported separately using special
conveyors to the next steps. The lead parts (plates, terminals, etc.) are transferred to a
rotary furnace that melts them at 1100 °C. The lead is then refined to achieve 99.98% purity
and used to create alloys such as lead—calcium and lead—antimony. The casting machine
creates ingots of these materials, which will be used to manufacture new batteries.

At this step, fires can occur if water meets the hot melted material. This will react
and may even cause explosions. To avoid this, the process should be supervised, and any
unauthorized actions should be prevented. The box and lid of the battery are ground, and
the resulting material is reused in other battery parts or sold for use in other industries.
Sulfuric acid is neutralized or repurposed in other industrial fields. To avoid any operator
injuries, the processes that involve crushing and hot materials, such as melting and casting,
are automated. For other processes, the operators are properly equipped with PPE (personal
protective equipment) like dedicated visors, gloves, aprons, etc.

4. Discussion
4.1. Discussions of the Case Studies

Based on a theoretical analysis and validation case studies, the most hazardous for-
mation process used in the company, from a fire perspective, is formation with electrolyte
recirculation. This is also confirmed by the 3D simulations. The comparative analysis starts
with the input data and conditions used for the three simulations:

The same surface of the manufacturing area: 26,000 x 6200 x 4000 mm3 (L x W x H);
The same type of batteries: Heavy Duty batteries, C type (M16);

The same battery box and lid materials: polypropylene;

The same simulation end time: 60 s;

The same ramp-up time on the burning area: t2 =20 s;

The same Heat Release Rate Per Area: 1000 kW /m?;

The same maximum air debit of the exhaust system: 15 m3/h;

The same geometry of the vents: circular with a radius of 200 mm;

The same position of the vent;

The same positions and dimensions of the access doors—important for the air flow.

In all scenarios, the building is equipped with exhaust systems, and the ambient
temperature is not taken into account, as the only process that can involve higher ambient
temperatures is formation on shelves. Other parameters, such as humidity, influence only
the lead-oxide process and auxiliary processes where they can truly cause problems—see
Sections 3.2.4 and 3.2.5. Humidity is problematic for lithium-based batteries, but in the
case of lead-acid batteries, it does not have a significant effect on fire hazard. We chose the
parameters to provide proper results that can be adequately compared and to ensure that
the simulations can be performed in a reasonable time. The time needed can vary from
minutes to hours, depending on the inputs. Of course, there are also differences based on
the process specificity, such as the following;:

e  Cooling type: with air (natural flow)/with recirculated water (in tanks)/with recircu-
lated electrolyte;

e  Burning surface: complete battery and neighbors/the part of the battery from the
water surface/the battery, the neighbors, the connection hoses, and the formation
module;

e  The position, the arrangement of batteries, and their number in the production area.
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However, the process conditions are specific to each formation process. Due to this
specificity, there can be a larger or a smaller burning area, the materials around the batteries
are more or less flammable, the amount of the batteries could be different, etc. For example,
in the case of tanks cooled with water, the fire cannot go under the water and will arrive in
a longer time to the neighbor batteries, but in the case of the other two formation processes
the batteries are on shelves, without any water around, and more batteries stay together,
thus heightening the risks, etc.

For a clear overview of the 3D simulation results using PyroSim, we decided to
perform an analysis using graphs and diagrams, as seen in Figures 13 and 15-17, and
numerically in Table 1. As shown in Figure 13a—c, the Heat Release Rate resulting from
the burning process varies between these three types of processes. The most hazardous is
formation with electrolyte recirculation (almost 2000 kW), while the least problematic is
formation in tanks cooled with water (almost 400 kW).

Table 1. Parameter values that resulted from PyroSim simulations [12].

Formation in Tanks Formation with

Parameter Formation on Shelves Cooled with Water Elt‘zctroly‘te
Recirculation
Maximum temperature 570 [°C] 420 [°C] 965 [°C]
Maximum air velocity 5.5 [m/s] 4.5 [m/s] 4 [m/s]
Soot visibility 29.18 [m] 28.82 [m] 28.71 [m]
Maximum HRR (Heat Release Rate) 1366 [KW] 373 [KW] 2000 [KW]
Maximum Q_radi (heat radiated) 2621 [KW] 1805 [KW] 4613 [KW]
Maximum Q_Conv (heat convection) 5.8 [KW] 2.95 [KW] 107 [KW]
Minimum Q_Conv (heat convection) —1667 [KW] —987 [KW] —1620 [KW]
Minimum Q_Cond (heat conducted) —1097 [KW] —703 [KW] —1160 [KW]
Q_Total (total heat) 2671 [KW] 1666 [KW] 4568 [KW]
MLR_air (Mass Loss Rate—Air) —14.4 [Kg/s] —15.83 [Kg/s] —10.25 [Kg/s]
MLRéﬂEﬂ‘;@’é‘iﬂ;%ﬁg Loss 2.88 [Kg /s] 151 [Kg/s] 4.63 [Kg/s]
Simulation time (until the whole 60 [s] 60 [s] 204 [3]

material is burned)

Moreover, the graphs show a quick increase in the HRR in the first 20 s and a stabi-
lization, with small variations around the maximum value, for the cases of formation in
tanks cooled with water and on shelves. However, in the case of formation with electrolyte
recirculation, there is a quick increase up to 20.4 s, when the maximum value is reached, and
the battery material is completely burned, leaving no lasting effects, as seen in Figure 14.

Another relevant graph represents the total quantity of heat released (Q_TOTAL)
during burning, as seen in Figure 15. All three graphs show a very quick increase in the
parameter in the first 5 s, followed by a decrease with small variations until the end of the
simulation. In this case, the formation with electrolyte recirculation has the highest value
(4500 kW)—almost double compared with the one on shelves and almost triple compared
with the one in tanks cooled with water. Similar to the HRR case, the process stops at
20 s and about 1500 kW. The other two processes have smaller values at the end, around
200-300 kW.
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Figure 13. HRR (Heat Release Rate) graphs resulting from PyroSim simulation: (a) formation
on shelves, in open air; (b) formation in tanks cooled with water; (c) formation with electrolyte
recirculation.
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Figure 14. Simulation end time for formation with acid recirculation.

112



Processes 2025, 13, 837

(kW)

Q_TOTAL Q_TOTAL
30000 18000
16000
25000
14000
20000 12000
1000,0
15000 —
g 800,0
10000
600,0
5000 4000
2000
00
ojo 10,00 20,00 30,00 40,00 50,00 60,00 00 - + n i n
ojo 10,00 20,00 30,00 40,00 50,00
-500,0 -2000
(s) (s)
(a) (b)
Q_TOTAL
50000
45000
40000
35000
30000
g 25000

20000

15000

10000

5000

00

ojo 5,00 10,00 15,00 20,00 2500

-500.0
(s)

(c)

Figure 15. Q_TOTAL graphs resulting from PyroSim simulation: (a) formation on shelves in open air;
(b) formation in tanks cooled with water; (c) formation with electrolyte recirculation.

In the graphs from Figure 16, the Mass Loss Rate (MLR) of the battery material selected
as combustible (polypropylene) is analyzed. This presents the amount of material burned
per second. As shown, in the case of formation on shelves (a) and in tanks cooled with
water (b), there is a loss of material in the first 15 s, followed by a linear loss until the end of
the simulation. However, for the formation with recirculation, there is a continuous mass
loss that suddenly ends at 20 s because the entire material is burned. The lost mass value
differs for all three processes, with that of formation with electrolyte recirculation being
three times greater than that of formation on shelves and almost double that of formation
in tanks cooled with water.

The amount of material burned per second indicates how quickly the batteries and
surrounding materials will ignite. This helps stakeholders understand the potential speed
and devastation of the fire’s spread. It is also crucial for determining response times and
intervention strategies.
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Figure 16. Mass Loss Rate resulted from PyroSim simulation: (a) formation on shelves in open air;
(b) formation in tanks cooled with water; (c) formation with electrolyte recirculation.

The last analyzed parameter is MLR_AIR (Mass Loss Rate for Air), based on the
graphs from Figure 17. This represents the volume of air from the manufacturing building
that is lost per second due to the burning process, which is why the values in the graphs are
negative. As shown in the case of formation on shelves (a) and in tanks cooled with water
(b), there is a quick air mass loss in the first 20 s, followed by an almost linear loss around
—12 to —14 kg/s until the end of the simulation. In the case of formation with electrolyte
recirculation, there is a linear air loss that stops at 20 s, similar to the other parameters
monitored. The mass loss at the end of the simulation is almost the same for all three types
of formation, about —10 kg/s, with the difference being smaller than in the other cases.
The Mass Loss Rate has two components: the materials involved in the burning process
and the air. The amount of the material that is burned per second shows how quickly the
batteries and materials around will burn. This will help the stakeholders understand how
quickly the fire can expand and how devastating it can be. Also, this is very important for
response time and intervention. Air loss is important for the risk of harm to operators and
the propagation of dangerous gases resulting from the burning.
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Figure 17. MLR—AIir (Mass Loss Rate—Air) graphs resulting from PyroSim simulation: (a) formation
on shelves in open air; (b) formation in tanks cooled with water; (c) formation with electrolyte

recirculation.

PyroSim software provides several graphs at the end of the simulation regarding the
pressure values at different workspace points, as well as other heat and material losses. The
minimum and maximum values of these parameters, along with other important values,
are presented in Table 1.

The inferences based on the graph analyses from Figures 12 and 14-16 are confirmed
by the data from Table 1. The battery formation process with electrolyte recirculation is the
most hazardous from a fire perspective, followed by formation on shelves with air cooling.

4.2. Discussions of Fire Safety Regulations

In Romania, fire safety legislation is primarily governed by Law No. 307/2006. This
law sets the legal framework for preventing and managing fires, including measures and
obligations for building owners, business administrators, and other entities. Other laws
include Law No. 481/2004 on Civil Protection and Emergency Ordinance No. 21/2004. As
can be seen, the regulation has not been updated over time, but the processes have become
more and more complex.

The international standards regarding fire safety include the EN 54 series [22-25], ISO
45001 [26] (not directly linked), and the previous OHSAS 18001 [27] (not directly linked).
The EN 54 series is a comprehensive set of European standards that cover various aspects of
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fire detection and fire alarm systems, such as control and indicating equipment, fire alarm
devices, power supply equipment, heat detectors, smoke detectors, manual call points,
voice alarm systems, and visual alarm devices.

According to these laws and standards, companies have to adopt preventive actions
such as the following:

e  Performing periodic training for all employees, based on working procedures and
safety regulations;

Conducting practical exercises with employees;

Designing evacuation plans and making them available in all rooms;

Installing emergency lighting;

Installing manual triggers and alarm systems

Installing fire and smoke detection systems, depending on the company type and size;
Installing fire extinguishers on all floors and in all production areas;

Installing vents for smoke control;

Installing automated fire-extinguishing systems (mandatory only for large companies);
Installing fire hydrants (mandatory only for large companies);

Having their own firefighting team (mandatory only for large companies);

Hiring dedicated and qualified employees in charge of fire safety.

5. Conclusions

Risk assessment in automated processes within automotive companies involves facing
dynamic risks, as we presented in the current research focused on analyzing fire risks.
This study addresses fire risks in lead-acid battery factories by using case studies and
simulations to identify hazardous areas and analyze the main causes, effects, and outcomes.
Fire risk is one of the most hazardous risks because its effects can be catastrophic, involving
material loss, human injuries or deaths, and even company bankruptcy in extreme cases, if
the company lacks appropriate resilience plans.

Avoiding fires in lead-acid battery manufacturing is challenging, and the fires are also
difficult to control if they are not quickly detected in the initial phase. The regulations
provide a generic set of rules, but to ensure proper fire safety, companies should identify
specific risks as accurately as possible and adopt appropriate actions. Therefore, our
recommendations for companies wishing to adopt efficient preventive actions include the
following:

e  Automated fire management systems;

e  Fire sensors for smoke detection in problematic areas—these sensors send a signal to
the fire management system and trigger an alarm at the fire station;

e  Thermal detection cameras connected to the fire management system—these issue an
alert when maximum temperature values are exceeded and are useful for formation
with electrolyte recirculation;

e  Water temperature sensors—useful for formation in tanks cooled with water;

e Al systems for fire detection in the initial phase;

e  Automated fire-extinguishing systems mounted on the ceiling.

The cost may be a problem for smaller manufacturers, but when comparing these costs
with the costs of the resulting effects in case of a fire, such as manufacturing breakdown,
replacing the formation cells and annexes, the lack of delivery to car manufacturers, and
rebuilding the formation in extreme cases, the cost of automation will be lower. Moreover,
some basic solutions that are not very expensive can be adopted with a smaller budget,
such as temperature sensors, smoke detection sensors, and standard alarms.

This analysis is a comprehensive one, addressing qualitative issues through a safety
audit, followed by the evaluation and quantification of risks for the hazardous areas and
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the implementation of robust actions based on immersive 3D visualization studies. For
a proper analysis and risk mitigation, we recommend that companies use and combine
classical methods, both qualitative and quantitative, as listed in the ISO 31000 standard [28],
with complex and modern instruments such as 3D simulations and Al

The outputs, such as values, graphs, and videos with 3D simulations, are invaluable as
inputs for management review, process and product development, and other analyses. Top
management and other stakeholders can properly understand the risks and effects without
needing special knowledge, making them more oriented toward and open to supporting
the team in controlling and eliminating those risks. Using PyroSim or other 3D software,
the risk manager can easily present the evolution of the fire, the influence of the involved
factors and materials, the time of escalation, the losses, the resulting polluting gases, the
visibility of the manufacturing area, the airflow, etc.

The authors’ recommendations regarding hazard identification and mitigation can
apply to any kind of automotive company, including lithium-based battery manufacturers.
Lithium-based batteries use very different technologies compared to lead-acid batteries.
The manufacturing process, chemical technology, and cell types are different in lithium
batteries. The most hazardous risk in lithium-based batteries is the thermal runaway
phenomenon, and the problem is that containment is not as easy as with lead batteries. In
this case, automated water systems are not suitable, because water can cause short circuits
and other problems. However, our recommendations regarding fire detection in the initial
phases can be successfully applied to lithium batteries as well.

Lithium batteries use complex technologies, some of which are more stable than others.
For example, LiFePO4 cells are much safer from the perspective of thermal runaway risk
than NMC batteries (Lithium Nickel Manganese Cobalt Oxide). In the future, we will
consider expanding our research scope to encompass this area further.

The methodology presented is oriented towards the technical benefits of improving
the fire risk assessment process, but consideration should be given also to the economic
aspects that can influence investment decisions based on cost-benefit considerations. For
the three types of formation presented, the mitigation of risk should include costs for the
following: smoke detectors, thermal tracking cameras, fire suppression systems, personal
protective equipment, smoke ventilation systems, fire extinguishers, chemical spill sensors,
infrastructure upgrades (e.g., emergency showers, diversion channels), personnel training
and drills, the overhauling of safety procedures, simulation and data analytics software,
Al solutions, etc. For one production unit, the costs estimated by the company are ca. 1.5
million Euros over a period of 2 years, with 100,000 Euros/year operational costs for an
active life of 10 years. However, the benefits of continued production and facility uptime,
and avoiding medical and insurance costs for injured personnel, are estimated to be at least
five times that value during the same period.

A cursory sensitivity analysis was conducted, using a modified correlation matrix
combined with a risk analysis protocol, using Qualica QFD software, version 2.5. The most
important input and output parameters of the simulations have been considered, ensuring
their robustness and continued relevance (Figure 18). Based on industrial experience and
the simulation findings, the analysis revealed that the most important inputs are related to
material composition and surface features (summing ca. 60%) that influence the potential
fire, while the most relevant outputs are related to the maximum temperature and the Heat
Release Rate from the incident (also summing ca. 60%).

The second analysis, considering scores for impact, sensitivity and mitigability on
decimal scales, classifies all the output parameters as being critical ones, which require
intervention plans and the stabilization of inputs through environment control on tem-
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perature and humidity and material composition control through chemical and physical
analysis of the raw materials.
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Figure 18. Sensitivity analysis carried out for input-output relationships using correlation (above)
and risk influences (below).

We conclude that the approach presented in this paper is feasible because, by applying
this methodology, we conducted a complex analysis of the risks in battery manufacturing
companies. In this way, one can understand not only the causes but also their effects
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very well and offer recommendations to other similar companies. The risk hierarchization
is much more accurate compared to current practices, and the mitigation actions are
more efficient.

Author Contributions: Conceptualization, M.D.; Methodology, M.D.; Software, D.D.; Validation,
A.Z.; Formal analysis, A.Z.; Investigation, A.Z.; Data curation, D.D.; Writing—original draft, A.Z.,
M.D. and D.D.; Writing—review & editing, A.Z., M.D. and D.D.; Supervision, M.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors would like to thank Thunderhead Engineering Consultants, Inc. for
generously providing access to the PyroSim software for research purposes.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zinveli, A.; Tareq, S.; Popescu, S. Literature review concerning safety risk assessment in collaborative environments. In
Proceedings of the 22nd International Conference of Nonconventional Technologies, Bistrita, Romania, 16-18 November 2023.

2. Zinveli, A,; Dragomir, M. A case study in improving the safety of collaborative tasks in the automotive industry. In Proceedings
of the 22nd International Conference of Nonconventional Technologies, Bistrita, Romania, 16-18 November 2023.

3. Zinveli, A.; Dragomir, M. Risk assessment in collaborative tasks: A comparative analysis—Qualitative method and quantitative
method. In Advances in Manufacturing IV; Springer Nature: Cham, Switzerland, 2024; pp. 68-79. [CrossRef]

4. Yuasa Bullish on Future Global Auto Market for Lead Batteries, Batteries International Magazine. Available online: https:
/ /www.batteriesinternational.com /2024 /03 /21 /yuasa-bullish-on-future-global-auto-market-for-lead-batteries /# (accessed on
21 March 2024).

5. EU Ban on the Sale of New Petrol and Diesel Cars from 2035 Explained. Available online: https://www.europarl.europa.
eu/topics/en/article/20221019STO44572 / eu-ban-on-sale-of-new-petrol-and-diesel-cars-from-2035-explained (accessed on
25 March 2024).

6.  Recycling Process. Available online: https:/ /www.rombat.ro/en/company/rebat/ (accessed on 26 March 2024).

7. Feng, X.; Zhang, F,; Feng, J; Jin, C.; Wang, H.; Xu, C.; Ouyang, M. Propagation dynamics of the thermal runaway front in
large-scale lithium-ion batteries: Theoretical and experiment validation. Int. |. Heat Mass Transf. 2024, 225, 125393. [CrossRef]

8. Chen, M,; Liu, J.; He, Y,; Yuen, R.; Wang, J. Study of the fire hazards of lithium-ion batteries at different pressures. Appl. Therm.
Eng. 2017, 125, 1061-1074. [CrossRef]

9. Funk, E.; Flecknoe-Brown, K.W.; Wijesekere, T.; Husted, B.P.; Andres, B. Fire extinguishment tests of electric vehicles in an open
sided enclosure. Fire Saf. ]. 2023, 141, 103920. [CrossRef]

10. Hodges, J.L.; Salvi, U.; Kapahi, A. Design fire scenarios for hazard assessment of modern battery electric and internal combustion
engine passenger vehicles. Fire Saf. ]. 2024, 146, 104145. [CrossRef]

11. Thunderhead Egnineering. Faster FDS Modeling with Professional Results. Available online: https://www.thunderheadeng.
com/pyrosim (accessed on 10 April 2024).

12.  PyroSim Software by Thunderhead Engineering, version 2023.3.1312, X64. Available online: https:/ /support.thunderheadeng.
com/release-notes/pyrosim/2023/2023-3-1312/ (accessed on 10 January 2025).

13.  Buchmann, I. Can the Lead-Acid Battery Compete in Modern Times? Available online: https:/ /batteryuniversity.com/article/
can-the-lead-acid-battery-compete-in-modern-times (accessed on 15 April 2024).

14. Buchmann, I. BU-1501 Battery History. Available online: https:/ /batteryuniversity.com/article/bu-1501-battery-history (accessed
on 15 April 2024).

15. Continental Battery Systems, Car Battery Evolution—From Old-Tech to MIXTECH. Available online: https://www.
continentalbattery.com/blog/ car-battery-evolution-from-old-tech-to-mixtech (accessed on 15 April 2024).

16. Yakup, S.; Yildirim, E.; Cagatay, A.; Enes, D.; Emre, K. Lead Acid Batteries for Micro Hybrid Electrical Vehicles—Influence of

Different Type Expanders on the Performance of the negative plates. In Proceedings of the 5th International Anatolian Energy
Symposium, Karadeniz Technical University, Trabzon, Turkey, 2426 March 2021; Available online: https://www.researchgate.
net/publication /357673614 (accessed on 15 April 2024).

119



Processes 2025, 13, 837

17.

18.

19.

20.

21.

22.
23.

24.
25.
26.
27.

28.

Buchmann, I. BU-904: How to Measure Capacity. Available online: https://batteryuniversity.com/article/bu-904-how-to-
measure-capacity (accessed on 15 April 2024).

EN 50342-1:2015; Lead Acid Starter Batteries—Part 1: General Requirements and Test Methods. CENELEC: Brussels, Belgium,
2015.

Buchmann, I. BU-902a: How to Measure CCA. Available online: https://batteryuniversity.com/article /bu-902a-how-to-measure-
cca (accessed on 15 April 2024).

Buchmann, I. BU-1102: Abbreviations. Available online: https://batteryuniversity.com/article/bu-1102-abbreviations (accessed
on 15 April 2024).

EUROBAT. EUROBAT Battery Innovation Roadmap 2030 White Paper. Available online: https://www.eurobat.org/wp-content/
uploads/2022/03/EUROBAT_Battery_Innovation_Roadmap_2030_White_Paper.pdf (accessed on 15 April 2024).

EN 54-1:2021; Fire Detection and Fire Alarm Systems. Introduction. CENELEC: Brussels, Belgium, 2021.

EN 54-7:2001; Smoke Detectors. Point Detectors Using Scattered Light, Transmitted Light, or Ionization. CENELEC: Brussels,
Belgium, 2001.

EN 54-22:2015; Resettable Line-Type Heat Detectors. CENELEC: Brussels, Belgium, 2015.

EN 54-23:2010; Fire Alarm Devices. Visual Alarm Devices. CENELEC: Brussels, Belgium, 2010.

ISO 45001:2018; Occupational Health and Safety Management Systems—Requirements with Guidance for Use. International
Organization for Standardization: Geneva, Switzerland, 2018.

OHSAS 18001:2007; Occupational Health and Safety Management Systems—Requirements. British Standards Institution: London,
UK, 2007.

ISO 31000:2018; Risk Management—Guidelines. International Organization for Standardization: Geneva, Switzerland, 2018.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

120



processes ﬁw\p\py

Article

Toward Efficient Edge Detection: A Novel Optimization Method
Based on Integral Image Technology and Canny Edge Detection

Yanqin Li ! and Dehai Zhang -*

Mechanical and Electrical Engineering Institute, Zhengzhou University of Light Industry, Zhengzhou 450002,
China; yqli@zzuli.edu.cn

Henan Key Laboratory of Intelligent Manufacturing of Mechanical Equipment, Zhengzhou 450002, China

*  Correspondence: zhangdehai0318@163.com; Tel.: +86-187-6885-6978

Abstract: The traditional SIFT (Scale Invariant Feature Transform) registration algorithm
is highly regarded in the field of image processing due to its scale invariance, rotation
invariance, and robustness to noise. However, it faces challenges such as a large number of
feature points, high computational demand, and poor real-time performance when dealing
with large-scale images. A novel optimization method based on integral image technology
and canny edge detection is presented in this paper, aiming to maintain the core advan-
tages of the SIFT algorithm while reducing the complexity involved in image registration
computations, enhancing the efficiency of the algorithm for real-time image processing,
and better adaption to the needs of large-scale image handling. Firstly, Gaussian separation
techniques were used to simplify Gaussian filtering, followed by the application of inte-
gral image techniques to accelerate the construction of the entire pyramid. Additionally,
during the feature point detection phase, an innovative feature point filtering strategy
was introduced by combining Canny edge detection with dilation operations alongside
the traditional SIFT approach, aiming to reduce the number of feature points and thereby
lessen the computational load. The method proposed in this paper takes 0.0134 s for Image
type a, 0.0504 s for Image type b, and 0.0212 s for Image type c. In contrast, the traditional
method takes 0.1452 s for Image type a, 0.5276 s for Image type b, and 0.2717 s for Image
type ¢, resulting in reductions of 0.1318 s, 0.4772 s, and 0.2505 s, respectively. A series of
comparative experiments showed that the time taken to construct the Gaussian pyramid
using our proposed method was consistently lower than that required by the traditional
method, indicating greater efficiency and stability regardless of image size or type.

Keywords: SIFT algorithm; canny edge detection; image registration; Gaussian separation;
integral image

1. Introduction

In numerous fields, such as medical image processing, remote sensing technology,
pattern recognition, and defect detection, the crucial role of image registration technology
is increasingly evident [1-4]. It involves computing the transformation model between
different images to establish their corresponding geometric relationships, aligning the
overlapping parts. Existing image registration methods can be classified into two main
categories: intensity-based and feature-based methods [5,6]. Intensity-based image regis-
tration is renowned for its simplicity, intuitiveness, and computational efficiency, primarily
relying on the pixel intensity information of images for registration. However, it is less
effective when dealing with images with excessive noise or indistinct structures [7-9]. In
contrast, feature-based registration methods precisely extract key features in images, such
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as edges and corners, and combine similarity measures with various constraints to ascertain
the geometric transformation relationships between images. This leads to more accurate
image registration, effectively overcoming the limitations of intensity-based methods. It
demonstrates superior performance in complex scenarios with significant lighting changes
or the need for multisensory data analysis, as illustrated in ref. [10,11].

The development of feature-based matching algorithms has led to many classic meth-
ods. In 1988, the Harris algorithm proposed by Harris et al. emerged as a classic feature
point detection algorithm [12]. This algorithm extracts a moderate number of feature points
with low computational load, robustness to image rotation, and changes in viewing angle,
and has good noise resistance. However, it detects feature points at a single scale and lacks
scale invariance, making it unsuitable for applications with significant image scale varia-
tions. In 2004, Lowe introduced the Scale Invariant Feature Transform (SIFT) algorithm,
characterized by its ability to extract distinct features with scale invariance and robustness
to noise and other interferences, hence its widespread use in the field of image processing.
However, the SIFT algorithm generates a large number of feature points, requires extensive
computation, and has long processing times, consuming substantial system resources, and
resulting in poor real-time performance [13-15].

To address the issue of long computation time and poor real-time performance of
the SIFT algorithm, Ke et al. introduced the PCA-based SIFT (PCA-SIFT) algorithm in
the same year. Initially, for each image path, the gradient image vector is computed and
reduced to a lower-dimensional feature vector using Principal Component Analysis (PCA).
Based on the sub-pixel location, scale, and dominant orientation of keypoints provided
by the SIFT algorithm, a 41 x 41 image block is extracted from the image, rotated to a
canonical orientation, and projected onto the computed feature vector space to obtain a
smaller and more compact feature vector. The Euclidean distance between two feature
vectors is calculated to determine if they correspond to the same keypoint in different
images. Although PCA-SIFT excels in computational efficiency and reduced storage
requirements, it has some drawbacks. First, the PCA dimensionality reduction process, by
selecting principal components (main directions of variance) in data, reduces dimensions
but may overlook certain details and features, leading to information loss and affecting
the algorithm’s robustness. Second, PCA is sensitive to outliers, diminishing matching
performance in the presence of noise or anomalies. To better ensure uniform distribution
of features in terms of location and scale, and to enhance the stability and accuracy of
matching, Sedaghat et al. proposed the uniformly processed SIFT algorithm in 2011. The
core idea of this algorithm is a novel SIFT feature selection strategy based on uniform
distribution in location and scale, isolating feature quality through stability and uniqueness
constraints. Initially, SIFT features with good distribution characteristics are extracted
through the feature selection strategy. Then, a preliminary cross-matching process is
introduced, and consistency is checked using a projective transformation model. However,
the introduced uniform processing increases computational complexity in handling large-
scale image data, resulting in poor real-time performance. Additionally, the uniformly
processed SIFT algorithm is limited if the image has significant non-rigid deformations. In
2022, Yu et al. proposed a heterologous image matching algorithm based on an improved
SIFT algorithm. Firstly, during feature point detection, grids are set for each layer in the
scale space with weight coefficients, and a quadtree method is used in conjunction with the
image’s phase response intensity map to select uniformly distributed and stable feature
points. Secondly, descriptors are reconstructed, and standardized Euclidean distance
is used to measure feature descriptors, employing a bidirectional matching strategy for
coarse matching. Finally, the Random Sample Consensus (RANSAC) algorithm is used for
refinement. Due to the introduction of multi-level processing and the quadtree method, the
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algorithm’s computational complexity is relatively high, posing challenges for large-scale
image processing [16-19].

The above methods often involve global optimization techniques and many require
high-performance computing environments to achieve reasonable processing times. How-
ever, they face challenges such as a large number of feature points, high computational
demand, and poor real-time performance when dealing with large-scale images. A novel
optimization method based on integral image technology and canny edge detection pre-
sented by this paper, its goal aims to maintain the core advantages of the SIFT algorithm
while reducing the complexity involved in image registration computations, enhancing
the efficiency of the algorithm for real-time image processing, and better adapting it to the
needs of large-scale image handling. Firstly, Gaussian separation techniques were used
to simplify Gaussian filtering, followed by the application of integral image techniques to
accelerate the construction of the entire pyramid. Additionally, during the feature point
detection phase, an innovative feature point filtering strategy was introduced by combining
Canny edge detection with dilation operations alongside the traditional SIFT approach,
aiming to reduce the number of feature points and thereby lessen the computational load.
A series of comparative experiments showed that the time taken to construct the Gaussian
pyramid using the improved SIFT method was consistently lower than that required by the
traditional SIFT approach, indicating greater efficiency and stability regardless of image
size or type.

Section 2, titled “Related Work”, synthesizes existing literature and identifies gaps that
our research aims to address. Section 3, “Methodology”, details the theoretical framework
and procedural steps of our study. Section 4, “Experimental Evaluation”, presents the
results of our experiments and a thorough analysis. Finally, Section 5, which we have titled
“Conclusion”, summarizes our findings, discusses their implications, and suggests avenues
for future research.

2. Related Work

In order to simultaneously preserve the advantages of the SIFT algorithm, such as
scale invariance, rotational invariance, illumination invariance, rich feature descriptors,
high robustness, and resistance to noise interference, and to enhance the computational
efficiency of image registration, this paper effectively optimizes two key stages within the
SIFT algorithm, as shown in Figure 1.

(c) Improved SIFT Algos

Figure 1. Improved SIFT Algorithm.
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Initially, in the Gaussian pyramid construction phase, the separability of Gaussian
filtering and the characteristics of integral images were utilized to successfully accelerate
the construction of the Gaussian pyramid. This not only preserves the advantages of the
SIFT algorithm but also enhances computational efficiency, making the algorithm more
suitable for processing large-scale images. Subsequently, in the feature point detection
phase, the combination of Canny edge detection and dilation operations was employed
to filter feature points, effectively improving the accuracy and reliability of the feature
points. This not only enables the SIFT algorithm to more precisely locate feature points in
images but also reduces unnecessary redundant calculations, thereby further optimizing
computational efficiency.

Table 1 shows the differences between both methods.

Table 1. The differences between the traditional SIFT method and the improves SIFT method [20-24].

The Traditional SIFT Gaussian The Improved SIFT
Pyramid Construction Method Gaussian Pyramid
with Images of Different Sizes Construction Method

reduces the number of feature
points using Canny edge
detection and dilation,
maintaining robustness.

generates a large number of
feature points, robust but
computationally expensive

feature point
generation

simplified using Gaussian

tati Ily int i . :
computationally INtENSIve, separation techniques and

Gaussian pyramid involving multiple scales

construction accelerated with integral
and octaves. .
image technology
real-time struggles to achieve real-time significantly improved
performance performance, especially for real-time performance,

large-scale images

suitable for large-scale images

time efficiency

high computational demand,

reduced time for constructing
the Gaussian pyramid and

1 ing times. . .
ong processing times detecting feature points

high accuracy in feature point maintains high accuracy while

detecti di . .
acctracy election and rhage reducing computational load.
registration.
comparative consistently slower, especially ~ consistently faster, regardless
experiments for large images of image size or type

The proposed method, which combines SIFT with Canny edge detection and integral
image technology, addresses the challenges of the traditional SIFT algorithm by reducing
computational complexity and improving real-time performance. The use of Gaussian
separation techniques, integral image technology, and an innovative feature point filtering
strategy makes the method more efficient and suitable for large-scale image processing and
real-time applications.

3. Methodology
3.1. Improved Gaussian Pyramid Construction Based on SIFT

The SIFT algorithm is broadly divided into four steps: construction of the scale space,
keypoint detection, determination of the main orientation of feature points, and generation
of feature descriptors [25-27]. In the construction of the Difference in Gaussian (DOG) scale
space, the first step is to construct the Gaussian scale space. The Gaussian scale space of an
image can be obtained through convolution of the image with Gaussian kernels of varying
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scales. The convolution operation of a two-dimensional image I(x, y) with a convolution
kernel can be represented as follows:

L(x,y,0) = G(x,y,0) * I(x,y), 1)

where L(x,y, o) represents the Gaussian smoothed image at a specific scale ¢ in the Gaus-
sian pyramid, obtained by convolving the original image I(x,y) with a two-dimensional
Gaussian kernel. is the two-dimensional Gaussian kernel, and the two-dimensional Gaus-
sian distribution is defined as follows,

1 _ x2 +y2

e 202 , (2)

G(x,y,0) =

2702

where x and y denote the offset from the mean in each of the two dimensions and ¢ is the
standard deviation.

However, constructing the Gaussian pyramid often involves numerous convolution
operations, leading to high computational complexity. To enhance computational efficiency,
the construction of the Gaussian pyramid is accelerated by leveraging the separability of
Gaussian filtering and the properties of integral images. The Gaussian filtering is first
decomposed into horizontal and vertical directions, followed by the use of integral images
to expedite the convolution process.

3.1.1. Gaussian Separation

The one-dimensional Gaussian distribution is given as follows:

x2

G(x,0) = e 272, ®3)

2o

where x is the offset from the mean and ¢ is the standard deviation.

The definition of the one-dimensional Gaussian distribution is extended to two dimen-
sions, forming a two-dimensional Gaussian distribution. For simplicity, it is assumed that
the standard deviation is equal in both directions. (0 = 0y, = 7).

To separate variables from the two-dimensional Gaussian filter kernel, two one-
dimensional Gaussian distributions are introduced as follows:

%2

G(x,0) = ¢ 22
217HT 7£ 7 (4)
Gy, o) = Vare® 207

Representing the two-dimensional Gaussian distribution as the product of two one-
dimensional Gaussian distributions:

G(x,y,0) = G(x,0) - G(y,0), (5)

3.1.2. Accelerated Convolution of Integral Images

Convolution operation for 2D images with 2D Gaussian filter kernel:

ko k
Riey)= ), ) Glijo) I(x—iy—j), (6)

i=—kj=—k

where R(x,y) denotes the convolution result, G(i, j, ) denotes the value at position (i, j)
in the two-dimensional Gaussian kernel, I(x — i,y — j) denotes the value of the original
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image at position (x — i,y — j), i, j denotes the index within the Gaussian kernel, and k is
the radius of the Gaussian kernel determined based on ¢.
Now, first a one-dimensional convolution is performed in the horizontal direction,

«(ty o Z G(i,o) - I(t—1i,y), (7)
i=—k

where t denotes the index in the horizontal direction
Next, a one-dimensional convolution is performed in the vertical direction as follows:

x(y,x,0) = ZG], “Ry(x,y—17), (8)
j=—k

An integral image is the cumulative sum of the pixel values of a two-dimensional
image. Its definition is as follows:

x Y
Stry) =) Y 1)), ©)
i=0j=0
Recursion of the integral image:
For the first line (y = 0):
X
0) =) I(i0), (10)
i=0
For the first column (x = 0):
y .
0y) =) 100.)), (1)
j=0

For a general case of S(x, y), the calculation involves summing all the pixel values to
the left and above the current point, and then subtracting the part that was double-counted
in the upper-left corner. The formula is expressed as follows:

S(x,y) =S(x, y—1)+S(x—1,y)—S(x—1, y—1) + I(x, y), (12)

In the formula,S(x, y — 1) and S(x — 1, y) are the integral image values to the left
and above the current point, respectively. S(x — 1, ¥ — 1) is the integral image value of the
overlapping part in the upper-left corner, and I(x, y) is the pixel value of the current point.

Assuming that the sum of a rectangular area needs to be calculated, with the upper-left
corner coordinates as (A, B) and the lower-right corner coordinates as (C, D), then the sum
of this rectangular area can be calculated using the following formula:

Sum = S(C,D) — S(C,B—1) —S(A—1,D) + S(A—1,B—1), (13)

3.2. Based on the Traditional SIFT Algorithm Integrated with Canny Edge Detection

The SIFT algorithm detects feature points in images and extracts their descriptors,
enabling the identification of similar feature targets across different images. However, in
complex scenes, images may contain a large amount of detail and texture, leading to an
excessive number of feature points detected by SIFT, which can slow down the registration
process [28-30]. To enhance the performance of SIFT in registering images in complex
scenes, this paper utilizes Canny edge detection to extract edge information from images
and employs dilation operations. By reducing the number of feature points while ensuring
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registration accuracy, the speed of the algorithm is increased, and more stable image
registration is achieved in complex settings.

The Canny edge detection algorithm operates by locating the local maxima of image
gradients, using high and low thresholds to differentiate between strong and weak edges.
This approach effectively minimizes the effects of noise and ensures the detection of
genuine weak edges. The core process involves using an approximate Gaussian function
with fs = f(x,y) x G(x,y) for smoothing the image, followed by employing a directional
first-order derivative operator to pinpoint where the derivatives are maximized. After the
smoothing process, the image gradients f;(x,y) are approximated using a 2 x 2 first-order
finite difference formula, as detailed in Equation (14).

Pli,jl = (fsli,j+ 1) = fslijl + fsli+ 1,7+ 1) = fs[i+1,1) /2

Qlijl ~ (falisf] — foli + 1 J) + flij+ 1] — fili +1,j+1))/2n 7 (1%

By calculating the average of finite differences within a 2 x 2 square region, the partial
derivatives of the gradients in the x and y directions at the same point in the image are
obtained. The magnitude and angle of the gradient are then calculated by converting from
Cartesian coordinates to polar coordinates.

Ml ] = \/Pli, "+ Qli (15)
0[i,j] = arctan(Qli, j]/ P[i, j])

where M[i, j] represents the edge strength in the image. 0(i, j) denotes the orientation of
the edges. MJi, j] achieves a local maximum value at the direction angle 6(i, j), which
indicates the direction of the edge.

Next, the gradient magnitudes are subjected to Non-Maxima Suppression (NMS),
which extracts pixels that have the greatest gradient magnitude along their respective
gradient directions.

&i, ) = Sector(6]i, j])

NIi, ] = NMS(MJi, ], 2. /]) * (16)

where [i, j] calibrates the gradient direction, dividing it into four ranges based on the size
of the directional angle 6(i, j), which can be labeled as 0, 1, 2, or 3. Non-maxima suppression
is applied for each direction. If the gradient magnitude of a pixel’s neighboring pixels
along its gradient direction is greater than that of the pixel itself, the pixel’s value will be
set to zero.

Next, edge detection and connection are performed using a dual-threshold algorithm.
This process involves applying two different threshold values to the image.

T =271, (17)

where 1, determines the edges, while 1j tracks breaks in the edges. Pixels with gradient
magnitudes greater than 1, are definitively edges; those less than T; are definitively not
edges; for pixels with gradient magnitudes between 71 and 1, the decision to classify
them as edges depends on whether there are neighboring pixels with values exceeding the
higher threshold.

The process of integrating Canny edge detection with an improved traditional SIFT
algorithm is illustrated in Figure 2. Initially, an image is loaded, followed by the detection
of feature points using an algorithm that builds on the improved Gaussian pyramid
construction of SIFT. Subsequently, the loaded image is converted to grayscale, and Canny
edge detection is applied. The edges are then expanded through dilation operations. Finally,
only those SIFT feature points located within the white areas of the Canny edge detection
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results are retained, effectively filtering out feature points from other areas. These filtered
feature points are then plotted on the original image.

Start

Image

Based on the improved SIFT
algocliletg;,e geaﬂt];:ié’::}l:: L Gaussian Separation + Integral Image |‘_
construction of the Gaussian Accelerated Convolution
pyramid. I_ | N Iméie Grayscale N gaim);Edge
nversion etection

Number of Feature

Points: 929 Dilation

Only Retain Feature Points
in Dilated Areas

]

Number of Feature
Points: 662

Figure 2. Integration of Traditional SIFT Algorithm with Canny Edge Detection.

3.3. Image Alignment

Utilizing the improved SIFT algorithm, feature points of the original image, as well as
rotated or translated images, are identified. For each feature point, the gradient magnitude
and direction of its surrounding area are calculated. Then, based on the orientation and
scale of the feature point, its feature descriptor is computed. The Euclidean geometric
distance between two sets of feature descriptors is determined, as shown in Equation (18).

D(r,s) = D — Dy = é(Drm ~ Dy[i])? (18)

where r and s represent the feature points of the rotated or translated image and the original
image, respectively, while D, and D; represent the n-dimensional feature descriptors.

The two feature points with the smallest Euclidean geometric distance are selected,
and their distance ratio r is calculated, as shown in Equation (19).

r= ! <T, (19)
da

where d; and d; are the Euclidean distances of the feature point to its nearest and next
nearest neighbors, respectively, and T is the threshold. If the ratio r exceeds a specific
threshold T, it is identified as an incorrect match and filtered out. Conversely, if the ratio r
is less than the threshold T, it is deemed a correct match and retained.

The primary concept of the RANSAC algorithm is to obtain the optimal solution
through iterative computation [31]. In image registration, the RANSAC algorithm is used
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to determine the coordinates of matching point pairs between images, thereby establishing
the transformation relationship between the two images:

*

X ho h1 ]’lz X
y| =1 h3 hy hs | |y, (20)
1 he hy 1 1

In the equation, (x,y) and (x*,y*) represent the feature points extracted from the two
images, respectively. The steps of the algorithm are as follows:

1. Initialization of Matched Pair Set: Start by forming a set from the feature point pairs of
the two local images, labeled as N; then randomly select four matched pairs from N.

2. Random Sample Selection: Since at least four points are needed to estimate an affine
or perspective transformation, randomly choose four matched pairs from the set N.

3. Model Parameter Solution: Based on these four pairs of points, calculate the eight
unknown parameters in transformation Equation (20) to form a preliminary transfor-
mation matrix H.

4. Error Calculation for Other Samples in Set N: Calculate the error 7 for the other sample
points in the set using the preliminary transformation matrix H. Set a threshold T; if
the error 7 is less than or equal to T, these points are identified as inliers, i.e., correct
matches. Conversely, matches that do not meet this criterion are considered outliers.

5. Inlier Set Formation: Group the matched pairs with an error less than T into the inlier
set S and recalculate the transformation matrix H* using the least squares method
from Equation (20).

6. Iterative Optimization: Repeat the above process K times, retaining the transformation
matrix with the highest number of inliers from each iteration. This matrix is considered
the optimal spatial transformation model.

Use the RANSAC algorithm to further process the matched points after the first round
of filtering, removing mismatched points and ensuring that at least four remaining matched
points are available. With these four feature points, the transformation matrix between the
two images can be calculated. The transformation matrix, as specified in Equation (20),
uses affine transformation to map all pixels of the sampled image to the template image,
thereby achieving registration between the two images.

4. Experimental Evaluation

To validate the effectiveness of the algorithm, the experiment will be conducted on
a computer equipped with an Intel Core i5-10400F CPU, which is manufactured by Intel.
Intel is headquartered in Santa Clara, CA, USA. 16 GB of memory, and an NVIDIA GeForce
GTX 1660, which is manufactured by NVIDIA Corporation. NVIDIA is headquartered in
Santa Clara, CA, USA.

4.1. Experiment on the Efficiency of the Improved SIFT Gaussian Pyramid Construction

The purpose of the experiment is to compare the performance of the improved SIFT
Gaussian pyramid construction method with the traditional SIFT Gaussian pyramid con-
struction method. The main parameters affecting the efficiency of Gaussian pyramid
construction are o (sigma), levels, and image size.

In the OpenCV implementation of the SIFT algorithm, the parameters for o and levels
are typically fixed. According to the official documentation, the default setting for o is 1.6,
and each octave in the scale space usually contains three levels. Therefore, the experiments
adhere to this standard, setting o = 1.6 and levels = 3. Another significant parameter
that affects the efficiency of Gaussian pyramid construction is the image size. To further
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verify the effectiveness of the algorithm, experiments were conducted with three different
types and sizes of images: Image a (924 x 785 pixels), Image b (1405 x 1985 pixels), and
Image c (1252 x 976 pixels), as shown in Figure 3. To more comprehensively assess the
impact of image size on the efficiency of Gaussian pyramid construction, each type of
image underwent resizing operations at 0.3 times, 0.1 times, the original size 1 times, 1.5
times, and 1.7 times to generate datasets of various image sizes. This allows for a more
comprehensive comparison between the performance of the traditional SIFT method for
constructing Gaussian pyramids and the improved method under these varying image
sizes, as shown in Table 2.
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|
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Figure 3. Images of three different types and sizes. (a) Image a (924 x 785 pixels); (b) Image b
(1405 x 1985 pixels); (c) Image ¢ (1252 x 976 pixels).

Table 2. Performance of the Improved SIFT Gaussian Pyramid Construction Method and the Tradi-
tional SIFT Gaussian Pyramid Construction Method with Images of Different Sizes.

Time for the Improved SIFT Gaussian Time for the Traditional SIFT Gaussian
Image Image Pyramid Construction Method Pyramid Construction Method

Type Reso} u-tlo?) Size Average Average
pixe 1 2 3 Time (s) 1 2 3 Time (s)

277 x 235 0.0010 0.0010 0.0010 0.0010 0.0121 0.0127 0.0127 0.0125

462 x 392 0.0020 0.0020 0.0020 0.0020 0.0307 0.0301 0.0314 0.0307

a 924 x 785 0.0090 0.0099 0.0110 0.0100 0.1108 0.1099 0.1099 0.1102
1386 x 1177 0.0239 0.0239 0.0239 0.0239 0.2481 0.2559 0.2471 0.2504

1570 x 1334 0.0299 0.0309 0.0299 0.0302 0.3196 0.3186 0.3287 0.3223

Average Time for Image Type a 0.0134 Average Time for Image Type a 0.1452

421 x 595 0.0021 0.0023 0.0020 0.0021 0.0396 0.0379 0.0399 0.0391

702 x 992 0.0174 0.0160 0.0177 0.0170 0.1042 0.1029 0.1016 0.1029

1405 x 1985 0.0383 0.0374 0.0313 0.0357 0.4054 0.4116 0.4214 0.4128

b 2107 x 2977 0.0937 0.0937 0.0816 0.0897 0.9129 0.9247 0.9347 0.9241
2388 x 3374 0.1094 0.1038 0.1094 0.1075 1.1615 1.1656 1.1499 1.1593

Average Time for Image Type b 0.0504 Average Time for Image Type b 0.5276

375 x 292 0.0010 0.0011 0.0010 0.0010 0.0214 0.0213 0.0224 0.0217

626 x 488 0.0022 0.0022 0.0031 0.0025 0.0537 0.0534 0.0533 0.0535

c 1252 x 976 0.0284 0.0288 0.0293 0.0288 0.2070 0.2075 0.2091 0.2079
1878 x 1464 0.0312 0.0306 0.0327 0.0315 0.4668 0.4778 0.4733 0.4726

2128 x 1659 0.0402 0.0433 0.0424 0.0420 0.6038 0.6032 0.6013 0.6028

Average Time for Image Type c 0.0212 Average Time for Image Type c 0.2717

In the experiments with three different image types (a, b, c), based on Table 1 and
Figure 4, it was observed that the time taken to construct the Gaussian pyramid using the
improved SIFT method was generally lower than that of the traditional SIFT method. This
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indicates that the improved method is more efficient and stable regardless of image size or
type. The specific analysis is as follows:

1. Impact of Scaling Ratio: For both methods, as the scaling ratio increased from 0.3 times
to 1.7 times, the processing time also increased, reflecting the increased complexity
in building the Gaussian pyramid due to more pixels in enlarged images. However,
the growth in construction time for the Gaussian pyramid in large images was more
gradual with the improved SIFT method, demonstrating its efficiency in processing
large images.

2. Algorithm Adaptability and Stability: The improved SIFT method showed stable time
growth across different image types and scaling ratios, indicating the adaptability
and stability of the algorithm. In contrast, the traditional SIFT method had more
significant time increases with specific image types and higher scaling ratios.

3. Suitability for Application Scenarios: Due to its high efficiency and stability, the improved
SIFT method is particularly well-suited for scenarios requiring fast and efficient processing,
such as real-time image processing or in resource-limited environments.
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Figure 4. Performance of the improved SIFT Gaussian pyramid construction method and traditional
SIFT Gaussian pyramid construction with images of different sizes.

4.2. Experiment on Improved Keypoint Filtering Based on SIFT

The differences between the original sampled image and the registered image were
quantitatively assessed using pixel-level comparisons, Structural Similarity Index (SSIM),
Mean Squared Error (MSE), and histogram intersection indices. The total time taken from
feature point detection to completion of registration was recorded for both the traditional
SIFT method and the method combining traditional SIFT with Canny edge detection. These
times were used to evaluate the efficiency of these methods in image registration, with the
registration processes illustrated in Figures 5 and 6.
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Figure 6. Image registration using the SIFT algorithm combined with canny edge detection.

Pixel-level Comparison: This involves calculating the absolute pixel differences be-
tween the rotated image and the post-registration image. Lower pixel difference values
indicate better registration results.

F(Il,Iz) = |11 - 12|, (21)
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Structural Similarity Index (SSIM): SSIM is a metric that measures the visual similarity
between two images. The closer the SSIM value is to 1, the better the image registration
effect. The formula for SSIM is as follows:

(2pxpty + 1) (203 + c2)
(y,% +ug + cl) (U,% +0%+ cz)

SSIM(x, ) = ) (22)

where u, and 1, are the mean values of images x and y, respectively. 02 and a; are the
variances of images x and y, respectively. oy, is the covariance of x and y. c¢1 and ¢; are small
constants added to avoid division by zero, typically taken as ¢; = (k;L)? and ¢; = (k,L)?,
where L represents the dynamic range of the pixel values k; = 0.01 and kp = 0.03.

Mean Squared Error (MSE): MSE is a commonly used method for measuring the
difference between two images. The lower the MSE value, the better the registration effect.
The formula for MSE is as follows:

MSE(I, ) = 213 ) (i) — (i ) 23)

M=
1=

I

—
.

Il

=1

where M and N are the dimensions of the image, I (i, j) and (i, j) are the pixel values of
the two images at position (i, j).

Histogram Analysis: Histogram analysis typically involves comparing the histograms
of two images. The higher the similarity, the better the registration effect. Histogram
intersection is a common method for this analysis, and its calculation formula is as follows:

K
(H, Hy) = ) min(Fn (i), Ha(8)), (24)
i=1
where H; and H; are the histograms of the two images, and K is the number of bins in
the histogram.

Experiment 3.1 demonstrates that the improved SIFT Gaussian pyramid construction
method offers a significant speed advantage over the traditional SIFT algorithm. To
further illustrate the enhancements of the improved feature point selection based on SIFT
compared to the traditional SIFT algorithm, this experiment involved applying translation

and rotation transformations to image a, as shown in Figure 7.

Figure 7. Cont.

133



Processes 2025, 13,293

(d)

Figure 7. Displays a comparative illustration of image keypoints before and after filtering: (a) Number of

keypoints before filtering in image type a (3165). (b) Number of keypoints after filtering in image type a
(2480). (c) Number of keypoints before filtering in 15-degree rotated image (3685). (d) Number of keypoints
after filtering in 15-degree rotated image (2994). (e) Number of keypoints before filtering in the (15, 15)
translated image (3124). (f) Number of keypoints after filtering in the (15, 15) translated image (2429).

The analysis of Table 3, along with Figures 7-9, reveals that the feature point filtering
strategy employed in this study, which combines the SIFT algorithm with Canny edge
detection for processing image a (924 x 785 pixels), focuses on selecting the most representative
feature points while eliminating those that have a minimal impact on image registration.
This selection mechanism significantly reduces the total number of feature points, thereby
decreasing the data processing requirements for feature point matching and image registration
steps. Consequently, this approach effectively shortens the processing time from feature point
detection to image registration and enhances overall efficiency.
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Figure 8. Comparison of rotation parameters in images: (a) Comparison of registration time consumption
between the method in this paper and traditional methods. (b) Comparison of difference values between
this paper’s method and traditional methods. (c) Comparison of SSIM between this paper’s method and
traditional methods. (d) Comparison of histogram intersection index between this paper’s method and
traditional methods. (e) Comparison of MSE between this paper’s method and traditional methods.
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Table 3. Data comparison between improved keypoint selection based on SIFT and traditional

methods in rotation and translation.

Translation
Rotation Angle (°) 15 25 35 45 Distance (15, 15) (35, 35) (—15, —15) (—35, —35)
(mm)
Number of
keypoints after Image a 2994 2900 2957 3071 2429 2358 2382 2317
filtering
Number of
keypoints before Image a 3685 3604 3638 3689 3124 3031 3087 2974
filtering
Time from feature 1 1¢ method of 0.26 0.26 0.26 0.26 0.24 023 0.23 0.24
. - this paper
point detection to o
: R . Traditional
image registration 0.32 0.33 0.34 0.34 0.31 0.30 0.30 0.30
method
o Themethod of 5953 515 4800217 5569518 6,336,485 0 0 0 0
Pixel difference this paper
Traditional 4,000,647 4,762,046 5,671,722 6,241,591 10,853 23,716 0 0
method
The method of
SSIM this paper 0.99 0.99 0.98 0.97 1.0 1.0 1.00 1.00
Traditional 0.99 0.99 0.98 097 1.0 1.0 1.00 1.00
method
The method of
MSE this paper 30.62 34.11 37.07 39.50 0.0 0.0 0 0
Traditional 30.62 34.13 37.54 39.24 0.11 0.16 0 0
method
The method of 093 093 093 093 1.00 1.00 1.00 1.00
Index this paper
Traditional 0.93 0.93 0.93 0.93 1.00 1.00 1.00 1.00
method
— —4—The method of this paper _
—#— Traditional method . L5
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Figure 9. Translation image parameter comparison: (a) Registration time consumption comparison

between this paper’s method and traditional methods. (b) Difference value comparison between this

paper’s method and traditional methods. (¢) SSIM comparison between this paper’s method and

traditional methods. (d) Histogram intersection index comparison between this paper’s method and

traditional methods. (e) MSE comparison between this paper’s method and traditional methods.
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4.3. Discussion

It is noteworthy that even with a reduced number of feature points, the method
presented in this study still demonstrates high standards on key performance indicators
such as Structural Similarity Index (SSIM), pixel differences, Mean Squared Error (MSE),
and histogram intersection indices, compared to traditional methods. Particularly in
experiments involving translation distances, pixel differences were significantly reduced,
while performance indices remained at optimal levels, highlighting the improvements in
image registration accuracy achieved by this method. This finding indicates that despite
reducing the volume of data processed, the quality and accuracy of image registration have
not been compromised by using selectively chosen feature points.

The study in question employs a feature point filtering strategy that combines the SIFT
algorithm with Canny edge detection for processing images. This approach is particularly
applied to an image of size 924 x 785 pixels. The primary goal of this strategy is to select the
most representative feature points while eliminating those that have minimal impact on im-
age registration. This selection mechanism significantly reduces the total number of feature
points, thereby decreasing the data processing requirements for feature point matching and
image registration steps. Consequently, this approach effectively shortens the processing
time from feature point detection to image registration and enhances overall efficiency.

Overall, this study successfully demonstrates how to optimize the image registration
process by precisely reducing the number of feature points without sacrificing quality. This
approach is crucial for handling large-scale image data, especially in applications such as
real-time video analysis or high-speed image processing systems, where it shows immense
potential for application.

5. Conclusions

This paper successfully implements improvements to the SIFT algorithm, specifically
through the optimization of Gaussian pyramid construction and the effective integration of
Canny edge detection in feature point filtering. These enhancements not only speed up the
construction of the Gaussian pyramid and increase the overall computational efficiency of
the algorithm but also effectively reduce the number of feature points, thereby decreasing
computational complexity and enhancing registration accuracy. Experimental results
demonstrate that compared to the traditional SIFT algorithm, our method exhibits higher
efficiency and better performance in the construction phase of the Gaussian pyramid when
processing image registration tasks of varying sizes and types. Moreover, in the feature
point detection phase, the combination of Canny edge detection and dilation operations
effectively improves the accuracy and reliability of the feature points. This not only allows
the SIFT algorithm to more precisely locate feature points within images but also reduces
unnecessary redundant calculations, thereby increasing efficiency.

Overall, the results of this research not only enrich the theoretical applications of the
SIFT algorithm but also hold significant practical value, particularly in fields requiring
fast and accurate image registration, such as real-time video analysis and high-speed
image processing systems. We plan to further optimize the performance of the algorithm
by exploring more advanced techniques for Gaussian pyramid construction and feature
point filtering. This includes the integration of deep learning techniques to enhance the
robustness of feature detection and the use of hardware acceleration to speed up the image
registration process.

These future directions will continue to advance the field of image registration and
make the SIFT algorithm more applicable to a wider range of real-world scenarios.
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Abstract: Storage operations, order-picking, and product-handling processes have become
increasingly important in today’s industrial environment. These operations are a huge
burden for businesses in terms of time and cost, but they often do not add direct value to
products or services. Therefore, it has become essential to improve the storage operations to
the highest quality, reduce the costs arising from storage, and increase customer satisfaction.
This study compared genetic algorithm (GA) and simulated annealing (SA) methods with
existing real results and operations in order to minimize the distance traveled by the picker
in order-picking systems, optimize routes, and increase operational efficiency in the medical
textile industry. In the analyses conducted on product-based, list-based, and order-based
strategies, real data sets were used to examine the performance of both methods in detail.
The study results revealed that GA reduced the total travel distance by 50% and reduced
the total number of tours from 51 to 32. In addition, the SA method provided efficient
results in certain scenarios, but GA showed superior performance in terms of minimizing
the distance and number of tours. While the product-based strategy provided the best
results regarding travel distance and number of tours, the list-based approach showed
a balanced performance. The study offers significant improvement potential in logistics
operations by reducing distances by up to 37% and increasing operational efficiency by up
to 50% in order-picking processes.

Keywords: travel distance optimization; warehouse operations; order picking optimization;
genetic algorithm; simulated annealing

1. Introduction

Order picking constitutes a vital element of warehouse operations, representing
roughly 50% to 55% of the total time utilization and 65% of overall operational costs [1].
Healthcare systems worldwide face mounting pressure to minimize waste and cut unnec-
essary costs while enhancing the quality of patient care. For instance, the supply chain
function oversees most of a health system’s external spending, which accounts for up to
40 percent of total costs [2]. As a result, healthcare logistics and supply chain management
are increasingly scrutinized by both practitioners and researchers [3-6]). Manual order
picking is employed in small and medium enterprises. The storage process is overseen
by warehouse personnel who manually choose items from shelves and generate orders.
Despite technological advancements, many firms have favored manual order selection due
to its diminished technological requirements and lower costs. There are several categories
of order-picking systems. Picker-to-parts systems are the most common, where workers
move through shelves to pick products. This system can include low-level picking and
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high-level picking, where workers use lifting mechanisms to reach high shelves. Order
picking is divided into and detailed as picking operations performed by humans or ma-
chines. For humans, picking policies are determined according to who is moving in the
picking area (picker or product) and whether a conveyor system is used. In cases where a
picker moves, picking can be performed according to the order or product, while in cases
where a conveyor system is used, order, product or piece-based picking policies are applied.
There are also automatic picking methods for operations performed by machines. This type
of classification helps to select an appropriate picking method to increase the efficiency of
warehouse operations [7].

The types of order picking, which are tailored to different operational scales and
efficiency goals, include single order picking, best suited for small businesses where indi-
vidual orders are processed independently [8]; batch order picking, ideal for consolidating
multiple orders to minimize picker travel [9-11]; zone order picking, designed for large
businesses to divide picking tasks by warehouse zones [12,13]; pick-and-pass, where items
are sequentially picked and passed along a predefined route [14]; cluster order picking,
focused on grouping similar orders to optimize picking time [15]; and wave order picking,
used to coordinate picking schedules with outbound shipping times [16]. Order-picking
systems have also been categorized, including sorting systems for the automated organiza-
tion of items [17]; pick-to-box systems, which streamline the packing process by picking
items directly into order-specific boxes [18-20]; picker-to-part systems, where pickers move
to retrieve items from storage locations (this study); and part-to-picker systems, where
items are brought to pickers via automated solutions for increased efficiency [21,22].

Given these classifications, order picking can be performed by humans or machines,
and each system offers different operational benefits and barriers. According to the lit-
erature, four main sub-problems are identified in order picking: order grouping, group
assignment, group sorting, and picker routing [23]. Optimizing order picking is crucial
for improving a company’s logistics performance. Careful planning and execution are
necessary to avoid inefficiencies and to reduce costs [24]. Otherwise, inefficient order
picking can lead to wasted time and under-utilization of resources [25].

In this study, the manual order-picking process of medical textile products operating
as a labor-intensive factory in Tiirkiye is discussed. Our aim is to improve the manual
order-picking process and develop a fast, forward-looking solution that can be adapted to
all similar applications by optimizing it with meta-heuristic techniques.

Moreover, recent research has explored advanced optimization techniques for improv-
ing order picking. He and Chen [26] proposed a dynamic routing algorithm for manual
order picking that adapts to real-time changes in the warehouse environment, reducing
overall travel time. In a study by Petersen and Aase [27], the effects of slotting optimization
were analyzed, revealing that well-planned product placement can significantly enhance
order-picking efficiency. Additionally, Grosse et al. [28] discussed the integration of au-
tonomous robots in parts-to-picker systems, highlighting the potential of collaborative
robots (cobots) in reducing human workload and increasing operational speed. Finally,
Boysen et al. [29] explored the benefits of zone-picking systems, where workers focus on
specific warehouse areas, leading to better workload distribution and increased throughput.

This study focuses on the picker-to-parts system, specifically low-level picking. How-
ever, this approach has drawbacks, such as higher error rates, slower processes, and
reduced productivity. Factors such as workforce fatigue and incorrect order selection
negatively impact productivity. Businesses can improve manual order picking by improv-
ing inventory organization, providing employee training, and developing optimization
strategies, especially in industries such as textiles, which still rely heavily on manual labor
for manufacturing and warehouse tasks.
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Coruzzolo et al. [30] developed a joint model for batching, assignment, sequencing,
and routing in order picking to minimize completion time and tardiness in picker-to-part
systems. Using multi-start heuristics, iterated local search, and constructive heuristics, their
study demonstrated a 57% reduction in picking time compared to the single-order strategy,
contributing significantly to the literature on integrated optimization in order-picking
systems. Similarly, Czerniachowska et al. [31] introduced a model for order picking using a
one-way conveyor system with buffer zones to optimize travel and resource allocation in
high-demand e-commerce environments. Their study employed a CPLEX solver, which
effectively optimized small instances but revealed limitations in medium and large-scale
scenarios. Focusing on ergonomics in manual order picking, Kapou et al. [32] proposed a
slot allocation algorithm designed to improve layout and storage assignments, reducing
physical fatigue for workers. The study achieved a 14.9% increase in productivity and a 31%
reduction in the order-picking difficulty index, emphasizing the importance of ergonomic
considerations in warehouse operations. Li, Zhang, and Jiang [33] provided a literature
review summarizing advancements in picker-to-parts and parts-to-picker systems, focusing
on e-commerce warehouses.

As seen in the literature, rigid mathematical models reduce flexibility and become
difficult or impossible to solve as the number of parts increases—they are called NP-hard
problems. However, order picking is a problem with a dynamic structure, and techniques
that will increase this dynamism and flexibility are needed. In this context, meta-heuristic
algorithms like genetic algorithm (GA) and simulated annealing algorithm (SA) provide an
advantage that can be integrated into computer systems and data in today’s conditions,
providing dynamism and flexibility. It also contributes to the data-driven decision-making
process. It is emphasized that smart methods must be utilized to organize tasks effectively,
ensuring that orders can be easily located when placed [34]. This study addresses critical
gaps in current order-picking optimization research by combining GA and SA with real-
world data and provides a practical, scalable approach to logistics efficiency. It provides
travel length, pallet utilization rate, and picking mode flexibility in the context of real
orders.

By Ou et al. [35], a literature review from 2018 to 2023 has closely examined how GA
has been applied to optimize order-picking systems in picker-to-part environments. It has
been further investigated that various optimization techniques such as GA, meta-heuristics,
cluster analysis, and hybrid approaches have been proposed to address order assignment,
grouping, and sorting problems. Some of these studies have partially developed GA-based
methods targeting efficiency improvements in different warehouse systems through storage
location assignment. In most studies, GA is applied to optimize multiple objectives, such
as travel distance and resource utilization.

Casella et al. [36] studied 269 journal papers published between 2007 and 2022, and
the studies focused primarily on trends in order-picking research, particularly in manual
picker-to-parts systems, identifying the minimization of travel distance and ergonomic
considerations as key priorities. Real-world applications in e-commerce and warehousing
are emphasized, with suggestions for integrating emerging technologies to optimize picking
systems. While traditional research prioritizes reducing travel distances and ergonomic
improvements in manual picking systems, our study uniquely integrates GA with adaptive
constraints, emphasizing real-world warehouse operations and focusing on dynamic order
clustering to enhance practical applicability and efficiency.

Our study stands out by applying GA to optimize order picking in a real-world
medical warehouse across three distinct picking scenarios, thereby advancing practical
solutions in warehouse management as seen in Figure 1.
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Classical metrics such as “travel distances”, “ergonomic pickers’ movements”, “num-
ber of orders” and “storage space limitations” have been frequently studied in the literature.
We minimize the travel distance and number of tours of the pickers, while also increasing
the pallet usage. In this respect, it offers a multi-purpose solution. In addition, by consider-
ing the order change dynamically and probabilistically, it can produce solutions even if the
order list becomes more complex or increases in volume, and thus aims to contribute to the
literature. In particular, the interaction between pallet management and order grouping,
which is usually addressed individually or in a limited scope in the existing literature, has
been analyzed comprehensively and flexibly by using GA and SA in accordance with the
structure of the real problem, taking into account high order diversity.
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Figure 1. Classification of order-picking systems (OPS). Adapted from [36].

2. Materials and Methods

Order picking involves retrieving items from the warehouse to fulfill customer orders.
The process includes receiving and processing customer orders, determining product
placement and priority, selecting items in sequence, packing the selected products, and
shipping them to customers. Efficient order picking is critical for both customer satisfaction
and business success [37]. The order lists of a medical textile manufacturer described above
were searched for best performance using genetic algorithm (GA) and simulation annealing
algorithm (SA). The Manhattan distance was used to calculate the circulation distance
of the orders. In this section, information about GA and SA, their reasons for use in the
research, and Manhattan distance will be given, respectively.

2.1. Genetic Algorithm and Simulated Annealing

Genetic algorithm (GA) optimization techniques are inspired by the principles of
natural selection and evolutionary biology [38] firstly introduced by Holland in 1975 [39].
These algorithms simulate the process of natural evolution to solve complex optimization
problems [40]. The fundamental concept involves representing potential solutions as
“chromosomes” and iterative improving these solutions through genetic operators such
as selection, crossover, and mutation. The GA approach has been successfully applied to
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various optimization problems, including vehicle routing, scheduling, and network design,
particularly in scenarios where traditional optimization methods are computationally
infeasible [41].

This paper presents an artificial intelligence approach using a multi-objective GA
solution. The proposed GA method’s performance is compared with the traditional method
using real data from a medical textile manufacturer. The two primary research questions
are: (1) Can a better order-picking sequence be created beyond the fixed lists? and (2) How
does the new GA approach affect the number of tours and distance traveled? Which
algorithm is better for this problem, SA or GA, to meet optimum results?

Although approaches vary, the GA has been used to address order-picking challenges.
For example, GA can optimize make-span in manual order-picking operations. Dalle Mura
and Dini [42] utilized GA to address the order-picking problem, emphasizing its application
in optimizing worker health by accounting for variations in energy expenditure influenced
by individual characteristics such as gender, age, and weight. GA has optimized worker
assignments in order-picking systems by considering worker fatigue and spatial character-
istics of order groups [43]. Additionally, GA has been applied to balance workloads and
minimize the number of batches required in the picking process [44]. Other GA were also
used to reduce congestion and waiting times during order picking and sorting [45].

Some combined storage location assignment problems with order picking involve
using multi-objective GA to improve warehouse management efficiency. Other methods,
such as meta-heuristics and cluster analysis, have also been tried to improve picker routing,
grouping, and delivery scheduling. It involves the combined problems of order-picking and
sorting problems in low-level picker-to-part systems, where the potential for simplifying
operations using GA-based solutions has been revealed. Overall, this study addresses
the flexibility and efficiency of GA in solving relevant problems related to order-picking
problems. SA and GA are both prominent optimization techniques that can be effectively
combined to enhance their performance in various applications. The SA approach has been
shown to significantly enhance storage assignment strategies, yielding a 21% reduction
in total retrieval times compared to traditional frequency-based methods in multi-level
warehouses [46]. On the other hand, GA has been explored in various contexts, including
optimizing order-picking strategies through simulations that compare multiple algorithms,
including hlGA and ant colony optimization [47]. Furthermore, Ardjmand et al. [48]
demonstrated the effectiveness of combining list-based SA with GA for order batching
and picker routing, leading to improved efficiency in put wall picking systems. Similarly,
Nathania [49] highlights the joint optimization of order batching and picker routing through
the SA algorithm, effectively circumventing local optima to achieve superior solutions.
Additionally, Castier and Martinez-Toro [50] applied a modified SA method for storage
allocation, integrating advanced computational tools to tackle the pick-to-parts problem.
Collectively, these studies underscore the potential of SA and GA in enhancing operational
efficiency in order-picking systems.

Simulated annealing (SA) is an optimization technique inspired by the annealing
process in materials science and engineering and first introduced by Kirkpatrick in 1983.
This technique carefully heats and cools a material to form the desired structure. The
method uses probabilistic navigation of the solution space from a computational perspective
to address complex optimization problems [51].

SA has been acknowledged for effectively addressing many optimization problems,
including the traveling salesman problem, workshop planning, etc. For example, SA was
successfully used in order picking aimed at reducing CO2 emissions [52]. The method
is convenient in scenarios where the search space is significantly large and complex, and
traditional optimization methods are less applicable. Atmaca et al. [53] demonstrated
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that SA is a viable method for solving complex warehouse management problems by
effectively minimizing costs and improving efficiency in the storage system. Also, in
their paper, Kostrzewski et al. [54] employed SA to optimize order-picking policies in
automated storage/retrieval systems. By applying SA, the authors [54] aim to minimize
order picking times and costs, enhance process reliability, and support warehouse man-
agers in decision-making. Kucuksari [55] is another study that successfully solves the SA
algorithm in minimizing congestion and travel distance in an automated warehouse. The
SA method was used to obtain an optimal solution, which then, in combination with the
COMET method, provided satisfactory results by determining the relationship between
the preferences of the initial alternatives and newly identified alternatives [56].

This study implements the SA alongside the GA due to the challenges associated
with identifying the optimal solution using conventional approaches in complicated and
expansive solution spaces within warehouse systems. The research categorizes the issue of
manual order picking in a manufacturing facility producing medical textile items, along
with the minimization of trip time and rounds, as NP-hard due to the wide variety of
orders. In this scenario, where identifying the optimal solution inside extensive solution
spaces becomes mathematically infeasible, the SA algorithm was employed as a meta-
heuristic strategy.

In recent years, the SA algorithm has been employed in the literature for warehouse
placement and picking challenges, owing to its capacity to yield results near the global
optimal solution while avoiding entrapment in local optima [51]. The SA algorithm was em-
ployed in the study for its capacity to dynamically optimize order selection strategies. The
program generates an appropriate order list of materials based on three distinct scenarios
and product categories. The SA algorithm operated iteratively across varying temperatures,
generating distinct solutions at each temperature, and assessed these solutions using a
probabilistic method. In accepting lower-cost solutions, it also demonstrated the capability
to evade local minima, allowing for the exploration of higher-cost yet broader solution
spaces. GA emulate the mechanisms of diversity and adaptation using genetic opera-
tors like crossover and mutation among individuals (solutions) in a population, drawing
inspiration from natural evolutionary processes [39,41]. By evaluating several solutions
concurrently (population), GA possess the capacity to enhance diversity while progressing
toward the global optimum. They can offer a wider view on certain issues by concurrently
assessing various solution alternatives [51,57]. Consequently, the issue was examined using
two methodologies.

The benefits and contributions can be described as follows:

1. This study concentrates on lightweight and essential medical textile items, particularly
utilizing empirical data.

2. It enhances the literature by comparing the performance of GA and SA optimization
techniques, addressing the complexities inherent in real-world scenarios characterized
by a variety of products and orders.

3. By including actual warehouse data, the research enhances the practical relevance
of its findings and bridges the divide between theoretical models and real-world
implementations.

4. The paper examines the performance of three scenarios classified by dataset size and
order selection procedures, specifically product-based, list-based, and order-based
approaches, offering a comprehensive comparison of GA and SA methodologies.

5. Concurrently, the order lists in these three scenarios indicate variations regarding
products, volume, and order quantity in alignment with reality.
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6. Incorporating adaptive pallet capacity limits, the model accurately represents real-
world fluctuations in resource availability and operating requirements, hence enhanc-
ing its adaptability to dynamic contexts.

7. Sensitivity evaluations examine the impacts of variations in order volume and adjust-
ments to genetic algorithm parameters, illustrating the scalability and adaptability of
the offered methodologies.

2.2. Manhattan Distance

The Manhattan distance, also known as the city block distance, Taxicab distance or L1
norm, is a metric used to measure the distance between two points on a rectangular grid.
This method is named after the Manhattan borough of New York City, characterized by its
grid-like street layout. Because the forklifts have to navigate between and around shelves,
determining the Euclidean distance cannot be feasible because it requires maneuvering
over the racks, which is not practicable. As shown in Figure 2, the Manhattan distance is a
more suitable distance metric in this situation.

Route lengths: black route: p1 » p3 - p2
y length = 110 units
A blue route: pl- p2 - p3

length = 95 units

Collecting
Depot

~

Figure 2. Possible calculations for picking two consecutive products in the warehouse.

The Manhattan distance is calculated as the sum of the absolute differences between
the coordinates of two points. It represents the path between points using only right-angle
turns, analogous to navigating city blocks [58]. Also it calculates the absolute differences
between coordinates of a pair of objects [59].

Specifically, let A = (a1, a,...,a,) and B = (by, by, ..., by) be two points in R™. Then
the multi-dimensional Manhattan distance can be written as:

m

Dap = ) lax — byl M
k=1
where | - | denotes the absolute value function, m is the total dimension number, and Dxy
is the Manhattan distance between the two points.
For two points such as a and b, which are from the products to be collected, a(x;, ;) and
b(x2,12) in a two-dimensional plane, the Manhattan distance is calculated in Equation (9).
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3. Problem Definition

The company’s order fulfillment process involves multiple interrelated activities that
significantly impact operational efficiency and customer satisfaction. The current system
follows a two-tiered approach, depending on the type and volume of incoming orders:

1.  High-volume orders: A production order is generated, and production begins to meet
the demand;

2. Low-volume orders: The company fulfills demand using existing inventory from the
central warehouse while maintaining production efficiency.

The warehouse management system is the foundation of the order fulfillment process,
which oversees product selection, packaging, and distribution. When an order arrives,
the production planning engineer checks inventory availability through the Enterprise
Resource Planning (ERP) system. If the products are in stock, the warehouse staff initiates
a transfer of goods.

However, the current picking strategy (product-based, list-based, or order-based) lacks
systematic optimization, leading to inefficiencies in travel distances, under-utilized pallet ca-
pacities, and excessive travel times within the warehouse. These inefficiencies directly affect
the speed and accuracy of order fulfillment, ultimately impacting customer satisfaction.

Three primary picking techniques are discussed as potential solutions to these chal-
lenges, as seen in Figure 3.

1. Product-based picking: Products are arranged and collected based on their prox-
imity within the warehouse to minimize travel distances. This method empha-
sizes grouping items by location while considering capacity constraints, resulting in
169 distinct groups.

2. List-based picking: Products are picked according to predefined selection lists that
came directly from the company, yielding 10 groups. The company uses this list as a
stable order-picking method for collecting orders.

3. Order-based picking: Products are gathered based on order sequences to fulfill mul-
tiple orders in a single trip, minimizing overall travel distances and maximizing
efficiency, resulting in 29 groups.

The experiment utilized a dataset from a medical textile company’s actual data,
comprising 169 unique products with varying quantities, volumes, and spatial coordi-
nates within a warehouse. Each product was associated with a specific list number and
order name.

After the input data containing the necessary details for the process calculations
are loaded by the genetic algorithm, a random sequence of routes is generated to create
the initial population. The efficiency of each route is evaluated by calculating the route
distances. The first route is created and changed with genetic operations such as crossover
and mutation (addition, replacement, or substitution of genes), and selection is performed.
Termination criteria determine whether the algorithm should stop after finding a feasible
solution or after a predetermined number of iterations, which is 1000 in our study. Pallet
capacity is managed throughout the process to keep track of picked volumes.
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Figure 3. The flowchart of the picking strategies of this study.

This study implemented three different order-picking strategies by using Python 3.12:
product-based, list-based, and order-based approaches. Each strategy was evaluated based
on its performance in terms of the number of trips required, total trip distance, total volume
picked, total products collected, and pallet utilization efficiency, as shown in Table 1. The
study was formulated as a multi-objective optimization model, where the objectives were
first to minimize the total trip distance, and subsequently to minimize the number of trips.
Each trip utilized a single pallet that traversed the warehouse to collect orders, with a
maximum pallet capacity of 1.2 m>. A simulated order-picking process was executed for

each strategy, recording key performance indicators during the collection process.
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Table 1. Outline of the parameters of the study.

Symbol Description Type
T Set of trips Index
p Set of products Index
@) Set of orders Index
i,j Product indices (specific products in P) Index
k Order index (specific order in O) Index
Xi, Vi Coordinates of product i in the warehouse Parameter
x9,y0  Coordinates of the starting and ending point in the Parameter
warehouse
Vi Volume of product i Parameter
C Maximum capacity per trip Parameter
djj Manhattan distance between products i and j Parameter
dio Manhattan distance between the starting point and Parameter
product i
Xy Binary variable indicating if product 7 is collected in ~ Decision Variable
trip ¢
Yk Binary variable indicating if order k is included in  Decision Variable
trip ¢

Sk k2 Set of shared products between orders k1, k>

Set

Fitness Functions:

min ) | Distance;
teT

min |T|
Distance Calculation:

|P[-1

Distance; = Y (|xi — xiy1| + [yi — yiral) + (|x)p| — X0l + [y)p) — vol)

i=1
Capacity Constraint:
Y Xy Vi<C, VteT
ieP
Order Inclusion Constraint:
Yir > Xii, VieP,VkeO

Product Collection Constraint:

Y Xyi=1 VieP
teT

Shared Product Constraint:

Y V;<C, Vkiky€O

iesklka

Manhattan Distance Definition:

d(a,b) = |x1 — x2| + |y1 — y2|
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Output Metrics:
) Distance; (Total Distance) (10)
teT
|T| (Total Number of Trips) (11)
Pallet Utilization — Lot volume (12)

|T| x C

The proposed product-based collection model has been applied to a simulated ware-
house environment to validate its effectiveness in addressing the order-picking problem.
The warehouse layout comprises a double block of parallel racks with four bays. This setup
is in accordance with the product allocation and capacity constraints established in the
model. The process, which involves three distinct orders, is executed manually without the
aid of automated tools. During this process, the picker traverses the warehouse, starting
and ending at a predefined position (x¢, o). This point, also known as the order-picking
point or depot, is located in the front left corner of the warehouse.

The travel distances from this starting point to each product i (denoted as d;y) and
between consecutive products i and j (denoted as d;;) are determined using the Manhattan
distance metric, as described in objective functions (Equations (2) and (3)). The objective,
defined by Equations (2) and (3), is to minimize both the total distance traveled and the
number of trips made. Equations (4) and (5) address distance calculations and capacity
constraints, ensuring that the total volume of products collected per trip does not exceed
capacity C. Furthermore, Equations (6) and (7) establish order and product inclusion rules,
while Equation (8) manages shared products across multiple orders. Equation (9) defines
the distance metric between any two given points. Finally, the overall performance and
utilization metrics are summarized by Equations (10)-(12).

4. Results

The study environment of this paper consists of a double block of parallel racks with
four bays, as seen in Figure 4a. The pallet used for collecting orders is shown in Figure 4b.
The warehouse layout and order placement for List 1 can be seen in Figure 4c.

Through these considerations, the application ensures that the constraints and as-
sumptions align with real-world scenarios, providing a robust framework for minimizing
travel distance while respecting operational constraints.

|

@ (b)

Figure 4. Cont.
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(c)

Figure 4. (a) Shelves of the warehouse. (b) Pallet used in order picking. (c) Product layout of List 1 in
the facility.

4.1. The Real-World Dataset

The total number of separate orders for each list varies between 2 and 6, totaling 29
different orders. The number of unique items varies between 16 and 67 per list, totaling
169 unique items, as shown in Table 2.

Table 2. The study environment of algorithms.

Count of Count of

Scenario: List Problem Size Unique Unique Total Total Volume Ml.n Expected
ID Ord Product Products Trip Number
rders roducts

1 Large 6 23 2837 4.017125 4
2 Medium 3 51 920 3.41414 4
3 Medium 2 45 1976 3.67986 4
4 Medium 2 35 660 2.26585 3
5 Large 2 67 2663 9.95921 9
6 Medium 2 39 558 2.53745 3
7 Small 4 24 339 1.664875 2
8 Small 3 23 724 1.6945 2
9 Medium 3 16 1240 4.0205 4
10 Medium 2 34 1605 44378 5
11 Very Large 29 169 13,522 37.69131 32

Case studies were studied by considering 11 datasets with unique order configurations
to evaluate the efficiency of the proposed approaches in solving the order-picking optimiza-
tion problem. Table 2 provides an overview of the datasets, ranging from small-, medium-,
and large-scale problems, based on the number of orders, volume, and items, which enables
the comparison of the proposed methods in various complexities. Lists 1 through 10 for
different scenarios range in scale from small to medium, while List 11 combines all lists
into one large-sized dataset.

Each of the lists possesses different characteristics and can provide insight into how
changes in order and the number of items, along with volume, affect the performance of
the optimization. Problem instances with small sizes, like List 7, have only four distinct
orders and 24 distinct items. These are representatives of sparse picking environments with

150



Processes 2025, 13, 22

small volumes. One large-scale set is List 11, a merged dataset that forms the base on which
one will witness the scalability and robustness of the order-picking strategy with high
volumes. Diversity in the design of the dataset is structured in such a way that it allows
robust testing of the proposed GA-based solutions across different warehouse scenarios,
providing insights into both performance scalability and adaptability under varying levels
of operational demand. Through these considerations, the application ensures that the
constraints and assumptions align with real-world scenarios, providing a robust framework
for minimizing travel distance while respecting operational constraints.

4.2. Comparative Results

This research evaluates the effectiveness of three picking scenarios using GA and
SA algorithms and real models. The methodologies cover product-based, list-based, and
order-based approaches. The evaluation focused on basic operational data such as the
total number of trips, trip distances, total volume picked, and pallet usage rates. In the
application phase, data were collected from a medical device manufacturer. The studies
were carried out by considering the company’s current operational workflow. The results
of the study are summarized in Table 3. Table 3 details the results of various order-picking
techniques. The company’s calculated solutions are also provided for comparison.

The performance of the GA was assessed concerning the current warehouse operations
procedure through several scenarios and a comparison. The current method in the company
generates fresh lists with every order arrival without dynamically adjusting to continuous
changes, so it is rather strict. This rigidity causes ineffective grouping and routing as well
as more trips and pallet capacity under-utilization.

Using three different approaches—product-based, order-based, and list-based—the
evaluation concentrated on three key performance indicators (Total Distance Traveled,
Total Number of Trips, and Pallet Utilization) to compare against the actual process and
ascertain relative effectiveness.

In situations with lower order volumes and fewer products, such as Lists 7 and 8, the
GA method found ideal solutions quickly by lowering the number of trips and the distance
covered by over 30% compared to the current process, producing efficiency gains visible
through shortened travel distances. Conversely, the rigidity of the current method resulted
in a doubling of trips due to its tight order processing and long travel paths, reducing pallet
utilization rates.

For medium-sized scenarios, such as Lists 2 and 6, the GA regularly showed efficiency
improvements when handling moderate complexity by achieving a 20-30% reduction in
the number of trips and travel distance, highlighting its capacity to dynamically optimize
routes even with a modest increase in complexity.

In large-scale scenarios, such as Lists 5 and 9, the GA showed its full potential by min-
imizing travel distances while maintaining high pallet usage, attaining a 22-35% reduction
in trips and a 10-15% decrease in travel distances compared to the existing process, which
remained limited by its fragmented list generating, resulting in a higher number of trips,
increased travel distances, and lower pallet utilization.

Scenario 11, which shows the joining of all lists into a single daily order set, demon-
strated the scalability and flexibility of the GA as it dynamically adapted to the large-scale
scenario, achieving a 37.3% reduction in trips and a 12.7% decrease in total travel dis-
tance while maintaining a high pallet utilization rate of 98% compared to 61.5% for the
existing process.
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Table 3. Results of GA, SA, and company’s real process.

Scenario Approach Method Total Distance (m) Total Trips
List-Based GA 420 4
Order-Based GA 430 4
Product-Based GA 240 4
1 List-Based Real Process 487 7
List-Based SA 439.5 5
Order-Based SA 435 4
Product-Based SA 288 4
List-Based GA 85 3
Order-Based GA 119 3
Product-Based GA 89 3
2 List-Based Real Process 137.5 5
List-Based SA 124 4
Order-Based SA 130 4
Product-Based SA 124 4
List-Based GA 153 4
Order-Based GA 158 4
Product-Based GA 150 4
3 List-Based Real Process 165.5 5
List-Based SA 150 4
Order-Based SA 174 4
Product-Based SA 126 4
List-Based GA 78 2
Order-Based GA 79 2
Product-Based GA 74 2
4 List-Based Real Process 94.5 3
List-Based SA 103 2
Order-Based SA 95 2
Product-Based SA 93 2
List-Based GA 342 9
Order-Based GA 419 9
Product-Based GA 347 9
5 List-Based Real Process 378.5 11
List-Based SA 359 10
Order-Based SA 347 11
Product-Based SA 359 10
List-Based GA 146 3
Order-Based GA 178 3
Product-Based GA 145 3
6 List-Based Real Process 152.5 3
List-Based SA 154.5 3
Order-Based SA 188.5 3
Product-Based SA 156.5 3
List-Based GA 75 2
Order-Based GA 78 2
Product-Based GA 74 2
7 List-Based Real Process 90 4
List-Based SA 79 2
Order-Based SA 83 2
Product-Based SA 81 2
List-Based GA 120 2
Order-Based GA 165 2
Product-Based GA 118 2
8 List-Based Real Process 154.5 3
List-Based SA 127 2
Order-Based SA 125 2
Product-Based SA 123 2
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Table 3. Cont.

Scenario Approach Method Total Distance (m) Total Trips
List-Based GA 120 2
Order-Based GA 165 2
Product-Based GA 118 2
8 List-Based Real Process 154.5 3
List-Based SA 127 2
Order-Based SA 125 2
Product-Based SA 123 2
List-Based GA 210 4
Order-Based GA 240 4
Product-Based GA 215 4
9 List-Based Real Process 215.5 5
List-Based SA 213.5 5
Order-Based SA 234 4
Product-Based SA 2255 5
List-Based GA 125 4
Order-Based GA 132 4
Product-Based GA 124 4
10 List-Based Real Process 133.5 5
List-Based SA 132.5 5
Order-Based SA 124.2 4
Product-Based SA 126.2 4
List-Based GA 1754 32
Order-Based GA 1998 32
Product-Based GA 980 32
11 List-Based Real Process 2009 51
List-Based SA 1992 36
Order-Based SA 1998 36
Product-Based SA 1723.5 37

With fast convergence to optimal solutions observed in small-scope lists, therefore
reducing travel distances and trips, the size of each list, the number of orders, and the
degree of complexity were fundamental factors of GA efficiency. Simultaneously, the GA
showed steady efficiency improvements with increasing scenario complexity, indicating its
versatility throughout various logistical settings.

Under different conditions, each of the three GA techniques showed capabilities; the
product-based approach was most successful in situations involving many unique items by
lowering the total journey distance through spatial grouping. By contrast, the list-based
approach offered balanced performance for medium-to-large lists. When maintaining order
integrity was a top concern, and enormous order quantities were involved, the order-based
approach performed exceptionally well, providing a flexible toolkit for optimizing logistics
operations depending on scenario-specific criteria.

Where the GA regularly achieved lower distances, fewer trips, and more pallet uti-
lization rates than the actual process across all scenarios, the visual analysis evaluated the
impact of each strategy on total journey distance, number of trips, and pallet usage.

With particularly marked reductions in large-numbered lists, including List 5, List 9,
and Scenario 11, where total distance dropped by over 50% compared to the current process
(98,000 cm), the GA approach resulted in significantly reduced travel distances compared
to the existing process in almost every scenario, demonstrating its capacity to optimize
routes and lower travel time, thus generating significant operational cost savings and
enhanced efficiency.
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Although the GA method concentrated on reducing journey distance, it kept a similar
or lower number of visits than conventional methods, so it efficiently grouped orders and
reduced unnecessary trips without running afoul of capacity limits.

The GA order-picking strategy shows great promise for high usage rates despite less
operational predictability and more variance in journey distances. Consistency is essential;
the list-based GA performs consistently for realistic journey distances. Although the order-
based GA shows effective pallet use, generally it results in longer journey distances. A GA
may be appropriate for flexibility and adaptability due to managing variability. For typical
applications that require consistent and predictable results, list-based GA approaches offer a
balanced solution with satisfactory performance across various criteria. Future work could
focus on combining hybrid methodologies that combine the adaptability of GA with the
robustness of real models, thus achieving optimal travel times and high utilization rates in
various logistics contexts. Moreover, creating complex algorithms that dynamically adapt
to changing layout configurations could increase efficiency and operational robustness. In
contrast, the existing process required additional journeys due to its fragmented processing
of incoming orders, resulting in excessive trips.

Depending on the scenario, the GA consistently achieved higher pallet utilization,
ranging between 70% and 98%. In comparison, the existing process showed significant
under-utilization with rates ranging from 35% to 60%, with higher utilization rates indicat-
ing improved load management, reducing the number of trips required and minimizing
empty pallet spaces, as the GA achieved nearly 98% utilization in the combined scenario
compared to 61.5% for the actual process.

The GA outperforms the current company process in all performance metrics (total
trips, travel distances, and pallet usage), optimizing routes and combining orders efficiently
despite fluctuations in order composition and volumes. This practical applicability in
real-world logistics is demonstrated in this study, with a 37.3% reduction in trips and a
12.7% reduction in distance in the combined scenario. Furthermore, GA is a preferable
solution for contemporary logistics with high pallet usage rates.

Minimizing the travel distance primarily relies on the manual product-based method.
On the other hand, the intuitive order-based strategy maintains a suitable number of trips
and a balanced performance, maintaining a short travel time overall. Regarding travel
distance, the manual order-based strategy outperforms other methods, indicating that it
is unsuitable for reducing travel time even if excellent pallet utilization is achieved. The
results of our study reveal that approach selection can improve warehouse operations. The
goal might be to reduce travel distance, reduce trips, or balance both.

Since the GA product-based approach has the shortest travel distances, the results
prove the success of this method. The study reveals that optimization techniques ap-
plied beyond the organization’s baseline can significantly increase logistics efficiency with
comprehensive analysis and strategic selection.

The datasets were classified into fuzzy categories (Small, Medium, Large, and Very
Large [only for list 11/combined list]) based on Total Volume Size, Number of Discrete
Items, and Number of Discrete Orders. The performance of the datasets divided into these
categories, SA, GA, and the real process, was compared in three approaches: list-based,
order-based, and product-based, as shown in the Figures below.

For example, in Figure 5a, List 7 in the small category showed the minimum total
distance of 74 m from the product-based GA approach, about an 18% reduction from the
real process that took 90 m. All the approaches by both SA and GA recorded two trips,
while the real process made four trips—an indication of how inefficient the real process
is. In general, it was seen that in both approaches, GA provided more efficient distance
reductions than those obtained with SA.
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For example, the minimum total distance of 126 m in the Medium List of Scenario 3
was obtained through product-based GA, which achieved about a 24% gain compared to
the real process as shown in Figure 5b. The SA method found the same number of trips but
a slightly higher total distance than GA. GA provided better optimization than SA, with a
consistent reduction in total distance while maintaining comparable trip counts.

For the Large List shown in Figure 5c the best performance was from the product-
based GA approach; it trimmed the total distance by 50% from 487 m, as executed by
the real list-based process, to 240 m. For the instances in which comparable distances

were available, GA was always consistently superior to SA at minimizing distances. The

greatest gap occurred with the product-based approach. All heuristics resulted in fewer

trips compared to the real process. In the Very Large List (Scenario 11), which was created
by combining all the lists, the product-based GA approach showed the highest efficiency,
resulting in a total distance of 980 m, a reduction of over 51% from the real list-based

process of 2009 m. The number of trips was also minimized; GA and SA methods required

only 32 to 37 trips in all approaches, which is significantly fewer than the 51 trips of the
real process. When all the lists were combined, the product-based GA method achieved
an overall minimum distance of 2556 m; this represented a 36% reduction compared to
the actual list-based process (4018 m). GA achieved significantly shorter distances than
SA, particularly in the product-based approach, where the difference exceeded 43%. These
findings demonstrate that the product-based GA approach consistently offers superior

efficiency in minimizing both total distance and trips across all list categories as shown

in Figure 5d. GA demonstrated overall superiority across all approaches, with notable

efficiency gains in reducing both total distance and the number of trips compared to SA.
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Figure 5. Results for various lists: (a) Small list: List 7 results, (b) Medium list: List 3 results, (c) Large
list: List 1 results, (d) Combined list (Very Large List): List 11 results.
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4.3. Sensitivity Analysis Made by Order Amount Increased

Sensitivity analysis shows how each picking strategy adapts to increased order vol-
umes, showing scalability and operational strengths or limitations.

4.3.1. Order-Based Strategy

As shown in Figure 6a, for combined List 11, the distance increases drastically as more
and more orders increase, reflecting the inefficiency in processing each order individually
at high demand levels. From this, it can be seen that since this strategy necessitates a
separate pass through the warehouse for every order, it presupposes lower efficiency in
picking and higher costs of time and labor, as can be seen from notable distance growth
in List 5 as orders increase. Sensitivity analysis underlines that this strategy scales poorly
with demand in the case of high-order periods.

As such, it is best averaged for smaller order quantities where the accuracy of each

order individually is more important than travel efficiency.
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Figure 6. Sensitivity Analysis on (a) List 9. (b) List 8. (c) Combined List 11. (d) List 5 results.

4.3.2. List-Based Strategy

First, the list-based approach saves travel time by clumping orders together to mini-
mize routes taken. However, as order volumes increase, this approach becomes less flexible.
That can be understood from the list, wherein larger volumes of orders disrupt the planned
routes and cause small inefficiencies in travel. Another weakness of this strategy is its
potential to generate shortages of items when high-demand products have to be shared
among orders, as shown in the list, where the increased order amounts include slight
variability in travel distances. The sensitivity analysis results show that, though effective
under stable demand conditions, the list-based strategy cannot maintain efficiency when
volumes increase substantially. It is more appropriate in moderate and predictable demand.
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4.3.3. Product-Based Strategy

The product-based strategy is resilient to higher volumes because the items would be
collected by product location; this means travel distances would remain relatively constant
even at high demand. As shown in Figure 6a—d, distance remains efficient in the various
sized lists despite added orders, underlining the strategy’s capability for effective scaling.
On the other hand, this method needs more significant inventory management since the
shortest travel relies on well-stocked product locations.

The difficulty represented by sorting the items into individual orders after collective
picking for more orders is increased in the combined List 11 profile. Sensitivity analy-
sis reveals that under the product-based strategy, travel efficiency is advantageous but
needs robust stock control to prevent congestion bottlenecks, especially in high-demand
environments.

Sensitivity analysis indicates that the product-based strategy behaves well with in-
creased demand but requires strong inventory practices. By contrast, the order-based
and list-based strategies are more challenged by increased order amounts due to higher
travel distances and reduced flexibility. By understanding these dynamics, warehouses
can choose strategies that match travel efficiency, labor costs, and flexibility for expected
demand variability.

4.4. Sensitivity Analysis of Population Size—Genetic Algorithm Parameter

A sensitivity analysis of the GA concerning the population size is performed in this
work to study the variations in the solution quality. Overall, population sizes ranged from
10 to 150 across multiple lists of complexities described by attributes like distinct orders,
distinct items, total volume, and problem size. The main goal of this analysis is to search
for an appropriate population size that will yield a good balance between the accuracy of
the solution and time efficiency for various scenarios.

4.4.1. Population Size Impact

As can be gathered from Table 1, the objective function values and computation
times generated by GA are sensitive to changes in the size of the population. For small
problem sizes such as Lists 7 and 8, for instance, population size in the 50-70 range gave the
optimum solution with a limited increase in computation time, whereas further increases
have resulted in diminishing returns. Medium-sized problems—exact Lists 1 and 2—have
shown a 10-15% improvement of objective function after increasing the population size
to 70-100 while computation time increases remained manageable. Population size in the
range of 100-150 yielded the best solution quality with as much as a 28% objective function
improvement at large and very large problem sizes, such as lists 5 and 11, respectively.
These gains in solution accuracy had to be weighed against increased computation times,
double or triple those found with smaller populations, indicating an apparent solution
accuracy and computation time trade-off.

4.4.2. Correlation Analysis

Figure 7 presents the correlation matrix of the critical parameters. From this figure, it
is observed that computation time is highly correlated with population size (0.89), shown
in the red circle, implying that high population sizes increase computational requirements
significantly. Problem Size is highly correlated with Total Volume 0.85 and Number of
Distinct Items 0.75, implying that these factors together increase complexity. The other
correlations of Best Fitness remain low, testifying to the robustness of the performance of
GA across a wide range of configurations.
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Changes in population size led to statistically significant objective improvements,
especially related to complex scenarios. For example, Lists 3 and 5 had solution quality
gains of 20-28% going from baseline to optimal population sizes, which suggests gains
from larger population sizes when dealing with more complex scenarios.

The sensitivity analysis identified general effective population sizes based on the
problem complexities: 50-100 for small- to medium-sized problems, while larger ones
see significant improvements with increased population sizes up to 100-150, although at
increased computational costs. These findings give insights into the more practical tuning
of the parameters of GA in balancing the solution quality with the availability of resources
in adaptable optimization for real applications.
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Figure 7. Correlation matrix of the critical parameters.

5. Conclusions

Manual order picking and optimization is an NP-hard problem in real life and leads
to an increase in time and distance to the user as product variety and complexity increase.
In this study, meta-heuristic solutions are proposed to the problem of a medical textile
manufacturer where manual order picking is quite intensive.

In the solution phase, 3 different scenarios and different order lists were run in both
algorithms and the results were compared for GA and SA. In addition, detailed sensitivity
analyses were performed. According to the findings obtained, in cases where GA was
used, the product-based strategy reduced the pallet usage rate by offering the lowest total
distance in many scenarios, and in addition, orders in the entire list were collected with
fewer trips. For example, in Scenario 1, when GA is used, the product-based solution
offers the lowest distance with 240 m, while list-based remains at 420 m and order-based
remains at 430 m. When we look at SA, the product-based approach is still in a relatively
advantageous position with a result of 288 m. List-based SA falls behind with 439.5 m, and
order-based SA falls behind with 435 m. According to the real process results, it is seen that
the list-based application remains at 487 m, which further emphasizes the superiority of
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GA and SA-based product-based solutions in this scenario. This superiority is also evident
in different scenarios.

In Scenario 3, the product-based approach with GA is better or at a similar level when
compared to both list-based (GA: 153 m) and order-based (GA: 158 m) solutions with a
result of 150 m. When we look at the SA results, product-based provides a significant
advantage with 126 m (list-based SA: 150 m, order-based SA: 174 m). Here, the real process
falls behind other methods with 165.5 m.

In Scenario 4, while product-based is 74 m, list-based is 78 m, and order-based is
79 m among the GA results; SA and product-based remains at 93 m, list-based SA is 103 m,
and order-based SA is 95 m. The real process, on the other hand, offers a longer distance
compared to GA and SA solutions, with 94.5 m. This table shows that when GA is applied,
the product-based approach has a slight advantage, while when SA is applied, it maintains
its competitive position.

Scenario 11 reflects a larger volume and a more complex structure. Here, when GA is
used, the product-based strategy provides a remarkable advantage with a total distance
of 980 m. While list-based GA is 1754 m, order-based GA is 1998 m, and the real process
is far behind with 2009 m. In the SA application, product-based is also better than list-
based (1992 m) and order-based (1998 m) solutions with 1723.5 m. This shows that the
product-based approach can produce strong results with GA and SA, even in complex and
large-scale scenarios.

In general, it is understood that the product-based approach can offer stable advan-
tages in terms of both distance and number of trips in different scenarios, especially when
GA is used. When compared with SA and real process data, the competitive position
of the product-based strategy is clearly revealed. GA maximizes the potential of the
product-based approach by effectively scanning a multidimensional and dynamic decision
space, but this also brings costs such as increased computational time, software /hardware
requirements, and operational planning requirements.

As a result, the table data shows that the product-based strategy, when supported by
GA and SA, can show high performance even in different and challenging scenarios and
provide significant distance and time savings compared to real processes. In future studies,
it should be aimed to make the product-based approach more sustainable and effective in
both theoretical and practical terms by integrating human factors, equipment limitations,
cost, energy consumption, and environmental effects into the process.

In this context, we advocate the importance of heuristic algorithms that adaptively
evaluate the optimal picking approach based on the descriptive characteristics of the orders
and warehouse design and metrics obtained from real-time interaction. Capturing this
flexibility with the GA is much easier and more adaptable than mathematical models. For
example, even if the lists change in the study, the algorithm can work and produce the
best ordering. In addition, since a single and fixed-sized pallet was used in our problem,
the model was solved accordingly. Still, researchers can produce alternatives that can
reduce the number of rounds in the solution by adding multiple pallets to the model. More
refined picking strategies can be created by comprehensively integrating machine learning
techniques and SA. Doing so can focus on optimizing order-picking operations in a more
balanced and sustainable way through approaches that go beyond a single performance
indicator and include energy consumption, environmental footprint, and labor cost issues.
For new studies, ergonomic considerations and personnel costs can be fully integrated into
the optimization process. Although simulation and theoretical models have guided the
research, and the practical applicability of the proposed strategies is high, companies may
have to pick priorities they can implement. These priorities can be expanded by adding
them to the model.
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Abstract: In the regenerative aluminum smelting process, the furnace temperature is critical for
the quality and energy consumption of the product. However, the process requires protective
sensors, making real-time furnace temperature measurement costly, while the strong nonlinearity
and distribution drift of the process data affect furnace temperature prediction. To handle these
issues, a multi-step prediction model for furnace temperature that incorporates reversible instance
normalization (RevIN), convolutional neural network (CNN), and Transformer is proposed. First,
the self-attention mechanism of the Transformer is combined with CNN to extract global and local
information in the furnace temperature data, thus addressing the strong nonlinear characteristics of
the furnace temperature. Second, RevIN with learnable affine transformation is utilized to address the
distribution drift in the furnace temperature data. Third, the temporal correlation of the prediction
model is enhanced by a time-coding method. The experimental results show that the proposed model
demonstrates higher prediction accuracy for furnace temperature at different prediction steps in the
regenerative aluminum smelting process compared to other models.

Keywords: reversible instance normalization (RevIN); convolutional neural network (CNN);
Transformer; time coding

1. Introduction

Aluminum has good malleability, reflectivity, and recyclability. Based on its excellent
physical and chemical properties, aluminum is widely used in the automobile, aviation,
and military industries. The regenerative aluminum smelting process is an important
stage for the production of aluminum, and it directly affects product quality and energy
consumption [1,2]. The challenge of accurately measuring temperature is compounded
by the heterogeneity of the environment in the regenerative aluminum smelting furnace
and the aging of the sensors at high temperatures [3]. At present, because the real-time
measurement of the furnace temperature is costly, it is common to use models to predict
furnace temperature in a single step. The single-step prediction of the furnace tempera-
ture is easy to implement but sometimes does not provide sufficient information for the
operators. By providing a multi-step prediction of the furnace temperature, operators have
plenty of time to make adjustments compared to using a single-step prediction, resulting in
increased productivity [4-7]. Therefore, researching multi-step prediction of furnace tem-
perature is of practical significance for monitoring the state of the regenerative aluminum
smelting process.

In recent years, the existing time-series prediction models have primarily been catego-
rized into mechanism-based models, statistical models, and artificial intelligence models.
Mechanism-based models require detailed analysis and simulation of the structure and
production process of equipment. On this basis, mechanism-based models of industrial
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processes are constructed for prediction using physical or chemical principles [8]. Al-
though mechanism-based models are characterized by strong interpretability due to their
foundation in actual physical or chemical processes, the complexity of these processes
often makes the construction of such models challenging. Mechanism-based models are
typically reliant on idealized assumptions, which may not always hold true in practical
applications, thus inevitably introducing errors that impact the accuracy of prediction
results [9]. Historical features of the data are utilized by statistical models to forecast
future data. Commonly used statistical models include the autoregressive model (AR) [10],
autoregressive moving average model (ARMA) [11], and autoregressive integrated moving
average model (ARIMA) [12]. When faced with incomplete data or data distribution drift,
the accuracy of statistical models is often reduced, making it challenging to meet practical
requirements [13]. With the rapid advancement of artificial intelligence technology, the
research and application of artificial intelligence models in time-series prediction have
garnered significant attention [14,15]. In particular, powerful tools for modeling time-
series data are provided by the rise of machine learning and deep learning. The nonlinear
mapping capabilities of machine learning are utilized to effectively address multivariate
coupling issues within data, thus significantly improving prediction accuracy [16-18].
Huang et al. [19] employed kernel principal component analysis (KPCA) to extract the
principal components of network inputs and optimized the extreme learning machine
(ELM) using the harmony search algorithm (HS) to predict the furnace temperature in a
regenerative aluminum smelting furnace. Liu et al. [20] developed a stable furnace temper-
ature model by incorporating a restricted Boltzmann machine to enhance the stochastic
initialization of input weights and hidden layer thresholds in ELM. Although multivariate
coupling relationships within data are uncovered by machine learning, limitations are
present in addressing the strong nonlinear characteristics of the data, resulting in prediction
accuracy that often falls short of ideal levels.

With strong feature extraction and learning capabilities, deep learning is significantly
superior to machine learning in processing high-dimensional data and time-series tasks [21].
Over the years, deep-learning models such as convolutional neural network (CNN), long
short-term memory network (LSTM), and Transformer [22] have provided strong technical
support for time-series prediction [23]. Based on deep learning, many scholars have studied
the single-step prediction of time series. Duan et al. [24] proposed a single-step furnace
temperature prediction model by combining working condition classification and local
sample weighting LSTM. A single-step prediction model was established based on the gated
recurrent unit (GRU), which used the time series of fuel and air to predict the temperature
in a heating furnace [25]. A single-step prediction model for boiler temperature and
oxygen content was proposed by combining CNN, bidirectional long short-term memory
network (biLSTM), and squeezing and excitation (SE) network [26]. This work utilized the
advantages of various deep-learning networks and significantly improved the prediction
accuracy of oxygen content and boiler temperature. Ma et al. [27] proposed a single-step
prediction model of temperature in an intermediate frequency furnace smelting process
based on Transformer. Han et al. [28] proposed a CNN-based Transformer model that
integrates the Boruta algorithm, which can effectively predict the liquefied petroleum
gas output in industrial processes. By combining CNN and Transformer, local features
extracted by CNN and global features captured by Transformer can be utilized to improve
the accuracy of single-step prediction. These studies have provided a basic idea for the
work of this paper. The advantage of these single-step prediction models is that they
can maintain high prediction accuracy and stability in a short time. However, single-step
prediction models often fail to effectively capture the long-term dependence in the time
series, resulting in the prediction error increasing with the increase of the prediction time
step. Tan et al. [29] proposed an LSTM model for the boiler of a 660 MW coal-fired
power station, which effectively realized the multi-step prediction of the reheated steam
temperature in the boiler. A multi-step prediction model based on Transformer is proposed
for lithium-ion battery temperature [30]. The lithium-ion battery temperature, multi-step
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prediction model predicted 24 times more data than a single-step prediction model, and
despite it having six times more running time, the prediction accuracy of the multi-step
model did not decrease much. Chen et al. [31] proposed a hybrid model based on CNN and
Transformer to predict ozone concentration. In the hybrid model, CNN compensates for
the limited ability of Transformer to mine information from multivariable datasets, thereby
improving the accuracy of multi-step prediction. However, both single-step prediction
and multi-step prediction need to deal with data distribution drift in time series. Data
distribution drift refers to changes in the statistical information of data over time [32]. Du
et al. [33] proposed an adaptive recurrent neural network to deal with the data distribution
drift of non-stationary time series. The method first characterized the data distribution
information by dividing the training data into different time periods, and it then generalized
the model by matching the data distribution information of these time periods. Jin et al. [34]
proposed a simple and effective reversible instance normalization (RevIN) technique, which
can solve the problem of data distribution drift in time series. Unlike adaptive recurrent
neural networks, which were computationally expensive, RevIN was simple and effective.
Although the RevIN technique has provided an important reference for this paper, the
multi-step prediction of temperature for a regenerative aluminum smelting furnace, which
considers both strong nonlinear characteristics and data distribution drift, cannot directly
apply the results of the above research and needs further study.

Inspired by the above literature, a prediction model named RevIN-CNN-Transformer
has been proposed to improve the multi-step prediction accuracy of temperature for a
regenerative aluminum smelting furnace. The prediction model considers the key factors
affecting furnace temperature prediction and enhances temporal correlation through time
coding. The strong nonlinear characteristics and data distribution drift effects of furnace
temperature data are effectively addressed through the integration of RevIN, CNN, and
Transformer, resulting in accurate and stable multi-step furnace temperature predictions.
The rest of this paper is structured as follows: In Section 2, the process of regenerative
aluminum smelting is first introduced, and the main factors affecting furnace temperature
are analyzed. In Section 3, the proposed RevIN-CNN-Transformer model is described in
detail. Then, in Section 4, the proposed model is applied to furnace temperature prediction
at an aluminum plant to verify its effectiveness. Finally, a summary of the entire paper
is provided.

2. Regenerative Aluminum Smelting Process Analysis
2.1. Structure and Working Principle of Regenerative Aluminum Smelting Furnace

The working process of a regenerative aluminum smelting furnace is regarded as a
complex industrial process. The internal structure and operational principles of an indus-
trial regenerative aluminum smelting furnace are illustrated in Figure 1. The regenerative
aluminum smelting furnace is primarily composed of a furnace chamber, ceramic sphere
accumulator, reversing valve, and exhaust pipe. The regenerative burners are arranged in
pairs, with two opposing burners (A and B) forming a group. After the normal temperature
air discharged from the blower enters burner B through the reversing valve, it is heated
to near-furnace temperature as it passes through the ceramic sphere accumulator. After
being heated, the normal temperature air enters the furnace, entraining the surrounding
flue gas inside the furnace to form a high-temperature, oxygen-depleted gas stream with
an oxygen content lower than 21%. The high-temperature, oxygen-depleted gas stream is
mixed with the injected fuel to achieve oxygen-poor combustion of the fuel. Meanwhile,
the high-temperature flue gas inside the furnace chamber is stored in the ceramic sphere
accumulator and then discharged through burner A. Subsequently, an exhaust flue gas
temperature below 150 °C is expelled through the reversing valve. When the heat stored
in the ceramic sphere accumulator reaches saturation, the direction of the reversing valve
is changed, causing burners A and B to operate alternately between combustion and heat
storage states. The process of alternating between combustion and heat storage states by
burners A and B is repeated cyclically, resulting in energy savings and emission reduction.
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Figure 1. Structure and working principle of regenerative aluminum smelting furnace.

2.2. Analysis of Factors Affecting Furnace Temperature

The furnace temperature is considered a crucial index in the working process of
the regenerative aluminum smelting furnace, influencing both the time and quality of
aluminum smelting production. The regenerative aluminum melting process is very
complex, and the furnace temperature is dynamically influenced by various factors. The
main factors affecting the furnace temperature are gas flow rate, combustion air flow
rate, combustion air pressure differential, combustion air valve opening, and exhaust
temperature, which have a significant effect on temperature variations. Some influence
on the furnace temperature is also exerted by burner switching time and combustion
air temperature, but the impact is relatively small. When analyzing the factors affecting
furnace temperature, burner switching time and combustion air temperature are considered
secondary factors and can be ignored. Additionally, the difficulty of predicting the furnace
temperature is further increased by changes in external environmental conditions and
equipment aging. To better predict the furnace temperature, it is necessary that the main
factors influencing the furnace temperature are analyzed in detail. Auxiliary variables
affecting furnace temperature are presented in Table 1. By analyzing the working principle
of the regenerative aluminum smelting furnace, it can be established that the factors
influencing furnace temperature are primarily comprised of two aspects.

(a) Combustion aspect: The gas flow rate and the combustion air flow rate are iden-
tified as the primary factors influencing furnace temperature. The ratio of gas flow rate
to combustion air flow rate is directly influenced by the combustion efficiency. If the
combustion air flow rate is excessive, the surplus air will be expelled in the form of smoke,
resulting in significant heat loss and a direct reduction in furnace temperature. If the gas
flow rate is excessive, insufficient combustion of the gas will be caused, and increased costs
will also be incurred. The air resistance and flow entering the furnace are reflected by the
combustion air pressure differential. Excessive combustion air pressure differential results
in an insufficient supply of combustion air, which affects combustion efficiency and furnace
temperature. On the contrary, if the combustion air pressure differential is too small, excess
air is present, which increases heat loss from the furnace. The amount of air entering the
furnace is determined by the combustion air valve opening. If the combustion air valve
opening is too large, it can lead to excess combustion air, resulting in a significant amount
of unburned gas and heat loss. On the contrary, if the combustion air valve opening is
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too small, insufficient air supply is experienced, leading to incomplete combustion, which
affects the furnace temperature.

(b) Exhaust aspect: High-temperature flue gas is first gradually cooled by passing
through the ceramic sphere regenerator, and it is then directed by the reversing valve to be
discharged through the exhaust pipe. In this exhaust process, a significant amount of heat
is directly removed from the furnace chamber by the high-temperature flue gas, resulting
in a significant loss of energy for the process. Consequently, the exhaust temperature is
considered a critical auxiliary variable in the exhaust process and must be strictly monitored
and regulated to effectively reduce energy loss and improve thermal efficiency.

Table 1. Auxiliary variables for furnace temperature.

Variable Unit Description

Volume flow rate of the gas

Gas flow rate Nm3/h .
entering the furnace

Volume flow rate of air entering the

Combustion air flow rate Nm3/h .
furnace for combustion

The pressure differential between the air before
Combustion air pressure differential Pa entering the furnace and the
pressure in the furnace

Combustion air valve opening Y% Valve opening for adjusting the air flow rate
Exhaust temperature °C Temperature of the flue gas upon exit
from the furnace

3. The RevIN-CNN-Transformer Prediction Model

To establish a multi-step prediction model for the furnace temperature in the regen-
erative aluminum smelting process, a RevIN-CNN-Transformer model is proposed by
combining RevIN, CNN, and Transformer. Global information from the furnace temper-
ature data is acquired through the self-attention mechanism of the Transformer, while
sensitivity to local information in the furnace temperature data is improved by combining
CNN. The issue of distribution drift in furnace temperature data is addressed through
RevIN. Additionally, the time dependency of furnace temperature data is augmented
through time coding by the proposed prediction model.

3.1. Time Coding Based CNN-Transformer

Transformer is described as a deep-learning model based on the self-attention mech-
anism, with the structure shown in Figure 2. Unlike traditional RNN, the recursive op-
erations in sequence processing are discarded by the Transformer, which relies on the
self-attention mechanism to handle the global dependencies of the input data. The re-
cursive operations in sequence processing are discarded by the Transformer, with the
self-attention mechanism relied upon to handle the global dependencies of the input se-
quence. The core structure of the Transformer model includes an encoder and a decoder,
with features extracted from the input sequence by the encoder and the output generated by
the decoder. The encoder is composed of multiple similar layers, each primarily consisting
of a multi-head attention mechanism and a feed-forward network. The decoder is also
composed of multiple similar layers, with each layer primarily including a multi-head
attention mechanism, masked multi-head attention, and feed-forward network.
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Figure 2. The structure of the Transformer model.

The self-attention mechanism is utilized by the Transformer model to handle depen-
dencies between different positions in the input sequence, thereby allowing for better
capture of long-range dependencies. The attention mechanism of the Transformer is illus-
trated in Figure 3. The structure of the self-attention mechanism is depicted in Figure 3a,
while the structure of the multi-head attention mechanism is depicted in Figure 3b. At-
tention scores are calculated by the self-attention mechanism to assign weights to each
position in the input sequence. The self-attention mechanism is defined as Equation (1):

Attention(Q, K, V) = softmax ( Q- KT> -V 1)
Vik
where Attention(-) is the function for self-attention calculation; Q, K, and V are the query,
key, and value matrices, respectively; T denotes the matrix transpose operation; d; denotes
the dimension of the K; and softmax(-) is the normalization function used to convert scores
into probabilities.

The outputs of different attention heads are concatenated by the multi-head attention
mechanism, and the final multi-head attention output is obtained through linear transfor-
mations. The computation process of the multi-head attention mechanism is described
as follows:

MultiHead(Q, K, V) = Concat(Heady, - - - ,Head},) - wPe )

Head; = Attention(Q . W,-Q, K-wkv. Wiv) 3)

where MultiHead(') is the function for multi-head self-attention calculation, Head; denotes
the output of the i attention head, /i denotes the total number of attention heads, and

Concat(-) denotes the vector concatenation operation. Wl-Q, WK, and W/ are mapping
matrices used to project Q, K, and V into a higher-dimensional representation. W© is
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the mapping matrix used to project the multi-head attention results back to the original
lower-dimensional representation.
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Figure 3. Attention mechanisms: (a) Self-attention mechanism. (b) Multi-head attention mechanism.

Compared to the self-attention mechanism, multiple subspaces are generated by the
multi-head attention mechanism, allowing different aspects of the input sequence to be
simultaneously attended to by the attention mechanism. Richer and more diverse features
are captured in different subspaces by the multi-head attention mechanism.

Global features are captured from the input sequence by the Transformer model
through the multi-head attention mechanism. However, the attention to local information
within the input sequence and the perception of time-related information are found to
be insufficient in the Transformer model. To more effectively extract the time-related
information and local features from the furnace temperature data, embedding operations
are needed. Embedding operations are comprised of positional encoding, time coding, and
multi-feature embedding.

Positional information on furnace temperature data is provided by positional encoding
to help the prediction model understand the relative positions of the furnace temperatures,
thereby addressing the issue of lost positional information. Since time steps are not included
in Transformer models as they are in RNN, positional encoding is employed to capture
the relative positions of furnace temperature data. The definition of positional encoding is
shown in Equation (4):

PE(pos,2n) = sin<posz”)
10000 Imodel

4)

PE(pos,2n+1) = cos(posh )
10000 “model

where pos denotes the index of the current position and 7 denotes the index of the dimen-

sion in the position embedding vector.

By encoding time, the ability of the prediction model to capture time-related informa-
tion is significantly enhanced, leading to improved prediction accuracy. Time coding is
used to convert the data from the time channel into specific time features, thus assisting the
prediction model in better understanding and utilizing the time-related information within
the time series. Time coding is performed by converting the time point into corresponding
minute_number, hour_number, day_of_the_week, and day_of_the_month, and then scaling
the values to the range [—0.5, 0.5]. The computation process of time coding is described
as follows:
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minute_number = % - 05

hour_number = hg—:ﬁ’)’ - 05
day_of_week = % —-05 ®)

days_passed—1 05
total_days_in_month—1 :

day_of_month =

where minute represents the number of minutes at the current time point (from 0 to 59),
hour represents the number of hours at the current time point (from 0 to 23), weekday
represents the day of the week at the current time point (from 0 to 6), and days_passed
represents the day of the month at the current time point.

The CNN is used for multi-feature embedding, and the local features of furnace
temperature data are able to be captured. The CNN is primarily composed of an input layer,
convolutional layers, pooling layers, fully connected layers, and an output layer, and is
depicted as a typical feedforward neural network, with the structure shown in Figure 4. Key
information in the furnace temperature data is captured by applying convolution operations
over different time periods by the CNN. Important details of furnace temperature variations
are revealed through the extraction of local features by the CNN. By introducing the
CNN module into the Transformer model to extract local features, the strong nonlinear
characteristics of the furnace temperature data are effectively addressed, leading to an
enhancement in the performance of the proposed model.

Fully Connected
C lutional Layer
onvolutiona
Input Layer Layer Pooling Omipot
Layer
\ Layer
\
L |
...... =P
b —

Figure 4. The structure of the CNN.

Multi-feature embedding is achieved using one-dimensional CNN, which is more
suitable for furnace temperature data. The computation process of multi-feature embedding
is as follows:

ME = Convld(Xx}N) (6)

where ME denotes the multi-feature embedding operation, X}V denotes the one-dimensional
convolution input, and Convld(-) denotes the one-dimensional convolution operation.

3.2. Reversible Instance Normalization

If the mean and variance, among other statistical properties, are observed to change
over time in time-series data, it is an indication that a data distribution drift problem is
present. The furnace temperature data, as typical time-series data, is analyzed using a
window length of 30; the kernel density probability estimates for three historical windows
are presented in Figure 5. It can be observed from Figure 5 that the mean and variance of
the furnace temperature data are found to vary, indicating that a distribution drift problem
is present in the furnace temperature data. Furnace temperature distribution drift is
identified as a primary challenge hindering the accurate prediction of furnace temperature.
RevIN is described as a normalization and denormalization method with learnable affine
transformations, which is effectively used to address the issue of distribution drift in
the data.
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Figure 5. Kernel density probability estimates.

RevIN is composed of normalization and denormalization layers arranged in a sym-
metric structure. Furnace temperature prediction is treated as a multivariate time-series
prediction task. Given the original input X € RT*/, the goal is to produce output
Y € RPre-lenx1 wwhere Ty represents the length of the input sequence, | represents the
number of variables, and pre_len represents the lengths of the prediction sequences to be
generated. Firstly, instance normalization is applied to the input data X. The mean and
standard deviation of the input data X are computed as follows:

1 Tx
Et[Xi] = T Y. Xij
j=1

I 7)
Var[Xy] = T Y (X0 — B[ X))
X j:1
Using these statistical measures, the input data X are normalized as Equation (8):
(i)
N x;, — Et[Xit]
X =1(—F—r) + B ®)

Var[X;| +e

where 7y and B denote learnable affine parameter vectors and & denotes the offset.

Subsequently, the prediction model receives the instance-normalized X as the input
sequence for prediction. However, X exhibits statistics that differ from the distribution of
the original input X, and capturing the original distribution of X is challenging by merely
observing the instance-normalized X. By performing denormalization at the output layer
of the prediction model, the non-stationary information removed from the original input X
is restored to the output of the prediction model. By applying the inverse normalization of
Equation (8) to the output Y, obtained from the instance-normalized input X, which does
not contain non-stationary information, the non-stationary information is restored to the
final output Y of the prediction model. The process of denormalization is as follows:

Y = \/Var[xy] +e- (Y;lﬁlHEt[th] €)

where Y is the final predicted value instead of Y.
RevIN is characterized by symmetric normalization and denormalization layers, which
effectively handle non-stationary information in time-series data. Non-stationary infor-
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mation in furnace temperature data can be removed by RevIN, and this information can
be restored when needed, thus addressing the issue of distribution drift in the furnace
temperature data. The application of RevIN is significant for alleviating the impact of
furnace temperature data distribution drift and for improving the accuracy and stability of
multi-step furnace temperature predictions.

By integrating RevIN, CNN, time coding, and Transformer, the RevIN-CNN-Transformer
model is obtained. The proposed model effectively handles distribution drift in the furnace
temperature data. The combination of local feature extraction by CNN and global feature
extraction by Transformer is utilized to address the strong nonlinear characteristics in
furnace temperature data. In addition, the temporal relevance of the proposed model is
enhanced by time coding. The structure of the RevIN-CNN-Transformer model is shown
in Figure 6.
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Figure 6. The structure of the RevIN-CNN-Transformer model.

The operating process of the RevIN-CNN-Transformer model is as follows:

Step 1: X € R™*! is the input sequence, where T, represents the length of the input
sequence and / represents the number of variables. By applying RevIN normalization to X
through Equation (8), E(X) is obtained.

Step 2: Perform Encoder Embedding operation on E(X).

(a) By applying positional encoding to E(X) through Equation (4), PE(X) € RTx X dmodel
is obtained, where d 1,04 o; represents the dimensions of the prediction model.
(b) By applying time coding to E(X) through Equation (5), TE(X) € RTx *dmode is obtained.
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(c) By applying multi-feature embedding to E(X) through Equation (6), ME(X) €
RTx X dmodel is obtained.

Then, by summing PE(X), TE(X), and ME(X), Zo = PE(X) + TE(X) + ME(X)
is obtained.

Step 3: By applying the multi-head attention mechanism to Zy, Zy = MultiHead(Z) €
RTx X dmodel ig obtained.

Step 4: After passing Zy through the feedforward network, the output of the encoder
is Zy = GELU(Convld(Zy)) € RTx > dmodel,

Step 5: Xioken € RLabel lenxl wwhere Label_len represents the lengths of known data
used by the decoder during the prediction process. X € RF*-'*"*!, where pre_len rep-
resents the lengths of the prediction sequences to be generated. Therefore, the input to
the decoder is Xy, = {Xioten, Xo} € R *!, and Ty = Label_len + pre_len represents the
length of the target sequence fed into the decoder.

Step 6: Perform decoder embedding operation on Xg,.

(a) By applying positional encoding to X, through Equation (4), PX,, € Ry *dmode
is obtained.

(b) By applying time coding to X, through Equation (5), TX,, € RTv X @mod« is obtained.

(c) By applying multi-feature embedding to X, through Equation (6), MX;, € RTv ¥ dmodel
is obtained.

Then, by summing PX,, TX,,, and MX,,, Z{) = PX, + TXy, + MXy, is obtained.

Step 7: By applying masked multi-head attention to Z(, Z;, = MultiHead(Z)) €
RTy X dmodel jg obtained.

Step 8: By combining the encoder’s output, 7/, passes through the encoder—decoder
attention, yielding Z,, = MultiHead (Z,, Zy) € RTv * @ mod.l,

Step 9: After passing Zo through the feedforward network, the output of the decoder
is Zy, = GELU(Convld(Zy,)) € RTv *dmodel,

Step 10: After passing Z;] through the linear layer and then applying RevIN denor-
malization, the final output ¥ € RPrelenx1 ig obtained.

4. Industrial Case
4.1. Dataset and Data Preprocessing

In order to verify the performance of the RevIN-CNN-Transformer model, it was
applied to the multi-step prediction of furnace temperature in an industrial regenerative
aluminum smelting plant. The aluminum plant was characterized by high-temperature
smelting and a complex production process, with advanced technology and equipment
utilized for large-scale aluminum production. Through the mechanistic analysis of the
regenerative aluminum melting furnace, it is found that seven factors influence the furnace
temperature. However, during the data collection, the variations in burner switching time
and combustion air temperature are relatively small. Therefore, the influence of burner
switching time and combustion air temperature is ignored during the prediction of furnace
temperature. To construct the model, the selected auxiliary variables are shown in Table 2.
These auxiliary variables are measured by sensors. The types and parameters of the sensors
are shown in Table 3. The data were collected from the regenerative aluminum smelting
furnace in the plant, spanning from 1 November to 29 November 2017. The data were
sampled every 5 min, resulting in a dataset of 8000 samples. The dataset was divided as
follows: 80% of the data were allocated to the training set, 10% to the validation set, and
the remaining 10% to the test set. The comprehensive assessment of the performance of
the RevIN-CNN-Transformer model in furnace temperature prediction was enabled by the
division of the dataset.
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Table 2. Auxiliary variables of the proposed model.

Index Auxiliary Variable

12 # Gas flow rate
34 # Gas flow rate
12 # Combustion air flow rate
34 # Combustion air flow rate
12 # Combustion air pressure differential
34 # Combustion air pressure differential
12 # Combustion air valve opening
34 # Combustion air valve opening
B3 # Exhaust temperature

—_

O 00 N O Ul = WIN

Table 3. Sensor types and parameters.

Sensor Type Measurement Range Accuracy Response Time
Flow Meter 0-15 m3/h +1% 0.2s
Differential Pressure Gauge 0-10,000 Pa +0.5% 0.1s
Valve Position Indicator 0-100% +1% 0.1s
Thermocouple 0-1200 °C +0.5% 0.5s

To eliminate the impact caused by differences in dimensions among variables and en-
able comparison on the same scale, standardization is performed. Z-score standardization
is employed in this paper, with the specific expression in Equation (10):

* Xi—H
Xi == (10)
where x; denotes the original data value, u denotes the mean of the data, o denotes the
standard deviation of the data, and x; denotes the standardized value.

To evaluate the performance of the proposed prediction model, the root mean squared
error (RMSE), the mean absolute error (MAE), and the coefficient of determination (R?)
are selected as evaluation indices. Smaller values of RMSE and MAE are associated with
higher prediction accuracy. Greater accuracy in the prediction results is indicated by a
value of R? closer to 1. The three evaluation indices are defined as follows:

1 M

— . L 0.)2
RMSE N i;(yz i) (11)

1 M .
MAE = & glyi — i (12)

Nr

RR=1-2L (13)

where N7 denotes the number of samples used for testing, ¥; denotes the actual value of
the furnace temperature, 7; denotes the predicted value of the furnace temperature, and ¥,
denotes the mean value of the actual furnace temperature.

4.2. Results and Analysis

The experiments in this paper are run on the Windows 11 operating system, con-
figured with an Intel(R) Core(TM) i5-12490F CPU and a GeForce RTX 4060 GPU. The
experimental environment uses the Pytorch framework, and Python version 3.10.13 is
installed. Hyperparameters such as learning rate, epoch, and batch size are shown to have
a significant impact on the performance of the prediction model; therefore, optimal settings
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are necessary. The learning rate is identified as one of the key hyperparameters that need
to be adjusted during the training of the prediction model. A learning rate that is too high
may prevent convergence and cause oscillations, while a rate that is too low may slow
convergence and waste training time. The performance metrics of the prediction model
under different learning rates can be obtained through the trial and error method, as shown
in Table 4. From Table 4, it is shown that the optimal learning rate for the proposed model
should be set to 0.0001. The optimal settings for the two hyperparameters, epoch and
batch size, are also found through the trial and error method, with optimal values being 15
and 12, respectively.

Table 4. Model performance at different learning rates.

Learning Rate MAE RMSE R?
0.01 44.612 52.854 0.415
0.001 2.487 3.570 0.997
0.0001 1.984 2.865 0.998
0.00001 3.041 4.188 0.996

The loss function adopted by the proposed model is the mean squared error (MSE).
Under the optimal settings of hyperparameters, the loss curves for the training and valida-
tion sets are shown in Figure 7. It can be observed from Figure 7 that the loss curves for
both the training and validation sets tend to stabilize after a certain number of iterations,
indicating that the errors of the prediction model on the training and validation sets are
stabilized at a lower level. The error of the prediction model tends to zero and stabilizes,
demonstrating that the prediction model converges.

0.010
—@— Training Loss

0.008 - —8&— Validation Loss

0.006 -

LOSS

0.004 ~

0.002

0.000IIIIIIIIII L L
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Epochs

Figure 7. Training and validation loss curves.

To comprehensively evaluate the performance of the proposed model, comparative
experiments and ablation experiments are conducted. The comparative experiments are
primarily used to assess the performance advantages of the proposed model relative to
some existing deep-learning models. The ablation experiments are used to analyze the con-
tribution of each component of the proposed prediction model to the overall performance.

4.2.1. Comparative Experiments

To verify the superiority of the proposed model, the ARIMA model, the Transformer
model [22], the Informer model [35], and the Autoformer model [36] are used for experi-
mental comparison. The performances of the RevIN-CNN-Transformer model, the ARIMA
model, the Transformer model, the Informer model, and the Autoformer model are com-
pared in the furnace temperature prediction task with 1-step, 4-step, and 8-step prediction
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steps. The prediction results of the five models with 1-step, 4-step, and 8-step prediction
steps are shown in Figure 8, Figure 9, and Figure 10, respectively.
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Figure 8. The 1-step prediction results of the five prediction models.
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Figure 9. The 4-step prediction results of the five prediction models.

In a magnified view of the prediction results from Figure 8, the prediction curve of the
RevIN-CNN-Transformer model is shown to fit the actual values accurately and to follow
the fluctuations of the actual curve closely. As shown in Figures 9 and 10, the decrease in
the performances of the five models as the prediction step increases and the increase in the
fluctuation of the prediction curves are observed. However, the prediction results of the
RevIN-CNN-Transformer model are significantly better than those of the other prediction
models. The comparative experimental results demonstrate that better performance is
achieved by the RevIN-CNN-Transformer model in the multi-step furnace temperature
prediction task. The evaluation index results for the five models at 1-step, 4-step, and 8-step
furnace temperature prediction steps are shown in Table 5.
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Figure 10. The 8-step prediction results of the five prediction models.

Table 5. The results of the evaluation indices for the models under different prediction steps.

Prediction Step Evalua.t ton ARIMA Transformer Informer Autoformer RevIN-CNN-
Metrics Transformer

MAE 3.181 6.312 6.061 5.107 1.984

1-step RMSE 7.592 8.283 7.810 6.889 2.865
R2 0.988 0.986 0.987 0.990 0.998

MAE 8.063 9.648 8.691 8.897 5.755

4-step RMSE 16.249 12.126 11.849 11.892 8.351
R2 0.949 0.969 0.971 0.970 0.985
MAE 18.376 14.872 12.129 19.943 10.600
8-step RMSE 32.735 19.112 16.766 27.491 15.998
R2 0.810 0.924 0.941 0.842 0.946

It can be seen from Table 5 that the RevIN-CNN-Transformer model performs better
than the other four prediction models across the three prediction steps. Among the three
prediction steps, the smallest values of MAE and RMSE and the highest value of R?
are exhibited by the RevIN-CNN-Transformer model, indicating that higher prediction
accuracy and better fitting performance are achieved by the proposed model.

The comparison of the reduction rates of MAE and RMSE for the other four prediction
models relative to the RevIN-CNN-Transformer model under 1-step, 4-step, and 8-step
prediction steps is shown in Figure 11.

The better prediction performance of the RevIN-CNN-Transformer model compared
to the other prediction models for 1-step, 4-step, and 8-step prediction steps is shown in
Figure 11. In the 1-step prediction, reductions of 38 to 69% in MAE and 58 to 65% in RMSE
are achieved by the RevIN-CNN-Transformer model. In the 4-step prediction, reductions
of 29 to 40% in MAE and 30 to 49% in RMSE are achieved by the proposed model. In the
8-step prediction, the proposed model achieves reductions of 13 to 47% in MAE and 5 to
51% in RMSE. The RevIN-CNN-Transformer model has smaller MAE and RMSE values
compared to the other four prediction models, indicating that smaller prediction errors,
lower dispersion, and better prediction performance are obtained.

177



Processes 2024, 12, 2438

-
=
1

=N
3
f

MAE Reduction Rate (%)

Y
S
L

=
L

w
=
f

.
>
'

s
=3
f

I-step
4-step 60 4
8-step

o = o
= =Y =
L L L

RMSE Reduction Rate (%)

Y
=3
L

1-step
4-step
8-step

T T T 0 T T T
Transformer Informer Autoformer ARIMA Transformer Informer

(a) (b)
Figure 11. The comparison of the reduction rates of evaluation indices for the four models under
different prediction steps: (a) MAE reduction rates. (b) RMSE reduction rates.

4.2.2. Ablation Experiments

To validate the effectiveness of each component in the proposed prediction model,
systematic ablation experiments are conducted. The impact of removing key components
of the prediction model on prediction performance is assessed. All ablation experiments are
conducted on the same dataset with the same training parameters. The evaluation indices of
MAE, RMSE, and R? are used to ensure the comparability of the ablation experiment results.
The CNN and RevIN are added separately to the Transformer model to explore their effects.
The impact of removing the time-coding module from the RevIN-CNN-Transformer model
is analyzed. All ablation experiments are conducted on the furnace temperature prediction
task with a 4-step prediction horizon, and the results are shown in Figure 12.

The evaluation indices of the ablation experiments for the RevIN-CNN-Transformer
model are presented in Table 6.
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Figure 12. The results of the ablation experiments.
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Table 6. The results of the evaluation indices for the ablation experiments of the prediction model.

Prediction Model MAE RMSE R?
CNN-Transformer 8.118 10.681 0.976
RevIN-Transformer 6.856 9.743 0.980
RevIN-CNN-Transformer (without time coding) 6317  9.268  0.982
RevIN-CNN-Transformer 5.755 8.351 0.985

It can be seen from Table 6 that the performance of the RevIN-CNN-Transformer model
is significantly improved by the introduction of the CNN and RevIN modules. Specifically,
the issue of distribution drift in the furnace temperature data is effectively addressed by
the RevIN module. The ability of the RevIN-CNN-Transformer model to focus on local
information is enhanced by the CNN module through the extraction of local features from
the furnace temperature data. The RevIN-CNN-Transformer model is enabled to better
understand the overall trend of the furnace temperature and effectively capture the details
within the temperature data through the introduction of the CNN and RevIN modules,
thus improving the accuracy and stability of the predictions. Additionally, the temporal
correlation of the RevIN-CNN-Transformer model is enhanced by the time-coding module.
The performance of the proposed model in handling complex and multivariate coupling
furnace temperature prediction tasks is significantly improved by the combination of the
Transformer, CNN, RevIN, and time-coding modules.

5. Conclusions

A multi-step furnace temperature prediction model based on RevIN-CNN-Transformer
is proposed to address the issues of strong nonlinear characteristics and distribution drift of
furnace temperature for the regenerative aluminum melting process. The ability of the pre-
dictive model to learn time-related information is significantly enhanced by applying time
coding to the input data. A significant improvement in the furnace temperature prediction
is achieved by the proposed model, which utilizes the local feature extraction capabilities of
CNN and the global feature extraction capabilities of Transformer. In addition, the issue of
decreased prediction performance due to data distribution drift is effectively addressed by
the introduction of RevIN. The experimental results from the furnace temperature dataset
of an aluminum smelting plant show that time-related information is effectively extracted
from the furnace temperature data by the proposed model. The proposed model surpasses
the evaluation indices of the other models for multi-step prediction. The strong nonlinear
characteristics and distribution drift issues of furnace temperature are addressed by the
proposed prediction model, and favorable application results are achieved in the multi-step
furnace temperature prediction. Compared to single-step prediction, multi-step prediction
provides operators with more long-term predictive information, allowing them sufficient
time to make adjustments, thereby improving production efficiency and reducing energy
consumption. Although the errors of multi-step prediction may accumulate as the number
of prediction steps increases, the opportunity for operators to have sufficient time for
adjustments holds practical significance in industrial applications.
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Abstract: It is possible to optimize the yogurt and flavor filling process through a fully flexible
machine that can accommodate different types of yogurt and flavors, allowing for rapid adjustment of
filling parameters such as volume, speed, and feed rate. Previously, researchers focused on developing
a yogurt filling machine and presented their findings across varied machine configurations. The
contribution of this study comprises two key elements: configuring the machine to achieve full
flexibility, wherein yogurt and any flavor can be filled at any designated filling station, and devising
a novel mathematical model to optimize the newly configured machine settings. A real-life problem
within the context of yogurt filling has been solved using the proposed model and results have been
compared with the previously published models. It has been found that the proposed model for the
fully flexible machine settings outperformed the previously published models, achieving a significant

mar; gln of improvement.

Keywords: combinatorial optimization; filling process optimization; makespan minimization;
mathematical modelling; scheduling and sequencing; yogurt filling machine

1. Introduction

Optimizing the filling process of machines by customizing the machine settings allows
the process to be optimized to achieve optimal results. In this approach, machine settings
are adjusted to suit the specific needs of the product filling and the production line on
which the machine operates. By utilizing fully flexible machine settings, manufacturers can
improve the filling process’s accuracy, efficiency, and consistency, leading to significant cost
savings, minimizing the processing time and improved product quality. With machines
capable of filling containers of different volumes, the machine’s settings may be adjusted
to ensure that each container is filled correctly and efficiently. As a result, there can be
significant reductions in product waste, an increase in productivity, and an increase in
profitability. Optimizing the filling process through fully flexible machine settings can
enhance the efficiency and quality of the manufacturing process while reducing costs [1].

An objective of the parallel machine scheduling is to minimize the makespan or the
time it takes to complete all jobs by simultaneously scheduling jobs on multiple identical
machines. J. Lee et al. [2] worked on the makespan minimization of the parallel machine
scheduling problem and to obtain optimal solutions, a mathematical model was presented.
A NP-hard problem was considered. First, a feasible solution was obtained and the solution
was then improved in a constructive way. A real problem from industry was considered
to test the performance of the proposed algorithm and was found very efficient for most
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practical cases. To minimize two objectives simultaneously, S. Wang et al. [3] considered
a scheduling problem of identical parallel machines. The two objectives considered in
the problem were the minimization of the makespan and the energy. The reasons for
working on these objectives were that a minimum makespan results in high utilization of
the machines and energy being the major portion of the total cost of the manufacturing
company. The contributions of the research include the derivation of a bi-objective schedul-
ing problem of identical parallel machines from a real-world manufacturing company,
adaption of an augmented e-constraint method and comparison and validation of the
performance of the proposed method. D. Hu et al. [4] studied a scheduling problem on
parallel machines and the problem formulated as a mixed-integer linear programming
model with the objective to minimize the makespan. Two genetic algorithms were devel-
oped and their performances were then evaluated. While implementing genetic algorithm,
the results showed that a greedy assignment scheme works better than a random assign-
ment scheme. S. Ozpeynirci et al. [5] worked on the integration of scheduling and tool
assignment problems through mixed-integer programming approach with the objective to
minimize the makespan. A tabu search algorithm was developed for finding near-optimal
solution in a reasonable computational time instead of NP-hard which requires extremely
higher computational time with the increase in the problem size. E. Canakoglu et al. [6]
proposed a new mathematical model for resource constrained parallel machine problem
with additional covering constraints and with the objective to minimize makespan. The
proposed methodology efficiently resulted in a high number of jobs as compared to the
number of machines. The proposed tabu search algorithm resulted in a balanced workload
distribution over the employees and attained low mean absolute deviation value.

A combinatorial optimization procedure seeks to find the best solution from a finite
number of potential solutions. A set of constraints is typically described by a combinatorial
structure optimized according to the objective function. A combinatorial optimization
problem is finding the optimal combination of elements that optimizes the objective func-
tion. A comprehensive introduction to combinatorial optimization has been provided by B.
Korte et al. [7], which discusses both the theoretical foundations and practical algorithms
for solving optimization problems. A new crossover operator for genetic algorithms has
been proposed by Arram et al. [8]. The operator is intended to improve the performance
of genetic algorithms in the context of combinatorial optimization. Using graph-based
neural networks and combinatorial optimization, Gannouni et al. [9] developed a novel
approach to production scheduling. Using a real-world production scheduling problem,
the method’s performance was assessed. Compared with traditional scheduling methods,
the proposed approach significantly reduces setup waste and generates feasible schedules
that meet production requirements. Penna et al. [10] proposed modeling the timetable
scheduling problem with job shop scheduling techniques. They explained how to formulate
the problem as a job shop scheduling problem, where events and activities are considered
jobs, and time slots and locations are considered machines. Job-shop scheduling was pre-
sented by El-Kholany et al. [11] as one of the most well-known combinatorial optimization
problems, which involves the allocation of resources and sequencing of operations to mini-
mize the makespan or time needed to complete the work. Several factors were highlighted,
including the complexity of the problem and the necessity for effective problem-solving
methods.

Several factors and variables must be considered to optimize the filling process, such
as the type of container, product characteristics, filling equipment, packing procedures, and
operational parameters that affect the process. A study by Kopanos et al. [12] highlighted
the difficulty of production scheduling in food processing due to multiple product types,
limited resources, processing time constraints, and interdependencies. It emphasized the
need for mathematical models and algorithms. Wang et al. [13] proposed a mathematical
model and a mixed-integer linear programming (MILP) formulation could be developed
to achieve the shortest possible makespan about parallel-batching machines as well as
non-identical job sizes. Chen et al. [14] presented an approach to optimize factor settings
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in a pharmaceutical filling process, identifying the most critical factors and determining
their optimal settings to optimize efficiency and quality. Based on the integrated nature
of the problem, Ferreira et al. [15] investigated how to simultaneously determine the
production quantity for different flavors of soft drinks and schedule production operations
to meet customer demands while considering various constraints. Several optimization
opportunities were identified and potential strategies were proposed by H. Wang et al. [16]
for enhancing the performance of the system. It was concluded that automated drug-filling
systems require modifications to their hardware, software, workflow, and operational
procedures to be optimized.

As part of the operations management and production planning, scheduling and
sequencing are closely related concepts. To maximize resource utilization, meet deadlines,
and reduce workflow overhead, these activities aim to establish the order and timing of
tasks or activities. Among the essential factors of efficient scheduling are reducing produc-
tion costs and improving overall operational effectiveness, as highlighted by Strohhecker
et al. [17]. Heuristics have been proposed for loading and sequencing to minimize the total
completion time, each with algorithmic logic and decision rules. In a complex environment
such as an industrial setting, G. Da Col et al. [18] acknowledged that job shop scheduling is
a complex problem that must be addressed to maximize resource utilization, minimize job
completion times, and increase productivity. Baldo et al. [19] presented an optimization ap-
proach for scheduling problems. They developed a mathematical model that incorporated
the various constraints and objectives of the brewery industry, including production capac-
ity, variations in demand, and storage constraints. As demonstrated by the experimental
results, the optimization approach effectively solved the brewery industry’s lot sizing
and scheduling problems. Basso et al. [20] formulated and solved the bottling scheduling
problem in the wine industry heuristically. It was believed that the findings contributed to
improving scheduling processes, resource utilization, and operational efficiency in the wine
industry. A scheduling model was proposed by Niaki et al. [21] to optimize the production
process and improve resource utilization in the yogurt industry to minimize production
time, maximize resource utilization, and accurately deliver products promptly.

In the mathematical modelling for process optimization, S. Rezig et al. [22] proposed a
new approach and the contribution includes linear optimization mathematical model for
production planning and to show the importance of the mathematical models for industrial
issues. To express the effectiveness of the proposed model, a problem was solved and the
results were presented. Toledo et al. [23] proposed a mixed-integer linear programming
model for the description of an industrial problem relevant to soft drinks. An integrated
solution approach was presented as the decisions made in one stage had consequences on
another stage of the problem. Using CPLEX software (v. 20.1.0), the goal was to obtain
the optimal solutions within one hour of running the problem on the computer. P. Kumar
et al. [24] worked on the optimization and the performance analysis of soft drink bottle
filling system using the Particle Swarm Optimization (PSO) technique. Equations were
derived and different effects were studied. The performance was optimized using the
PSO technique when the results were discussed with managers of the plant. For the
minimization of the total weighted number of tardy jobs, S. Guo et al. [25], presented job
scheduling with different weights on a single machine. The problem aimed at finding
a feasible schedule. A real-life problem of lot sizing and production scheduling in the
beverage industry was presented by M. Samouilidou et al. [26], where the production
facility considered was identified as multistage and multiproduct. The objective was
to generate an optimal production schedule which can satisfy a demand. The results
showed that the optimal schedule leaded to better productivity of the plant and reduced
the utilization and cost on the resources of labors.

Under the “Vision 2023” program of the Kingdom of Saudi Arabia, efforts have
been started for many years for the digital transformation of all sectors of the country. To
compete with global challenges, it was essential to renovate and standardize manufacturing
and production industries. To upgrade the Industry 4.0 knowledge of the students, B.
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Salah et al. [27] worked on the learning methodology of the students at the University.
The proposed methodology translated the potential of the students from theoretical to
applied side. It was expected to induce a robust curriculum consisting of mechatronics
and digitalized instrumentation relevant to Industry 4.0. The students were involved
in different activities relevant to Industry 4.0 including 3D printing and familiarity with
different components of the yogurt filling machine. It can be noted that many components
were fixed in the yogurt filling machine, the filling process was performed but it was not
an optimized filling process. There was a need to make a mathematical model and the
filling process be optimized. B. Salah et al. [28] made changes in the settings of the yogurt
filling machine and the filling of yogurt and all three flavors was performed at two different
points. A mathematical model was developed with the objective of minimizing the filling
time or maximizing the speed of the conveyor belt subject to constraints on the maximum
allowable speed of the conveyor belt and feed rates of the filling nozzles. A real-life problem
was solved and optimized results were achieved. The results were then used in the one-
dimensional rules to find a rule which is better than the other ones. J. Chen et al. [29]
modified the machine settings and proposed the filling of yogurt and flavors from a single
point. The mathematical model was slightly modified and the simultaneous filling resulted
in reduced filling time when the same earlier presented problem was solved through the
proposed model. The results of the model were used as input in the one-dimensional
rules. The results also showed that the model in [29] is 1.05-fold faster than the model
presented in [28]. Y. Cui et al. [30] further modified the machine settings and proposed
dedicated filling points for each of the three flavors. Due to dedicated filling points, it
was not possible to mix more than one flavor with yogurt as customer may demand. The
objective function of the model in [30] was similar to that of [29]; however, the constraints
were slightly different from the earlier presented models. The same problem considered
in [28,29] was solved using the modified model for dedicated filling points for each flavor,
resulted in 2.55- and 2.41-fold faster than the models presented in [28,29], respectively. B.
Salah et al. [31] combined several concepts of Industry 4.0 and proposed a control system
for system improvement and remodeling of the yogurt filling machine. A new controller
called Raspberry Pi 4 Model B (Raspberry Pi Trading Ltd., Cambridge, UK) was added
in the system for controlling the NFC signal. For the purpose of minimizing the human
intervention, the concepts of Industry 4.0 were implemented throughout the yogurt filling
machine successfully.

The existing machine in Case I [28] was filling yogurt and flavors at two different
points, and the filling times of yogurt and flavors were considered equal. Due to the filling
at two distinct points, there was a possibility of filling the yogurt and flavors at a single
point and reducing the processing time further. Hence, Case II [29] was presented, and
yogurt and flavors were filled under a unified head nozzle. The limitations of Case II [29]
include the non-simultaneous filling of flavors into different cups. As customers can order
assorted flavors mixed with yogurt and further reduce their waiting time, Case I1I [30] was
introduced, with dedicated filling points for the other flavors. Case III [30] made filling the
yogurt and flavors possible simultaneously, minimizing the processing time.

In this research article, the settings of the yogurt filling machine are further modified,
where the yogurt and all three flavors can be filled at any of the three filling points. Through
the machine settings, it was possible to fill the yogurt and any of the three flavors from
any filling point in the machine and hence the system is made fully flexible. A new
mathematical model has been presented with the objective to minimize the filling time
subject to constraints relevant to the speed of the conveyor belt, the yogurt and flavor
filling times and the idle times of yogurt and flavor filling nozzles. A real-life problem has
been solved to test the model considering the customer order dependent and independent
variables. It has been found that the new model produced better results than the previously
published models for the yogurt filling machine.

The different sections in this article are as follows. Section 1 presents the introduc-
tion and brief literature survey of fully flexible machines, parallel machine scheduling,
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combinatorial optimization, filling process optimization, sequencing and scheduling, and
yogurt filling machines. In contrast, Section 2 provides the problem description. The pro-
posed mathematical model for the fully flexible parallel machines is explained in Section 3,
whereas Section 4 illustrates the solution procedure by providing an example. The re-
sults and discussion appear in Section 5; the conclusion and further recommendations are
written in Section 6.

2. Problem Description

To address the limitations of the existing yogurt filling machines regarding flexibility
and efficiency, the newly developed system can ideally switch between multiple flavors,
production volumes, and packaging sizes while maintaining a higher level of productivity.
Figure 1a illustrates the unified head containing four filling nozzles, which fill predeter-
mined volumes of base yogurt and three different flavors into the cups. The cups, initially
empty, are positioned at the entry point and subsequently moved to the filling area employ-
ing a conveyor belt. Once the filling process is completed, the cups are directed to the exit
point, where a robotic arm removes them from the system. Figure 1b illustrates the rear
view of the machine, highlighting a panel attached with sensors, switches, and buttons. At
the same time, the diaphragm pumps are engaged to facilitate the transfer of yogurt and
flavors from the tanks to the filling nozzles.

(a) (b)

Figure 1. The automatic yogurt filling machine: (a) the The front view of the machine with a unified

head nozzle and conveyor belt and (b) the The control panel, filling tanks, and pumps of the machine.
Source: B. Salah et al. [28].

The main components used in the fully flexible yogurt filling machine are yogurt
and flavor filling nozzles, conveyor belt, filling point allocation system, cup detection and
orientation system, flavor and yogurt supply system, automated cleaning and sanitizing
system, Human-Machine Interface (HMI), Industry 4.0 technologies, quality control system,
Raspberry Pi 4 Model B Controller and NFC Signal.

The machine settings were changed, and the system was fully flexible to reduce the
processing time further. The complete flexibility of the machine can be achieved by fixing
three unified heads working in parallel at various positions. Figure 2 shows three machines
that can fill any flavor at any time. The empty cups are loaded on the conveyor belt and
moved towards the filling points. Two conveyor belts work under each unified head, with
two nozzles in each. The stationary conveyor belt is represented by zero, while the belt in
motion is represented by 1. The unified head relates to all tanks of assorted flavors and
yogurt through small pipes where large volumes of flavors and yogurt are available to fill
the cups with the required quantities. The cups then move towards the exit point, where a
robotic arm is used to remove them from the system.
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Binary numbers 1 and 0 represent motion and no-motion
| (stationary state) of the conveyor belt, respectively

00000 ——— 00 — 100000@

Machine 1
00000t —/—/——> (010) — 100000
i, | 00000 —= (@] —— 100000
00000 —— e —— 100000
. [00000[T—= 0= ——— 100000
00000 —— 00— 100000
Empty cups Empty cups Filling of Complete filled Complete filled cups
waiting for moving yogurt and cups moving to be removed from
loading on the towards the different towards the the system by robotic
conveyor belt filling points flavors exit point arm

Figure 2. Three fully flexible parallel unified heads with two conveyor belts for each head in the
system fill the required volumes of yogurt and flavors in cups.

The limitations of the b. Salah et al. [28] model include limited flexibility, inefficient use
of resources and lack of optimization, while the limitations of the j. Chen et al. [29] model
consist of limited simultaneous filling, inability to handle assorted flavors and limited
flexibility, whereas the limitations of the y. Cui et al. [30] model comprise dedicated filling
points, inability to mix flavors, limited scalability. The current proposed model overcomes
these limitations by allowing filling of yogurt and any flavor at any of the three filling
points, enabling simultaneous filling of yogurt and multiple flavors, optimizing filling time
and conveyor belt speed, adapting to changing customer demands and assorted flavor
requests and working in parallel to fill the cups with required volumes.

The fully flexible yogurt filling machine has been designed as an innovative equipment
to streamline the yogurt and flavor filling process. This system consists of three unified
heads, each equipped with two nozzles, enhancing flexibility and efficiency. The machine
is designed to simultaneously manage various yogurt filling requirements due to the
integration of multiple heads and nozzles. As given in Table 1, all combinations allow
operators to access the information quickly and efficiently they need and determine which
combinations are possible. This reduces the time they need to spend thinking and makes it
easier to find the desired combination.

Table 1. All flavors and yogurt filling combinations through three unified heads (Head-I, II, and III),
each with two nozzles (N-I and N-II).

Blueberry Strawberry Mango
Yogurt Head-I Head-II Head-III Head-I Head-II Head-III Head-I Head-II Head-III
N-I NI NI NII NI NII NI NII NI NII NI NII NI NII NI NII NI N-II

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0

0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0

0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0

0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0

1 1 0 1 0 0 0 1 0 1 0 0 0 1 0 1 0 0 0
0 1 0 1 0 0 0 1 0 1 0 0 0 1 0 1 0 0

0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0

0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1

1 0 0 0 1 0 1 0 0 0 1 0 1 0 0 0 1 0

0 1 0 0 0 1 0 1 0 0 0 1 0 1 0 0 0 1

0 0 1 0 1 0 0 0 1 0 1 0 0 0 1 0 1 0
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Table 1. Cont.

Blueberry Strawberry Mango
Yogurt Head-I Head-II Head-III Head-I Head-II Head-III Head-I Head-II Head-III
N-I NI N-I NIIL NI N-II NI O N-II N-I N-IID NI N-IID N-I N-ITD N-I N-IID N-I N-IT
0 0 0 1 0 1 0 0 0 1 0 1 0 0 0 1 0 1
1 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1

Several advantages are associated with fully flexible yogurt filling machines, making
them a desirable possibility for mixing yogurt with assorted flavors. Some benefits of
using a fully flexible yogurt filling machine include improved flexibility, product variety,
customization, efficiency and productivity, cost savings, and adaptability to market trends.
Automation also reduces the risk of human error and increases efficiency, leading to lower
production costs.

There are few benefits of the proposed machine settings. The economic benefits
include increased efficiency and improved productivity while the operational benefits
include flexibility and reduced idle time. Similarly, the maintenance benefits include
reduced downtime, extended equipment life, simplified maintenance and reduced energy
consumption. Few other benefits are improved customer satisfaction and competitive
advantage in the market.

The use of fully flexible yogurt filling machines has many advantages, but they also
have certain limitations. Some limitations are that they are more expensive than traditional
filling machines, are complex to operate and maintain, require appropriate training and
expertise from the operator, have increased maintenance requirements, had compatibility
issues, and require floor space.

3. Mathematical Modelling

Considering the primary goal of minimizing the makespan of the system while de-
ciding the optimal allocation of all jobs to the available machines, a linear programming
model has been developed. A variety of constraints and equations have been taken into
consideration in the development of the model. The model formulation has several es-
sential components, including indices, parameters, and decision variables. The linear
programming model allows for the planning and allocating jobs to machines based on
constraints and equations. Together, these elements form the foundation for adequate
scheduling and allocation of jobs.

The mathematical modeling process is divided into two stages. A model for the filling
speed of conveyor belts, filling time, idle time and job processing time is developed in the
first stage. The purpose of this stage is to represent and analyze the dynamics of the filling
process in as much detail as possible. In the second stage, the model is intended to address
the problem of parallel machines to identify and explain the optimal combinations of filling
times for different types of orders. Formulating and solving the second stage allows the
model to determine the most efficient schedule and allocation of resources, ultimately
improving the efficiency of the filling system.

Stage I

Indices

a volume of yogurt acA
b yogurt type beB

c volume of flavor ceC

d flavor type deD
e total volume of yogurt and flavor(s) ecE

f filling machine in the system feF

g belt number in a machine geG
h different types of total volumes heH
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i

j
Parameters
Lt

[

Vubcde

Uabede

Smax

number of machines i€l
number of jobs j€]

total length centimeter (cm)

half of the total length of the conveyor belt centimeter (cm)

yogurt volume in the total volume of a cup milliliter (mL)

flavor volume in the total volume of a cup milliliter (mL)

conveyor belt maximum allowable speed centimeter per second (cm/s)
processing time of job j on any machine second (s)

processing time of job j on machine i second (s)

completion time of a set of jobs on machine i second (s)

maximum completion time of a set of jobs assigned to any machine second (s)
binary number used for stationary and moving states of the conveyer belts unit
less

yogurt nozzle idle time second (s)

flavor nozzle idle time second (s)

filling time of yogurt second (s)

filling time of flavor second (s)

actual speed of the belt centimeter per second (cm/s)

calculated speed of the belt centimeter per second (cm/s)

J
anumber used in filling time calculations, where MinP; < C < ). P; second (s)
j=1

Decision and Resulting Variables

5abcde
Xabede
.Babcde
Yabede

1 if machine 7 is used to process job j, or else 0 unit less
yogurt valve feed rate milliliter per second (mL/s)
strawberry flavor valve feed rate milliliter per second (mL/s)
blueberry flavor valve feed rate milliliter per second (mL/s)
mango flavor valve feed rate milliliter per second (mL/s)

The following are few equations used in the mathematical calculations of the yogurt

filling process.

Sa = min{m'm(l ‘S“hcde,z““”cd‘f,lﬁ“hcde,ﬂ”bcde>,smax} aeAbeBceCdeD,eecE

Vabcde Uabede  Vabede  Oabede

V.
ty= %9 3 c AbeBceCdeD,ecE

2)
5abcdc
ty = Jabede o A heBceCdeD,ecE )
Xgbede
tﬁ:v’”’c’”aeA,beB,ceC,deD,eeE @)
:Bubcde
tW:MuGA,beB,ceC,deD,eeE (5)
Yabede
!
Sc = r (6)
5
T*L—Lif : —i>00therwise0 (7)
*7 Smax  Sc Smax  Sc
T(X - maX(t(s, ta, tﬁ, t')/) - t(x (8)
T/g = max(ttg, ta, t/g,, tfy) — f‘[; 9)
Ty = max(ts to, tg, ty) — ty (10)
F
Y mpe=1g€G (11)
f=1
F G
Y. ) mp=3 (12)
f=1g=1
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Pj _ Vabcde[ vabcde’ UﬂdeE’ Oabcde acAbeBccCdeD,ecE (13)

Oabede” Xabede Pabede Vabede

Equation (1) is used to find the actual speed of the conveyor belt while Equations (2)—(5)
are utilized to find the filling time of the required volumes of yogurt, flavor 1, flavor 2 and
flavor 3, respectively. Equation (6) is used to find the calculated speed of the conveyer belt
whereas Equations (7)—(10) calculate the idle times of the yogurt, flavor 1, flavor 2 and
flavor 3 nozzles, respectively. Equation (11) states that one out of the two belts in a fully
flexible machine should be in motion while Equation (12) enforces that three out of the six
belts in the system must be in motion at any time during the filling process. Equation (13)
finds the filling times of yogurt and flavors of any order.

In Stage II, the model is used to optimize the filling process. The solution of the model
results in optimal values of the filling times for each order.

Stage 11

A& & & & (Vibede | Vabede | Vabede | Vabed
Minimize:Z:C—ZZZZZ( abode , Dabede , Dobede ) (14)
a=1b=1c=1d=1e=1 §ubcde Xabede ﬁabcde Yabcde

Subject to the following constraints and equations:

J
Y PDiX;j<Ciel (15)
=1
I
i=1
XijE{O,l}iEI,jE] (17)
]
Ci=) PDXjicl (18)
j=1
I
Cmax = maGCi (19)
1=
Sapede < Maximum éypegea € A, b€ B,ceC,de D,ec E (20)
Kgpede < Maximum ogpeg, 0 € A, b€ B,ce C,de D,ec E (21)
Bavede < Maximum Bapegea € A,be B,ce C,de D,ec E (22)
Yabede < Maximum ype4. @ € A,b € B,c€ C,d € D,e € E (23)
l V,
— ——abde 5 0gec AbeB,ceCdeD,ecE (24)
Sa 5abcde
L_ Yabcde
>0ac€AbeBceCdeD,ecE (25)
Sa Xgbede
L _ Uabcde
>0ae€AbeBceCdeD,ecE (26)
Sa ;Babcde
i _ Uabcde
>0ac AbeBceC,deD,ecE (27)
Sa Yabcde

The objective function 14 linked with all constraints and equations of the model is
used to minimize the processing and filling times of the cups assigned to different filling
stations of the system. Constraint 15 states that the processing time of the jobs assigned
to any machine in the system should be less than or equal to the total completion time.
Equation (16) states that a job must be assigned to any of the machines in the system for
filling while Equation (17) is used for binary restrictions. Equation (18) states that the
processing time on any machine is equal to the summation of the filling times of the jobs
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assigned to that machine. Equation (19) shows that the makespan is equal to the maximum
value of the processing times of any of the available machines used in the filling of the
yogurt and flavors. Inequalities (20)—(23) restrict the feed rates to be less than or equal to
the maximum allowable values of the feed rates of yogurt, flavor 1, flavor 2 and flavor 3,
respectively. Inequalities (23)—-(26) states that either the filling times of yogurt, flavor 1,
flavor 2 and flavor 3 are equal or less than to the time in which an empty cup reaches the
filling point from the entry point or a completely filled cup moves from the filling point to
the exit point, respectively.

Using a linear programming model, the machine can be programmed to optimize the
filling process, allowing it to allocate resources more efficiently, reduce the total time it
takes to fill the cups and make better decisions in real time based on changes in demand or
other factors. Furthermore, the model can be adapted to changing conditions, allowing it
to ensure optimal performance. The cups can be filled with exact quantities of yogurt and
flavors using automated filling machines in a much shorter time.

4. Solution Procedure

Once the set of orders from customers is received, various quantities of yogurt and
flavors are combined in a cup. Typically, the yogurt content outweighs the flavor(s) by a
significant margin. In this case, a minimum of 75% of yogurt can be ordered in a cup and a
maximum of 25% of any flavor or combination of flavors can be ordered in a cup. Ensuring
the total volume falls within the permissible upper and lower limits is essential. The upper
limit of total volume of a cup is 1500 mL while the minimum limit of total volume is
250 mL. Table 2 illustrates the demand of customers for 18 total volumes of yogurt and
flavors, including the respective yogurt and flavor percentages. Notably, previous studies
only involved a single flavor mixed with the yogurt, whereas the current model allows for
combining multiple flavors and thus the system is fully flexible. The last column of Table 2
shows the number of cups required in each order. Flavor I, II, and III are used to represent
blueberry, strawberry, and mango flavors, respectively.

Table 2. Orders for yogurt mixed with flavors and the percentages of yogurt and flavors.

Order No. Tot;gl:/o]ume of Percentage of Yogurt and Flavor(s) in the Total Volume of Cup (%) Number of Cups
p (mL) Yogurt Flavor I Flavor II Flavor III
1 1500 75 10 10 5 5
2 1500 80 0 10 10 9
3 1500 85 10 5 0 10
4 1250 85 15 0 0 10
5 1250 90 0 10 0 5
6 1250 95 0 0 5 10
7 1000 80 10 0 10 5
8 1000 85 0 10 5 8
9 1000 90 10 0 0 10
10 750 75 10 5 10 8
11 750 80 10 0 10 8
12 750 85 10 0 5 11
13 500 85 0 5 10 7
14 500 90 5 5 10
15 500 95 0 5 12
16 250 80 10 0 10 20
17 250 85 0 10 5 17
18 250 90 5 5 0 35
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Table 2 provides the parameters influenced by customer orders. In contrast, Table 3
displays the parameters independent of customer orders. Considering the values of these
parameters resolves the problem, leading to an optimal solution.

Table 3. Customer order independent parameters.

S. No. Parameter Value Unit
1 Conveyor belt maximum allowable speed 10 cm/s
2 Conveyor belt total length 50 cm
3 Maximum volume that a customer can order in a single cup 1500 mL
4 Minimum volume that a customer can order in a single cup 250 mL
5 Volume of yogurt container 300 L
6 Volume of the containers of flavors 75 L
7 Yogurt valve maximum feed rate 100 mL/s
8 Flavor valve maximum feed rate 33.34 mL/s

The LP problem was solved using the LP_Solve tool (v. 5.5.2.5), employing a computer
with a Core i7 processor running at 1.99 GHz. The computations were conducted within a
reasonable time, yielding the desired results. LP_Solve, a solver tool for MILP, was utilized
for this purpose. The speed of the conveyor belt and the feed rates of the yogurt and flavor
valves are directly interconnected. Table 4 shows how the model optimizes the conveyor
belt speed to maximize the feed rates, resulting in the highest possible values. The speed of
the belt relies on the feed rates and consistently remains below the maximum allowable
limit. Consequently, the calculated conveyor belt speed is essential in filling. Typically,
the flavor percentages are lower than the yogurt percentage in the total volume required,
causing the flavors to be filled before the yogurt. This leads to idle time for the flavor
nozzles while waiting to fill the subsequent cup. On the other hand, the yogurt valves
operate at full capacity mostly without any idle time. The idle time of yogurt value occurs
when a cup is filled earlier than the arrival of next cup to the filling point. This happens in
case when the calculated speed exceeds the maximum allowable speed of the conveyer belt.
The processing times for the entire order quantity of cups are provided in the last column
of Table 4.

Table 4. The solution of the proposed model, the values of the decision variables, the filling times of
different nozzles and the processing time of cups.

Order No. Feed Rate (mL/s) Filling Time of Nozzle (s) Pr(?cessing
Oabede K abede Babede Yabede Yogurt Flavor I Flavor II Flavor ITI Time (s)
1 100 33.34 33.34 33.34 11.25 4.50 4.50 2.25 11.25
2 100 0 33.34 33.34 12.00 0.00 4.50 4.50 12.00
3 100 33.34 33.34 0 12.75 4.50 225 0.00 12.75
4 100 33.34 0 0 10.63 5.62 0.00 0.00 10.63
5 100 0 33.34 0 11.25 0.00 3.75 0.00 11.25
6 100 0 0 33.34 11.88 0.00 0.00 1.87 11.88
7 100 33.34 0 33.34 8.00 3.00 0.00 3.00 8.00
8 100 0 33.34 33.34 8.50 0.00 3.00 1.50 8.50
9 100 33.34 0 0 9.00 3.00 0.00 0.00 9.00
10 100 33.34 33.34 33.34 5.63 2.25 1.12 2.25 5.63
11 100 33.34 0 33.34 6.00 2.25 0.00 2.25 6.00
12 100 33.34 0 33.34 6.38 2.25 0.00 1.12 6.38
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Table 4. Cont.

Order No. Feed Rate (mL/s) Filling Time of Nozzle (s) Pr(?cessing
Sabede K abede Babede Yabede Yogurt Flavor I Flavor 1T Flavor III Time (s)
13 100 0 33.34 33.34 4.25 0.00 0.75 1.50 4.25
14 100 33.34 33.34 0 4.50 0.75 0.75 0.00 4.50
15 100 0 33.34 0 4.75 0.00 0.75 0.00 4.75
16 100 33.34 0 33.34 2.00 0.75 0.00 0.75 2.00
17 100 0 33.34 33.34 2.13 0.00 0.75 0.37 2.13
18 100 33.34 33.34 0 2.25 0.37 0.37 0.00 2.25
The speed of the conveyor belt is inversely proportional to the volume of yogurt and
flavor(s) in a cup. For large volumes, the speed of the belt is small where for small volumes,
the speed of the belt increases. As can be seen in Table 5, the calculated speed increases as
the volume decreases. The speed of the belt can be increased till the maximum allowable
limit which is 10 cm/s. The actual speed is equal to the maximum speed of the belt in case
when the calculated speed is exceeding the maximum allowable speed. There is no idle
time of yogurt nozzle when the speed of the belt is less than the maximum speed limit.
When the speed of the belt is less than the maximum limit, an empty cup reaches in a time
equal to the filling time of the cup under the nozzle. When the speed of the belt exceeds
10 cm/s, an empty cup reaches in a time more than the filling time of the cup under the
nozzle and thus the yogurt nozzle remains idle till the empty cup reaches under the nozzle.
The volume of flavor is very less than the yogurt volume, and the flavor is normally filled
earlier than the yogurt, thus once the required volume of flavor is filled then the flavor
nozzle remains idle till the next cup reaches for filling.
Table 5. The calculated, maximum allowable and actual speed of the conveyor belt and the idle times
yogurt and flavor nozzles.
Order No. Speed of the Conveyor Belt (cm/s) Idle Time of Yogurt and Flavors Nozzles (s)
Sc Sinax S, Yogurt Flavor I Flavor IT Flavor ITI
1 4.44 10 4.44 0.00 6.75 6.75 9.00
2 4.17 10 4.17 0.00 12.00 7.50 7.50
3 3.92 10 3.92 0.00 8.25 10.50 12.75
4 471 10 471 0.00 5.00 10.63 10.63
5 4.44 10 4.44 0.00 11.25 7.50 11.25
6 421 10 421 0.00 11.88 11.88 10.00
7 6.25 10 6.25 0.00 5.00 8.00 5.00
8 5.88 10 5.88 0.00 8.50 5.50 7.00
9 5.56 10 5.56 0.00 6.00 9.00 9.00
10 8.89 10 8.89 0.00 3.38 4.50 3.38
11 8.33 10 8.33 0.00 3.75 6.00 3.75
12 7.84 10 7.84 0.00 4.13 6.38 525
13 11.76 10 10.00 0.75 4.25 3.50 2.75
14 11.11 10 10.00 0.50 3.75 3.75 4.50
15 10.53 10 10.00 0.25 4.75 4.00 4.75
16 25.00 10 10.00 3.00 1.25 2.00 1.25
17 23.53 10 10.00 2.88 213 1.38 1.75
18 2222 10 10.00 2.75 1.88 1.88 2.25
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Since each machine is fully flexible, thus any ordered cup can be fulfilled using any of
the available machines. In the parallel machine problem (P3| | Cyay), it is essential to minimize
customer waiting time and deliver the complete set of orders simultaneously by ensuring
that the processing time combinations on the different available machines are almost similar.
Figure 3 illustrates the processing of orders across the three available parallel working machines,
resulting in the total processing times of machines 1, 2, and 3 as 417.000 s, 416.625 s, and
416.875 s, respectively. The total work content amounts to 1250.500 s on the three machines,
with an average machine load of 416.833 s and a makespan value (Cyax) of 417.000 s.

Machine 2 “

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Assignment Processing

Figure 3. Gantt chart for optimal solution of P3| | Cy;zy problem; blue color is for “reaching the cup
from entry to filling point”; Orange, Grey, Yellow, Sky Blue, Light Green, Dark Blue colors represent
first, second, third, 4th, 5th, and 6th order processed on each machine, respectively. The last dark
orange color represents “the time taken by the cup from filling to exit point”.

At any machine, the first empty cup when reaches to the filling point, it takes 5 s to
reach. As there is no filling started, the conveyor belt moves over the length of 50 cm of
the belt with maximum allowable speed (10 cm/s). Similarly, when all cups are filled, the
last cup moves with maximum speed to the leave the system. Equation (28) is used for this
relation and 5 s at the start and end used at each machine.

J
p= ! +) P+

/ Smax j=1 Smax

iel (28)

5. Results and Discussion

In this section, two types of analysis have been performed. The first one is to change
the feed rate of the yogurt valve from 100 mL/s, with an increment of 25 units, to 200 mL/s
and check its impact on the yogurt filling time, the speed of the belt, the idle time of yogurt
nozzle and the filling time of yogurt nozzle. In the second type of analysis, the processing
times for similar orders of the proposed and previously published models are compared,
and the differences among them are shown.
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5.1. The Effect of Change in the Feed Rate of the Yogurt Valve on the Filling Time of Yogurt in a
Cup, the Speed of the Conveyor Belt, the Idle Time of the Yogurt Nozzle and the Processing Time
of an Order

For the analysis purpose, the feed rates of all nozzles of the flavors are kept at
100 mL/s, and the maximum speed of the conveyor belt is equal to 10 cm/s. The feed
rates of yogurt valves are changed to find their impact on the yogurt filling time, the speed
of the belt, the idle time of yogurt nozzle and the filling time of yogurt nozzle Also, the
results of the proposed model are compared with those of the previously published models.
Feed rates for each order are evaluated for the belt speed, which is precisely equal to its
maximum permissible value and has no idle time for the yogurt valve in most cases.

The increase in the feed rates of yogurt nozzles decreases the filling time of yogurt. As
depicted in Figure 4, the yogurt filling time is the largest for all orders when the feed rate of
the nozzle is considered equal to 100 mL/s. The filling time decreases with the increase in
the value of the yogurt feed rate and is the lowest when the feed rate of the nozzle reaches
200 mL/s. For large volumes, the change in the yogurt filling time per 25 mL/s change in
yogurt feed rate is higher when compared to smaller demanded volumes of yogurt, and
vice versa.

14
12

10

Yogurt filling time (sec)

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18
Order No.

——100 —e—125 »—150 175 —e—200

Figure 4. The impact of the feed rate of yogurt nozzle on the filling time of yogurt in a cup.

The increase in the feed rates of yogurt nozzles increases the speed of the conveyor
belt. As shown in Figure 5, the speed of the conveyor belt is slowest when the feed rate
of the nozzle is considered equal to 100 mL/s. The speed increases with the increase in
the value of the yogurt feed rate and is the fastest for all orders when the feed rate of
the nozzle reaches 200 mL/s. For large volumes, the change in the yogurt filling time
per 25 mL/s change in yogurt feed rate is minor when compared to smaller demanded
volumes of yogurt, and vice versa. For small required volumes, the change in the speed of
the conveyor belt is higher than the large volumes in the set of orders. It can be noted that,
in this analysis, the maximum allowable speed of the belt is not considered and the speed
exceeds the limit.
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Speed of conveyor belt (cm/sec)

50.00
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30.00
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Order No.
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Speed of conveyor belt (cm/sec)

Figure 5. The impact of the yogurt nozzle’s feed rate on the speed of the conveyor belt when upper
limit of the speed (10 cm/s) is not considered.

In Figure 6, the upper limit of the speed of the belt is considered equal to 10 cm/s. The
speed of the belt is lowest for feed rate equal to 100 mL/s. As the feed rate is increased by
25 units till 200 mL/s, the speed of the belt increases. For small volumes, the calculated
speed may increase the upper limit, but is actually kept at 10 cm/s during the filling
processing. When the calculated speed is more than 10 cm/s and the belt is actually run at
10 cm/s, the cup under filling is filled earlier at 100 mL/s than the next empty cup reaches
to the filling point. During this time, the yogurt nozzle remains idle and waits for the
empty cup to reach to the filling point.

11.00
10.00

18

9.00
8.00
7.00
6.00
5.00
4.00
3.00

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17
Order No.

——100 —e—125 —&-150 175 —e—200
Figure 6. The impact of the yogurt nozzle’s feed rate on the speed of the conveyor belt when upper
limit of the speed (10 cm/s) is considered.

Keeping the maximum speed of the conveyor belt at 10 cm/s, the required amount of
yogurt is filled in the cup through the yogurt nozzle. For most of the orders, the speed of
the conveyor belt is less than or equal to the maximum allowable limit. However, in many
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Idle time of the yogurt nozzle (sec)

cases, the speed of the conveyor belts exceeds the allowable limit for different values of the
feed rates, as shown in Figure 7.
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Figure 7. The impact of the yogurt nozzle’s feed rate on its idle time.

For a 100 mL/s feed rate, the speed of the belt is less than or equal to 10 cm/s for
the orders starting from 1 to 12. These are orders of higher volumes of yogurt than orders
starting from 13 to 20. As the volumes of the orders 13-20 decreases, the speed of the belt
exceeds 10 cm/s but is kept at 10 cm/s. Due to keeping the speed of the belt at 10 cm/s and
the feed rate of yogurt nozzle at 100 mL/s, the cup is filled earlier than the arrival of the
empty cup to the filling point and hence the yogurt nozzle waits for the arrival of empty
cup and remains idle. It can be noted that for large volumes of yogurt, the filling time is
more and thus the speed of the belt is slow and vice versa.

As the speed of the belt is equal to half of the length of belt divided by the time in which
an empty cup reaches to the filling point from entry point or reaches to exit point from
filling point. This time is normally equal to the filling time of the cup. Where the calculated
speed exceeds 10 cm/s and the conveyor belt is run at 10 cm/s, this time is greater than
the filling time of the cup. The filling time can be represented by the relationship given in
Inequality (29) as follows.

Filling time > L (29)
Sa

The relationship given in Inequality (29) can be used when the speed of the conveyor
belt is less than or equal to the maximum allowable limit (10 cm/s). In case when the actual
speed of the conveyor belt is equal to 10 cm/s, i.e., the conveyor belt is run at 10 cm/s, the
relationship given in the Equation (30) are used.

(30)

Filling time + idle time =
Smax

As can be seen in Figure 8, for orders with the calculated speed of the belt less than
10 cm/s, the filling time is more than 5 s, while for orders with a calculated speed greater
than or equal to 10 cm/s and when the belt is actually run at 10 cm/s, the sum of the filling
and idles times of the yogurt nozzle is exactly equal to 5 s.
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Filling and idle times of the yogurt
nozzle (sec)

Processing Time (sec)
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Figure 8. The impact of the yogurt nozzle’s feed rate on the filling and idle times of the yogurt nozzle.

It can be noted that for large volumes, the filling time is higher than that for smaller
volumes of the yogurt. The filling time decreases with the increase in the feed rate of the
yogurt nozzle.

5.2. Comparison of the Proposed Model with the Previously Published Models

The proposed model is compared with the previously published models, i.e., B. Salah
et al. [28], ]. Chen et al. [29] and Y. Cui et al. [30], as can be seen in Figure 9. During the
comparison, the yogurt feed rate was kept at 100 mL/s. When processing all orders at
the above value of the parameter, the B. Salah et al. [28] model takes longer than the other
models. However, the current proposed model takes less time than all other models.

In the set of orders, few require more than one flavor to be mixed with the yogurt. As
there are dedicated filling points for each flavor in the case of Y. Cui et al. [30], for each
flavor, the cup is initially passed through the dedicated line where the filling nozzle is
available to fill the required flavor. The additional time to fill the second or third flavor
in the cup is added to the initial processing time. Therefore, the processing time of Y. Cui
et al. [30] study is more than that of Chen et al. [29] in most cases.

180.0
160.0
140.0
120.0

100.0
80.0
60.0
40.0
20.0 I I I
0.0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17

Salah et al. 2021 101.3 156.0 178.5 148.8 101.3 166.3 72.0 102.0 126.0 67.5 720 956 468 63.0 76.0 48.0 44.6
Chen et al. 2022 78.8 132.0 153.0 1275 78.8 1425 56.0 850 108.0 56.3 60.0 829 383 540 665 440 404

Y. Cui et al. 2022 855 136.5 1552 1275 788 1425 59.0 86.5 108.0 59.6 622 840 405 547 665 447 407
The Proposed Model 56.3 108.0 127.5 106.3 56.3 1188 40.0 68.0 90.0 450 48.0 70.1 29.8 450 570 40.0 36.1

Figure 9. Comparison of the previously published models (B. Salah et al. [28], ]. Chen et al. [29] and
Y. Cui et al. [30]) with the proposed model at a yogurt feed rate of 100 mL/s.
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The increase in the yogurt nozzle’s feed rate decreases processing time. As shown in
Figure 10, the previously published models have been compared with the proposed models,
and as the feed rates are increased, the average processing time for all orders decreases.
The proposed model results in the lowest average processing times for all orders, while B.
Salah et al. [28] results in the highest values.
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M B. Salah et al. 2021 97.4 77.9 64.9 55.7 48.7
m]J. Chen et al. 2022 82.6 66.1 55.1 47.2 41.3
Y. Cui et al. 2022 84.2 67.7 56.7 48.8 429
The Proposed Model 67.8 54.3 45.2 38.8 33.9

Figure 10. A comparison of the previously published models (B. Salah et al. [28], ]. Chen et al. [29]
and Y. Cui et al. [30]) with the proposed model based on the average processing time for a yogurt
feed rate of 100 mL/s.

Solving the problem of 18 orders on the 3 parallel working machines, with a maximum
allowable feed rate of the yogurt nozzle of 100 mL/s and the maximum allowable speed of
the belt of 10 cm/s, the processing times recorded by the B. Salah et al. [28], ]. Chen et al. [29]
and Y. Cui et al. [30] model are 97.4 s, 82.6 s and 84.2 s, respectively, while the proposed
model takes 67.8 s to complete the filling process of all cups demanded by customers. This
means that the proposed model is 1.43-, 1.21- and 1.24-fold faster than B. Salah et al. [28], ].
Chen et al. [29] and Y. Cui et al. [30] models, respectively.

6. Conclusions

This article compares the processing times of the different machine settings of the
yogurt filling machine. Previously published articles on process optimization have been re-
ported by changing the machine settings and revising the mathematical model accordingly.
In the current study, the machine’s settings are changed to fully flexible, where the yogurt
and all flavors are filled in the cup at any filling point of the machine. A mathematical
model has been developed for the proposed machine settings, where each filling point in
the machine works in parallel to fill the required volumes of yogurt and flavors simulta-
neously. To compare the model with the previously published models on the machine, a
real-life problem is solved, where the customer demand comprises 18 orders for different
volumes of yogurt and flavors. The total processing times of machines 1, 2, and 3 are
417.000 s, 416.625 s, and 416.875 s, respectively. The total work content amounts to 1250.500
s on the three machines, with an average machine load of 416.833 s and a makespan value
(Ciuax) of 417.000 s. After comparison with previous published models, the proposed model
is 1.43-, 1.21- and 1.24-fold faster than the B. Salah et al. [28], J. Chen et al. [29] and Y. Cui
et al. [30] models, respectively.

Implementing the fully flexible yogurt filling machine model in real-world settings
may face challenges such as technical complexity, equipment modifications, operator
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training, maintenance and repair, diverse customer demand and significant investment in
equipment, software, and training. Addressing these challenges is important to successfully
implementing the proposed model and realizing its benefits in real-world yogurt filling
machine operations.

In the future, to further automate the yogurt filling machine and reduce human
intervention, some of the technologies that can be employed are Machine Learning, Internet
of Things, Advanced Conveyor Belt Systems and Industry 4.0 technologies.
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Abstract: The type-B sleeve is widely used for reinforcing defective pipelines. Due to the impact of
suspension on pipeline safety, the behavior of the type-B sleeve structure has garnered increasing
attention. In this study, we establish a numerical model of a defective pipeline reinforced with a
type-B sleeve while accounting for the effects of the internal natural gas pressure and gravitational
load. We investigate the influence of the sleeve length, suspended pipeline length, internal pressure,
and sleeve position on the mechanical behavior of the type-B sleeve. The maximum values for Mises
stress and axial strain were both observed near the edge of the suspended segment of the pipeline.
For the type-B sleeve structure, the high Mises stress zone was at the bottom of the fillet weld; the
axial strain near the fillet weld alternated between tension and compression along the axial direction.
With an increase in internal pressure and suspended pipeline length, the Mises stress and axial strain
of the type-B sleeve became more prominent. For sleeve length in the ranges of 1 to 3 m, the changes
in the stress and strain did not exceed 10 MPa and 0.5 x 1073, respectively. However, the Mises stress
and axial strain on the type-B sleeve structure were independent of the position of the defect on the
pipeline. This study provides an important reference for type-B sleeve protection during suspension
and other similar practical engineering applications.

Keywords: type-B sleeve; suspended pipeline; mechanical behavior; numerical simulation

1. Introduction

Long-distance natural gas pipelines play an important role in energy transportation.
However, defects such as corrosion and cracks often lead to a decrease in the strength of
the pipeline, causing accidents and severe economic losses [1-3]. Timely reinforcement
at defective locations is the main way to prevent such accidents. In general, the type-A
sleeve, type-B sleeve, and composite sleeve are widely used in enhancing the strength of
the defective pipeline [4-6]. However, the type-B steel sleeve, which attaches to the pipe by
fillet welds, has significant advantages due to the axial sealing and high strength and has
been widely employed in engineering practice [7,8].

As Figure 1 indicates, the local structure of a reinforced pipeline includes the sleeve,
fillet welds, and the defective pipeline. Once the defective pipeline penetrates, the enclosed
space formed by fillet weld and sleeve can prevent leakage. An experiment by Battelle
laboratory [9] demonstrated that the blasting capacity of the pipeline repaired by the type-B
sleeve reached or even exceeded the design pressure, which is highly useful for improving
the bearing capacity. Yi et al. [10] investigated the burst pressure of a corroded X80 steel
pipeline with a type-B repair sleeve and revealed that the local defective region exhibits
the highest levels of stress, followed by the fillet weld. Unfortunately, buried pipelines
are also subjected to additional geological loads, in addition to the internal pressure [11].
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Wherever the foundation subsides, the bending moment increases at the cross-section of
the buried pipeline. The stress caused by the settlement greatly affects the operational
safety of pipelines. Therefore, the mechanical behavior of pipelines has always been a
research concern [12,13]. The bending moment generated by a suspended pipeline can be
particularly substantial, with the severe stress and strain concentrations on the structure of
the type-B sleeve. Therefore, studying the mechanical behavior of pipelines suspended by
geological subsidence is of great significance.

Pipe wall

Figure 1. Type-B sleeve on a pipeline.

Previous studies have mainly focused on the mechanical behavior of pipelines with
type-B sleeves under internal pressure. Due to rapid developments, the application of high-
grade and large-diameter pipelines in gas transportation pipeline engineering continues to
increase, such as the West-East Gas Transmission Project and the China-Russia Eastern Gas
Pipeline. Compared to being only subjected to internal pressure, the mechanical behavior
of type-B sleeves under pipeline suspension can be much more complex [14].

Therefore, in this study, we investigated the stress and strain experienced by type-B
sleeves under buried gas pipeline suspension using Abaqus finite element analysis software.
Particularly, the effects of pipeline suspension length, type-B sleeve position and length,
internal pipeline pressure, and defect location on the mechanical behavior of type-B sleeves
were studied. This study provides a theoretical foundation for designing and assessing
pipelines reinforced with type-B sleeves.

2. Finite Element Model of Sleeve Repair Pipeline
2.1. Finite Element Model Parameters

To establish the finite element model, the structural dimensions were determined
according to the “ASME B31.8—Gas Transmission and Distribution Piping Systems” speci-
fication. As shown in Figure 2, the relations between the dimensions of the type-B sleeve
can be calculated as follows.

ts = 1.4t 1)

Ip = 14t + g @)

where t is the pipeline wall thickness; ¢; is the sleeve wall thickness; g, = 2.5 mm is the gap
between the sleeve wall and pipeline wall; I; is the length of the fillet weld leg; R is the
internal diameter of the pipeline.

Sleeve wall t
‘ 2 84

Pipeline wall t

Figure 2. The diagrammatic sketch of type-B sleeve.

We selected the API 5L X80 pipeline with a diameter of 1422 mm and a wall thickness
of 24 mm for simulation. Before suspension, the pipeline burial depth was set to 2.5 m
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according to the “SY /T 6649-2018 Defect Repair of Oil & Gas Pipeline” Specification, and the
sleeve wall thickness and the fillet weld leg length were calculated by Equations (1) and (2).
The type-B sleeve is used to reinforce the strength of the defective pipeline wall. Therefore,
the defect is considered in the finite element model, and its diameter is set to 20 mm. As
Figure 3 demonstrates, the test pipeline can be divided into suspended and buried sections.
To reduce the effect of the soil model on the mechanical behavior of the type-B sleeve, the
soil model dimensions fixed its dimensions while appropriately increasing the height to
20m X 6 m x 10 m [15].

Suspendez se)c;tion length
soil soil X
S o
pipeline S, Buried section
A | ___—B
77

Type-B Sleeve
Figure 3. Diagram of the suspended pipeline.

2.2. Materials Properties

In general, the type-B sleeve uses the same material as the pipeline steel, and the weld
of the sleeve is adopted based on equal strength matching with the pipeline steel. Therefore,
the material properties of X80 steel are assigned to pipeline, sleeve, and fillet weld. For the
API 5L X80 steel pipeline used in this study, the stress—strain curve of X80 pipeline steel is
shown in Figure 4, and the Ramberg-Osgood model was used to describe the nonlinear
model [16,17]. This is described by Equation (3), and the X80 pipeline streel properties are

listed in Table 1. )
e
1+a ("*) ] ()
Oy

where ¢ is the true strain of X80 steel; ¢} is tensile strength of X80 steel (MPa); 0y, is the
yield strength of X80 steel (MPa); E is Young’s modulus of X80 steel (GPa); n is the strain
hardening exponent of X80 steel; « is the hardening coefficient of X80 steel.
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Figure 4. The stress—strain constitutive of the X80 pipeline steel.

Table 1. The property parameters of X80 pipeline steel.

Young's Yield Tensile

i 3 8 . p .

Type Density (kg/m”) Modulus (MPa) Poisson’s Ratio Strength (MPa) Strength (MPa)
X80 steel 8000 210 0.3 572 742
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The mechanical behavior of the clay soil chosen in this study could be represented by
the ideal elastic—plastic Mohr—Coulomb model [17]. The characteristic parameters of soil
are listed in Table 2.

Table 2. Material properties of soil.

Tvoe Density Elasticity Modulus Poisson’s Ratio Friction Angle Cohesion Dilatation Angle
yp (kg/m®) (MPa) ©) (kPa) ©)
Clay 1950 50 0.3 22.5 30 0

2.3. Finite Element Model with Pipeline-Soil Interaction

To investigate the mechanical behavior of the suspended pipeline repaired by a type-B
sleeve, the finite element model was established using the software Abaqus, which is shown
in Figure 5a. The surface-to-surface interaction is used to describe the pipeline—soil contact
relationship. In this model, we designated the pipeline’s external surface and internal soil
surface as the master surface and slave surface, respectively. Hard contact was applied to
simulate the normal direction of the contact surface, while a penalty function method with
a coefficient of 0.3 was employed to describe the tangential direction of the contact surface.
Considering the quality of the grid and the geometric features of the finite element model,
structured grid and hex elements were used to generate the mesh. Meanwhile, to ensure
precision and computational efficiency, the element type was set as C3D8R. As shown in
Figure 5b, due to the stress concentration at fillet weld and defects, the meshes were refined
to improve the calculating precision.

During the suspension, the pipeline is supported by the soil. Therefore, the lateral
and axial directions of the soil are less impacted by the loads of the suspended pipeline.
To simulate actual working conditions, symmetric constrains were adopted at the plane
of the soil and pipeline. The lower surface of the soil was fully fixed to maintain model
stability, while its upper and suspended surfaces were free of constraints, which is shown
in Figure 5c. Mechanical equilibrium is maintained between the pipeline soil before subsi-
dence. Therefore, the natural gas pressure was employed, and a gravitational acceleration
of ¢ = —9.8 m/s? along the Y-axis was applied to the model.

Figure 5. Cont.
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Sleeve 'wall

(c)

Figure 5. The numerical model of the suspended pipeline. (a) The finite model. (b) The enlarged
view of the type-B sleeve model. (c) The boundary conditions.

2.4. Model Verification

When the length of the suspended pipeline is 300 m, the internal pressure is 12 MPa,
and the length of the type-B sleeve is 1 m, the effect of the grid size of the type-B sleeve
on the numerical results is calculated. As Table 3 lists, it can be found that the numerical
simulation stabilized when the mesh size of the type-B sleeve is 33 mm, and the whole
model consists of 333,152 elements.

Table 3. Mesh sensitivity results.

Gride Size (mm) Gride Number Maximum Displacement = Maximum Mises Stress of Maximum Mises Stress of

of Pipeline (m) Pipeline (Mpa) Type-B Sleeve (Mpa)
83 101,592 6.181 609 443
62.5 195,200 6.175 611 450
50 195,968 6.173 612 450
33 333,152 6.171 613 453
25 342,752 6.171 613 453
20 466,752 6.171 613 453

It is very difficult to verify the numerical model by experiment; thus, the numerical
model was verified analytically. As shown in Figure 3, for the buried segment of the
pipeline at each point, the gravity of the pipeline is equal to the support force of the soil,
and the compression deformation of the soil is equal to the deflection of the pipeline.
Equation (4) is presented according to Winkler elastic foundation beam theory [12].

4

dy _
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where g is the weight per unit length of pipeline; E is the elastic modulus of X80 pipeline
steel; I is the cross-sectional moment of inertia of pipeline; y is the deflection of pipeline; k
is the elastic resistance coefficient of soil.

The equilibrium equation on the pipeline cross-section can be given in Equations (5)~(7) [18].

AM(x) _
79— Q) )
4Q(x) _
o (6)
Ely’ = —M(x) %

where Q(x) is the shearing force, and M(x) is the bending moment on the cross-section of
the pipeline. The general solution can be expressed as Equation (8) [12]:

y = (e cos Ax + ¢y sin Ax) + e 1 (c3 cos Ax + ¢4 sin Ax) 8)

where A is the root of the characteristic equation; c1, ¢, ¢3, c4 are the specific coefficients.
For the suspended segment of the pipeline, the differential equation of deflection can
be represented as Equation (9) [19]:
EIY — My 4 s L
Ty = Mp+ 58y —yp) + 59" — Sqlx )
where M is the bending moment at point B in Figure 3, L is the length of the suspended
pipeline, yp is the displacement of point B in the Y-axis direction, and Sp is the equivalent
axial tensile load calculated as:
ntpd?
4
where d is the outside diameter of the pipeline, and p is the internal pressure of the pipeline.
As Figure 6 indicates, both our numerical finite element model for pipeline suspended
displacement and the theoretical results of Shang B. et al. [18] revealed the maximum
settlement displacement to be at the middle of the pipeline. The analytical and numerical
solutions for maximum settlement displacement were 5.8224 m and 6.1705 m, respectively.
The error is 5.983% and lower than 6%. Therefore, the error meets the allowable range, and
the accuracy of our model can be verified.

Sp = (10)

Displacement of pipeline /(m)
Lo L L

|
n
T

Anlytical model
|[—— Numerical model

|
=)

0 50 100 150 200 250 300 350

Axial distance of pipeline /(m)

Figure 6. Comparison of the theoretical and numerical model.
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3. Results and Discussion
3.1. The Influence of the Types of Defects

The types of defects on the pipeline are shown in Figure 7. If the defect on the type-B-
sleeve reinforced pipeline penetrates the pipeline wall, natural gas will fill the space formed
by the outer wall of the pipeline, the inner wall of the sleeve, and the fillet weld. Therefore,
we conducted a comparative analysis of the mechanical behaviors of the reinforced pipeline
under penetrating and non-penetrating defect conditions.

Pipeline wall

df:20mm

/

sleeve wall

Pipeline wall

h=13mm

z(f' 20mm

/

Sleeve wall

(b)

Figure 7. Diagrammatic representation of defect on the pipeline. (a) The penetrating defect. (b) The
non-penetrating defect.

For the suspended pipeline length of 300 m, internal pressure of 12 MPa, non-
penetrating defect depth of 13 mm, type-B sleeve with a length of 1 m, and located at the
middle of the suspended pipeline, the mechanical behavior was calculated. As Figure 8 de-
picts, high Mises stress (Ms) zones for penetrating and non-penetrating pipelines were
located at junctional regions of the suspended segment of the pipeline. The peak Mg value
is measured to be 613 Mpa, exceeding the yield strength repaired type-B sleeve. However,
the Mg on the type-B sleeve with a penetrating defect is a notable difference from that with
a non-penetrating defect.

As Figure 9a shows, high stress concentration was observed at the bottom of the fillet
weld for both these types of defective pipelines, with a slightly higher value for the pipeline
with penetrating defects (453 Mpa) compared to the one with non-penetrating defects
(415 Mpa). The Mises stress distribution on the type-B sleeve was further compared, and a
similar trend was observed; as shown in Figure 9b, stress on the sleeve with penetrating
defects was larger than that on the one with non-penetrating defects.
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Figure 8. The Mises stress distribution on the pipeline.
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Non-pnetra ing defect

Penetrating defect
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Figure 9. Mises stress distribution. (a) The Mises stress distribution on the pipeline. (b) The Mises

stress distribution on the type-B sleeve.

As seen in Figure 10, the axial strain (g,) distribution along the defective pipeline

revealed high tensile strain near the bottom of the fillet weld, with the maximum e, of the
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penetrating defect reaching 1.732 x 102, i.e., higher than that of the non-penetrating defect
(1.53 x 1073). Figure 10a shows that regardless of whether or not the defect penetrates the
pipeline wall, the axial strain value and distribution on the pipeline between the two fillet
welds were mostly similar. For the type-B sleeve, Figure 10b demonstrates that although
the magnitude of the axial strain varied, the distribution pattern essentially remained
consistent. The axial strain changed from tension to compression upon moving from the
pipeline to the type-B sleeve. However, for the pipeline with penetrating defects, the
compressive strain value at the fillet weld zone exceeded —6 x 1074, i.e., significantly
higher than that at the fillet weld zone of the pipeline with non-penetrating defects (—2.17 x
10~°). Comparing the results for the two situations indicates that the failure risk increased
for the type-B sleeve with the defect penetrating the pipeline wall. Therefore, we chose the
pipeline with penetrating defects for the subsequent simulations. Furthermore, the Mg and
€, values at the bottom of the type-B sleeve were higher and more complex than those at its
top. Therefore, as Figure 11 shows, the axial paths along the bottom of the type-B sleeve
and circumferential paths along the fillet weld are chosen to investigate the mechanical
behavior of the type-B structure.

The fillet weld
«— T~

Axial strain

+1.732x10°3
+1.537x103
+1.342x10°3
+1.147x10°3
+9.526x10#
+7.577x10 +
+5.629% 10+
+3.680% 10 *
+1.731x10#
-2.172x10°3
-2.166x10+
—4.114x10+
—6.063x104

Penetrating defect

(a)
The fillet weld

Axial strain

+1.732x10 3
+1.537x10 3
+1.342%10 3
+1.147x10 3
+9.526x10 4
+7.577%x10 4
+5.629x104
+3.680x10 #
+1.731x10 4
-2.172x10°3
-2.166x10 4
—-4.114x10 4
-6.063x10 4

Penetrating defect

(b)

Figure 10. The axial strain distribution. (a) The axial strain on the pipeline. (b) The axial strain on the
type-B sleeve.
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Figure 11. The selected path. (a) Axial path. (b) Circumferential path.

3.2. Effect of Type-B Sleeve Location

Figure 3 shows that the type-B sleeve location on the suspended pipeline is defined as
the distance between the symmetric plane of the type-B sleeve and soil, which is represented
by s. The effect of the type-B sleeve location on the Mg and ¢, along the axial path is shown
in Figure 12. The Mises stress is found to be the highest at the fillet weld. As shown
in Figure 12a, along the axial path, the Mg on the fillet weld increases from 339 MPa at
s = 0 man to 453 Mpa at s = 150 m. For the type-B sleeve, at s = 0 m, the Mg is 395.8 Mpa,
i.e., higher than any other sleeve location, while the Mg remains nearly constant at the
central region of the sleeve for all locations. The load acting on the sleeve is transmitted
through fillet welds during pipeline suspension. Due to the length of the sleeve being
much shorter than the suspended pipeline length, the difference in load values between
the two ends of the type-B sleeve is not significant. Therefore, little distinction is observed
in the axial strain and Mises stress at the central regions of the type-B sleeve.

Figure 12b shows the axial stain along the axial path and reveals that the two fillet
welds experienced asymmetric stresses when the type-B sleeve was not placed at the
center of the suspended pipeline, resulting in unequal loads on both fillet weld locations.
At s =0m, the ¢, along the axial path is compressive. Except for s = 0, the peak axial
compressive strain (—0.529 x 1073) at both sleeve ends for all sleeve locations remains
quite similar within an error of 0.04 x 1073. The strain alternated between tension and
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compression at both sleeve ends. For s = 150 m, the highest axial tensile strain increases to
1.662 x 1073.
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Figure 12. The Mises stress distribution along the axial distance. (a) Mises stress along the axial
reference path. (b) Axial strain along the axial reference path.

The Mises stress and axial strain at the fillet weld along the circumferential paths are
shown in Figure 13. Figure 13a shows that when the distance s increases, the stress at the
top (bottom) of the fillet weld tends to decrease (increase). Ats = 0 m, the peak Mg at the
top of the fillet weld is 602 MPa, exceeding the yield strength stress of the API 5L X80
pipeline steel. Along the circumferential path, as shown in Figure 13b, the peak axial tensile
strain is observed to be 5.5 x 1073 for s = 0 m, which decreases to 2.2 x 1072 at s = 150 m.
Therefore, when the sleeve position settles closer to the edge of the suspended portion of
the pipeline, the failure risk of the sleeve construction increases.
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Figure 13. The Mises stress and axial strain along the circumferential path. (a) The Mises stress
distribution. (b) The axial strain distribution.

3.3. Effect of the Sleeve Length

Figure 14 illustrates the influence of the length of the type-B sleeve on the Mg and ¢,
along the axial path. It can be seen from Figure 14a that the peak Mises stress is at the fillet
weld; the Mg value in the middle region of the sleeve is not affected by the length of the
sleeve. When the length of the type-B sleeve increases from 1 to 3 m, the Mises stress at
the (i) fillet weld increases from 453 MPa to 468 Mpa, and (ii) the adjacent to the fillet weld
position grows from 130 Mpa to 175 Mpa. This is due to the axial force and shear force on
the cross-section experiencing negligible change with the sleeve length increasing from
1.0 to 3.0 m. Moreover, the large diameter and wall thickness weaken the load on the fillet
weld and sleeve.

Figure 14b shows that except sleeve length of 1.5 m, the maximum axial tensile strain
and compressive strain have a positive and negative correlation with the sleeve length,
respectively. At the sleeve length of 1 m, the peak axial tensile strain and compressive
strain are 0.7 x 1072 and —0.56 x 103, respectively. When the length of the type-B sleeve
increases to 3 m, the axial tensile strain increases to 1.72 x 103 and compressive strain
reduces to —0.25 x 1073, In particular, at a sleeve length of 1.5 m, the peak tensile and
compressive e, are 1.57 x 1072 and —0.15 x 1073, respectively.

Along the circumferential path, near the bottom of the fillet weld, the Mises stress
increased from 453 to 468 MPa as the sleeve length increased from 1.0 to 3.0 m, which is
shown in Figure 15a. However, the stress values near the top of the fillet weld are less
affected by the sleeve length; the Mg increased from 311 Mpa for a sleeve length of 1.0 m to
314 Mpa for a sleeve length of 3.0 m. Figure 15b demonstrates that the axial strain at the
top of the fillet weld is 0.69 x 1073 at the sleeve length of 1 m, i.e., only marginally greater
than the axial strain at other sleeve lengths. At the bottom of the fillet weld, the ¢, increases
from 1.66 x 1073 to 1.72 x 1073 as the length of the type-B sleeve increases from 1 to 3 m.
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The results indicate that stress and strain can be reduced to a certain extent by selecting the
appropriate sleeve length, thereby increasing the bearing capacity of the type-B sleeve.
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Figure 14. The Mises stress and axial strain distributed along the axial path. (a) The Mises stress

along the axial path. (b) The axial strain along the axial path.
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Figure 15. The Mises stress and axial strain along the circumferential path. (a) The Mises stress distri-
bution along the circumferential path. (b) The axial strain distribution along the circumferential path.

3.4. Effect of the Defect Location

Figure 16 illustrates the location of the defect on the pipeline, which is represented
by 0. Figure 17 shows the effect of the defect’s position on the mechanical behavior of the
type-B sleeve along the axial path. As illustrated in Figure 17a, the peak Mises stress is
observed at the fillet weld of the type-B sleeve. When the defect position varies from 0° to
180°, the Mg at every position of the axial path remains virtually constant. The peak Mg at
the fillet weld is 447 MPa, while the Mg at the middle region of the sleeve remains 241 Mpa.
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Figure 17. The Mises stress and axial strain distribution along the axial path. (a) The Mises stress
distribution along the axial path. (b)The axial strain distribution along the axial path.

Along the axial reference path, for 6 = 0°, the ¢, at the fillet weld was 1.66 x 1073,
which is shown in Figure 17b. However, an axial strain difference of only 0.03 x 1073 is
observed at the fillet weld between the defect at 0 = 0°and other positions, i.e., except for at
0 = 0°, the &, values appear to be the same at every point along the axial path. Therefore,
the defect location on the pipeline is determined to have little relation with the load acting
on the type-B sleeve.

The influence of defect location on the Mises stress and axial strain of the fillet weld
along the circumferential path is shown in Figure 18. It can be found in Figure 18a that only
minor changes are observed in Mg at each point on the circumferential path as the defect
position shifts from 0° to 180°. For 6 = 0°, the Mg at the top and bottom of the fillet weld
are 311 MPa and 453 Mpa, respectively. The relationship between the axial strain of the
fillet weld and the defect location is shown in Figure 18b. It can be seen that €, at 90° and
270° on the circumferential path slightly fluctuates with the change in the defect position.
For 6 = 0° and 180°, the ¢, is 1.45 x 1072 and 1.40 x 1073, respectively. In general, the load
on the sleeve remains unchanged when the defect location changes. Therefore, the stress
and strain distribution indicate that the location of the defect on the pipeline has little effect
on the mechanical behavior of the type-B sleeve.
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(b)

Figure 18. The Mises stress and strain of fillet weld along the circumferential path. (a) Mises stress
distribution. (b) Axial strain distribution.

3.5. Effect of the Internal Pressure

Figure 19a illustrates the Mises stress at each point of the axial path with increasing
internal pressure. As the internal pressure increases from 2 MPa to 12 Mpa, the Mg (i) at the
fillet weld increases from 255 Mpa to 453 Mpa, and (ii) in the middle section of the sleeve
increases from 77 Mpa to 241 Mpa.
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Figure 19. The effect of internal pressure on Mises stress and axial strain along the axial path. (a) Mises
stress distribution. (b) Axial strain distribution.

Figure 19b shows that the axial strain at the ends of the sleeve increases with the
internal pressure growing along the axial path, while that in the middle region of the type-B
sleeve remains at 0.35 x 1073, At the fillet weld, the peak ¢, of the axial path is 1.15 x 1073
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for the 2 MPa, which increases to 1.66 x 1072 as the internal pressure reaches 12 Mpa.
When the pressure is less than 2 Mpa, the axial strain is tensile along the axial path and
gradually transitions from tensile to compressive at both ends of the sleeve as the internal
pressure exceeds 2 Mpa.

Figure 20a shows that the Mises stress at every point on the circumferential path
increases with growing internal pressure. When the internal pressure increases from 2 Mpa
to 12 Mpa, the Mg at (i) the top of the fillet weld increases from 84 Mpa to 311 Mpa, and
(ii) the bottom of the fillet weld increases from 255 Mpa to 453 Mpa. Similarly, for 2 Mpa,
the ¢, at the top and bottom of the fillet weld are 0.32 x 1072 and 1.15 x 1073, respectively,
which increases 1.15 x 1072 and 1.66 x 1073, respectively, as the pressure reaches 12 Mpa.
Therefore, it is clear that the internal pressure has less impact on the axial strain at the top
of the weld than at its bottom.
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Figure 20. The Mises stress and axial strain along the circumferential path. (a) Mises stress distribution.
(b) Axial strain distribution.

As Equations (11)—(13) show, the internal pressure applied on the pipeline and type-B
sleeve is an important factor affecting the stress and strain. Radial stress, axial stress, and
the circumferential stress caused by internal pressure can be expressed as:

0r = —p (11)

Oap = up(d —2t) /2t (12)
_ pld—21)

Oc = T (13)

where the 0;, 0;p, and o are radial stress, axial stress, and circumferential stress, respec-
tively; t is the pipeline wall thickness; y is the Poisson’s ratio.

3.6. Effect of the Suspended Pipeline Length

Figure 21a shows that the Mises stress at the fillet weld is 386 MPa for a suspended
pipeline length of 100 m, which increases to 503 Mpa at a suspended pipeline length of
600 m. It also can be observed that the Mg at every point of the middle region of the type-B
sleeve is equal between the suspended pipeline lengths of 200 to 500 m. Furthermore, the
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Mg along the axial path also follows a similar trend for the suspended pipeline lengths of

100 and 600 m.
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Figure 21. The Mises stress and axial strain distribution along the axial path. (a) Mises stress
distribution; (b) Axial strain distribution.

As depicted in Figure 21b, along the axial path, the peak axial strain is observed at the
fillet weld, and its value increases from 1.18 x 1073 to 1.94 x 10~3 when the suspended
pipeline length increases from 100 m to 600 m. When the suspended pipeline length is 100 m,
the axial strain along the axial path remains tensile. However, tensile and compressive
strains distribute along the axial path when the length of the suspended pipeline exceeds
200 m. The axial compressive strain value decreases only by 0.07 x 10~ as the suspended
pipeline length increases from 200 to 600 m.

Figure 22 illustrates the relationship between suspended pipeline length and Mises
stress and axial strain along the circumferential path. It is found that as the suspended
pipeline length increases from 100 m to 600 m, the Mg at the top and bottom of the fillet
weld increases from 288 MPa to 416 Mpa and 386 Mpa to 502 Mpa, respectively (Figure 22a).
Thus, the influence of suspended pipeline length on the Mises stress at the top of the fillet
weld is higher than that at its bottom.

In Figure 22b, the ¢, distribution along the fillet weld reveals that the longer the
suspended pipeline length, the greater the ¢, at each point of the fillet weld. When the
suspended pipeline length is 100 m, the axial strain at the top point of the circumferential
path is compressive, with a value of —0.39 x 1073. The axial strain at the bottom of the
fillet weld increases from 1.27 x 1072 to 1.95 x 102 as the suspended pipeline length
increases from 100 m to 600 m.
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Figure 22. The Mises stress and axial strain distribution of fillet weld along the circumferential path.
(a) Mises stress distribution; (b) Axial strain distribution.

The results show that the length of the suspended pipeline has an important effect on
the mechanical behavior of the type-B sleeve, but an increase in suspended pipeline length
may not always be harmful to the middle region of the sleeve.

4. Conclusions

In this study, a numerical model of a pipeline reinforced with a type-B sleeve was
established while considering the effect of the pipeline-soil interaction and penetrating
defect, and its mechanical behavior was investigated under suspension. The primary
conclusions of our study are detailed as follows.

The strength of the defective pipeline significantly improved after repairing it with a
sleeve. The Mises stress (i) around the defect decreased, and (ii) at the fillet weld increased
after the type-B sleeve installation.

Due to the effects of the bending moment and shear force generated by suspension,
peak Mises stress and axial strain values were observed at the ends of the suspended section
of the pipeline, which were unaffected by the position of the type-B sleeve. Therefore,
the closer the sleeve position is to the end of the suspended section, the greater the risk
of failure.

A comparison of the Mises stress and axial strain distribution in the type-B sleeve
structures revealed that the fillet weld is the most prone to failure. Natural gas pressure
and suspended pipeline length are the key load factors affecting the mechanical behavior
of the welds.

As the length of the sleeve increased from 1 to 3 m, the additional peak Mises stress and
tensile axial strain values on the sleeve did not exceed 14 MPa and 0.06 x 1073, respectively.

When settlement occurs, the maximum Mises stress and axial strain values were
observed at the fillet weld for the type-B sleeve structure; the axial strain alternated between
tension and compression. Both Mises stress and axial strain experienced an increase with

220



Processes 2024, 12, 1585

the increasing suspended pipeline length, inter-al pressure, and type-B sleeve length, but
they were almost independent of the defect location on the pipeline.

The results of this study suggest that reducing natural gas transportation pressure
and optimizing sleeve structure parameters can diminish the risk of sleeve failure due
to suspension.
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Abstract: Granulation is an important class of production processes in food, chemical and pharma-
ceutical manufacturing industries. In urea fertilizer manufacturing, fluidized beds are often used for
the granulation system. However, the granulation processes release ammonia to the environment.
Ammonia gas can contribute to eutrophication, which is an oversupply of nitrogen and acidification
to the ecosystems. Eutrophication may cause major disruptions of aquatic ecosystems. It is estimated
that global ammonia emissions from urea fertilizer processes are approximately at 10 to 12 Tg N/year,
which represents 23% of overall ammonia released globally. Therefore, accurate modeling of the
ammonia emission by the urea fertilizer fluidized bed granulation system is important. It allows
for the system to be operated efficiently and within sustainable condition. This research attempts to
optimize the model of the system using the particle swarm optimization (PSO) algorithm. The model
takes pressure (Mpa), binder feed rate (rpm) and inlet temperature (°C) as the manipulated variables.
The PSO searches for the model’s optimal coefficients. The accuracy of the model is measured using
mean square error (MSE) between the model’s simulated value and the actual data of ammonia
released which is collected from an experiment. The proposed method reduces the MSE to 0.09727,
indicating that the model can accurately simulate the actual system.

Keywords: particle swarm optimization; ammonia emission; granulation; urea fertilizer

1. Introduction

Granulation is an important step in the manufacturing process of food, chemicals
and pharmaceuticals. It is used to make the individual solute particles in fluid mixtures
flock together in bigger entities called grains or granules. Granulation occurs through
the creation of bonding between the solid powder particles. The bonding of the powder
particles can be induced through the application of a binding agent. The transformation
of the powder particles into granules allows the tableting process to produce tablets of
required quality at the required tablet press speed range [1,2]. The granulation process
is also instrumental in urea fertilizer production. Urea fertilizer stands out as the most
widely utilized solid nitrogenous fertilizer globally due to its excellent water solubility [3,4].
Compared to other nitrogenous fertilizers, urea provides a higher quantity of nitrogen
to plants and soil owing to its concentrated nitrogen content of 46%. In Malaysia, urea
fertilizer subsidies are provided by the government to assist farmers in gaining better
productivity [5]. The effectiveness of urea-based fertilizer in improving productivity and
yield of maize and paddy is reported in [6] and [7], respectively.

Although urea is proven to be a good fertilizer, its usage and production pose risks
to the environment, including the release of ammonia gas. A study conducted at paddy
field of Jiangxi Province China from 2019 to 2021 observed that ammonia volatilization
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increases after fertilization [8]. Another study from China, which was conducted at the
Jiangsu Province from 2000 to 2017 in [9], reported that among the main cause of ammonia
emissions by agriculture sector is the nitrogen fertilizer. Specifically, urea and ammonium
bicarbonate from nitrogen fertilizer contribute around 80% of the ammonia emissions. In
addition to the emission from the application of the fertilizer itself, the urea granulation
process also contributes to ammonia emissions. Figure 1 shows the reaction process of fluid
bed granulation where the ammonia gas is released during the mixing of urea powder with
the urea binder solution. The ammonia gas is formed when the urea solution is heated
under high pressure. The ammonia gas is released to the environment through the output
ventilation from the fluid bed granulation’s chamber.

] Liquid Binder

1 € 1
N

Ammonia was
released during the
granulation process

I Fluidized Air

Figure 1. Schematic of fluidized bed granulation process.

The ammonia gas can be highly poisonous and has a multitude of impacts on a variety
of live beings [10]. For humans, inhaling ammonia vapor poses risks such as irritation and
corrosive damage to the skin, eyes and respiratory tracts. Inhalation of very high levels
can even be fatal. When dissolved in water, the elevated levels of ammonia are also toxic
to a wide range of aquatic organisms. Ammonia can also contribute to eutrophication, an
oversupply of nitrogen and acidification to the ecosystems.

Optimal manufacturing of urea fertilizer is important. It not only helps to improve
effectiveness of the urea absorption for better plant growth [11], but also minimizes the
negative impact to the environment including the amount of ammonia gas pollution.
Therefore, this research focuses on minimizing the amount of ammonia gas released by
the urea fertilizer fluidized bed granulation system without affecting the quality of urea
granules. This is achieved through the utilization of optimal modeling of the fluidized bed
granulation system. Mathematical modeling is popularly used across all fields to represent
a system or a process. For example, the modeling of capacitance of a supercapacitor is
discussed in [12], the spraying process of an electrostatic oiling machine is modeled in [13]
and the model of reservoir operation is reported in [14].

Here, urea fertilizer fluidized bed granulation system model parameters are optimized
using particle swarm optimization (PSO) with three manipulated variables, namely pres-
sure (Mpa), binder feed rate (rpm) and inlet temperature (°C). The readers are referred to
our earlier work [15] for details on the previously developed model using the Response
Surface Method (RSM). The developed model is using a quadratic polynomial model. RSM
is popularly used for modeling. It is useful in finding empirical relations and the effect
of each parameter and their interactions on the responses considered [16]. In [17], an
attempt was made to study radial gas mixing in a fluidized bed using RSM to determine
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the relationship between radial gas mixing and operating conditions in the bubbling or
slugging fluidization regimes.

In this work, the modeling problem is formulated as a 10-dimensional minimization
problem with PSO [18] is used as the optimizer. PSO is frequently used in optimization of
a mathematical model. PSO is used for parameter optimization of a simulated biological
system in [19]. In another work [20], PSO is used to model the pH of a hydroponics system
for better plant growth. PSO is also used for optimizing the susceptible, infected and
resistant (SIR) models of infections in [21]. In [22,23], PSO is used for the optimization
of parameters of a controller system model. Meanwhile, PSO is used for modeling of
a single link flexible manipulator in [24]. These works show that PSO is a powerful
algorithm towards optimizing and improving mathematical models. PSO is a black box
modeling technique that is simpler compared to the traditional method [24]. Additionally,
the traditional modeling method is more suitable for a linear system [22]. The success of
PSO in optimum modeling of various systems and its advantages motivates this research.
The optimized model of the fluidized bed granulation system is validated by comparing
the simulation data with the experiment data. The model’s best mean square error (MSE) is
0.09727, which shows the high accuracy of the model.

This work is presented in four sections. The methodology is presented in Section 2.
The experimental setting is discussed in Section 3. This is followed by the results and
discussion section. Lastly, the work is concluded, and future direction is discussed in
Section 5.

2. Related Works

Mathematical modeling of fertilizer systems had been adopted by existing works for
various perspectives. For example, Lipin et al. [25] created an inclusive model to forecast
nutrient release from controlled release fertilizers (CRF) that incorporates all three release
stages: (1) the initial stage of liquid infiltration in the coating layer, (2) the constant release
stage where solid fertilizer exists in the core and (3) the gradual decay release stage when
there is no more solid fertilizer in the core. This model consists of the computation of three
coefficients: the water and nutrient diffusion coefficients within the coating layer as well
as the coating material’s limiting water absorption capacity. It provides the capacity to
predict the rate of nutrient release, the cumulative release pattern for all release phases
and coating types, presuming a diffusion-based release mechanism. The model reveals
accurate simulation of nitrogen release from polymer-coated particles by investigating
various coated urea types. It also predicts moisture content profiles and nutrient solution
concentration profiles within the coated layer for lag, linear and decay times, as well as
nutrient concentration in the aquatic environment.

Guo et al. [26] proposed mathematical models to describe the synthesis of urea—
formaldehyde fertilizers with varying nitrogen release properties. This research employs a
central composite design (CCD) of response surface methodology to investigate the impact
of reaction times, temperatures and molar ratios on the solubility of nitrogen in hot or
cold water. The results indicate that the solubility of nitrogen in water, whether cold or
hot, from urea—formaldehyde fertilizers is mostly influenced by the molar ratios of urea
to formaldehyde. Additionally, mathematical models based on quadratic polynomials
are developed for urea—formaldehyde. The model is beneficial towards precise synthesis
of urea—formaldehyde fertilizers. Similarly, nutrient release by spherical coated fertilizer
granules was modeled in [27]. The model takes into consideration the granule’s radius,
contact area and diffusivity towards the fertilizer saturation and release time.

Meanwhile, an approach that focused on modeling the effectiveness of ridge—furrow
film mulching and nitrogen fertilizer towards improving maize production quality was
proposed in [28]. The model was developed using data collected in Loess Plateau, China.
The authors reported that optimization of the model parameters contributes towards
accurate modeling the maize grain filling process at different application rates of the
fertilizer. The effectiveness of nitrogen, phosphorus and potassium fertilizer application
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for growth of HB16 winter cauliflower is modeled in [29]. The model can determine the
optimal fertilizer usage for achieving production target. This helps sustainable agriculture
practice and avoids waste.

A review paper by Irfan et al. [30] highlighted the importance of mathematical model-
ing in developing more efficient fertilizers and understanding the release of nutrients from
controlled release fertilizers (CRFs). The research emphasized how mathematical modeling
may be used to anticipate and visualize nutrient release characteristics. It also stressed
the need to have an extensive knowledge of the physiological and chemical processes
that lead to nutrient release. Two categories of models are differentiated: mechanistic
models and empirical models. The mechanistic models look into the coating material
and nutrient contained inside the granule, while empirical models focus on moisture and
temperature. On the other hand, Haydar et al. [31] in their review focused on the model
for physiochemical parameters for slow and controlled release nanofertilizers such as the
water retention and absorption capacity, the swelling ratio, the loading and nutrient use
efficiency and several other parameters. The models offer quick predictions without the
need to conduct actual experiment, thus providing time- and cost-effective solutions.

Swain et al. [32] investigated the performance of six machine learning algorithms,
support vector machine, artificial neural network, random forest, M5 tree (M5P), reduced
error pruning tree (REPTree) and surface response, in predicting and optimizing nitrate
leaching from urea super granules (USGs). They explored various factors such as binding
materials, binding agents and coating curing times as primary predictors. Some algorithms
exhibited high efficacy in predicting nitrate leaching, but there is potential to enhance these
models further by incorporating advanced optimization methods like genetic algorithms
and particle swarm optimization. High prediction accuracy helps in determining the best
amount of fertilizer to be used which is cost effective as well as reducing risk of pollution
via nitrate leaching.

In contrast to the works reviewed above, the work by Duffuan [33] explored another
angle of modeling for ammonia and urea fertilizer manufacturing. The author explored the
modeling of federate with respect to the cost of the fertilizer manufacturing operation. The
author reported that the model can help in choosing the best setting that helps in reducing
the operational cost of the fertilizer plant.

Although there has been notable advancement in fertilizer modeling such as the
release of nutrients, there is still limited work that focuses on modeling the manufacturing
process of fertilizer, especially modeling the impacts of the manufacturing process on
environment, specifically ammonia release. Moreover, in optimizing the models, an optimal
model is expected to make a significant contribution to formulating the best sustainable
manufacturing practice.

3. Materials and Methods
3.1. The Mathematical Model of Fluidized Bed Granulation System

The mathematical model is developed based on the lab scale fluidized bed granulation
shown in Figure 2a, whilst the schematic diagram of the system is shown in Figure 2b. In
the schematic diagram, Section (1) is the granulator chamber, Section (2) is the ammonia
measure channel and Section (3) is the binder feed line.

A quadratic polynomial model is used to model the system in the study using RSM [15].
The general form of the quadratic equation model is shown in Equation (1) below,

n 1 n
Y=ao+ ) iXi+ Y aiXp+Y Y @i XX, 1
i=1 =it

where Y is the objective function or response which is the amount of ammonia release
while X; are operating parameters or factors. The number of parameters is represented by

226



Processes 2024, 12, 1025

n. In this work, there are three parameters: pressure (Mpa), binder feed rate (rpm) and
inlet temperature (°C). Thus, the Equation (1) can be written as Equation (2):

Sim = a + bx + c(xz) +dy + e(yz) + f(2) +g(zz> + hxy + ixz + jyz ()
Based on Equation (2), the symbols of x, y and z represent the temperature, binder

volume and pressure, respectively. Sim is the predicted ammonia released by the model.
The coefficient values a, b, ¢, d, e, f, g, h, i and j in Equation (2) are chosen here by PSO.

l NH; Gas Outlet

Dust Filter

Air Inlet

Peristaltic Pump
e?
[®)
N Heating Top
System Spray
Nozzle

Fan

Starch Binder

Urea Powder
(a) (b)

Figure 2. (a) Lab scale fluidized bed granulation system. (b) Schematic diagram of the system.

3.2. Model Optimization Using PSO

PSO is a swarm intelligence algorithm where a group of particles work together
to search for the optimal solution. In this case, these are the coefficient values of the
polynomial equation.

The algorithm of PSO starts with random initialization of the population. Here,
the particles are randomly initialized between 0 and 1. After random initialization, the
algorithm enters the iterative procedure of velocity and position update. The particle’s
velocity, v, is updated according to Equation (3).

Vig = wjig + 11 lig(pia — Xia) + €212 (Pgd - xid) 3)

Wmax — Wmin

w = ;
max_iter

+ Winax 4)

Subscripts i and d in the equation represent particle number and parameter numbers,
respectively. Since the model here has 10 coefficients to be optimized, d = {1,2,3, ..., 10}.
c1 and ¢; are cognitive and social coefficients. They control the influence of the particle’s
own best experience p;; and the swarm'’s best solution so far, p,. Typically, both values
are set to 2, giving balance influence. Inertia weight w controls the momentum of the
particle from previous search. Linear decreasing inertia weight is adopted in this work
to encourage exploration during the initial search process and later switch to fine tuning.
The equation for inertia weight update is shown Equation (4), where wy,qx and wy,;;, are
the maximum (start) and minimum (end) values of inertia weight and max_iter is the
number of iterations of the algorithm. PSO is a stochastic algorithm. The randomness of
the algorithm is presented by random values r1;; and 72;; between 0 and 1.

Velocity is used to update the particle’s position, x;;, which is shown in Equation (5).

Xig = Xig + Vg ®)
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The particle ith position represents a potential solution. The iterative procedure of
updating the particle’s velocity, position and fitness evaluation continues until the stopping
condition is reached, which is the maximum iteration number. The PSO algorithm is shown
in Figure 3.

A 4

Random initialization

4

»  Fitness evaluation

A 4

Velocity update

A J

Position update

No Maximum

iteration?

« Yes

End

Figure 3. PSO algorithm.

3.3. Particle Encoding

The PSO particles are encoded according to the modeling problem to be optimized
here. Each dimension of a particle represents a parameter in the model (Equation (2)).
Particle encoding is illustrated in Figure 4.

Xi1 Xi2 Xi3 Xia Xis Xi6 Xi7 Xig Xig Xi10
a | b ¢ [ d | e | [ g | h | i |

Figure 4. Encoding of particle i.

3.4. Fitness Function

The fitness of quality of the solution proposed by PSO is evaluated using mean square
error (MSE) shown in Equation (6).

1 N .
MSE = N Zkzl(yuct_k - Slmk)2 (6)

In Equation (6), N represents the amount of data from the experiment conducted to
measure the ammonia released, Yy, by the lab scale fluidized bed granulation system. The
objective of PSO is to minimize MSE to a value closer to 0.

4. Experimental Setting

Based on the design of the experiment (DOE), the potential ammonia released was
collected for modeling the fluidized bed granulation system. The data were obtained
through continuously injecting the binder liquid into the blended urea powder at a temper-
ature between 40 °C and 95 °C. The injected blended urea powder was agglomerated and
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transformed into urea granules. Approximately 75% of the binder liquid that was heated
under the vacuum chamber at these pressure ranges produced a vapor and formed urea
granules. The remaining urea powder and air supplied from the fluidized bed granulation
were then removed from the machine into the ventilation outlet using the fan. The urea
with the water solution then was discharged as ammonia to the atmosphere.

The urea powder in the chamber emitted as ammonia when it was exposed to the
high pressure and temperature. The binder feed rate was set to two settings: 4 rpm and
6 rpm. The fluidized bed pressure was set to 200 kPa, 400 kPa and 600 kPa. The mixture
was heated and temperature was consistently increasing throughout the urea granulation
process, which released ammonia into the environment. The ammonia readings were
continuously collected for every single minute interval. In total, 238 readings were recorded.
The collected readings are reported in units of ppm. The readings showed that there was
gradual increase in the amount of ammonia gas released from this process until it reached
a temperature of 65 °C, and a downward trend was also shown afterward due to the
depletion of urea binder reagents. The collected ammonia released value was used for the
data points of modeling the system.

PSO was implemented using MATLAB. The parameters used for the modeling are
shown in Table 1. The algorithm was run 30 times; average and best results were recorded.

Table 1. PSO parameter values.

Parameter Value
No. of particles 30
Max. iteration, max_iter 5000
w 0.9-0.5 (linear decreasing)
[ci, 2] [2,2]

5. Results and Discussion

The MSE of the swarm’s best at the end of iteration for each run is recorded. The
average of MSE for the 30 runs is 24.2435. The best solution found by PSO among all the
run has an MSE of 0.0973, which is close to zero. The error range between the ammonia
predicted by the best model and the actual data collected during the experiment is [0.0026,
0.9468]. The small MSE indicates the accuracy of the model in simulating the actual
fluidized bed granulation system while the small range shows the stability of the model
over various settings of the fluidized bed granulation system. The best MSE and the
average MSE observed are presented in Table 2. The coefficients’ values that offer the best
MSE are shown in Table 3.

Table 2. MSE of the model.

Results Value
Best MSE 0.0973
Average MSE 24.2435
Error range of the best model [0.0026, 0.9468]

Table 3. Fit summary for model value.

a b c d e f g h i j
0.0069 04576 1.0702 —2.9929 1'%’}% *6'1%9,251 x ~0.18571 ’9'1?(’)%5 X 78564 x 1076 4.5556
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Figures 5 and 6 show the surface plot of predicted ammonia release using the best
model over temperature under different feed rate and pressure values. The data collected
via the experiment are plotted in blue. The results show that the predicted values of
ammonia gas released are significantly close with the actual data from the experiment. It is
obvious from the graph that the predicted value from the model had a small discrepancy
with the experimental data.
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Figure 5. Ammonia emission predicted (PSO) and actual (experiment) vs. temperature over two
different binder feed rates.
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Figure 6. Ammonia emission predicted (PSO) and actual (experiment) vs. temperature over three
different pressures.

Figure 7 shows a two-dimensional graph of the best model’s predicted ammonia
release in comparison with the actual value collected from the experiment for a clearer
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Ammonia emission (ppm)

Ammonia emission (ppm)
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view on the fitting of the quadratic model based on the optimized parameters. It can be
seen that the model has a good fit for prediction of ammonia emission of less than 2 ppm.

The error is higher for greater values of ammonia emission.
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Figure 7. Ammonia emission predicted (PSO) and actual (experiment) vs. temperature over different
pressure and feed rate settings (a) 400 kPa, 4 rpm (b) 600 kPa, 4 rpm, (c) 400 kPa, 6 rpm (d) 600 kPa,

6 rpm.

The swarm behavior can be observed via the convergence curve of the MSE vs. it-
eration in Figure 8. It is observed that both average and the best solution’s MSE values
gradually decrease. No premature convergence is observed. This is contributed by the
chosen inertia weight. The decreasing inertia weight allows the swarm to balance between
exploration and exploitation, which contributes towards minimizing the MSE efficiently.
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Figure 8. MSE vs. iteration.

6. Conclusions

PSO is employed in this research to optimize the model of the top-spray fluidized bed
granulator. Three significant variables, namely binder feed rate, pressure and temperature,
are selected for investigating the proposed optimization of the fluidized bed granulation
model. The quadratic polynomial model is used for modeling and PSO is applied to
search for the optimal coefficients. The optimized model performances are measured and
validated using the MSE with respect to the actual experimental data. The best MSE is
small and close to zero, 0.0973. Hence, it can be concluded that the developed model can
be used to predict the minimum amount of ammonia gas released accurately with slight
variation of the actual value.

The findings of this research show that PSO can be efficiently applied in designing
an optimal mathematical model of a fertilizer’s fluidized bed granulation system. The
mathematical model can be used for improved, sustainable and healthy green manufac-
turing of bio-fertilizer. Specifically, the developed model enables sustainable production
of the urea fertilizer with advanced parameter setting. The manufacturing with optimal
parameter setting allows for fertilizer production with least ammonia emission and low
risk of environmental pollution.

Based on the no-free lunch theorem, there is possibility that other optimization algo-
rithms can solve this parameter optimization better than the PSO with linearly decreasing
inertia applied here. Hence, in future studies, we will investigate the application of other
optimization algorithms in solving this problem. Additionally, with more data, machine
learning techniques such as artificial neural networks or regression can be considered along-
side PSO to improve predictive capabilities. A dynamic model that considers temporal
fluctuations, sensitivity analysis to identify crucial parameters and multi-objective opti-
mization that takes into account things like production cost and the energy use could help
to improve the system even more. Accounting for uncertainties, experimental validation
and the use of sophisticated control methods such as model predictive control are to be
considered for better sustainable manufacturing practice.
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Abstract: Coffee is not merely a refreshing beverage but also invigorates people, provides relaxation,
contributes to human health, and fosters closer social connections. Coffee is one of the most widely
consumed beverages worldwide and the most traded commercial commodity. Moreover, the rapid
development of the Vietnamese coffee industry caused some concerns due to its insufficient perfor-
mance and the fierce competition within the industry. It is significant to establish an efficient supply
network; notwithstanding, supplier selection has always been a challenge for companies. Therefore,
this paper employs a hybrid model to determine the supplier selection criteria, a vital factor for a
manufacturer under practical operating conditions. Firstly, a combined model of Grey forecasting and
the Grey Fourier series is applied to forecast future rainfall and temperature data for six consecutive
years. Secondly, based on the criteria, strategies, and buyer requirements, the single-objective linear
programming model helps identify the outperformed suppliers. The results found that prices and
location change are determinants of supplier selection, and supplier shortage is an enormous barrier
for the industry. In this study, these price forecasts allow supply chain management to make informed
decisions about inventory levels, transportation routes, and resource allocation to ensure smooth
operation and optimize coffee supply chain management.

Keywords: coffee industry; Grey forecasting; Grey Fourier series; supplier selection; single-objective
linear programming

1. Introduction

In recent times, the global supply chain has faced numerous challenges. Trade tensions
between the U.S. and China have resulted in stalled goods. As the pandemic subsides, the
ongoing tension between Russia and Ukraine escalates transportation costs. The disruption
in the global supply chain has led to a sharp increase in food prices, posing a risk of
instability in many developing countries, including Vietnam.

Vietnam is located in the tropical belt of the Northern Hemisphere and has the proper
climate for growing coffee trees with special flavor. With extensive and widespread cultiva-
tion of coffee across the country’s land, Vietnam’s harvested coffee area has expanded from
15,000 to nearly 640,000 hectares over the last three decades [1]. In the year of 2019, this
industry produced approximately 1.6 million tons of green beans, which contributed to an
export value of approximately U.S. $2.85 billion, accounting for about 3% of the national
GDP. In recent years, the industry has been the world’s second-largest exporter of coffee,
after Brazil. The coffee industry has been one of the spearhead economic sectors in Vietnam,
mainly produces Robusta coffee, accounts for 60% of Robusta worldwide, and is regarded
as having the highest levels of productivity in the globe at the lowest price [2].

Coffee trees commonly grow in tropical regions where abundant rainfall, warm tem-
peratures, and no frost are [3,4]. Franca et al. (2005) and Silva (2005) believed that factors
such as the climate, soil, rainfall, and a suitable system of cultivation and irrigation in
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certain localities must be regarded as vital values for good coffee tastes [5,6]. The Ara-
bica coffee is a perennial plant and evergreen in nature, the best coffees are grown at
altitudes above 1000 m where the annual rainfall remains below 1500 mm with favorable
environmental quality such as rainfall, altitude, latitude, and longitude [7].

In North Vietnam, the climate is strongly influenced by northeastern winds, which,
combined with heavy rainfall and cold weather, are not conducive to the growth and
development of coffee [8,9]. Notwithstanding, coffee from this area has a distinctive taste,
which is highly appreciated by customers worldwide similar to coffee from Sao Paulo,
Brazil [10]. In particular, coffee trees in Son La and Dien Bien provinces are grown at
relatively high latitudes. It is not needed for frequent irrigation, but their coffee has a
rigorous quality standard and is considered specialty coffee [11]. The hot climate of middle
Vietnam, Quang Tri is well-suited for Arabica coffee plantation with a deep aroma [12]. Dak
Mil rural district, located in the central highlands region of Vietnam, close to the equator,
the characteristic of the hot wet climate and is suitable for Robusta coffee trees [13,14]. This
area has up to 19,000 hectares of coffee planting trees, accounting for one-third of the coffee
output of the whole Dak Nong province [15]. The coffee trees can be grown in various soils,
such as reddish-brown soil, golden-brown soil, and gray soil [16,17]. Compared to all soil
types, Bazan red soil can prolong the life cycle of coffee trees, and it has a significant effect
on the taste and color of coffee [18,19].

It is important to investigate the supply network of unprocessed coffee products from
the three largest cities located from the north to the south of Vietnam, which are Hanoi
capital, Da Nang, and Ho Chi Minh City. Figure 1 shows the general scenario of the
Vietnamese agriculture industry and illustrates the connection between the government,
agricultural companies, and farmers, which is the fundamental nature of the product
lifecycle from coffee bean growers to end customers.
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Figure 1. A framework of Vietnamese coffee supply network.

Currently, Vietnam has about 150 coffee-exporting agencies, and these companies
commonly buy green bean coffee from self-organizing logistics systems and purchasing
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agents [20]. The agricultural export crop contract is signed by the government to provide
an outline of the food supply chain system from multiple angles and then inform the
food companies and cooperative farms in Vietnam. The coffee bean growers, the agents,
and the exporters formed the bottlenecks of Viethamese coffee supply networks. The
farmers harvest and dry green coffee beans before delivering them to the agencies. The
agents negotiate with the larger ones or directly contact the manufacturer processor. The
intermediate coffee bean suppliers select the types of coffee beans and deliver them to the
manufacturers to produce the final products on a large scale. With the cooperation of its
special network, the processing manufacturers order vast quantities from the local agents,
create a feasible schedule to avoid late deliveries, and then check the export allotment
quota for the crop. All procedures for concluding contracts for supplier selection must be
executed carefully in terms of costs and regulations. Third-party logistic providers transfer
the product to the buyers, who are importers and wholesalers, and the importer countries.
Companies used to purchase the products directly from their long-term relations with the
coffee growers or agencies; consequently, this led to restrictions on providing high-quality
products and created an inefficient supply network within their industry.

According to Scherr et al. (2015) despite its large scale and diversity of coffee commodi-
ties across the nation, the industry is being threatened by very weak governance involving
an amorphous combination of institutions, agencies, and farmers [21]. In addition, Keshky
et al. (2020) coffee value chain is a vulnerable industry facing difficulties from external
shocks such as natural disasters and trade protectionism, which may cause disruption
of the global value chain [22]. Any inaccuracy in the supplier selection process can lead
to substandard performance. Meanwhile, successful supplier selection will benefit the
long-term development of the Vietnamese coffee industry by reducing operational and
environmental costs and improving product quality.

Lin and Wu (2011) proved that the procurement activities of purchasing firms can sup-
port decision-making by identifying potential alternatives and selecting the best products in
favor of the buyer’s objectives [23]. Hammani et al. (2014) Supplier selection for the success
of companies and industries is crucial for competitiveness in a fierce market-competition
environment [24]. The selection of suppliers is crucial in developing a reliable supply
chain and is devoted to effectively contributing to the mutual co-business development
profits [24]. Global sourcing often aims to exploit the performance in the supply of prod-
ucts; it is also a prevailing trend among companies specializing in production-oriented
agribusiness seeking new sources for competitive advantage [1].

Global sourcing often aims to exploit the performance of the supply of products. It is
also a prevailing trend among companies specializing in production-oriented agribusiness
seeking new sources for competitive advantage [25]. Manufacturers might optimize their
value chain production and associated processes by adopting and selecting coffee bean
vendors. Selecting suppliers aims to significantly optimize prices due to the effective use of
energy and resources with less cost wastage.

Kittichotsatsawat et al. (2021) found that significant coffee problems were identified,
such as high cultivation costs, a lack of standards to produce high-quality coffee, and
unplanned incoming material (coffee cherries) that led to continuous losses and disap-
pearing customer confidence. Vietnam also has the same problem as Thailand; however,
transportation cost is the most important factor in determining the price and selecting the
vendor cost in coffee manufacturing [26]. The coffee bean-growing regions in Vietnam
are mainly dependent on collectors and traders. Engaging in the agriculture value chain
helps ensure that the participants share rights and responsibilities, regulate market supply
and demand, and trace the origin of products. It meets agricultural development needs,
enhances production efficiency, and increases income for farmers and businesses. An effec-
tive and optimized supplier selection process is of pivotal importance for manufacturing
organizations and all organizations in the age of the industrial revolution. Choosing the
right supplier can help reduce purchasing risks, maximize value, and increase total quality
management production.
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This research aims to help manufacturers optimize their value chain’s production and
associated processes by selecting coffee bean vendors to reduce supply chain disruption.
It proposes the selection criteria for optimizing supplier selection, for which previous
research has not finished incorporating environmental factors into the conventional supplier
selection model. The agricultural industry is inherently vulnerable to environmental
challenges. The data was used in agrarian management of weather and climate change
to predict the yield of croppers. Moreover, this study provides an empirical initiative
based on a mixed model of grey forecasting in conjunction with the Grey Fourier series, a
powerful method for accurately anticipating future values for this industry. In addition,
a mathematical analysis based on binary linear programming is utilized to identify the
necessary criteria for choosing desirable suppliers for coffee manufacturing. Overall, this
study is intended to enhance the supplier domestic network, increase competitive ability,
and help coffee growers improve productivity in cultivation.

2. Literature Review

The Vietnamese coffee industry has been experiencing significant growth and ex-
pansion in recent years. This growth has led to an increased demand for high-quality
coffee beans, requiring the industry to have efficient supplier selection and order allocation
processes (Siregar et al., 2019). One of the critical factors affecting the quality and price of
coffee beans is the level of rainfall and temperature [27]. According to Dang et al. (2022),
there have been increasing discussions in supplier selection research on enhancing supplier
capabilities toward green and sustainable practices [28]. The supply networks and the
competitiveness of a particular industry depend on supplier selection capacity to find
solutions to address the urgent economic, political, and war crises. Agarwal and Vijayvargy
(2011) emphasized that higher cooperation and coordination among the partners of the
supply chain is a key issue, which requires strategies suitable for system optimal perfor-
mance [29]. The selection of qualified suppliers must match the adequate evaluation criteria
to ensure the right supplier is chosen. In other words, Li et al. (2020) once the qualified
supplier becomes a critical cell of a well-managed and established supply network, the
linkage between the buyer and supplier will significantly affect the well-run supply chain.
In agribusiness supply chains, supplier selection behavior can be regarded as industrial
buying behavior because of the need to purchase inputs from various sources [30]. Such
organizational buying behavior is a complex decision-making and communication process
involving numerous internal and external participants in the purchasing organization [31].
Suppliers are not the greatest assets in an organization, but poor choices can make them
the most significant liability. Liao (2012) suggested that selecting the right agricultural
product suppliers significantly decreases purchasing costs, improves competitive advan-
tage, and enhances customer satisfaction [32]. Liu (2013) defined smaller independent
food retailers with less negotiating power as having selection criteria and technological
specifications for their suppliers. They tend to work with existing vendors to develop
and co-create technological compatibility and specifications [33]. Thus, in today’s rapidly
changing world, the significance of accurate weather forecasts and vendor cost estimation
in supply chain management cannot be overstated. Precise weather forecasts provide vital
information for supply chain managers to anticipate and respond to potential risks and
threats. These forecasts allow them to make informed decisions about inventory levels,
transportation routes, and resource allocation to ensure the smooth operation of the supply
chain. Additionally, accurate vendor cost estimation helps supply chain managers select the
best vendors based on price uncertainty in the future. This allows them to optimize costs
and maintain competitiveness in the market. Furthermore, accurate weather forecasts and
vendor cost estimation play a crucial role in preserving the resilience and competitiveness
of the coffee supply chain.

Grey system theory was initially introduced by Professor Deng based on mathematical
analysis in 1982. The model has been famous among worldwide researchers due to its
outperformed ability to solve unknown problems and deal with uncertain values [33].
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Peng mentions with a few parameters required to apply the Grey model, it has been
applied to many industries by providing various available solutions [34]. Building upon
Deng’s model, Odan et al., (2012) proved that linear statistical forecasting methods are
widely used because they are easy to implement and fully understand the indicators [35].
However, in the real world, data have varying degrees of nonlinearity, which may not be
adequately handled by linear applications. Many nonlinear methods were proposed in
applied economic cases to improve forecasting performance. According to Hsu et al. (2009)
obtained good performance on the various prediction applications using the Fourier series
to refine the residual state transition matrices [36]. Wang and Phan (2015) illustrated the
empirical idea that using Fourier series techniques can filter out high-frequency terms,
which are considered to be noise, but achieve better performance [37]. Gonzalez et al.,
(2008) and Romera and Seifert (2009) agreed that some data from the series would be
used to fit a Fourier series made up of the peak frequencies of the spectrum plot of the
fluctuation series [38,39]. Rahmawati and Salimi (2022) decided on the local, freshly roasted
coffee for the domestic market [40]. However, this research didn’t have a different delivery
location. This Fourier series is used to forecast fluctuations that are different from those
used for fitting. Demand forecasting is calculated by adding the trend prediction and is
used to predict fluctuations in coffee vendors. The underlying reason for this approach
is examining supplier selection from the manufacturers’ perspective and an increasingly
integrated and more complex production-distribution system.

3. Methodology

Formerly, companies made supplier selection decisions based on competitive prices.
Studies in the field of supplier selection rose sharply after the 1960s. Therefore, the de-
terminants of the selection criteria became significant issues that needed to be addressed.
Supplier selection is a complex decision-making problem that should include both quantita-
tive and qualitative criteria needed for suppliers’ performance effectively. Some researchers
have agreed that a combination of factors should fit the technical requirements and the
company’s targets.

A new approach based on the Grey model is employed to foresee future values.
Grey model forecasting G.M. (1,N) is extensively used in many applications. The discrete
Grey models are a class of new models initially developed that are characterized by poor
information and a lack of information. The fields covered by Grey theory include systems
analysis, data processing, modeling, prediction, decision-making, and control. Thus, the
G.M. (1,1) is one of the most frequently models used in a series of Grey forecasting [33].
The paper adopted Curzi (2015) to describe the procedure in which price, rainfall, and
temperature indicators from standard disaggregate trade data are used to anticipate future
information [41]. Based on previous studies, Zeithaml (1988) designed a way to test the
general wisdom that price and quality are positively related [42].

Based on the research of Amid et al., (2009), the study develops the single-objective
linear programming model, which is a useful approach for supplier selection in the agri-
culture industry [43]. To specify the weight or goal priorities towards the best selection, a
mathematics analysis of single-objective linear programming was applied to solve these
problems, which is an outperformed application appropriate for the purpose of this study.
The findings contribute to the existing literature by comparing analytical statistics and
building the equation in order to obtain the average coffee price. The single linear program-
ming model is applied to an actual case study for supplier selection in the coffee industry,
where companies try to reduce manufacturing costs. Competitive price is regarded as one
of the most important factors affecting consumers’ buying decisions. Thus, we assumed a
temperature mean of T; and a rainfall mean of T; to assess the impact of factors affecting the
quality of the coffee bean and then calculate the coffee price in the Viethamese market. P
means the average price of the Vietnamese coffee bean. This section describes the procedure
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that infers, using T; and T3, information from standard disaggregate trade data based on
the statistics formulation:

P = B+ B1T1 + BIn(T,) (1)

where
T, = In(T7) 2

3.1. Grey Forecasting

In this case, data were collected over six consecutive years, from 2017 to 2022. The
authors applied the Grey model in this study to forecast the effect of price on coffee in the
future. The Grey system theory, developed by Deng in 1982, is an important methodology
that focuses on the study of problems involving small samples and poor information.

Theorem 1: Let X, X(l), and ZW) be the same as above except that Xx(©) g non-negative.
Ifa = (a,b)" is a parameter sequence and:

x(©)(2) —zM(2) 1
(0) —z(1)
y=|" '(3)  B=| ® ! , ®G)
: : 1
x(0) (n) —zM(n) 1

The least squares estimate sequence of the G.M. (1,1) model Equation (2) satisfies & =
—1 -1
(BTB) BTY. Continuing all the notations from Theorem 1, if [a, b]T = (BTB> BTY,

then d’é—(tl) + axM) = b is a whitenization equation of the G.M. (1,1) model in Equation (3).
The time response sequence of the G.M. (1,1) model in Equation (5) is given below.

SOk 41) = <x<0><1) 'Z>e—ak+';’,k: 12,..., )

The parameters (—a) and b of the GM (1,1) model are referred to as the development
coefficient and Grey action quantity, respectively. The former reflects the development
states of X(1) and 8(). In general, the variables that act upon the system of interest should be
external or pre-defined. Because G.M. (1,1) is a model constructed from a single sequence,
it uses only the behavioral sequence (referred to as output sequence or background values)
of the system without considering any externally acting sequences (referred to as input
sequences or driving quantities). The Grey action quantity in the G.M. (1,1) model is a
value derived from the background value. It reflects changes contained in the data, and
Its exact intention is Grey. For this quantity, rainfall and temperature realize the extension
of the relevant intention. Its existence distinguishes Grey systems modeling from general
modeling. It is also an important test to separate the thoughts of Grey systems and those of
Grey boxes.

3.2. Grey Fourier Series

Gonzalez et al. (2010) [38] separated the thoughts of Fourier series systems and those
of forecasting boxes, which is also an important test.

Theorem 2: Let XVbe the original series of m entries, and v is the predicted series obtained from
NGBM (1,1). Based on the predicted series v, a residual series named ¢ is defined as follows:

e={e(k)}, k=23 ...m

where
e(k) =x(k) —v(k) k=2,3,...m ®)
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According to the definition of the Fourier series, the residual sequence of NGBM (1,1),
can be approximately expressed as follows:

g(k) = %a(o) + _éHaicos(nzfl (k))} vaisirl(nzf1 (k))}
1 k=123,...m

(6)

where
(m—1)

2
is called the minimum deployment frequency of the Fourier series and Z only be taken
integer number.

Therefore, the residual series is rewritten as follows:

Z= ~1 @)

e =PC (8)
where
1 2mix1 - (2mix1 1 27ixZ . (2mixZ
ECOS WXZ Sin mXZ ECOS mxz Sin ﬁxz
1 2mix1 - 2mix1 1 27ixZ . 2mixZ
scos( =7 X 3)sin( =2 X 3) ... cos( S X 3)sin| ST X 3
P = )
1 2mix1 - (2mix1 1 27ixZ - (2mixZ
Ecos( =T X m)““(ﬁ X 3) jcos< E X m)sm<ﬁ X m)
T
C= [aOr alrblr ap, b2/ ce /aZrbz] (10)

The parameters ag, a;, by, a2, by, ...,az, b, are obtained by using the ordinary least
squares (O.L.S.) method whose results are in the following equation:

C= (PTP) TIpTT (11)

Once the parameters are calculated, the modified residual series is then achieved
based on the following expression:

. 1 Z 27 . 27t
¢(k) = 50 + 1:21 [alcos (m — (k)) + blsm(In — (k))} (12)
From the predicted series v, and ¢ the Fourier modified series ¥ of series v is deter-
mined by the following:
0= {01,02,03,..., Op,..., O}
where
5 01 =11
=14 . k=23 ..k 13
v {Z)k = U + & (13)

There are some common approaches for evaluating the performance of the volatility
model for forecasting. This study adopted two criteria to evaluate the forecasting model
of the coffee price. Model characteristics include periodicity, randomness, and tendency.
According to Liu et al. (2023), to obtain the tendency of the series and the context of the
development of natural disasters, this study is not only used to improve the background
value using integration but also to increase the accuracy by correcting the model’s periodical
errors [44]. The mean absolute percentage error (MAPE) is defined as follows:

n | x(©), —
IR ol e ] o
MAPE =~} | x 100% (14)

k=2

241



Processes 2024, 12, 901

where x() (k): the actual value in time period k, and £(%) (k): the forecast value in the time
period.
The grade of MAPE is divided into four levels shown in Table 1.

Table 1. The MAPE grade level [22].

MAPE <10% 10-20% 20-50% >50%
Grade levels Excellent Good Qualified Unqualified

We ensure no space for errors during the forecasting calculation because forecasting
accuracy is important to solve mathematical concerns for future values with incomplete
information. Therefore, in this paper, the MAPE is employed to measure the accuracy of
the method for constructing fitted time series values. When MAPE values are small, the
predicted values are close to the actual values.

3.3. Single-Objective Linear Programming Model
Decision variables are as follows:

Kij Quantity weight total purchase of agency i supplied by supplier j (in Ton)

Qij 0-1variable determined by whether agency i is provided by supplier j (=1 if supplied)
Parameters:

Pij Price of supplier j

Ci  Capacity of supplier j

tij Transportation cost agency i from supplier j

Di Total demand for agency i

qij Percent of defective parts for agency i supplied by supplier j

mij Minimum order quantity for agency i required by supplier

M A large positive number
Single-objective Linear programming supplier selection with functions is based on

a formulation for which Z is a minimization objective whereby Z represents the total
transportation cost of the product.

MinZ =}, Zj piKi+) 2]' ijKij (15)

Subject to:
Yo XKy <G Y (16)
Y. Kij > DiVi (17)
Kij > mjKij Vi, j (18)
Kij < MK;; Vi, j (19)
K >0 Vi,j (20)
Qij € {1,0} Vi, j (21)

Constraint set (15) serves as the capacity constraint for each vendor, and set (16)
serves as the overall capacity restriction. Constraint set (17) enforces the fulfillment of the
demanded quantity for each part. Constraint set (18) specifies the minimum order quantity
for all vendors. The constraint set (19) prevents conflict between the decision variables.
Constraint set (20) preserves the non-negativity, and set (21) imposes the integrality on the
decision variables.

4. Results and Analysis

This paper assumes that the proper and qualified sellers must meet all buyers’ require-
ments. The selected criteria are the factors of temperature and rainfall. Each criterion will
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contribute to the appropriate sourcing evaluation in the model’s objective function for the
industrial food chain. This is in conjunction with some criteria used to form the model
constraints so that the feasible region can be located; in this real case, these are rainfall
and temperature. Thus, we assumed that temperature means X; and rainfall means X, to
assess the impact of factors affecting the quality of coffee beans and then calculate the coffee
price in the Vietnamese market. P is the average price of Vietnamese coffee beans. The
data on temperature, rainfall, and price for coffee from 2017 to 2022 undertaken from five
meteorological regions in Vietnam are calculated by the authors. Based on the data from
the Vietnam General Statistics Office [45], the SPSS 21.0 software was applied to identify
the unstandardized coefficients 3o, $1, fo. This By, B1, B, index help identify the target
price, which is the elasticity of substitution. After running the software regression model,
values of prices are obtained as shown in Table 2.

Table 2. The coefficients of the regression model for price forecasting.

Unstandardized Coefficients Value
Bo 832.217
B1 34.022
B2 68.472

Source: Author’s calculation.

Based on indicators of rainfall and temperature collected through five different meteo-
rological regions from the regression model, the study develops a prediction model for the
value of rainfall and temperature, which is used to calculate the future prices for the next
section. All data are computed in the formulation:

4.1. Grey Forecasting
The sequence of raw data X(0) = <x(0>(1),x(°) (2),x9(3),x0(4),x0) (5),xO (6)) =

(21.11, 21.61, 21.85, 21.49, 22.6, 22.35) simulate this sequence x(©) using the following three
G.M. (1,1) models and comparing the accuracy of the simulation:

From Equation (2) x(%) (k) +az(!) (k) = b, compute the accumulation generation of X
as follows:

XM = (x<1>(1),x(1>(2),x(1>(3),x<1>(4),x<1>(5)) = (21.11, 42.72, 64.57, 86.06, 109, 131.01)

We check the quasi-smoothness from ") (k) = % It follows that o) (2) = 0.49, (1) (3)

=033, 0V (4) = 0.25,and 'V (5) = 0.2, V) (6) = 0.17. Therefore, k > 5, ¢{!) (k) € 0.1; 1} with o =
0.9, that is, the law of quasi-exponentially and the condition of quasi-smoothness is stratified.
Thus, we can establish a G.M. (1,1) model for X1, Using the adjacent neighbors of sequence,

let z( = (z(l)(l),z(l)(Z),...,z(l) (n)) be the sequence generated from X(1) by the adjacent
neighbor means sequence.

zM = (x<1>(1),x(1>(2),x(1>(3),x<1>(4),x<1>(5)) = (32,91, 54.64, 76.31, 110, 132.01)

In addition, matrix B and constant vector Yy are accumulated as follows:

—3292 1 21.61
—54.64. 1 21.85
B=|-7632 1 |Yy=|2149
—9836 1 22.6
~120.83 1 22.35
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Using the least squares estimation, we obtain the sequence of parameters @ = [a, b] T

as follows 4 = (BTB)ilBTY _ {—0.0102

21.201
0.0102x(1) = 21.201 and its time response form #(k +1) = <x(0)(1) — %)e_“(k) + 2 =
—21.21e00102 4 0.00048. Substituting different values of k into the equation: k = 1X(1) (1) =
21.11.

Compute the simulated values of X(?) using the original series according to the
accumulated generating operation by using £(9) (k 4+ 1) = 2™ (k 4 1) — 21 (k).

]. We establish the following model d’;(tl) -

4.2. Grey Fourier Series

Let x be the original series of m entries and v is the predicted series (1,1). Base on the
predicted series v, a residual series named ¢ is defined as:

e(k) = {—1.0236, —1.9879, —2.9386, —4.0563, —4.7969} (22)
According to the definition of the Fourier Series, the residual sequence of NGBM (1,1),
can be approximately expressed as follows:

[—1.0413605 (mzfil(k)) — 0.1308sin (mziil(k))]

Z
—0.5065 + )
i=1

&(k)

where

is called the minimum deployment frequency of Fourier series and Z only be taken integer
number.
Therefore, residual series is rewritten as follows:

e = PC
_%cos %XZ sin %xz %cos %XZ sin %xz |
gcos( B x 3 )sin (2751 % 3 Leos (222 x 3)sin( 222 x 3
P = %cos %xél sin %xél %cos %xél sin %xél
%cos %XS sin %XS %cos %XS sin ZZileXS

The parameters ag, ay,by,4a2,b3, ...,a,,b, are obtained by using the ordinary least
squares (O.L.S.) method whose results are in the following equation:

C= (PTP)_lstT

Once the parameters are calculated, the modified residual series as than achieved
based on the following expression:
)

From the predicted series v, and ¢, the Fourier modified series ¢ of series v is deter-
mined. Where

27T 27T

Z
é(k) = —0.5065+ Y
i=1

[1.0413005 ( 7 (k)) — 0.1308sin (

m —

s [ o1=2L11
~ 14, = 21,5351

e Based on the actual results by applying the Grey forecasting and Grey Fourier series,
it was found that the Grey Fourier series has a higher frequency spectra uncertainty
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than Grey forecasting. Hence, this study adapts the Grey Fourier series for estimating
the uncertain quantitative level of rainfall and temperature data for six consecutive
years.

e By the same calculation and procedures, based on the actual data from 2017 to 2022,
this study obtained all the forecasted values of all Vietnamese coffee companies from
2023 to 2028, which are shown in Table 3. The forecasting of rainfall and temperature
from 2023 to 2028 and Figure 2 comparing the results of Grey forecasting model and
Fourier series.

Comparing the result of Grey forecasting model and
Fourier Series

—&— Actual Value —#=—GM (1,1) Model ==t=TFourier Series Model

22.5

22

21.5

21
2017 2018 2019 2020 2021 2022

Figure 2. Comparing the result of the Grey forecasting model and Fourier series.

Table 3. The forecasting of rainfall and temperature from 2022 to 2027.

S1 S2 S3 S4 S5
Year
X1 X2 X1 X2 X1 X2 X1 X2 X1 X2
2023 22.89 7.48 20.85 7.74 20.39 7.41 23.20 7.34 24.61 7.57
2024 23.12 7.51 20.59 7.75 20.40 7.40 23.42 7.34 24.59 7.54
2025 23.36 7.55 20.33 7.76 20.41 7.39 23.65 7.33 24.58 7.50
2026 23.60 7.58 20.08 7.77 20.43 7.38 23.87 7.32 24.56 7.47
2027 23.84 7.62 19.83 7.78 20.44 7.37 24.10 7.32 24.54 7.44
2028 24.08 7.65 19.58 7.79 20.45 7.36 24.33 7.31 24.52 7.40
Source: Author’s calculation.
e  From the results of the forecasting, the authors found the coffee price for each supplier
in the year 2023, which will help the manufacturer obtain various overviews of
different coffee prices. In order to ensure there is no space for errors or mistakes
during the forecasting calculation, MAPE is applied to measure the accuracy of the
prediction model. The results are shown in Table 4 below.
Table 4. The MAPE for each supplier.
S1 52 S3 S4 S5
Average X1 X2 X1 X2 X1 X2 X1 X2 X1 X2
MAPE 0861 0.600 1.669 0.540 0.301 0.359 0.856 0.203 1.006 0.479

Average = 0.6874

Source: Author’s calculation.
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Subsequently, MAPE is employed to measure the accuracy of the average Vietnamese
coffee using the price for the forecasting year 2023. Table 5 shows that all MAPEs are
smaller than 10%, which is considered as a good performance.

Table 5. The accuracy of the Grey Fourier series forecasting.

S1 52 S3 54 S5

4372 0.265 0.853 4.139 6.059
Average = 3.14

Average MAPEPrice’s
2022

Source: Author’s calculation.

As the results show in Table 5, the average MAPE of five growers in the year 2023 is
3.14% compared with the average real price, which is regarded as an excellent calculation.
It strongly confirms that the Fourier series is highly accurate. Therefore, the study moves to
the next stages of the calculation for the average price in 2023 using the Linear program: P =
Bo + B1T1 + BoIn(T7).

As the results of the statistical methods presented in Table 6, the study obtains a
comprehensive estimation of the price. Once the estimation is obtained, the model of
Single-objective Linear programming is proposed to select the proper suppliers.

Table 6. The average coffee price forecasting for 2023.

Price 2023
S1 2144
S2 2055
S3 2033
S4 2139
S5 2182

Source: Author’s calculation.

4.3. Single-Objective Linear Programming Model

To judge the applicability of the single-objective linear programming model, actual
data collected from a Vietnamese coffee manufacturer is used for this research.

The manufacturing procurement practices of the components required to produce a
specific type of coffee have been purchased from several agencies. In this research, Arabica
coffee is supplied by five potential vendors to five agents. It assumes that the expected
demand for each agency is 2000, 1600, and 2900; then the minimum order quantities
imposed by each supplier should be 150, 200, 150, 200, and 250. In this situation, the coffee
bean price in the year 2022 was forecasted by the Grey model and given in Table 7.

Table 7. Transportation cost for each grower.

Supplier i Transportation Cost USD/Ton to  Transportation Cost USD/Ton to  Transportation Cost USD/Ton
Growers j Supplier1 Supplier 2 to Supplier 3

1 142 163 281.6
2 142 163 281.6
3 186 135 220
4 210 164 220
5 210 164 158.4

Source: Author’s calculation.

In this case study, for the optimal transfer of coffee beans from each grower to suppliers,
three manufacturers from large cities collected and processed into the final products before
delivering them to customers. Various transportation costs are incurred and shown in
Table 7.
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The results illustrated in Table 8 pointed out that the objective of minimum trans-
portation cost is 14,805,470 USD for 6500 tons of coffee beans from five growers. In order
to minimize cost and obtain the best choice, supplier 1 will buy 650 tons of coffee beans
from grower 1; 1000 tons of coffee beans from grower 2; and 350 tons of coffee beans from
grower 4. Supplier 2 will buy 250 tons of coffee beans from grower 3; 950 tons of coffee
beans from grower 4; and 400 tons of coffee beans from grower 5. Then, supplier 3 will buy
700 tons of coffee beans from grower 1; an amount of 200 tons of coffee beans from grower
2; an amount of 1000 tons of coffee beans from grower 3; and 1000 tons of coffee beans
from grower 5. In other words, the decision-makers prefer a supplier with a targeting price,
optimal transport, and grower capacity. This paper indicates that price and location change
are determinative factors for supplier selection. The empirical model of supplier selection
is accurate and powerful for manufacturers to reduce business and transportation costs. In
addition, it also helps to maintain the quality of products, provide targeting strategies for
firms, and enhance the performance of the entire industry.

Table 8. The results of the supplier selection model.

Supplier i
Growers] ———PPiert 1 2 3

1 650 0 700

2 1000 0 200

3 0 250 0

4 350 950 800

5 0 400 1200
Total 2000 1600 2900

Source: Author’s calculation.

The research framework is undertaken in three main stages. In the first stage, sup-
plier criteria are evaluated through existing literature reviews; the level of rainfall and
temperature are identified as the most critical parameters affecting the quality and price of
coffee beans. By applying the combination of the price regression function with Grey (1,1)
and Fourier series, the result shows the Fourier series is more accurate in estimating the
variation level of rainfall and temperature. Therefore, the Fourier series is used to anticipate
the variation level of rainfall and temperature in six consecutive years (2023-2028) based
on the historical data (2017-2022). In the second stage, the regression model of forecasting
price is fully calculated. In the final stage, single-objective linear programming is useful
for dealing with multi-criteria decision-making problems where the weight of criteria and
assumptions for the between optimal price and cost.

5. Conclusions

The comprehensive selection criteria based on the hybrid model help improve the
company’s decision of choosing the right supplier. An appropriate supplier makes a
great difference in enhancing and costing optimization, diversifying export capacity, and
capturing opportunities for the growth of the Vietnamese coffee industry. The model of
statistical analysis plays an important role in assessing the value of rainfall and temperature.
As a result, it indicates that it undoubtedly has a tremendous impact on the average price
of coffee beans. The combination method of Grey forecasting and the Grey Fourier series
associated with the model of Binary Linear programming provides the predicted price
of Vietnamese coffee beans, which is driven to an optimal solution helpful to address the
current problems. The anticipation of the future price is solved carefully by applying
the Grey Fourier series model. In addition, the findings prove that price and location
change are determinants for the decision of supplier selections, and the supplier shortage
is causing a huge problem for the coffee industry. The main objective of this paper was to
demonstrate the empirical analysis based on mathematics perspectives aimed at optimizing
the development of coffee domestic supply networks. The research provides businesses
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and manufacturers with empirical solutions for determining future risks and improving
the capacities to react against external risks.

The integrated approach also provides empirically worthwhile results for the overall
development of the agriculture supply chain. The research framework offers feasible
solutions for determining qualitative and quantitative factors affecting the success of
purchasing and supply management professionals. The study improves the Vietnamese
coffee supply network under fluctuating uncertainties such as climate change, price breaks,
and government policy toward agricultural products. As a result, big data combined
with forecasting the price of coffee beans can enhance supplier selection networks and
improve coffee grower productivity, ultimately bringing greater profits to this sector. As
this research is the first to propose the approach of Grey theory and single-objective linear
programming to be applied in the agriculture industry, there are still some limitations,
restrictions, and difficulties in combining these methods. In addition, the researchers could
not investigate different variables, which could generate a more accurate result. Therefore,
future studies are required with different assumptions.

Author Contributions: Conceptualization, N.-N.-Y.H. and PM.N.; methodology and formal analysis,
N.-N.-Y.H,; data collection, H.H.T. and C.T.T.; writing—original draft preparation, N.-N.-Y.H. and
H.H.T.; writing—review and editing, PM.N., C.T.T. and H.H.T.; visualization, N.-N.-Y.H.; supervision,
N.-N.-Y.H. and PM.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research is funded by the International School, Vietnam National University, Hanoi, Vietnam.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Thuy, H. Coffee Industry Adapts to Comply with New EU Regulations. Available online: https:/ /vietnamagriculture.nongnghiep.
vn/ coffee-industry-adapts-to-comply-with-new-eu-regulations-d368066.html (accessed on 19 December 2023).

2. Tu, L.V. Country Coffee Profile: Vietnam. 2019. Available online: http://www.vicofa.org.vn/country-coffee-profile-vietnam-
bid385.html (accessed on 18 December 2023).

3. Murthy, PS.; Naidu, M.M. Protease production by Aspergillus oryzae in solid-state fermentation utilizing coffee by-products.
World Appl. Sci. ]. 2010, 8, 199-205.

4. Saw, AK.-C; Yam, W.-S.; Wong, K.-C.; Lai, C.-S. A comparative study of the volatile constituents of southeast Asian Coffea
arabica, Coffea liberica and Coffea robusta green beans and their antioxidant activities. J. Essent. Oil Bear. Plants 2015, 18, 64-73.
[CrossRef]

5. Franca, A.S; Oliveira, L.S.; Mendonga, J.C.; Silva, X.A. Physical and chemical attributes of defective crude and roasted coffee
beans. Food Chem. 2005, 90, 89-94. [CrossRef]

6.  Silva, E.A.d.; Mazzaferall, P.; Bruninil, O.; Sakail, E.; Arrudal, E.B.; Mattoso, L.H.C.; Carvalho, C.R.L.; Pires, R.C.M. The influence
of water management and environmental conditions on the chemical composition and beverage quality of coffee beans. Braz. |.
Plant Physiol. 2005, 17, 229-238. [CrossRef]

7. Feria-Morales, A.M. Examining the case of green coffee to illustrate the limitations of grading systems/expert tasters in sensory
evaluation for quality control. Food Qual. Prefer. 2002, 13, 355-367. [CrossRef]

8. Brosnan, T.; Sun, D.-W. Inspection and grading of agricultural and food products by computer vision systems—A review. Comput.
Electron. Agric. 2002, 36, 193-213. [CrossRef]

9. Luong, Q.V,; Tauer, L.W. A real options analysis of coffee planting in Vietnam. Agric. Econ. 2006, 35, 49-57. [CrossRef]

10. Qin, X.; Miranda, V.S.; Machado, M.A.; Lemos, E.G.M.; Hartung, ].S. An Evaluation of the genetic diversity of Xylella fastidiosa
isolated from diseased citrus and coffee in Sao Paulo, Brazil. Phytopathology 2001, 91, 599-605. [CrossRef]

11.  Schmitter, P.; Dercon, G.; Hilger, T.; Le Ha, T.T.; Thanh, N.H.; Lam, N.; Vien, T.D.; Cadisch, G. Sediment induced soil spatial
variation in paddy fields of Northwest Vietnam. Geoderma 2010, 155, 298-307. [CrossRef]

12.  Greentield, G. Vietnam and the World Coffee Crisis: Local Coffee Riots in a Global Context; National Coffee Growers Association:
Bogota, Colombia, 2002.

13. Lee, S.-C. Coffee middlemen in Dak Lak, Vietnam: A key stakeholder of coffee value chain as an intermediary of changes in local
economies. J. Econ. Geogr. Soc. Korea 2013, 16, 372-388.

14. Kim, D.-C; Hoang, T.Q. Development of coffee production and land mobility in Dak Lak, Vietnam. J. Econ. Geogr. Soc. Korea 2013,

16, 359-371.

248



Processes 2024, 12, 901

15.

16.

17.
18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

Tan, S.B.H. Coffee frontiers in the Central Highlands of Vietnam: Networks of connectivity. Asia Pac. Viewp. 2000, 41, 51-67.
[CrossRef]

Agergaard, ].; Fold, N.; Gough, K.V. Global-local interactions: Socioeconomic and spatial dynamics in Vietnam's coffee frontier.
Geogr. ]. 2009, 175, 133-145. [CrossRef]

Kilcher, L. How organic agriculture contributes to sustainable development. J. Agric. Res. Trop. Subtrop. 2007, 89, 31-49.

Tsai, D.-M.; Chen, W.-L. Coffee plantation area recognition in satellite images using Fourier transform. Comput. Electron. Agric.
2017, 135, 115-127. [CrossRef]

Toledo, PR.; Pezza, L.; Pezza, H.R; Toci, A.T. Relationship between the different aspects related to coffee quality and their volatile
compounds. Compr. Rev. Food Sci. Food Saf. 2016, 15, 705-719. [CrossRef] [PubMed]

Vietnam Coffee. Available online: https://giacaphe.com/%E2%80%93 (accessed on 10 March 2022).

Scherr, S.J.; Mankad, K.; Jaffee, S.; Negra, C. Steps Toward Green: Policy Responses to the Environmental Footprint of Commodity
Agriculture in East and Southeast Asia; EcoAgriculture Partners: Washington, DC, USA, 2015.

Keshky, E.; Basyouni, S.S.; Al Sabban, A.M. Getting through COVID-19: The pandemic’s impact on the psychology of sustainability,
quality of life, and the global economy-A systematic review. Front. Psychol. 2020, 11, 585897. [CrossRef] [PubMed]

Lin, P-C.; Wu, L.-S. How supermarket chains in Taiwan select suppliers of fresh fruit and vegetables via direct purchasing. Serv.
Ind. ]. 2011, 31, 1237-1255. [CrossRef]

Hammami, R.; Temponi, C.; Frein, Y.A. Scenario-based stochastic model for supplier selection in global context with multiple
buyers, currency fluctuation uncertainties, and price discounts. Eur. J. Oper. Res. 2014, 233, 159-170. [CrossRef]

Liu, L.; Cao, W.; Shi, B.; Tang, M. Large-scale green supplier selection approach under a g-rung interval-valued orthopair fuzzy
environment. Processes 2019, 7, 573. [CrossRef]

Kittichotsatsawat, Y.; Jangkrajarng, V.; Tippayawong, K.Y. Enhancing coffee supply chain towards sustainable growth with big
data and modern agricultural technologies. Sustainability 2021, 13, 4593. [CrossRef]

Siregar, E.; Nazir, N.; Asben, A. The Analysis of Strategic Partnership to Supply Mandailing Arabica Coffee for Export Quality
Markets. In IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2019; Volume 347, p. 012046.
Dang, T.T.; Nguyen, N.A.T.; Nguyen, V.T.T.; Dang, L.T.H. A two-stage multi-criteria supplier selection model for sustainable
automotive supply chain under uncertainty. Axioms 2022, 11, 228. [CrossRef]

Agarwal, G.; Vijayvargy, L. An application of supplier selection in supply chain for modeling of intangibles: A case study of
multinational Food Coffee industry. Afr. J. Bus. Manag. 2011, 5, 11505. [CrossRef]

Li, T,; Tan, Q.; Liu, W. Game theoretical perspectives on pricing decisions in asymmetric competing supply chains. Discret. Dyn.
Nat. Soc. 2020, 2020, 9352013. [CrossRef]

Liao, C.-N. Applying fuzzy-MSGP approach for supplier evaluation and selection in food industry. Afr. J. Agric. Res. 2012, 7,
726-740.

Liu, A.H.; Bui, M.; Leach, M. Considering technological impacts when selecting food suppliers: Comparing retailers’ buying
behavior in the united states and Europe. |. Business-to-Business Mark. 2013, 20, 81-98. [CrossRef]

Ju-Long, D. Control problems of grey systems. Syst. Control Lett. 1982, 1, 288-294. [CrossRef]

Peng, Y.; Ning, L. Study on quality decisions in supply chain considering the lagged time and retailers competition. Discret. Dyn.
Nat. Soc. 2020, 2020, 7482967. [CrossRef]

Odan, EK,; Odan, FK. Reis, and Management, Hybrid water demand forecasting model associating artificial neural network
with Fourier series. J. Water Resour. Plan. Manag. 2012, 138, 245-256. [CrossRef]

Hsu, Y.-T.; Liu, M.-C.; Yeh, J.; Hung, H.-F. Forecasting the turning time of stock market based on Markov—Fourier grey model.
Expert Syst. Appl. 2009, 36, 8597-8603. [CrossRef]

Wang, C.-N.; Phan, V.-T. An improved nonlinear grey bernoulli model combined with fourier series. Math. Probl. Eng. 2015,
2015, 740272.

Gonzélez-Romera, E.; Jaramillo-Moran, M.; Carmona-Fernandez, D. Monthly electric energy demand forecasting with neural
networks and Fourier series. Energy Convers. Manag. 2008, 49, 3135-3142. [CrossRef]

Vieli, FJ.G.; Seifert, E. Fourier inversion of distributions supported by a hypersurface. |. Fourier Anal. Appl. 2009, 16, 34-51.
[CrossRef]

Rahmawati, D.U.; Salimi, N. Sustainable and resilient supplier selection: The case of an Indonesian coffee supply chain. J. Supply
Chain Manag. Sci. 2022, 3, 16-36. [CrossRef]

Curzi, D.; Pacca, L. Price, quality and trade costs in the food sector. Food Policy 2015, 55, 147-158. [CrossRef]

Zeithaml, V.A. Consumer perceptions of price, quality, and value: A means-end model and synthesis of evidence. J. Mark. 1988,
52,2-22. [CrossRef]

Amid, A.; Ghodsypour, S.; O’'brien, C. A weighted additive fuzzy multiobjective model for the supplier selection problem under
price breaks in a supply Chain. Int. J. Prod. Econ. 2009, 121, 323-332. [CrossRef]

249



Processes 2024, 12, 901

44. Liu, L.; Liu, S.; Fang, Z; Jiang, A.; Shang, G. The recursive grey model and its application. Appl. Math. Model. 2023, 119, 447-464.
[CrossRef]

45.  General Statistics Office of Vietnam. Available online: https://www.gso.gov.vn/don-vi-hanh-chinh-dat-dai-va-khi-hau/
(accessed on 14 March 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

250



2 M processes MoPY

Article
Northern Lights: Prospecting Efficiency in Europe’s Renewable
Energy Sector

Yen-Hsing Hung and Fu-Chiang Yang *

Department of Industrial Engineering and Management, National Kaohsiung University of Science and
Technology, Kaohsiung 80778, Taiwan
* Correspondence: fuchiang@nkust.edu.tw

Abstract: Northern European nations are at the forefront of renewable energy adoption but face
challenges in optimizing energy conversion efficiency. There is a lack of detailed understanding
of how behavioral factors affect the efficiency of renewable energy conversion in these countries.
This study aims to evaluate and compare the renewable energy conversion efficiency of Northern
European countries, intending to inform strategic policy making and identify best practices for
technology deployment in the renewable energy sector. Employing a Data Envelopment Analysis
(DEA) model, the study integrates behavioral economic parameters—specifically, the aversion loss
and gain significance coefficients—to assess the efficiency of renewable energy conversion, accounting
for psychological factors in decision making. A comprehensive sensitivity analysis was conducted,
varying the gain significance coefficient while maintaining the aversion loss coefficient at constant
levels. This experiment was designed to observe the impact of behavioral parameters on the efficiency
ranking of each country. The analysis revealed that Latvia consistently ranked highest in efficiency,
irrespective of the gain significance valuation, whereas Iceland consistently ranked lowest. Other
countries demonstrated varying efficiency rankings with changes in gain significance, indicating
different behavioral economic influences on their renewable energy sectors. Theoretically, the study
enhances the DEA framework by integrating behavioral economics, offering a more holistic view of
efficiency in renewable energy. Practically, it provides a benchmarking perspective that can guide
policy and investment in renewable energy, with sensitivity analysis underscoring the importance
of considering behavioral factors. The research offers a practical tool for policymakers and energy
stakeholders to align renewable energy strategies with behavioral incentives, aiming to improve the
adoption and effectiveness of these initiatives.

Keywords: Northern European; Data Envelopment Analysis; renewable energy; behavioral coeffi-

cient

1. Introduction

The transition towards renewable energy (RE) sources has emerged as a critical global
mandate, driven by the escalating environmental concerns and the geopolitical instability
that impacts fossil fuel markets [1]. The global energy landscape is undergoing a significant
transformation, with renewable energy’s share in the power sector expected to increase
from 25% in 2019 to over 30% by 2024, according to the International Energy Agency
(IEA) [2]. This shift is further emphasized by the urgent need to reduce greenhouse
gas emissions, where the energy sector accounts for approximately two-thirds of global
emissions, underscoring the critical role of renewable energy in achieving climate goals [3].

Compounding these environmental imperatives is the geopolitical volatility associated
with traditional energy sources [4]. A dependence on Russia’s o0il and gas industry, for
example, has been a stark reminder of the vulnerabilities many regions face concerning
energy security and autonomy. In 2021, Europe imported approximately 40% of its natural
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gas and 27% of its oil from Russia, highlighting the region’s exposure to geopolitical risks
and the urgency of diversifying energy sources [5].

In this context, the Northern European countries—Denmark, Estonia, Finland, Iceland,
Ireland, Latvia, Lithuania, Norway, Sweden, and the United Kingdom—stand out for their
proactive approach to embracing renewable energy [6]. Blessed with abundant natural
resources, these nations have demonstrated a strong commitment to renewable energy, at
least 20% of their energy consumption coming from renewable sources as of 2020 [7]. Their
efforts are not only aimed at enhancing national energy security but also at contributing
to global sustainability objectives [8]. However, transitioning to renewable energy is
fraught with challenges, particularly regarding the need for substantial advancements in
the efficiency of renewable energy conversion technologies and systems to meet growing
energy demands sustainably [9,10].

Despite an increasing focus on renewable energy, a significant research gap persists in
understanding and quantifying the efficiency of renewable energy conversion processes,
especially within the Northern European context. This gap is critical as it influences the
development of effective policies and the optimization of renewable energy systems for
maximum productivity and sustainability. A review of the existing literature reveals a
proliferation of studies on renewable energy deployment, yet few delve into the nuanced
analysis of conversion efficiency in the Northern European region [11-14]. This lack of
detailed efficiency metrics hinders the ability to fully leverage the potential of renewable
resources, necessitating a more focused and analytical approach to assess and enhance the
performance of renewable energy technologies.

The urgency of addressing these challenges cannot be overstated. As the world moves
towards a more sustainable and secure energy future, the insights gained from evaluating
the efficiency of renewable energy conversion in the Northern European countries could
provide valuable lessons for global energy policy and technology development. This
underscores the need for comprehensive research that not only identifies the current state
of renewable energy efficiency but also proposes innovative solutions to improve it, thereby
supporting the global transition towards a more resilient and sustainable energy system.

This study is motivated by the need to bridge these gaps through a comprehensive
evaluation of the efficiency of renewable energy conversion in Northern European countries.
It aims to provide actionable insights for policymakers and industry stakeholders to foster
the development of more efficient, resilient, and sustainable energy systems. To achieve this,
the study sets forth two primary objectives: a practical objective to evaluate the efficiency of
renewable energy conversion for policy development, and a theoretical objective to propose
and apply a robust Data Envelopment Analysis (DEA) model enhanced with prospect
theory. This dual approach will facilitate a more nuanced understanding of the efficiency
landscapes and the decision-making processes governing renewable energy investments
and operations in the Northern European region.

This article is structured as follows: Section 1 outlines the study’s background, motiva-
tion, and aims. Section 2 conducts a thorough literature review, identifying prior research
and research gaps. Section 3 details the study’s methodologies, particularly the use of a
data analysis envelopment model enhanced with prospect theory. Section 4 delivers the nu-
merical findings, analyzing renewable energy conversion efficiency in the Nordic countries.
Section 5 wraps up the research, summarizing the main insights, policy implications, and
directions for further investigation.

2. Literature Review
2.1. Renewable Energy Studies in Northern Eupopean

The research landscape on renewable energy in Europe encompasses studies that
span various aspects, including policy frameworks, economic impacts, technological ad-
vancements, and environmental sustainability [15,16]. Campos et al. (2020) underscore
the evolving role of RE prosumers within the EU, influenced by policies that transition
consumers to active energy participants [17]. This study identifies France, Germany, the
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Netherlands, and the United Kingdom as leaders in creating favorable conditions for
collective prosumers, marking a significant move towards energy democratization and
sustainability. Economic relationships between growth, carbon emissions, and renewable
energy consumption have been explored by Radmehr, Riza et al. in their 2021 study,
alongside Simionescu et al. (2023), both of which reveal strong spatial correlations across
EU countries [13,18]. They highlight a bidirectional link between economic growth and
renewable energy consumption, offering vital insights for policy development aimed at
sustainable growth.

From an environmental perspective, the 2020 study by Destek and Aslan emphasizes
the varied impacts of different renewable energy sources on carbon emissions, suggesting
the need for policies tailored to the characteristics of each energy type [19]. Johannsen
et al.’s 2023 research on decarbonizing the European industrial sector further stresses
the potential of existing technologies, energy savings, and electrification for achieving
environmental goals [20]. Potr¢ et al. (2021) and Tutak et al. (2022) investigate the socio-
economic benefits of the EU’s renewable energy transition, aiming for a carbon-neutral
status by 2050 [3,21,22]. Their findings point to the significant potential of wind and solar
power and the positive effects of renewable energy on economic growth and emission
reductions. In terms of technology innovation, Panchenko et al. (2023) delve into “green”
hydrogen production’s future, emphasizing its importance in moving towards cleaner
energy sources and enhancing energy independence [23]. This highlights the sector’s
continuous innovation and technological progress.

Despite the breadth of research, a notable gap exists in the detailed analysis of renew-
able energy conversion efficiency, especially within Northern European countries. This
study seeks to address this by evaluating the efficiency of renewable energy conversion
in these regions, employing a data analysis envelopment model with prospect theory
enhancements. This comprehensive approach aims to shed light on efficiency dynamics,
guiding policy and technological advancements in Northen Europe.

2.2. Data Envelopment Analysis Studies

The exploration of DEA across a diverse array of sectors, with a notable emphasis
on the renewable energy domain, showcases its broad applicability and efficiency in
performance evaluations and efficiency assessments. In 2020, the work of Kaffash brought
to light DEA’s growing significance within the insurance sector, highlighting its capacity
to evaluate the operational efficiency of insurance firms amidst rapidly evolving market
conditions and technological advancements [24]. This pivotal insight not only underscores
the adaptability of DEA but also sets the stage for its application in critical areas such
as the assessment of renewable energy efficiency, marking a significant leap towards
broader utility in various industrial domains. Building upon this foundation, the research
conducted by Tao Xu et al. further reinforces the importance of DEA in the energy sector,
illuminating its widespread adoption for conducting detailed energy efficiency studies
spanning the years from 2011 to 2019 [25]. In a similar vein, the work of Fotova Cikovi¢
and Lozi¢ (2022) [26], along with Dutta et al. (2022) [27], ventures beyond traditional
applications, extending DEA’s reach into the realms of Information and Communication
Technology (ICT) and supply chain management, respectively. These studies collectively
highlight DEA’s instrumental role in streamlining processes and bolstering sustainability
efforts, attributes that are directly translatable and immensely beneficial to renewable
energy initiatives.

The innovative approach introduced by Le and Nhieu represents a significant ad-
vancement in the application of DEA, marrying the methodology with behavioral insights
and fuzzy Multi-Criteria Decision-Making (MCDM) techniques in 2022. This novel inte-
gration facilitates the selection of offshore wind and wave energy projects, demonstrating
DEA'’s flexibility and effectiveness in navigating the intricate decision-making landscapes
inherent in renewable energy projects [28]. Additionally, research by Kyrgiakos et al. (2023)
showcases DEA’s application within the agricultural sector with a focus on sustainabil-
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ity, offering valuable insights into how the methodology can be leveraged to evaluate
renewable energy initiatives through a comprehensive sustainability framework [29]. The
groundbreaking work of Tavana et al. (2023) and Chia-Nan Wang et al. (2024) marks a
significant evolution in DEA’s application, incorporating behavioral theories and hybrid
decision-making frameworks to refine and enhance the evaluation of renewable energy
projects [30-32].

These developments not only underscore the methodological advancements within
DEA but also spotlight the promising potential of applying DEA within Europe’s renewable
energy sector. Specifically, these advancements point towards the optimization of offshore
energy exploitation and the meticulous selection of projects, guided by a thorough analysis
of efficiency metrics. Such applications of DEA promise to offer comprehensive insights
and robust frameworks for evaluating the sustainability and efficiency of renewable energy
projects, thereby contributing significantly to the advancement of Europe’s renewable
energy objectives.

The comprehensive review underscores the significant strides made in the application
of DEA across various sectors, highlighting its evolving role in enhancing efficiency and
performance evaluations. Notably, although DEA’s adaptability and effectiveness have
been demonstrated in fields ranging from insurance to agriculture, its application within
the renewable energy sector, particularly in Northern European countries, remains un-
derexplored. This identified gap in the detailed analysis of renewable energy conversion
efficiency in these regions presents a critical area for further research.

The current study aims to bridge this gap by employing a data analysis envelopment
model, enhanced with prospect theory, to evaluate the efficiency of renewable energy
conversion in Northern Europe. This endeavor seeks not only to understand the efficiency
dynamics but also to inform policy and technological advancements in the region. The
methodological advancements within DEA, highlighted by the research reviewed, under-
score the potential for DEA’s application in optimizing offshore energy exploitation and
in the careful selection of renewable energy projects. By conducting a thorough analysis
of efficiency metrics, this approach promises to offer comprehensive insights and robust
frameworks for evaluating the sustainability and efficiency of renewable energy projects.

3. Methodology
3.1. Traditional DEA Model

In 1978, a groundbreaking achievement in operations research and efficiency assess-
ment was marked by the introduction of the pioneering DEA model by Charnes and his
collaborators, commonly known as the CCR (Charnes, Cooper and Rhodes) model. This
model revolutionized the evaluation of technical efficiency across various sectors, operating
on the premise of constant returns to scale, a fundamental concept in optimization [33].
However, as real-world applications unfolded, the limitation of universal applicability
became apparent, leading to further advancements in DEA methodologies. In response,
Banker and his team introduced the BCC (Banker, Chames and Cooper) model, accounting
for variable returns to scale and enhancing flexibility and realism in analysis [34]. The
comprehensive DEA framework, comprising both CCR and BCC models, serves as a vital
tool for evaluating the performance of Decision-Making Units (DMUs) managing multiple
inputs to produce diverse outputs. Technical efficiency (Ej) for each DMU (kth) is calcu-
lated using a mathematical model (1), which considers intricate input—output relationships,
enabling not only efficiency quantification but also identification of improvement areas and
resource optimization. The DEA methodology remains integral in addressing efficiency
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challenges across industries, evolving continually to meet the needs of decision makers
and analysts alike.
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In this model, u; and v; represent the weights assigned to the tth output and the jth
input, respectively, playing a crucial role in determining the relative importance of each
input and output in the efficiency assessment process. Moreover, the values of n;; and
my; hold significance, where n;; denotes the value of the jth input for the ith DMU and
my; signifies the value of the tth output for the same DMU, serving as the actual data for
inputs and outputs used in the efficiency calculation. These values form the foundation
upon which DEA evaluates the performance of DMUSs. The primary objective of DEA is
to ascertain the effectiveness of each DMU, with a DMU being deemed effective when
its technical efficiency (Ej) equals 1. This signifies that the DMU is operating optimally,
utilizing its inputs fully to generate the desired outputs without inefficiencies, thereby
serving as a benchmark for others to emulate, indicative of exceptional performance and
operating at the frontier of its production possibility.

3.2. Prospect Theory

Introduced by Kahneman and Tversky in 1979 [35], prospect theory has emerged as a
foundational concept in behavioral economics, permeating numerous disciplines [36,37].
This theory delineates three key principles governing human decision making. Firstly,
individuals evaluate gains and losses in relation to a reference point rather than absolute
values, shaping their perception of outcomes—a concept known as reference dependence.
Secondly, the theory highlights loss aversion, revealing that individuals are typically more
sensitive to losses than equivalent gains, resulting in an asymmetrical impact on decision-
making processes. Finally, prospect theory suggests diminishing sensitivity, indicating that
individuals exhibit risk-seeking behavior in scenarios of potential losses but tend to be
risk averse when facing potential gains, underscoring how the marginal utility of wealth
decreases as wealth increases.

These principles collectively underpin the prospective value function, graphically
represented by an asymmetrical S-shaped curve. This function embodies reference de-
pendence, loss aversion, and diminishing sensitivity, providing a visual framework for
understanding decision-making processes. Mathematically expressed as Equation (2), the
value function (f(At)) incorporates parameters such as vy, J, and 6 to quantify decision
makers’ attitudes towards risk and loss aversion. By leveraging these parameters, the
equation offers a quantitative model for analyzing human behavior influenced by prospect
theory, facilitating predictive insights across diverse decision-making scenarios [38]. In
Equation (2), At represents the difference in value with respect to the reference point. If At
is positive, this difference is considered a gain and it is calculated into the value function
corresponding to the level of concern the decision maker has for gains (). Conversely, if At is
negative, it is included in the value function based on the decision maker’s level of concern
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about losses (). Furthermore, losses can also be mitigated depending on the psychological
behavior of the decision maker calculated through the loss aversion coefficient ().

(A)Y YAt >0;0<y <1
At) = 2
f(A8) {9(At)‘5 JVAE<0;0<8<1 @

3.3. The Behavioral DEA Model

Chen et al. have innovatively applied prospect theory principles to the domain of
DEA, introducing a novel approach to assessing efficiency with a consideration of risk [39].
This novel behavioral DEA model unfolds through distinct steps tailored to capture the
cognitive intricacies inherent in decision making under risk and uncertainty.

The initial step involves the normalization of inputs and outputs (x;; and y;;, respec-
tively), as delineated by Equations (3) and (4). Normalization plays a pivotal role in enabling
a fair comparison among varied decision-making units, effectively accommodating the
inherent biases and subjectivity inherent in human decision-making processes.

L e AT 3
X]Z—WZ— ey ,]— ,...,] ()
Jt Jt
my; — mmin
N TH =1, Lt=1,...,T @)

Yu = mzmx . m?;in

The second step entails the identification of reference points to integrate the psycho-
logical aspects emphasized by prospect theory into the model. Both positive and negative
reference points are identified to comprehend how individuals perceive and respond to
gains and losses. These reference points, as depicted in Equations (5) and (6), serve as
crucial benchmarks against which gains and losses are assessed, aligning with the reference
dependence principle elucidated in prospect theory.

The positive reference points (n;r and m;"):

nj" = min(x;i);m;" = max(ys) ®)
The negative reference points (Tlf and m;’):
n = ml;ax(xﬁ);mf = min(y;;) ©)

In the third and final step, the behavioral DEA model is formulated, as delineated
in Model (7). This model integrates the normalized inputs and outputs, reference points,
and the principle of diminishing sensitivity, which reflects individuals’ responses to gains
and losses. The coefficient ¢ holds significance within this framework, representing the
relative weight assigned to gains compared to losses. A value of 0.5 for ¢ denotes an equal
consideration of gains and losses, indicating a balanced approach by decision makers. In
model (7), the objective function is divided into two parts. The first parentheses are the
gains, and the second parentheses describe the losses of each DMUs. The basis of this
objective function is developed from the idea of expected value discussed in Equation (2).
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Meanwhile, the constraints of the model comply with the principles of the traditional DEA
model as presented in Model (1).
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4. Numerical Results
4.1. Problem Description

The pursuit of renewable energy efficiency in Northern European countries, including
Denmark, Estonia, Finland, Iceland, Ireland, Latvia, Lithuania, Norway, Sweden, and
the United Kingdom, has been underscored by the unique challenges and opportunities
presented by their geographical and socio-economic conditions. Despite these countries’
commendable strides towards integrating renewable energy into their national grids,
there remains a significant problem: the optimization of renewable energy efficiency
varies widely across this region. Moreover, the pressing need to transition from fossil
fuel dependency to sustainable energy sources has highlighted the urgency of addressing
these efficiency variances. The challenge, therefore, lies in identifying and implementing
strategies that can elevate the efficiency of renewable energy conversion processes, ensuring
that these nations not only meet but exceed their ambitious sustainability targets. This
backdrop sets the stage for the proposed study, aiming to delve into the efficiency dynamics
of renewable energy conversion within these Northern European countries, employing a
comprehensive DEA model to uncover insights that could guide future enhancements in
the sector.

In the assessment of renewable energy conversion efficiency within the Northern
European context, a set of indicators has been meticulously selected according to references
for integration into the proposed behavioral DEA model, where each is assigned a specific
role as either an input or an output [14,40-46]. As shown in Figure 1, traditional energy
production (Input 1), quantified through the gigawatt-hours (GWh) of electricity generated
from fossil fuels, has been included as an input to serve as a foundational comparison
point for the efficiency of renewable sources. This is augmented by the inclusion of the
population size (Input 2) of the region, which is utilized to contextualize the demand for
energy, thereby providing a backdrop against which the necessity for energy solutions is
understood. Furthermore, the environmental repercussions of energy production processes
are encapsulated through an indicator that represents the economic impact of particulate
emissions (Input 3), calculated as a percentage of the Gross National Income (GNI), thereby
underscoring the environmental costs associated with energy production.
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Figure 1. The behavioral DEA model application.

On the spectrum of outputs within our model, the focus is directed towards the
electricity output derived from renewable sources (Output 1), also measured in GWh, to
directly gauge the volume of clean energy generated. The economic impact of energy pro-
duction and consumption is captured through the Gross Domestic Product (GDP) (Output
2), expressed in current US dollars, which serves as a linkage between energy efficiency
and economic prosperity. Moreover, the proportion of renewable energy within the total
energy consumption (Output 3) mix is incorporated as an output indicator, reflecting the
degree of adoption and integration of renewable sources into the energy landscape, thereby
making strides towards achieving sustainability goals.

4.2. Data Collection and Behavioral DEA Application

The study leverages an array of robust data sources to underpin its analysis of renew-
able energy efficiency in Northern European countries, notably drawing from the World
Bank [47], the International Energy Agency (IEA) [48,49], and the International Renewable
Energy Agency databases [50,51]. These repositories are renowned for their comprehensive
and reliable datasets on global energy statistics.

The comprehensive process of data gathering and its subsequent synthesis have been
meticulously documented in Table 1. This initial step set the foundation for the analysis,
whereupon the collected data pertaining to the inputs and outputs were subjected to
a normalization process, as delineated by Equations (3) and (4), with the normalized
figures being systematically presented in Table 2. Following this preparatory phase, the
study advanced to the application of the behavioral DEA model, as specified in model (7),
which serves as the analytical tool for assessing the efficiency levels across the surveyed
countries. The intricate process of efficiency calculation, employing the behavioral DEA
model, takes into consideration a set of predefined psychological behavioral parameters.
These parameters—¢ set at 0.5, 6 at 2.25, y at 0.85, and ¢ at 0.92—play a crucial role in the
model, reflecting the psychological dimensions incorporated into the efficiency analysis.
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Table 1. The renewable energy performance indicators in Northern European 2021.

Particulate Electricity Output Renewable Energy

Traditional Energy Pop}lle}tion Emission Damage by Renewable GDP (Current Consun}ption (% of
Country Production (GWh) (Million) Savings (% of GNI) Sources (GWh) Billion US$) To(t:al Final E.nergy
onsumption)
Input1 Input 2 Input 3 Output 1 Output 2 Output 3
Denmark 6158.38 5.86 0.04 26,095.91 405.69 39.70
Estonia 4233.78 1.33 0.03 2878.53 37.19 40.00
Finland 9582.00 5.54 0.01 38,175.37 296.47 47.49
Iceland 2.46 0.37 0.02 19,611.73 25.60 82.79
Ireland 19,651.08 5.03 0.02 11,613.51 513.39 13.69
Latvia 2128.40 1.88 0.13 3717.82 39.44 43.75
Lithuania 1316.50 2.80 0.09 2621.70 66.80 31.70
Norway 897.80 5.41 0.01 156,101.28 503.37 61.29
Swe‘den 1375.00 10.42 0.01 115,737.00 639.71 58.40
K[.Jmted 132,429.85 67.03 0.05 122,178.14 3141.51 13.50
ingdom
Table 2. The normalized performance data.
Country Input 1 Input 2 Input3  Outputl Output2 Output3
Denmark 0.954 0.968 0.928 1.000 0.852 0.984
Estonia 0.918 0.986 0.922 1.000 0.930 0.977
Finland 0.753 0.810 0.969 0.943 0.920 0.000
Iceland 0.153 0.002 0.232 0.111 0.059 0.007
Ireland 0.122 0.004 0.087 0.000 0.157 0.004
Latvia 0.378 0.382 0.491 1.000 0.003 0.437
Lithuania 0.954 0.968 0.928 1.000 0.852 0.984
Norway 0.918 0.986 0.922 1.000 0.930 0.977
Sweden 0.753 0.810 0.969 0.943 0.920 0.000
United Kingdom 0.153 0.002 0.232 0.111 0.059 0.007

The results derived from this sophisticated calculation are then graphically represented
in Figure 2, offering a visual depiction of the efficiency outcomes across the countries under
study. This visual representation not only highlights the efficiency scores determined by
the behavioral DEA model but also illustrates the impact of incorporating psychological
behavioral parameters into the analysis, as corroborated by references [35,52,53]. Through
this detailed approach, the study endeavors to provide a nuanced understanding of effi-
ciency in the context of renewable energy utilization among Northern European countries,
accounting for the behavioral factors that influence decision-making processes within
this domain.

The efficiency results for renewable energy conversion in Northern European countries
present a diverse picture, with efficiency scores ranging notably from as low as 0.046 to an
exceptional high of 4.311. Different from traditional DEA models, the DEA model proposed
in this study considers the effects of gains and losses at the same time. When the decision
maker’s psychology focuses on losses more than gains (reflected through the psychological
behavior coefficient), the value of the objective function in the proposed DEA model can
be negative. This leads to the proposed DEA model being unsolvable. To overcome this
problem, a positive constant is added to the objective function, as p in model (7). This is to
ensure that the proposed DEA model can solve and describe the difference in efficiency
between DMUs. Therefore, the efficiency of DMUs by the proposed DEA model can be
larger than 1. Furthermore, this also addresses the situation where two or more DMUs have
an efficiency of 1. This makes it impossible to rank or provide more detailed assessments.
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Figure 2. The renewable energy efficiency in Northern European with default psychological behav-
ioral parameters.

The majority of the countries, including Denmark, Estonia, Finland, and Ireland, dis-
play a median efficiency score of 0.500. This uniformity suggests these countries are at an
average efficiency level, potentially utilizing half of their renewable energy capacity when
benchmarked against best practices within the data set. Lithuania, Norway, and Sweden
are marginally below this median mark with a score of 0.499, indicating they are very close
to their peers in terms of efficiency and might require minimal interventions to enhance
their performance. In stark contrast, Iceland’s efficiency score stands at 0.046, signaling
a significant efficiency gap compared to other countries in the study. This low score may
reflect unique national challenges that hinder efficient renewable energy conversion, ne-
cessitating a detailed investigation into potential technological, infrastructural, or policy
improvements. On the other end of the spectrum, Latvia’s outlier score of 4.311 is remark-
ably high, exceeding the conventional DEA score range and suggesting a highly effective
renewable energy sector, though this anomalous value could also prompt a verification of
data integrity and model specifications to confirm its accuracy.

The United Kingdom slightly exceeds the median with a score of 0.508, hinting at
a relatively more efficient renewable energy conversion process compared to most of its
regional counterparts. The consistency in the median scores and Latvia’s extraordinary
efficiency call for a critical review of the DEA model’s structure, including input—-output
specification, scale assumptions, and orientation choices. These results underscore the need
for both a comprehensive understanding of the factors driving Latvia’s efficiency and a
focused analysis of Iceland’s renewable energy strategies to address its efficiency shortfall.

4.3. The Loss Aversion Sensitivity Analysis

In this section, a sensitivity analysis is performed to examine the influence of the
aversion loss coefficient (§) and gain significance coefficient (@) on the efficiency of the
countries. Accordingly, the behavioral DEA model was solved many times with different
values of the aversion loss coefficient and gain significance coefficient. The ranking results
of the solutions are summarized in Figures 3 and 4.
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Figure 3. The ranking results with 6 = 1.
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Figure 4. The ranking results with 6 = 2.

The ranking results in Figure 3, anchored by an aversion loss coefficient (0) fixed at 1,
reveal the dynamic effects of varying the gain significance coefficient (¢) on the perceived
efficiency of renewable energy conversion in Northern European countries. Throughout the
range of ¢ from 0.1 to 0.9, Latvia consistently emerges as the most efficient, suggesting that
its renewable energy sector is robust against changes in the valuation of gains. Conversely,
Iceland persistently ranks at the bottom, indicating that its renewable energy efficiency
is lower compared to its regional counterparts, regardless of the psychological weighting
of gains. As ¢ increases, depicting a higher valuation of gains, the rankings of countries
like Finland improve, pointing to a positive response in its renewable energy sector to
the increasing importance of gains. This could reflect a scenario where Finnish policies
or technologies gain greater efficacy under conditions where gains are more significantly
valued. Meanwhile, the rankings of Sweden and Norway exhibit a distinct variability, im-
proving at intermediate ¢ values but decreasing at higher ¢ values, suggesting a non-linear
response to the changing valuation of gains. The United Kingdom displays a moderate
change in rankings with varying ¢, suggesting a moderate sensitivity to the valuation of
gains in its renewable energy efficiency. Notably, Lithuania’s efficiency ranking fluctuates
considerably across the spectrum of ¢, indicating a more complex relationship between
the efficiency of its renewable energy sector and the valuation of gains. These ranking
shifts underscore the nuanced impact that behavioral factors can have on the evaluation
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of energy policy and technology effectiveness. Countries that demonstrate fluctuating
efficiency with changes in ¢ may require a more tailored approach to policy making that
aligns with the behavioral tendencies of their energy sectors. The consistency of Latvia’s
top-ranking position suggests that it could serve as a model for best practices, whereas
Iceland’s consistently lower ranking points to a need for strategic policy interventions to
enhance its renewable energy efficiency.

With the aversion loss coefficient (6) set at 2, indicating a stronger aversion to losses,
the sensitivity analysis of the gain significance coefficient (¢) provides an intriguing view
into the rankings of renewable energy efficiency across Northern European countries.

The results show that with a higher aversion to loss, the countries” rankings are
influenced variably by the gain significance, as shown in Figure 4. For instance, Latvia’s
top rank is consistent across all levels of ¢, suggesting that its renewable energy sector’s
performance is perceived as efficient regardless of the psychological weight placed on gains.
This could signify a robust energy policy or a highly effective implementation of renewable
energy technologies in Latvia. Iceland, on the other hand, maintains the lowest rank
across the board, indicating persistent challenges or inefficiencies in its renewable energy
sector. This consistently low ranking could be due to factors such as less favorable natural
conditions for renewable energy generation, less developed infrastructure, or policies that
are not as conducive to promoting renewable energy efficiency. The rankings for countries
like Lithuania and Norway show variability when the gain significance coefficient changes,
indicating a fluctuating perception of efficiency as the emphasis on gains shifts. This may
suggest that these countries’ renewable energy sectors respond differently to psychological
factors, and hence, could benefit from policies that align more closely with behavioral
incentives. Sweden and the United Kingdom exhibit interesting patterns; their rankings
remain relatively stable at lower ¢ values, but as ¢ increases, indicating a higher valuation
of gains, their rankings improve. This suggests that these countries might have a good
potential for efficiency gains that are not fully realized or valued at lower ¢ levels.

The changes in rankings for Denmark, Estonia, and Finland as ¢ increases suggest
that these countries’ renewable energy efficiencies may be more sensitive to the valuation
of gains. For policy implications, these countries might consider strategies that emphasize
the positive aspects of renewable energy investment and focus on the benefits rather than
the costs.

4.4. Discussion

This study provides significant insights into the renewable energy conversion ef-
ficiency across Northern European countries by integrating behavioral economics into
a DEA framework. By applying sensitivity analysis to the gain significance coefficient
(¢) while holding the aversion loss coefficient (f) coefficient, the research highlights the
influence of behavioral factors on efficiency rankings among the countries studied. The
innovative incorporation of behavioral economics into the DEA model has elucidated
the role of psychological factors in energy policy and technology adoption, potentially
transforming how policymakers and industry stakeholders approach renewable energy
deployment. The sensitivity analysis reveals that the perception of efficiency is affected
by the valuation placed on gains, a finding that could influence the design of incentive
structures and policy measures aimed at boosting renewable energy use. For instance, the
consistent high efficiency of Latvia across various levels of ¢ suggests that its renewable
energy policies are well-aligned with both economic and behavioral incentives. Conversely,
the consistently low ranking of Iceland indicates potential areas for policy intervention,
perhaps suggesting a need for strategies that better leverage behavioral incentives to drive
efficiency improvements. A notable finding is the fluctuation in rankings for countries
like Lithuania and Norway at different levels of ¢. This variability could reflect a unique
interplay between existing renewable energy policies and the behavioral tendencies within
these countries, signaling an opportunity for tailored policy adjustments that could enhance
the efficiency of renewable energy conversion.
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5. Conclusions

This study embarked on an exploration of renewable energy efficiency within Northern
European countries, a region at the forefront of the global shift towards sustainable energy
sources. Recognizing the imperative to transition from fossil fuel dependency to renewable
alternatives, this study aimed to quantify and compare the efficiency of renewable energy
conversion across Denmark, Estonia, Finland, Iceland, Ireland, Latvia, Lithuania, Norway,
Sweden, and the United Kingdom. The primary objective was to evaluate the efficiency
of renewable energy conversion, using a robust analytical framework that could inform
policy and technology enhancements. The study sought to uncover how different countries
perform relative to each other within the context of behavioral factors that influence energy
policy and investment decisions.

A DEA model, enhanced with behavioral economics through the inclusion of the
aversion loss coefficient (§) and gain significance coefficient (¢), was employed. This
approach allowed for the assessment of renewable energy conversion efficiency while
accounting for the psychological dimensions that can impact decision-making processes
within energy sectors. The sensitivity analysis revealed distinct patterns of efficiency
rankings among the countries, with notable consistency for some and significant variability
for others across different values of ¢. Latvia consistently ranked as the most efficient,
whereas Iceland was persistently at the lower end of the efficiency spectrum. These rankings
shifted for other countries with changes in ¢, indicating different levels of responsiveness
to the psychological valuation of gains in renewable energy investment.

Theoretically, this study expands the DEA methodology by weaving in behavioral
economics, providing a richer understanding of the factors driving efficiency in renewable
energy. Practically, it offers a comparative analysis that can serve as a benchmarking tool
for policymakers and energy sector stakeholders. It lays the groundwork for develop-
ing tailored strategies that align renewable energy initiatives with behavioral incentives,
potentially enhancing the adoption and effectiveness of these initiatives.

Although the results are robust, the study acknowledges limitations. The DEA model
used does not account for the dynamic nature of energy markets or the evolving policy
landscape, which could significantly impact efficiency. Furthermore, cultural factors and
individual country policies are not specifically accounted for, which may influence the
interpretation of the behavioral parameters used in the model. Given these considerations,
further research is warranted. Future studies could expand upon this work by incorporating
dynamic models that track efficiency over time, explore the impact of individual renewable
energy types, and consider country-specific behavioral factors. Qualitative analyses could
also be valuable, providing a richer context for the quantitative findings and helping to
understand the nuanced influences on renewable energy efficiency.
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Abbreviations

Notation/Acronyms Description

DEA Data Envelopment Analysis

RE Renewable energy

IEA The International Energy Agency

EU the European Union

ICT Information and Communication Technology

MCDM Multi-Criteria Decision-Making

CCR model Charnes, Cooper and Rhodes model

BCC model Banker, Chames and Cooper model

DMUs the Decision-Making Units

GWh gigawatt-hours

GDP the Gross Domestic Product

us The United States

Ey Technical efficiency of kth DMU

I Number of DMUs

J Number of input indicators

T Number of output indicators

Uy The weight assigned to the tth output of DEA model

v; The weight assigned to the jth input DEA model

My The value of the tth input for the ith DMU

nji The value of the jth input for the ith DMU

0 The non-negative adjustment constants

Al The difference in value with respect to the reference point according
to Prospect theory

0% The decision-makers” attitudes towards gains

1 The decision-makers” attitudes towards losses

6 The loss aversion coefficient

Xji The normalized value of n;

Yi The normalized value of my;

n;r The positive reference points for inputs

m; The positive reference points for outputs

nj The negative reference points for inputs

m, The negative reference points for outputs
@ The gain significance coefficient
z The behavior DEA model’s objective function value
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Abstract: A new manufacturing process has been developed that involves drawing circular sheets
of thin metal through a conical die to create square cups. This technique produces deep square
cups with a height-to-punch-side length ratio of approximately 2, as well as high dimensional
accuracy and a nearly uniform height. The study investigated how various factors, including the
sheet material properties and process geometric parameters, affect the limiting drawing ratio (LDR).
The researchers used finite element analysis to determine the optimal die design for achieving a high
LDR and found that the proposed technique is advantageous for producing long square cups with
high dimensional accuracy.

Keywords: square cup drawing; limiting deep drawing ratio (LDR); punch shape factor; FE simulation;
conical dies; deep drawing

1. Introduction

Square cups made of thin sheet metal are widespread across various industrial fields.
They are utilised in automotive engineering, production lines, container construction,
building construction, household appliances, and packaging industries. This process offers
numerous benefits, including high productivity and the ability to create complex shapes.
However, the process involves a complicated deformation mechanism, and the quality of
the deformed cups and process efficiency depends on various parameters, such as punch
shape factors, die geometry, blank shapes, sheet thickness, blank holding force, blank
materials, friction, and lubrication. Hence, identifying the impacts of these parameters
on the square cup deep drawing process can help develop better control strategies for
optimising the process.

During the square cup deep drawing process, blanks are typically held against the
die’s face using a rigid blank holder plate to prevent wrinkles in the flange. However,
this approach can lead to non-axisymmetric metal flow rates along the straight walls and
around the corners, resulting in uneven material distribution around the cup walls. This
flow non-uniformity can create local contact zones with an increased surface pressure due
to the increased sheet thickness in the corner zones, leading to deformation concentration
in the cup corners and cup fracture [1-4]. Controlling the material flow rate into the die
cavity is crucial to prevent these issues; this can be achieved by optimising the blank holder
force, which can help regulate the metal flow and improve the quality of the square cup
drawing process.

Various solutions have been proposed to address the non-uniformity of the metal flow
into the die cavity, including changing the material properties of the sheet metal, altering
the frictional state, optimising the blank shape, and designing flexible blank holding
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systems. Many innovative blank-holding systems have recently been proposed to improve
performance and deep drawability.

There are three distinct approaches to enhancing the drawability of square cups. The
first involves enhancing the material properties of the sheet metal used in the forming
process. The second approach improves process parameters, including the friction and
lubrication conditions, tool geometries, optimum blank shape, material properties, and
form temperature. Finally, the third category centres on altering the deformation zone’s
stress state and instability condition. This third approach is recommended for increasing
the limiting drawing ratio of square cups.

Pliable blank holder systems, introduced by Doege et al. [5,6], are designed with elas-
tically deformable thin steel plates to allow for deflection. This innovative design ensures
that pressure is evenly distributed across the blank regardless of changes in thickness.
Yagami et al. [7] utilised separate segmented binders, each operated using a hydraulic cylin-
der with a unique binder force profile. Meanwhile, Hassan et al. [8] proposed a method for
deep drawing with friction aided by a segmented blank holder. This holder is constructed
with stiff segments connected by elastic joints. Lastly, Gavas et al. [9] suggested a blank
holder system equipped with a spiral spring at the side in contact with the blank to be
drawn. These techniques have been found to improve the material flow and formability.

In their paper, Venkatesh and Goh (1998) [10] explored the Guerin and Marform
processes, which utilise rubber pads as pressure media and emphasise the innovation
and development of new techniques. While these techniques can yield a superior surface
finish and are versatile enough to accommodate a range of component materials, their cost-
effectiveness is limited to short production runs and not well suited to mass production.
It should be noted that the LDR achieved using these methods is larger than what is
commonly achieved through conventional means, and they require a greater forming force
to achieve successful deep drawing. In 1995, Sato et al. [11] proposed a multi-axial loading
technique utilising a punch and four side tools for drawing thick deep square cups. This
method leads to an increased LDR compared to the conventional method when working
with thick sheets, as the thinning of the drawn cups at the punch profile radius is reduced.
However, the maximum load required is still higher than the conventional methods, and
the process is more complex. Lang et al. (2004) [12] conducted a study and found that
hydromechanical deep drawing with hydraulic counter pressure offers several advantages
compared to conventional square cup forming methods. This process creates high drawing
ratio parts (3.44) with an impeccable surface quality and precise dimensions, even for
intricate shapes. However, it requires significant forming forces and specialised equipment
and only works with thin sheet materials. Explosive forming is a technique commonly used
for shaping large, complex forms and has been utilized to create square cups. Wijayathunga
and Webb (2006) [13] found that the process is complicated, and the drawing ratio is limited,
which requires extensive experimentation and FE simulation to achieve uniform square
cups with a considerable drawing ratio. Mustafa et al. (2007) [14] developed a test set
to assess the drawability limits of gradually rectangular-shaped containers in a multi-
point deep drawing process for 3D sheet metal parts. They used a multi-point forming
technology with a given tool geometry and drawing velocity. The authors discovered
that this technique reduces the die production costs, offers flexible usage, and achieves
even deformation distribution. However, the setup process is complicated, and pitting
defects may occur due to the concentrated load at individual punches during forming,
leading to localised deformation and limiting the drawability of the sheet metal. In 2015,
Walid et al. [15] introduced a modern method of producing a square shape by changing the
geometric shape of the die, using a conical die with a square aperture and square punch.
This method aims to obtain a product with the highest drawing ratio limit compared
to the traditional method of using a square die and punch to produce a square shape.
Furthermore, this method eliminates the defects associated with the traditional method.

Hassan et al. (2012) [16] introduced a divided blank holder featuring a tapered base
and eight tapered segments, aiming to enhance the deep drawability of square cups. Their
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study showed the superiority of deep drawing compared to the traditional methods when
working with thin sheets and foils. However, they found that the deep drawability signifi-
cantly decreased when working with thicker sheets. Hezam et al. (2009) [17] developed an
innovative method to enhance the deep drawability of square cups, utilising a conical die
equipped with a square aperture at its end, allowing for the seamless flow of the metal from
the circular sections to the square aperture and throat of the die. The technique has shown
promising results in increasing the drawing ratio, particularly for thicker sheets. However,
further research is needed to optimise the setup dimensions and operating conditions
to achieve the highest possible LDR. Additionally, gaining a better understanding of the
process and its deformation characteristics is crucial, as the quality of the deformed cups
and the efficiency of the process depend on optimal selection of the forming parameters.
Adnan (2022) [18] compared two methods for producing complex shapes: direct and indi-
rect. They found that the indirect method outperformed the direct method in terms of a
lower drawing force, better thickness distribution, and more favourable stress and strain
distribution. However, the direct method may not be suitable for complex shapes requiring
multiple drawing stages, as it can be challenging to ensure proper centering between the
die and the product.

Despite advancements in deep drawing techniques, they still have limitations com-
pared to the traditional methods. Most techniques yield limiting drawing ratios of around 2,
which only allows for a cup height-to-diameter ratio of approximately 1. Maximising the
deep drawability in square cup drawing processes is critical to reducing manufacturing
costs and time. The sheet metal’s drawability depends on its ability to flow effortlessly
in the plane of the sheet’s flange region and resist deformation in the thickness direction.
Given the limitations mentioned earlier, there is still a need to overcome them, improve the
material flow, and increase the deep drawability. This study aims to design a new technique
for creating a square cup by drawing a circular blank of relatively thin sheet metal (0.75 to
1.5 mm) through a conical die. The technique offers several advantages, including a simple
deformation mechanism, simplified drawing tools, and reduced power requirements for
forming. Since single-action presses can be used to perform the process, drawing beads or
blank holder forces are unnecessary. The study used finite element analysis to investigate
the sheet metal’s deformation behaviour during the drawing process.

2. The Proposed Method for Square Cup Drawing of a Thin Sheet

Deep drawing of square cups without a blank holder is possible using the proper die
geometry, such as a conical die and a suitable punch with a suitable side length/sheet
thickness ratio (L, /t,). Hassab-Allah et al. [19] designed a new technique for square cup
drawing of relatively thick sheets (L, /t, < 30). In the study in [20], some restrictions and
optimum circumstances have been reported for deep drawing using a conical die. It was
shown that fewer drawing stages and simple die sets needed for producing long square
cups can be obtained with very high drawing ratios. Furthermore, deep drawing can
be carried out in single-action presses. Unfortunately, when using the same technique
described in [21] for drawing a square cup of a relatively thin sheet, i.e., drawing with high
values of L, /to (Lp/to > 30), wrinkling commonly occurred at the early stage of drawing
due to the compressive hoop stresses induced in the flange of the cup. This is because the
strength of a relatively thin sheet blank is insufficient to restrict buckling due to its buckling
stiffness. The maximum drawing ratio in the deep drawing of square cups, without a blank
holder, is restricted for thin sheets by the wrinkling or buckling of the flange or the cup
walls. If wrinkles are avoided at the beginning of the deep drawing process, relatively
high deep drawing ratios can be obtained. As a result of the wrinkling tendency, the
flange’s inherent stiffness at the beginning of the drawing stage can be enhanced by using
an auxiliary drawing tool. In the proposed method, the forming of wrinkles at the early
stage of drawing and during the drawing process can be avoided by using a tapered punch,
as shown in Figure 1. The proposed technique is based on the same idea of deep drawing
without a blank holder through a conical die except using an extra drawing tapered punch.
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The square cup can be drawn by pushing the circular blank without a blank holder through
a conical die. The conical die used in the proposed method contains a square aperture at
the die exit; see Figure 1. The advantage of using a conical die is a decrease in the frictional
force compared with that in the conventional deep drawing process since the sheet is in
contact with the tool on one side only. Furthermore, the load resulting from bending and
unbending is reduced owing to the more favourable shape of the die. However, in the
conventional square cup deep drawing process, the blank is bent through a right angle as it
passes over the die entry radius and then has to be unbent as it is straightened. Therefore,
in the drawing through a conical die, the force available for plastic deformation is greater,
and the maximum blank size is increased. Figure 2 shows the forming sequences during
the square cup drawing through a conical die. During the cupping stage, in Figure 2a, the
outer perimeter of the circular blank is forced into compression by the cupping action. The
conical surface of the die cavity supports the outer edge of the blank during cupping, thus
frequently preventing wrinkling. In the cupping stage, the blank is bent simply around the
corners of the tapered punch, and the blank flange comes into contact with the die wall
and conforms to its profile. Unlike the conventional deep drawing process, no unbending
action is taken, producing a less work-hardened partially drawn frustum conical cup;
see Figure 2a. The remaining ductility in the partially drawn frustum cup walls leads
to considerable forming that can be achieved after the cupping stage without inter-stage
annealing. The motion of the square and tapered punches are coupled during the cupping
stage. At the end of the cupping stage, the circular blank was deformed into a frustum
conical cup; see Figure 2a. The tapered punch acts as the blank holder with constant gap
clearance during the square cup drawing stage. However, there is no need to apply force
or pressure over the tapered punch; the tapered punch must be fixed at its end position.
The flat-headed square punch pushes the bottom of the partially drawn frustum conical
cup into the square aperture at the die exit, drawing it into a square cup; see Figure 2b. The
plastic instability caused by compressive hoop stresses may also occur in the unsupported
cup wall area between the tapered punch and die during the cupping stage. This plastic
instability can be enhanced using a suitable end diameter for the tapered punch. The
half cone angle of both the die and the tapered punch is also important in controlling the
wrinkling in the unsupported cup wall area during the cupping stage, especially in the case
of a relatively thin sheet. The best selection of half cone angle can enhance the buckling
stiffness and increase the limiting drawing ratio.

Square punch

Tapered punch

Circular blank

Square aperture

Figure 1. Pictorial representation of the drawing set and circular blank used for the square cup
drawing process.
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Tapered punch : Square Punch
Circular blank ]| |
Square aperture ! — Deformed frustum cup
]
) |
|
!
Before drawing I Frustum conical cup drawn
1
|
|
During square cup drawing Square cup drawn
(b) Deformed square cup

i
Figure 2. Sequences of square cup drawing through a conical die. (a) frustum conical cup drawing;
(b) square cup drawing.

3. FEM Simulation of the Proposed Process

The geometrical parameters of the drawing die set are shown in Figure 3. Because
many process parameters can influence the square cup’s deep drawing, it is difficult to
find the optimal process parameters and manufacture the drawing tools. Therefore, FE
simulation was adopted to investigate the influences of those parameters. In the present
work, the FE simulations have been carried out with the explicit elastic—plastic FE code
DYNAFORM-PC. Figure 4 shows the mesh system for the complete tooling and sheet blank
set used in the square cup’s deep drawing. Owing to the geometric symmetry conditions,
only a quarter model of the square cup was analysed. A quarter of the circular blank was
initially meshed with 541 nodes and 500 elements, as shown in Figure 5. The remeshing
generation module was adopted to completely describe the deformed blank’s contour
during the drawing process. For the FE simulation, the drawing tools are considered
rigid, and the corresponding meshes used to define the tooling geometry are not for stress
analysis. Due to the high elastic modulus of the drawing tools, a perfectly rigid surface is
assumed, which is an acceptable approximation since the elastic deflection of the drawing
tools is relatively negligible compared with the excessive plastic deformation of the blank.
Rigid shell elements have been used to simulate the drawing tool surfaces to decrease the
computing times. The drawing tools, tapered punch, square punch, and die were modelled
using rigid 4-node shell elements with surface-to-surface contact for the interface between
the circular blank and the drawing tools, while the circular blank was modelled using
4-node deformable shell elements.
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Tapered SquarJ
punch punch

p
D
dip
D o

Square i
aperture

Conical die

Figure 4. Quarter FE meshes for the blank and drawing tools.

Figure 5. Initial FE mesh system for the quarter blank.

The deep drawing process is simulated by moving the tapered and square punches
down to push the circular blank into the die cavity. The speed of both punches is set to
be 5 m/s, while the conical die is completely fixed. The tapered and square punches are
moved together at the beginning of the drawing process until the frustum conical cup is
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drawn, as shown in Figure 2a. After that, only the square punch is further moved down
to complete the drawing of the square cup, as shown in Figure 2b. The strain-hardening
behaviour of the blank material is described in the FE simulations according to the power
law (Hollomon’s law): o = 500 ¢” with different values for the strain-hardening exponent
n of 0.1, 0.2, 0.25, 0.3, 0.4, and 0.5. The anisotropic behaviour of sheet metal has been
represented using the average normal anisotropy (Lankford value R) with different values,
1.25,1.5,1.75, 2, and 2.25, to study the benefit of its values in the drawing of square cups.

The elastic properties of the blank material are Young’s modulus E = 210 GPa and
Poisson’s ratio v = 0.3. To study the effect of the initial sheet thickness and the drawing
set geometric parameters on the limiting drawing ratios, different values of initial sheet
thicknesses (t, = 0.75, 1, 1.25, and 1.5 mm) and die half cone angles (x = 20, 25, 30, 35, and
40°) were used in the FE simulation models. Square flat-headed punches with a side length
Ly of 45 mm; punch nose radius rp, of 5 mm; and different values of corner radii rp. = 4.5, 9,
13.5, 18 and 22.5 mm, which are equivalent to square punch shape factors rpc /L = 0.1,0.2,
0.3,0.4, and 0.5, were used. The gap clearance (c) between the square punch and conical die
aperture was kept constant, equal to 1.25. The same clearance value was used for the gap
between the tapered punch and conical die. The square die aperture has a corner radius
I4c = I'pc + €. The used geometrical parameters of the tapered punch are a nose radius of
10 mm and different values of end diameter dip, = 63, 67.5, 72, and 76.5 mm (which give
tapered punch diameter ratios d, /L, = 1.4, 1.5, 1.6, and 1.7, respectively). The drawing
ratio (DR) is defined as the ratio of the initial diameter of a circular blank (D,) to the square
punch side length (L). The limiting drawing ratio (LDR) is the maximum drawing ratio of
the blanks that can be drawn without failure. Constraints on the thickness variation must
be applied to obtain a drawn cup without defects such as ruptures or wrinkles. Obtaining
a square cup without defects requires some restrictions on the cup wall thickness strain to
avoid plastic instability. The limitation constraints on the sheet thickness variation can be
expressed using the following criteria [20,21]:

t—1o

—25% <
to

< +15% 1)

where to and t are the initial and current sheet thicknesses. The law of constant friction is
assumed at the drawing tools—workpiece interface, and the coefficient of friction remains
constant during the process. Contact with Coulomb friction law is used, in which the
average friction coefficients between the contacting surfaces of the blank and the square
punch, tapered punch, and die are taken to be 0.25, 0.05, and 0.05, respectively.

4. Results and Discussion
4.1. Effect of Sheet and Geometric Parameters of the Drawing Sets on the LDR

In this part of the FE simulation results, the effect of the process geometric parameters,
sheet thickness, half cone angle, tapered punch diameter ratio (dip/Lp), and square punch
shape factor (rpc/Lp) on both the deformation characteristic and deep drawability of sheet
metal are investigated. In order to examine the effect of these geometric parameters on
the limiting deep drawing ratios, blanks of different sheet thicknesses and different outer
diameters were drawn through deep drawing tool sets of different geometric parameter
values. The drawing continued with an increasing blank outer diameter until defects such
as ruptures or wrinkles occurred. The values of the blank outer diameter increased until
either one of the two modes of failures occurred, i.e., the sheet thickness at the punch corner
reached a predetermined critical value (75% of its initial value) or thickening at the blank
outer circumferential reached a predetermined critical value (115% of its initial value). The
maximum value of the blank outer diameter drawn into a square cup without failure was
used as the formability index, and the limiting drawing ratio (LDR) was calculated based
on its value. Figure 6 shows the predicted limiting deep drawing ratio variation with the
initial sheet thickness. It can be noted that the LDR increases with an increase in the initial
sheet thickness due to the increase in buckling stiffness with the increase in blank thickness,
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which suppresses the occurrence of wall wrinkling. In this proposed technique, only the
blank buckling stiffness suppresses the wrinkling because there is no blank holder.
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Figure 6. Variation in predicted LDR with the initial sheet thickness t, (dt, /Lp =1.6, =30, n = 0.25,
R=2,K=500MPa, rpc/Lp =0.2, g = ptp = 0.05, and pp = 0.25).

The half cone angle « significantly impacts the limiting drawing ratio, as demonstrated
in Figure 7. Increasing the half cone angle leads to a drastic increase in the limiting drawing
ratio. However, for die half cone angles greater than 35°, the limiting deep drawing ratio
decreases with an increasing « due to premature and severe wrinkling. It is worth noting
that an optimal half cone angle exists for drawing square cups, falling within the range of
30° to 35°. This type of premature and severe wrinkling occurs at the unsupported region
and cannot be suppressed since the blank is not in place. This initial wall wrinkling typically
starts at the blank circumferential, see Figure 8. Figure 9 illustrates how LDR’s predicted
limiting drawing ratio varies with the tapered punch diameter ratio dtp/Lp. The LDR
increases as dtp/Lp increases until it reaches 1.6 and then decreases with further increases
in dip/Lp. The decreasing limiting deep drawing ratio for high values of dy,/Lp > 1.6
is due to the cup wall wrinkling formed at the edge of the cup wall near the end of the
drawing stage, as shown in Figure 10.
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Figure 7. Variation in predicted LDR with the half cone angle « (dep / Ly =1.6,to =1 mm, n =0.25,
R=2,K=500MPa, rpc/Lp =0.2, g = ptp = 0.05, and pp = 0.25).
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Premature wrinkling in the
unsupported region

Figure 8. Premature wrinkling of the blank to be drawn over the die surfaces with large half-
cone angle.
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Figure 9. Variation in predicted LDR with the punch diameter ratio dtp / Lp (x=30°,R=2,.n=0.25,
K =500 MPa, rpc/Lp = 0.2, ug = py, = 0.05, t =1 mm, and pp = 0.25).

(a) (b) (c)

Figure 10. Cup wall wrinkling at the end of deep drawing process; (a) drawing tool set with high
dip /Ly shows cup wall wrinkling in the unsupported free zone, (b) simulated drawn cup with
wrinkles at the edge of cup wall, and (c) simulated successfully drawn cup, free from wrinkles.

In the cases of deep drawing with high values of dip /Ly, i.e., large tapered punch end
diameter dy, values, the distance between the tapered punch head (at their end stroke)
and the square die aperture is insufficient. So, the wall of a partially drawn cup in the
unsupported free zone, in Figure 10a, becomes unstable due to circumferential compressive
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stresses. Therefore, the partially drawn cup becomes free to wrinkle if the circumferential
compressive stress developed in the cup wall exceeds the buckling stress limit for the
material to be drawn. The simulation results show that wrinkling occurred at the top of
the cup wall, and the simulated shape of the wrinkled drawn cup is shown in Figure 10b.
It can be seen that the wrinkles are located along the side walls of the cup. Consequently,
increasing the end diameter of the tapered punch will cause more severe wrinkling. A
common characteristic of these two types of wall wrinkling shown in Figures 8 and 10a
is that wrinkles are found at the draw wall, occurring in the unsupported free zones.
The successfully simulated drawn cup is shown in Figure 10c. It is worth noting that
the successfully obtained cup has a nearly uniform cup height all around the cup cross-
section. The limiting drawing ratio is greatly affected by the punch shape factor, rpc /Ly [4].
Figure 11 shows the predicted limiting drawing ratio (LDR) variation with the punch
shape factor. It is clear that the limiting drawing ratio (LDR)increased drastically with the
increasing punch shape factor; similar results are reported in [4]. The decreasing limiting
drawing ratio for small punch corner radius values (i.e., small punch shape factor values)
can be attributed to the severe wrinkles formed at the die corner due to the excessive metal
flow in small corner regions, and the corner zone cannot absorb all the excessive material
that will pass through it. The limiting drawing ratio increased with an increasing punch
shape factor until rpc /L, = 0.2, and a further increase in rpc /Ly, leads to a decrease in the
limiting drawing ratio. The decreasing limiting drawing ratio for larger values of rpc /Ly >
0.2 is attributed to the increased deformation concentration at the punch corners. This leads
to severe thinning at the punch corners, and the cup wall becomes insufficient to sustain
the drawing loads. Wrapping the sheet metal to be drawn over the rounded corner square
head reduces the deformation concentration at the punch nose. The increase in the corner
radius leads to an increase in the deformation concentration. In contrast, the extra decrease
in the corner radius causes the flow of the sheet metal and wrinkling at the die corner.
Therefore, an optimum punch corner radius value prevents both walls from wrinkling at
the die corner and the deformation concentration over the punch nose. For the process
parameters in Figure 11, the optimum punch shape factor equals 0.2, i.e., the optimum
punch corner radius is 9 mm. Deep drawing with a shape factor rpc /L, = 0.5 represents the
conventional deep drawing for a circular cup. From Figure 11, it is worth noting that the
drawing with a 0.2 punch shape factor increased the LDR by about 6% compared to the
LDR obtained using conventional circular cup deep drawing.
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Figure 11. Variation in predicted LDR with the punch shape factor rpc/Lp (dip/Lp = 1.6, o = 30°,
t=1mm,R=2,n=025K=500MPa, j14 = pgp = 0.05, and pp = 0.25).
4.2. Effect of Sheet Material Properties on the LDR

The results displayed in Figure 12 exhibit the relationship between the predicted limit-
ing drawing ratio (LDR) and the average standard anisotropy R-value. The LDR increased
as the average R-value increased, indicating that high R-values can effectively minimise
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the thinning at the corner wall regions of the punch profile edge and the thickening at the

cup wall. These findings demonstrate the benefits of utilising high R-values in drawing
square cups.
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Figure 12. Variation in predicted LDR with the average normal anisotropy R-value (dy, /Ly = 1.6,
o =30° t, = 1.5 mm, n = 0.25, K = 500 MPa, rpc/Lp =0.2, pq = pp = 0.05, and pyp = 0.25).

Additionally, Figure 13 highlights the predicted LDR variation with the strain-hardening
exponent n. It is worth noting that the LDR increased as n increased until n = 0.25.
Increasing the strain-hardening exponent within the first zone of the curve (0.1 <n < 0.25)
can prevent the instability caused by wrinkling at the beginning of the drawing operation.
However, increasing the strain-hardening value (n > 0.25) decreased the LDR due to an
increase in the thinning over the punch head corner. Based on the process parameters

illustrated in Figure 13, an optimum strain-hardening exponent of n = 0.25 exists for
drawing square cups.
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Figure 13. Variation in predicted LDR with the strain-hardening exponent n (dyp/Lp = 1.6, o« = 30°,
to = 1.5mm, R =2, K=500 MPa, rpc /Ly = 0.2, g = pp = 0.05, and pp = 0.25).

5. Conclusions

A novel technique using metal was proposed for drawing relatively thin sheets into
square cups through conical dies. The DYNAFORM-PC finite element code was utilised
to perform the simulation. The package used to simulate sheet metal forming was based
on LS-DYNA. The analysis aimed to investigate the deformation behaviour and defect
prediction during the process. The results of this investigation revealed the following:
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1. The proposed technique significantly increases the limit drawing ratio (LDR) and
improves the flow of blank material within the die throat.

2. The proposed technique can significantly reduce the loads required for drawing
instead of conventional deep drawing.

3. For anisotropic sheet metal, orienting the circular blank to be drawn where the cup
diagonal corresponds to the direction of the greatest R-value and greatest yield stress
can further improve the LDR.

4. Anoptimum die design to obtain a high limiting drawing ratio was determined using
the FE analysis.

5. There is no need for draw beads, a blank holding force, or blank design optimization.
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Abstract: The purpose of this article was to develop a method of analyzing the manufacturing process
with variables indicating product competitiveness and technological capabilities in metric space
as a cognitive source. The presented method will facilitate the identification of key development
factors within the manufacturing processes that have the greatest impact on the adaptation of the
manufacturing enterprise to Industry 4.0. The presented method of manufacturing process analysis
integrates a number of tools (SMART method, brainstorming, BOST analysis, 3 x 3 metrics) that
enable the implementation of statistical analysis. The model developed makes it possible to apply
known mathematical methods in areas new to them (adaptation in the manufacturing area), which
makes it possible to use scientific information in a new way. The versatility of the method allows
it to be used in manufacturing companies to identify critical factors in manufacturing processes. A
test of the developed method was carried out in one of the foundry enterprises, which allowed us to
build a series of importance factors affecting effective production management. The methodology is
addressed to the management of manufacturing enterprises as a method to assist in analyzing data
and building (on the basis of improved manufacturing processes) a competitive strategy.

Keywords: 3 x 3 matrix; BOST survey; statistical analysis; process improvement; quality 4.0; industry
4.0; mechanical engineering

1. Introduction

Both increasing globalization and changes in the area of competition and economy
determine the need to undertake changes in the management of a production enterprise.
For this reason, enterprises, which are fundamental subjects of the economy, are increasingly
required to have the ability to adapt their management methods and work organization
to the thoroughly transforming conditions of their operation [1,2]. The ability to adapt
to prevailing conditions in the environment (the dynamics of change, the structure of the
organization, the complexity of processes) and the requirements of the market economy
affects the results of operations and the development prospects of production facilities.
The adaptation of enterprises becomes apparent in the form of implementation of various
restructuring and innovative projects. The economic system creates specific operating
conditions for organizations that enable enterprises to achieve their development goals. At
the same time, the market economy places demands and challenges on guaranteeing the
relative stability of operations [3-5].

As part of survival and continued stable operation in the market, increased develop-
ment is a necessary process leading to changes in the structure and level of components of
the enterprise. Development is determined by internal and external factory determinants
of market success [6,7]. Internal factors are considered to be those that can be directly
influenced by the enterprise. This group of factors determines the development of the
enterprise. Among the internal factors, the most common are intellectual and capital-based
factories [8]. On the other hand, conditions and external factors are those which the enter-
prise has little opportunity to influence. Intrinsic factors are defined as the broadly defined
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environment of the enterprise. From the environment, the enterprise meets its needs while,
at the same time, drawing on its resources [9-11].

Businesses operate in a certain external environment, that is, in a specific area in
conjunction with other organizations and with the state. The environment shapes oppor-
tunities and possibilities but also creates constraints and places requirements [12]. On
the other hand, it also happens that businesses indirectly (through their functioning) in-
fluence the external environment and shape its nature to a greater or lesser extent. Such
a situation occurs in the case of business entities, or a group of entities characterized by
high bargaining power; their decisions can trigger changes in the entire sector [13,14]. The
external environment of modern companies is transforming into an increasingly volatile
and complex one, and at the same time, it forces rapid and ruthless adaptation to new
conditions. As a result, the level of dependence of companies on external conditions is
increasing. Organizations wishing to operate in the market and ensure competitive advan-
tage should have the ability to flexibly adapt to market changes. The need to undertake
adequate and adaptive activities changes the scope and logic of organizations and the
way they are managed and improved [15]. In the literature on the subject [16-18], an
approach is encountered which testifies to the fact that actuating enterprises are oriented to
conform to the changes that take place in the internal and external spheres, which has not
only become a determinant of the survival of economic entities but also affects both the
bluntness and level of their development. Only this type of adaptive enterprise will allow
for the long-term multiplication of capital value and the realization of one of the main
goals of the essence of the functioning of companies, namely, the maximization of market
value, which, in the long term, allows for profit maximization [19]. Such a state of affairs
is possible thanks to continuous restructuring changes, which enable the implementation
of important transformations in the organizational, technical, production, and economic
planes. Development processes translate into an increase in the efficiency of the undertaken
activities, which directly shapes the rate of their creation of enterprise value and its market
position [20]. There are many benefits in terms of developing competitiveness with the
initiation of Industry 4.0.

The fourth-generation industry covers the entire value-added chain with its scope. As
a result, it requires new strategies and business models, and at the same time, it implies
the integration of industrial areas with the use of information technology [21,22]. Industry
4.0 promotes efficiency improvements, cost reductions, and shortens test phases and
production. It makes it possible to extend the useful life of products. It makes it possible to
produce individual pieces of products without limiting profitability to mass production
only [23]. Industry 4.0 is supposed to be a guarantee for maintaining competitiveness in
countries with high wages, energy conservation, and an aging population, while allowing
manufacturing companies to adapt their offerings to the dynamically changing needs of
the market and the demands of high quality [24,25]. However, before the operation of
enterprises in accordance with the idea of Industry 4.0 develops its full potential and begins
to bring positive effects to the economy, it will be crucial to look for new, progressive
solutions. These solutions should concern the management of the organization, especially
the technical area through effective control of the internal factors that shape the market
position [26,27].

The purpose of the developed model was to identify the factors with the greatest
impact on the technological capabilities and market position of manufacturing companies
in the context of the idea of Industry 4.0 through the analysis of technological data within
the metric space. The methodology used a 3 x 3 matrix within which the results of surveys
were located, and statistical analyses were performed in order to propose a new use of
scientific information and to realize in-depth analyses to support the management of the
technological and organizational space. The proposed analysis model is characterized by
a wide application dimension. It can be implemented in any manufacturing enterprise
whose development intentions are geared towards Industry 4.0 concepts. Integration of the
model in a manufacturing enterprise allows us to identify the most important factors in
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the context of the development and success of the enterprise. This procedure will make
it possible to develop effective plans for the development of the enterprise in the context
of the idea of Industry 4.0. The next section of this study performs a literature review,
which was carried out as part of our identification of the research gap in the topic under
consideration. Section 3 describes the concept and assumptions of the developed data
analysis model in metric space. Section 4 presents the verification of the model and its
results. Section 5 is devoted to the summary of the study.

2. Literature Review

Adequately carried out management in specific internal and external conditions makes
it possible to ensure a high level of competitiveness of the enterprise, which ensures a
stable market position [28]. The competitiveness of a specific enterprise is most often
studied in comparison with other comparable companies operating within the same sector.
In the present approach, the aspect of competitiveness is understood as the result of the
actions taken, which are related to customer acquisition [29]. Competitive superiority can
be closely related to a well-thought-out and realistic strategy of technical development
adequate to the concept of Industry 4.0 [30,31].

Constantly changing trends and market conditions force companies to seek new and
progressive solutions in the field of organizational management [32], especially in the
technical area through effective control of the internal factors shaping market position [33].
The management of enterprises focused on the implementation of developmental changes
increases the possibility of implementing revolutionary solutions, resulting in increased
competitiveness, often in a positive way. For this reason, various methods of analyzing
the level of competitiveness are proposed in the literature. These methods are based on
the analysis of multi-criteria indicators [34,35], the integration of several methods (his-
torical method, content analysis, system analysis, formalization method) [36], and rough
set methods used to assess the benefits of resources [37]. Proprietary methods relating to
multi-faceted competitive analysis are also being developed. An example of this is the
hybrid GIANN method, which combines multi-attribute utility theory with the concepts of
entropy and information extraction and computational modeling via a multi-layer percep-
tron artificial neural network [38]. Models directed at recognizing the correlation between
the technological level and competitive success of companies are also being developed [39].
Ejaz proposed a theoretical linear model identifying the digital technologies used, which
have been shown to be a source of manufacturing competitiveness. This study sheds light
on the limitations of measuring or defining the competitiveness factor at the company,
regional, or national level. With regard to methods for measuring the level of competitive-
ness, it also distinguishes between methods that target cross-enterprises of a certain size, an
example of which is a concept aimed at small manufacturing companies, which combines a
context-free perspective with the contingency theory of quality management (Baldrige’s
quality excellence model) [40]. The indicated concept allows for the identification of inter-
nal factors with a significant impact on the competitiveness of an enterprise. The indicated
methods refer to analyses based on internal factors.

With regard to external factors, methods for analyzing the level of competitiveness and
market position most often involve market (marketing) research [41,42], and sometimes,
marketing research is combined with comparative analysis [43]. Map-based methods (a
novel dynamic mapping platform) are also proposed for analyzing changes in competitive
positions [44]. Authors Fluhrer and Brahma [45] also present a concept of competitive
level positioning in which data are analyzed using qualitative structuring. There is also
research on hybrid brand positioning strategies undertaken to identify the most effective
strategy [46].

Based on the literature review, studies on technology data analysis and competitive
level analysis were grouped. The extracted areas are shown in Table 1.
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Table 1. Research areas of technological data analysis and level of competitiveness.

Factor

Group

Covered Position in the Context of the Subject of the Study

Representatives
(Literature Items)

Internal and external factors

Comparative studies

Examined against other comparable companies operating within
the same sector. Lack of separation of factors.

Campos, T.L.R., Nunhes,
T.V,, Harney, B., de
Oliveira, O.]. [22]

Analyses of
multi-criteria
indicators

Expert analysis of the results obtained through the use of
multi-criteria indicators that demonstrate the commercial success
and competitiveness of the company:.

Ginevicius, R., Gedvilaite,
D., Stasiukynas, A.,
Suhajda, K. [34]

Integration of macro and micro indicators at the level of the
balanced scorecard (an analytical tool) in order to make
management decisions about business operations and the level of
competitiveness.

Datsenko, G., Kotseruba,
N., Krupelnytska, L,
Kudyrko, O., Lobacheva,
I., Otkalenko, O. [35]

Internal factors

Integrating several
methods of analysis

The following methods were used: the historical method and the
content analysis method were used to examine the theory of
enterprise development; the system analysis method was used to
substantiate the conceptual vision of commercial enterprise
development; and the formalization method was used to create a
core model of enterprise development. The goal was to identify
internal key determinants of competitiveness.

Hrosul, V., Zubkov, S.,
Mkrtchyan, T. [36]

Approximate set
methods

The weight of each evaluation indicator was determined with the
application of significance in rough set theory, using the linear
weighting method to determine the final result. It then
systematically explains the main ideas and methods of rough set
theory in evaluating favorable resources of enterprises.

Li, Z.G., Lou, WE, Li, YS.
[37]

Neural networks

Consideration of multi-attribute utility theory with the concepts of
entropy and information extraction, and computational modeling
through the multi-layer perceptron artificial neural network.

Schaefer, J.L., Tardio, P.R.,
Barierle, 1.C., Nara, E.O.B.
[38]

Linear models

A linear model identifying the digital technologies used which
have been shown to be sources of manufacturing competitiveness.

Ejaz, M.R. [39]

Context-free
perspective
combined with
contingency theory
of quality
management

Using a pooled cross-sectional design and structural equation
modeling to test the validity and reliability of the Baldrige model to
measure quality management practices.

Parast, M.M., Safari, A.,
[40]

External factors

Market (marketing)
research

Survey research using a proprietary questionnaire.

Anawade, Pa., Sharma,
D.S. [41]

A novel influence analysis technique called Grey Influence Analysis
(GINA), which can be used to analyze the influence relationships
between a set of factors when there are a large number of responses.

Rajesh, R. [42]

Combining
marketing research
with benchmarking

Factor analysis, cluster analysis, and regression analysis were used.

Lin, S., Xu, S.Y,, Liu, Y.,
Zhang, L.Y. [43]

Dynamic mapping

EvoMap—a novel dynamic mapping framework that identifies
company trajectories from high-frequency and potentially
noisy data.

Matthe, M., Ringel, D.M.,
Skiera, B. [44]

Competitive level
positioning

Analyzed data using qualitative structuring, resulting in a newly
developed and empirically based typology of SME
positioning strategies.

Fluhrer, P., Brahm, T. [45]

Exploring hybrid brand positioning strategies in emerging markets
based on two positioning elements: brand country of origin (COO)

and brand globality.

Hong, R.Y., Zhang, Z.,
Zhang, C., Hu, Z.H. [46]

283



Processes 2024, 12, 401

Previous work has mainly relied on the survey method, on multi-variate competitive
analysis, on multi-attribute utility theory, and even neural networks. The aforementioned
methods, although beneficial, require preparation for their application. The integrated
methods proposed in the model have the advantage of being easy to apply. Through this,
the potential area of application (wide implication range) can be increased.

So far, the combination of methods used in the developed model has not taken place,
and the advantages that characterize the integrated methods allow us to assume that the
proposed model will be effective for companies using it.

The research highlighted the division of methods into two main groups: methods
that are mainly based on the analysis of internal factors; and methods whose analysis
is based on external factors. It is relatively rare to find methods that refer to internal
and external success factors in terms of competitiveness. The realized analyses led to the
identification of the gaps which will be considered in the study: (1) the lack of a model that
integrates internal and external factors in the area of technological capabilities and market
position (Industry 4.0) in a single model; (2) the lack of a model that recognizes the key
factors (internal and external) underpinning the success of a manufacturing enterprise; and
(3) the lack of a model that, based on an analysis of the internal and external factors of a
manufacturing enterprise, indicates a development strategy to increase the competitiveness
of the enterprise. The study presents a structured model for proceeding with the analysis
of data in the metric space on the degree of utilization of technological capabilities and
competitiveness indicative of market position in the context of Industry 4.0. The presented
model supports the management and development processes of enterprises and, at the
same time, fills the identified research gaps.

3. Method of Data Analysis in Metric Space

The market position of manufacturing plants is influenced by the level of technological
sophistication and innovation, as well as the quality of finished products. Therefore, a key
issue in the context of effective management is data analysis, particularly the relationship
between the technological capabilities and competitiveness of products. Figure 1 shows the
assumptions of the developed data analysis model for adapting the production process to
the requirements of Industry 4.0.

The developed model was divided into three steps: survey preparation, diagnostic
testing, and statistical analysis. The individual steps of the method are as follows:

Stage 1—survey preparation

Given the distinctive features of the tools used in the method of data analysis in metric
space, the main production process carried out in a manufacturing company should be
considered the proper subject of the study. In addition, it is necessary to identify the key
data for the study from the selected process.

The selection of a team of experts is an important step in the implementation of
the presented method of analysis; it means the selection of people responsible for the
implementation of the presented method in the context of obtaining the intended results.
Individual members of the expert team should be selected from the management team. The
members of the team should have experience and a wide range of knowledge regarding the
selected subject of research, as well as competition and the situation in the market within
which the company operates.

In the framework of the implementation of the developed model, it is recommended
to define a research objective that will be linked to the results of the analysis. The definition
of the goal should be based on the SMART technique—one of the most effective techniques
for properly defining the desired results and the path to achieve them. The name SMART
is an acronym referring to the five key characteristics that a well-defined goal should
meet (S—"specific’; M—“measurable”; A—"attractive”; R—"realistic”; and T—"time-
based”) [47,48]. Setting goals in accordance with the SMART principle allows you to start
implementing them right away, to stay motivated to see your actions through to the end,
and to be able to easily assess progress and accurately determine when the established
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goal has been achieved. The SMART principle folds into a precise approach to defining the
study’s objectives, motivates action, and further prompts multi-faceted consideration of
the study’s purpose [49,50]. One of the planes is the analysis of production processes in
the context of the implications of the Industry 4.0 concept. The definition of an adequate
research objective (using the SMART technique) will facilitate the realization of the analysis
of the current state of affairs in the relationship between technological capabilities and
market position and will make it possible to indicate further courses of action in terms of
effective adaptation to the Industry 4.0 concept in the diagnosed development conditions.

1. Preparation of studies

Step 1.1. Choice of

Step 1.2. Selection of the

Step 1.3. Definition of the

company's intangible assets

research subject expert team purpose of the study
|
" Selection of the production | selected experts should have knowledge of Aimprox_'ing data analysis in the
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7 Niaananctic tact
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the process, technology and research method exploring 2 staff on technological

competitiveness under analysis

capabilities and competitiveness

3. Statistical analysis of the obtained results

3.1. Graphical organization of data

3.2. Analysis of the distribution of results in the metric
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v v
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Step 3.3.1. Analysis of the coefficient of
variation of results

v

" Examine the variability in terms of the percet;taAge-
of individual survey results

Step 3.3.2. Statistical analysis of survey and
interview results

v

Analysis of the level of variation in the distribution
of factor importance ratings within the matrix

Figure 1. Concept of the method of data analysis in metric space.

The SMARTER method can also be used to identify and build a valid survey objective.
This method is a development of the SMART method by including additional features
(E—"exciting”; and R—"recorded”) that the study objective must meet. Another modifica-
tion of the SMART method is the SMART UP method, which indicates that the stated goal,
according to the acronyms, should be U—"under control” and P—"positive” [48].
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In the study, the SMART method was chosen to build a correct objective due to its
considerable popularity in scientific works. This method is the best choice in the context of
defining the goal of the study because it supports setting the goal in a way that allows it
to be achieved. An important determinant of our choice of the SMART method was also
the fact that this concept helps monitor progress and adjust plans in response to changing
conditions. In addition, the method clearly indicates what the goal should be (meeting
5 characteristics: “specific” “measurable”, “attractive”, “realistic”, and “time-based”).
Related methods, which are an extension of the SMART method, are only a development
of it, which are not required in the context of the research topic undertaken.

Stage 2—Diagnostic survey

Managerial staff of the production department, technology department, quality control
department, and product marketing department were selected for the survey. A total of
28 people participated in the survey. The group of employees is responsible for the control
and improvement of the studied extrusion process and product—the suction manifold. The
indicated number of respondents is due to the fact that the research carried out within the
framework of the study is a pilot study and concerns the selected manufacturing process.
The enterprise employs about 1300 people and the group of respondents thus represents
21.54% of the managerial staff associated with the studied production area.

The survey was conducted in the fourth quarter of 2023. The survey was mandatory,
and the return rate was 100%. The survey questions were subject to validation.

We carried out a survey using the BOST (acronym from the author’s first and last
name—Stanislaw Borkowski) method in the employee version [51]. The employee version
takes into account a set of factors relating to the elements of the Toyota house roof and
principles 1,2, 3,4, 6,7, and 14 [52]. The model developed includes Toyota’s first manage-
ment principle, which indicates that management decisions should be based on a long-term
philosophy, even at the expense of short-term financial goals [53,54]. The use of the BOST
method was considered the best solution for further research because the model allows
for the collection and further analysis of data using a standardized questionnaire in which
the questions relate to spheres that coincide with those studied within the implications of
the model (technological capabilities and market position of the company). One aspect
that confirms the best choice of this method is the factors included in it; these allude to
providing the best quality products while implementing processes in the shortest possible
time, as well as at the lowest cost, which can be considered important aspects in terms of
achieving success.

The benefit of the BOST method is its transparent nature and the speed of its imple-
mentation. The usefulness of the BOST method is also manifested in its ability to use a
standardized set of competitive factors in the study, which contributes to the success of
the research.

The BOST method sets the direction for further research by determining the factors
describing the Toyota management principle 1 in the context of determining their impact on
the technological capabilities and market position of the enterprise against the background
of the idea of Industry 4.0. The BOST method takes into account the intangible resources of
enterprises such as customer well-being, product innovation, cooperation with cooperators,
the self-reliance responsibility of employees, the development of technology, and the
nurturing of the enterprise culture. This BOST survey is described in more detail in the
work of [51]. In addition, in order to ensure a broader scope of analysis, the survey includes
such factors as trust in relations with employees, the size of the market offer, the quality
of the goods sold, the price of the goods offered, own research and development work,
the purchase of research and development work, as well as factors relating directly to the
idea of Industry 4.0: automation, advanced digital technologies, capital (understood in
material terms, i.e., machinery and equipment), entrepreneurship, and the combination of
physical and virtual spheres of production. The procedure of taking into account a larger
number of factors makes it possible to carry out a multi-faceted analysis of the foundry
pre-casting companies.
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After conducting a survey using the BOST survey, a face-to-face interview should be
conducted with employees. The interview should be carried out in the form of a dialogue
that allows the researcher to obtain information from the respondent that will be useful in
the context of achieving the set research objective. With regard to the presented model, the
subject of the interviews should concern the technological level and market position of the
company. The face-to-face interview was found to be the best within the discussed sequence
of methodological steps because during the meeting, it is possible to better clarify questions
that were not understood. In addition, this solution provides a better understanding of the
answers and allows us to establish a deeper connection with our interviewee.

Step 3—Statistical analysis of the obtained results

As part of the graphical representation of the obtained results, it is necessary to create
a numerical characterization of the data, i.e., assessments of the importance of the factors
that describe the 3 x 3 matrix (technological capabilities and market position). In order to
have a good understanding of the obtained assessments, initially, the result is presented
using a lollipop chart. Then, on the substrate of the modified 3 x 3 matrix, one should
place the individual pairs of results in the corresponding poms of the matrix, showing their
distribution. Modification of the 3 x 3 matrix refers to the indication of the correlation
between technological capabilities (the X axis) and market position (the Y axis) (in the
original version, the Y axis indicates the competitiveness of the product). Figure 2 shows
the characteristics of the modified 3 x 3 matrix with the designations of the nine strategies.
Interventionary studies involving animals or humans, as well as other studies that require
ethical approval, must list the authority that provided approval and the corresponding
ethical approval code.
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Figure 2. Characteristics of the 3 x 3 matrix in the modified version with the designation of its zones
(management strategies).

The 3 x 3 matrix, in its original version, was used in the study [55], while its modifi-
cations were applied in [56-58]. Within the matrix, 9 areas indicative of the technological
position of the analyzed production facility are separated. Each area of the 3 x 3 matrix
proposes a specific development strategy that must be undertaken to achieve success. It is
desirable to achieve field 1—"“Focus on the revealed chance”. This box indicates that all of
the pairs of characteristics located there received scores in the range of 7-9. In the modified
version, box 1, in addition to recommending a strategy, also indicates the pairs of factors
that are among the most important (scores in the range of 7-9) and to which the most
attention should be paid when improving production processes and creating development
strategies in the context of the implications of Industry 4.0 in the enterprise and achieving
market success.

The use of the 3 x 3 matrix in the technology data analysis model is predicated on the
significant number of benefits it provides. The matrix is intuitive and user-friendly in nature.
Each area in the matrix pre-presents a clearly defined approach to enterprise development,
making it easy to interpret and apply. The biaxial approach of the 3 x 3 matrix provides
an equalized assessment. In addition to its primary use, i.e., diagnosis of the enterprise’s
position, the matrix can serve as a strategic tool for planning and predicting development
paths. Such predictability allows us to proactively plan transitions between areas of
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the matrix by implementing the appropriate strategies indicated therein. The use of the
3 x 3 matrix in the framework of the stage under discussion is the most appropriate
solution because it provides predictability of the development direction of the enterprise,
which allows for the proactive planning of transitions between areas of the matrix by
implementing the relevant strategies indicated therein.

The next step refers to the identification of dominant points (dominant pairs of results
regarding technological capabilities and market position) within each of the 9 areas of the
3 x 3 matrix. The purpose of this step is to perform analyses of the zones of the 3 x 3 matrix
as separate metric spaces. The dominant points are considered to be the numbers with the
highest value. The dominant points are the centers of circles and rings with radii of 1-4. A
radius value of 1 indicates the center of a specific area of the matrix.

The last step of the method concerns the analysis of the coefficient of variation, which
is the quotient of the non-relative measure of variation and the corresponding mean. This
coefficient indicates the ratio of the standard deviation to the mean value. It is classified
as a measure of dispersion and helps determine the degree of variation in the value of a
variable. The coefficient of variation is mainly useful in situations where comparisons are
made between the variability of traits in two populations and when the researcher makes
analyses from the range of variation between different measures [59,60]. The feature under
study is the percentage of survey results placed within the resulting rings. In the classical
approach, i.e., statistical analysis of survey and interview results, the study is concerned
with analyzing the level of variation in the distribution of factor importance ratings within
the matrix.

4. Model Verification and Results

The integration and thus model checking of the data analysis in the metric space was
performed at one of the production companies in the foundry industry, which is located in
the southeastern part of Poland.

The foundry industry, which is popular in Poland, especially in the southeastern part
of the country, is one of the heavy industries with a significant negative impact on the
environment. As part of the implementation of the idea of sustainable development, and
under pressure from the European Union, this industry is being forced to undertake radical
modernization. These changes must be implemented according to the adopted strategies.
This activity can be helped by this study. Using modern developments as well as proven
and integrated methodologies, it is possible to assist managers of foundry companies and
beyond in adapting their companies to the requirements of modern Industry 4.0.

Stage 1—preparation of the study

As part of the test of the developed analysis model, the manufacturing process of
an intake manifold used in automotive applications was considered as the subject of the
study. The task of the manifold is to supply the fuel-air mixture or the air itself to the
engine cylinders with the lowest possible flow resistance. The product created by the
selected production process is one of the mainly produced products (in terms of number)
in the company.

A panel of experts was selected from among the company’s management staff, which
included a quality control manager, a product marketing manager, and a technology
department manager. The selection of the composition of the team of research experts took
into account the predisposition of employees to meet the requirements of analyzing data
on the technology used and the market situation, including the company’s position in the
market in the context of the idea of Industry 4.0.

The purpose of the implications of the developed model is to analyze the data of the
current state of the production process of intake manifolds used in automotive applications
and the market position. Thanks to the in-depth analysis of the factors affecting the process
under study, it is possible to eliminate the sensitive factors affecting disruptions during
innovation, which will effectively ensure an increase in technological capabilities and a
high level of competitiveness of the product.
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Stage 2—Diagnostic survey

Employees of managers and executives of the production department, technology
department, quality control department, and product marketing department were selected
for the survey. A total of 28 people participated in the survey. This group of employees is
responsible for controlling and improving the extrusion process and the product, i.e., the
suction manifold. The survey was conducted in the fourth quarter of 2023. The indicated
number of respondents is due to the fact that the research carried out in the study is a pilot
study. The survey was mandatory, and the return rate was 100%. The survey questions
were subject to validation. The enterprise employs about 1300 people.

Selected managerial and executive employees, thinking about the company where
they work, were asked to answer the following question: what factors determine the
development concept of your company? They were to rate the various factors of innovation
on a scale of 1-9 (where 1—the least important factor; 9—the most important factor).
Factors mentioned in the question in the context of technological capabilities are product
innovation, independence of employees, responsibility of employees, development of
technology, automation, advanced digital technologies, capital (understood in material
terms, i.e., machinery and equipment), entrepreneurship, and the combination of physical
and virtual spheres of production. Factors relating to market position are customer interest,
cooperation with partners, trust in relations with employees, preservation of culture in
the company, size of the market offer, quality of goods sold, price of goods offered, own
research and development work, purchase of research, and development work.

Following the survey, face-to-face interviews were conducted with management staff
to expand the knowledge gathered. The interviews covered their views on the competitive-
ness of the product and the company’s market position. The issue of the ability to plan,
create, and sell the product was raised, as well as operational competitiveness (capturing
the technical skills that facilitate the functioning of the enterprise in a given market) and
system competitiveness (testifying to the wide range of activities of the enterprise leading to
the improvement and modernization of the implementation of the organization’s processes
in terms of Industry 4.0).

Stage 3—Statistical analysis of the obtained results

Based on the information obtained from the implementation of Stage 2, a numerical
specification of the importance level ratings of the various factors indicating technological
capabilities and market position was developed. The specification is shown in Figure 3.
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Figure 3. Describing the level of importance of assessments of factors indicating technological
capabilities (TP) and market position (MP), taking into account the areas of the 3 x 3 matrix (horizontal
axis digits).

The lollipop chart shows the structure of evaluations of the two factors (technological
capabilities—TP; market position—MP) awarded by employees, divided into 9 areas of
a 3 x 3 matrix. In Figure 3, the numbers indicated on the vertical axis correspond to the
areas of a 3 X 3 matrix.
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In the next step, a map of the numbers of indications and evaluations of the analyzed
factors—technological capabilities (TP) and market position (MP) acquired in stage 2 of the
analysis—was developed (Figure 4).
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Figure 4. Analysis of the importance level assessments of pairs of factors indicating technological
capabilities (TP) and market position (MP): (a) the unitary capture of pairs of factors; (b) factor
structure in percentage terms.

The highest concentration of pairs of ratings is found in the middle part of the matrix.
This fact indicates that the largest number of respondents gave grades 4-7 for the techno-
logical capabilities factor and grades 2-8 for the market position factor. With reference to
part (b) of Figure 4, i.e., the percentage share of evaluation results, it can be seen that 21%
of the evaluation pairs are located in part 9 (strategy: search for occasions) and 18% of the
evaluation pairs in part 8 (strategy: develop your technological potential). Therefore, a
practical recommendation is to intensify the company’s activities in the area of the more
efficient use of technological resources. The company should also increase its activity in
shaping product competitiveness (making the product more attractive) and increasing its
market position. Motivation to take the indicated actions in the analyzed area can be in-
creased access to resources not previously owned, better use of the emerging opportunities
of the environment, increased flexibility of activities, and increased positive image of the
enterprise. Among respondents, 14% of employees believe that marketing activities should
be improved, and new partners should be sought. Undertaking the indicated activities will
move the results towards the desired field—field number 1.

Examining the distribution and structure of the results of the diagnostic survey within
the 3 x 3 matrix, one can see the points with the highest value (dominant results). In
each of the nine zones, the dominant points will be the centers of established circles with
radii increasing sequentially by the value of 1. In the case where there is no dominant
point in a zone, the center of the ring is taken as the point closest to zone 9 and the score
of 9 points in both the x and y axes of the 3 x 3 matrix. The centers (midpoints) of the
rings have a radius value of 1. Within the zones of the 3 x 3 matrix, the following points
were considered as the centers of the rings: area “1” point with coordinates: (7;8); area “2”
point with coordinates: (7;4); area “3” point with coordinates: (8;3); area “4” point with
coordinates: (5;2); area “5” point with coordinates: (3;3); area “6” point with coordinates:
(3;6); area “7” point with coordinates: (2;8); area “8” point with coordinates: (6;7); and area
“9” point with coordinates: (6;6). In this way, it is possible to analyze assessment structures
in metric space.

As part of further analyses, metric spaces were created in the form of rings appropri-
ately superimposed on individual areas of a 3 x 3 matrix (Figure 5).
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Figure 5. Positioning of rings against 3 x 3 matrix zones.

The percentage of individual pairs of factor evaluations that fell within the defined
rings was also analyzed. This analysis is presented in Table 2.

Table 2. Layout of the structure of a set of rings against the background of the metric space.

3 x 3 Matrix Zone

Ring Structure

1 2 3 4 5 6 7 8 9

0<r«l1 100 50 50 100 50 100 100 40 50

Location of rings within the zones of the 1<r<2 0 25 50 0 50 0 0 40 0
3 x 3 matrix 2<r<3 0 25 0 0 0 0 0 20 17

3<r<4 0 0 0 0 0 0 0 0 33

One of the statistical measures of analysis is the coefficient of variation. This coefficient
is a type of measure that describes the relationship that occurs between the analyzed
distributions that differ both from each other and from the values of the characteristics
around the central values. The basis for the analysis of the coefficient of variation of the
percentage of the factors presented is a 3 x 3 matrix indicating the significance ratings
of pairs of factors (technological capabilities, market position) in the form of points of a
specific position. The values of coefficients of variation and the number of non-zero rings
within the zones of the 3 x 3 matrix are indicated in Table 3.

Table 3. List of coefficients of variation of percentages of factor pairs within rings.

Coefficient of Variation of Percentages
of Factor Pairs

0
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3 x 3 Matrix Zone Number of Non-Empty Rings
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When interpreting the values of the coefficient of variation, it should be remembered
that the smaller the coefficient of variation, the better. Within the considered zones of the
3 x 3 matrix, the values of the coefficient of variation of the percentage of points in the
outlined rings are in the range of 0—40 (Table 3). The achieved values of the coefficient
of variation indicate that six zones (zone 1 and 3-7) are homogeneous; they show no
variability. In contrast, the remaining zones (zone 2, 8, and 9) are characterized by average
variability.

Based on the data obtained (Table 3), it is possible to create a ranking of the separated
zones of the 3 x 3 matrix using the topological matrix and the rings created. The zones
were hierarchized on the basis of the value of the coefficient of variation of the importance
ratings of the analyzed factors (technological capabilities and market position) placed in
the 3 x 3 matrix. The developed series looks as follows:

(//1//, //3//, //4//, //5//, H6”, //7//) < //8// < //2// < //9//, (1)

The ranking was determined according to the principle of interpreting the coefficient
of variation; the less, the better—that is, starting with the smallest values. The brackets
used in the series indicate the equal value of the coefficient of variation within the zones.

The result of the analysis shows the agreement of the respondents regarding the
significant influence of the factors considered in the survey on the sphere of technological
capability and market position. The obtained ranking of the level of variability in the area
of zones of the 3 x 3 matrix indicates the level of importance of the factors influencing
technological capabilities and market position. The key factors for the enterprise in the
context of building competitiveness are the factors located in zone 9. Slightly less important
are the factors from zone 2 and, in turn, from zone 8. The following pairs of factors were
located within the aforementioned zones:

e  Automation (a factor relating to technological capabilities) and quality of goods sold
(a factor relating to market position)—zone 9.

e  Application of advanced digital technologies (factor on technological capabilities) and
own research and development (factor on market position)—zone 2.

e The development of technology (technological capabilities factor) and the price of
goods offered (market position factor)—zone 8.

Among the factors with the greatest impact were those directly related to the con-
cept of the fourth industrial revolution (automation, advanced digital technologies, and
technology development). These factors are characterized by a significant impact on the
competitiveness of the organization. The importance of the other analyzed factors from
both the group of factors related to technological capabilities and market position was
assessed at an equal (least significant) level, i.e., no variability was detected.

The obtained result indicates an unambiguous position in achieving the goal, main-
taining a leading market position and achieving the desired field in the 3 x 3 matrix,
which means embracing the strategy: “Search for occasions”. For the analyzed company, a
strategy is recommended within the framework in which the directions of development
will concern the factories of groups 9, 2, and 8.

Metric spaces appear in many areas of mathematics such as mathematical analysis,
order theory, and algebraic geometry. Metric space is a concept that is located on the
borderline between mathematical analysis and topology. Thanks to this concept, we are
able to define, in a natural way, many concepts known from mathematical analysis in a
broader class of objects and conduct analyses within this space. Typically, these analyses
do not apply to manufacturing engineering and process improvement. However, the
proposed model of data analysis in the area of metric space makes it possible to identify
the factors with the greatest impact on the technological capabilities and market position of
the enterprise in the context of the implications of the idea of Industry 4.0. In addition, the
verification of the developed model of technological data analysis highlighted that sensibly
conducted data analysis in metric space using complementary methods and techniques has
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a significant positive impact on ensuring the continuity of adequate development directions
of the enterprise.

The proposed method makes it possible to conduct analyses to support the manage-
ment of technological and organizational space in manufacturing enterprises. The use
of the model makes it possible to identify the key factors of development of a specific
enterprise that testify to the technological capabilities, market position, and potential with
respect to the implications of Industry 4.0. Thus, it will be possible to adopt adequate
directions of development in the internal and external space. The proposed model for
analyzing technological data is characterized by a broad application dimension.

The proposed model can be used by manufacturing companies. Each of them selects
specific experts (respondents). The conclusions of the developed method will be dedicated
to this specific enterprise. The development strategy established according to the method-
ology is not necessarily the right strategy for another enterprise with similar characteristics.

5. Conclusions

The optimal level of efficiency in the sphere of management of a manufacturing enter-
prise under certain internal and external conditions allows the organization to maintain
high competitiveness, which determines its long-term development. The research carried
out was aimed at developing an innovative model of data analysis within the metric space,
allowing us to identify the factors with the greatest impact on the technological capabilities
and market position of the enterprise against the backdrop of the idea of Industry 4.0. The
methodology used a 3 x 3 matrix within which the results of the surveys were located, and
statistical analyses were performed in order to propose a new use of scientific information
and the implementation of in-depth analysis to support the management of the techno-
logical and organizational space. The proposed analysis model is characterized by a wide
application dimension.

Adopting the topological metric to analyze the data contained in the 3 x 3 matrix by
dividing its zones into rings, it is possible to calculate the value of the coefficient of variation
within the standardized zones. This procedure makes it possible to create a ranking based
on the values of the coefficients of variation of the importance ratings of the analyzed factors
of the separated zones. The ranking indicates the level of agreement of respondents on
the determination of the impact of individual factors on the technological capabilities and
market position of the enterprise. In addition, verification of the developed data analysis
model highlighted that judiciously conducted data analysis has a significant positive impact
on ensuring the continuity of adequate development directions of the enterprise in both
internal and external space. The resulting series of assessments of the importance of factors
influencing technological capabilities and market position indicate the positive importance
of automation and technical development in the manufacturing process. Factors directly
related to the idea of Industry 4.0 (product innovation, technology development) were
found to be the factors with the greatest impact on the competitiveness of the enterprise,
which is influenced by the use of technological capabilities. In the evaluation of this group
of factors, the lowest level of variation in the variation index parameter was identified.
This shows that respondents clearly emphasize the importance of such activities in order to
maintain a leading market position and move closer to the desired field in the 3 x 3 matrix,
indicating “Search for occasions” strategies. This conclusion is in line with the paradigms
of the fourth industrial revolution.

Future research directions will include the implication of the developed model of
data analysis in the metric space to other manufacturing processes in the framework in
which the leading products of the enterprise are produced in order to ensure the identifi-
cation of the appropriate direction of improvement activities in the use of technological
opportunities and to ensure market position. The actions taken contribute to technological
development and increase the level of competitiveness of the studied enterprise. The next
step in the development of the method will be to increase the number of analyzed factors
relating to the sustainable development and management of the production enterprise. The
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presented course of research implementation can support decision-making in the field of
the management and development of production enterprises.
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Abstract: This paper aims to investigate the seru scheduling problem while considering the dual
effects of worker cooperation and learning behavior to minimize the makespan and order processing
time. Given the complexity of this research problem, an improved shuffled frog leaping algorithm
based on a genetic algorithm is proposed. We design a double-layer encoding based on the problem,
introduce a single point and uniform crossover operator, and select the crossover method in probabil-
ity form to complete the evolution of the meme group. To avoid damaging grouping information, the
individual encoding structure is transformed into unit form. Finally, numerical experiments were
conducted using numerical examples of large and small sizes for verification. The experimental
results demonstrate the feasibility of the proposed model and algorithm, as well as the necessity of
considering worker dual behavior in the seru scheduling problem.

Keywords: seru scheduling; worker cooperation; learning effects; shuffled frog leaping algorithm

1. Introduction

To efficiently and flexibly respond to the market and meet the diverse needs of con-
sumers, the seru system has emerged. The seru system is an outcome produced by trans-
forming the traditional assembly line disassembly, efficiently combining efficiency and
flexibility [1,2]. It is known as the “ecological and economic” manufacturing model in the
Japanese manufacturing industry [3]. After the application of seru systems by manufactur-
ing companies such as Canon, Sony, and Panasonic, it has been found that seru systems
also possess advantages such as reduced production costs, decreased production time, and
minimal energy consumption [4-8]. Therefore, the seru system is deemed one of the most
promising production methods in the era of Industry 4.0.

The current research on seru systems mainly focuses on seru construction and seru
scheduling. Seru scheduling relies on the seru construction process to determine the order
allocation and processing order of each seru unit. Additionally, seru scheduling is the key
to reflecting the efficiency and flexibility of seru systems, and whether the advantages of
seru systems can be fully utilized mainly depends on the core step of seru scheduling. In
terms of seru scheduling, Zhan et al. [9] proposed the GP-SS scheduling rule to address
the seru scheduling problem with resource conflicts. Jiang et al. [10] transformed the
seru scheduling problem into an assignment problem. Li et al. [11] studied the on-line
seru scheduling problem while considering resource conflicts. Wu et al. [12] devised a
reinforcement learning-driven two-stage evolutionary algorithm to address the scheduling
problem of a hybrid seru system considering worker transfer. Lian et al. [13] solved the
energy-saving scheduling problem by considering seru reconfiguration. Zhang et al. [14]
used the branch and bound algorithm to solve the seru scheduling problem. Shen et al. [15]
designed a hybrid GA-PSO algorithm to solve the seru scheduling problem that considered
worker learning effects and dynamic resource allocation. Zhang et al. [16-18] constructed
scenarios for different seru scheduling problems that considered worker learning behavior
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and demonstrated that considering worker learning behavior can help improve seru system
performance. Jiang et al. [19] found that as the learning effect of workers increases, the
production cost of the seru system will decrease. Based on the aforementioned research
findings, the seru scheduling problem has been extensively explored from various angles
and has achieved significant progress. However, due to the difficulty in measuring worker
cooperation and learning behavior, few research studies on seru scheduling simultaneously
considered worker dual behavior. The seru system is centered around workers, and the two
most prominent behaviors are worker cooperation and learning behavior. Its production
efficiency and performance largely depend on the workers’ abilities and personal behavior.
Therefore, how to effectively leverage the dual behavioral effects of workers to optimize
the performance of the seru system is a crucial issue that needs to be addressed urgently.

In the production workshop, when workers repeatedly operate the same process or
task, there will be a learning effect [20-22]. The learning effect refers to the phenomenon
where the processing time of a single product decreases with the increase in cumulative
production volume [23]. At the theoretical level, Wright [24] proposed the learning effect
curve for the first time in the aviation manufacturing industry. Subsequently, learning
effect models, such as the S-curve [25], Stanford-B [26], Dejong [27], and Plateau [28], were
proposed based on different research scenarios. At the application level, Zhang et al. [29]
considered learning effects in constructing problem scenarios in hybrid flow shop schedul-
ing. Hu et al. [30] constructed a single-process workshop scenario that considers learning
effects. Wang et al. [31] studied the joint decision-making problem of unit manufactur-
ing systems considering learning and forgetting effects. Learning behavior is a common
phenomenon in production and manufacturing, and constructing scenarios that consider
learning behavior can shorten the gap between theory and practice, which is beneficial for
enterprises to make low-cost and efficient production decisions. Due to human social needs,
cooperative behavior may occur among workers. Good cooperative behavior can improve
the work efficiency of workers; on the contrary, work efficiency will decrease [5,32,33]. In
the current study, Sakamaki [32], Cao et al. [34], and Wang et al. [33] all proved that consid-
ering worker cooperation behavior in production scheduling can help improve production
efficiency. It can be seen that worker behavior is a realistic influencing factor that cannot be
ignored in production scheduling.

When solving the seru scheduling problem, scholars mainly relied on improved
genetic algorithms [35-39] to solve problems and have achieved certain results, but the
optimization algorithm has the limitation of the solving scale and the shortage of solving
quality. Therefore, this paper intends to utilize the shuffled frog leaping algorithm, which
has a simple idea, fewer experimental parameters, and strong global optimization ability,
to solve the problem. The shuffled frog leaping algorithm combines the advantages of the
Memetic algorithm and particle swarm optimization algorithm, with a strong global search
ability. Some scholars have applied it to the field of production scheduling. Moreover,
the hybrid leapfrog algorithm has not yet been applied in the research of seru production
systems, so it is necessary to explore the application of the hybrid leapfrog algorithm to
solve seru systems, which is a further expansion of the research field of seru production
systems. Drawing from the preceding analysis, this paper will explore the seru scheduling
problem while considering the dual behavior of workers. The objective is to minimize
both the makespan and order processing time. The improved hybrid leapfrog algorithm
serves as a breakthrough. The ultimate goal is to enhance the efficiency of the seru system,
propose reasonable and effective worker and order-allocation plans, and provide managers
with a theoretical basis and technical support for making informed scheduling decisions.

2. Problem Description

This article adopts a segmented seru as the basic unit, which is the corresponding
process assembly assigned by workers within the unit. Within a seru unit, the assembly
of a product is jointly completed by multiple workers. This article focuses on three sub-
problems: seru-worker, seru-order, and order-worker allocation. Assuming a seru system
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that produces C product types, W versatile workers are allocated to N seru units for I
order production. Producing each product requires k processes, each corresponding to a
skill. Because workers are multi-skilled, there are multiple matching relationships between
workers and processes. In the seru unit, a worker can be responsible for multiple processes
of the product, which can be discontinuous, but the corresponding processing skills for the
process need to be mastered by the worker.

Figure 1 describes the problem studied in this paper. In the figure, there are six processes,
three orders, two products, and five workers to build two seru units. Taking serul as
an example, if the distribution order is i; and i3, and the product c; is produced, the
corresponding operation set is 11 = (kq, k2, k4, k5), of which worker w, is responsible for
operations ki and ky, and worker ws is responsible for operations k4 and ks.

Product Task ‘Worker

Serul

Figure 1. Problem description under seru production system.

3. Model Formulation
3.1. Model Assumptions

The research questions in this article include the following assumptions:

(1) The type and quantity of products in the order are known.

(2) Batch splitting is not considered, which means each order can only be produced
within one seru unit.

(3) Each order encompasses only one type of product.

(4) The processing time of each task in each product is known and constant.

(5) The number of workers is constant.

(6) The worker movements between serus do not exist.

3.2. Modeling

This paper takes the model proposed by Wang et al. [33] as a reference, considering the
influencing parameters of worker learning behavior effects, and modifies the model based
on segmented units. According to the DeJong learning effect model and the characteristics
of segmented units, it is necessary to calculate the cumulative number of products com-
pleted by each order worker before starting processing, as well as the cumulative number
of products completed after this order is completed. This can be recorded as the upper and
lower limits of the g variable cumulative completed products in the learning effect. The
specific calculation formula is shown in Equations (1) and (2).

ij k=1
QU — ‘ (1)
ijw Z{le ZkK:l XirkQyuCrp C]‘p Jk#1
Qb — L k=1 ?
e E],;ll Yrs QrawXir(k—1) XijkCrp Cjp + 1,k # 1
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In the segmented seru unit, the cooperative behavior between workers is mainly the
cooperation between workers and their left and right workers. Due to the coefficient of
cooperative behavior, a,, is inversely proportional to the processing time; that is, the
higher the cooperation coefficient, the shorter the processing time. Based on this, 1 — ay,
can directly represent the impact on processing time. For the overall cooperation coefficient
of workers, see Equation (3).

Ay = (1 ) (1 - apw)Yinutii 3)
The quantity of products completed by worker w is shown in Equation (4)
I
Qjw = )1 YuwiRijS; 4)

Considering the factors influencing worker cooperation and learning behavior, the
total processing time for worker w to complete process s of order j is shown in Equation (5).

Qi
T =Ly Tow (M+1-myq) 5)

The model in this article aims to minimize the maximum completion time and mini-
mize the order processing time. The specific model construction is as follows:

f1 = min makespan = min {max{je{l,z,.‘.]}} (FCB; + ST, + FC]-)} (6)

R w I K
fa= ”11”21‘:1 - (Zi:l Yy F CiYwiXiik) @)

s.t. .

Yo Yei=1,w=12..W (8)

W :
Winin < Zw:l Yoi < Winax ,i=1,2,..., 1 )

I .
L Rij=1j=12..] (10)
IC, = izt XijkLw-1 Ywizif):l UuapCjp Lo o (11)
! Yl Yoy YuwiRij
p . .
sTi=Y" . o1 Xire-1) ZpCip (1= Crp) ,if k # 1,7 # j, Xy = 1 (12)
e .

FCB; =Y Y Y (FC,+ST) XX 1) (13)

] K .
ijl Yo XiFCj < T;,i=1,2,..,1 (14)
C] = FC]‘—FSTJ'—FFCB]‘ < D]‘ (15)

Xijk /Ywi € {0/1}
S; € Z,vi (16)

-1<b<0,0<M<1

where Equations (6) and (7) are objective functions that represent the minimizing makespan
and order processing time, respectively. Equation (8) ensures that each worker can only
work within one seru unit. Equation (9) represents the number of workers within each
seru unit. Equation (10) indicates that each order can only be assigned to one seru unit
without considering order splitting. Equation (11) represents the processing time of all
products in seru i for order j. Equation (12) represents the preparation time of order j in
seru i. Equation (13) represents the start time of order j in seru i. Equation (14) limits
the processing time of all orders in seru i to be less than the available production time of
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seru i. Equation (15) indicates that order j must be completed within the delivery date.
Equation (16) represents other logical constraints in this model.

4. Improved Shuffled Frog Leaping Algorithm (SFLA)

The SFLA is a meta-heuristic algorithm that mimics the communication and coop-
eration among frogs during their foraging process [40]. It mainly includes four basic
operations: population initialization, meme group partitioning, meme group evolution,
and meme group reconstruction [41,42]. This paper proposes refinements to the hybrid
leapfrog algorithm based on the characteristics of the research problem. The main contribu-
tion or improvement ideas are as follows: firstly, due to the multi-objective optimization
problem in this study, there are Pareto optimality and non-dominated frontier solution sets,
and the method of using a single objective function to evaluate the fitness of individuals is
no longer applicable. To avoid subjective factors, this article introduces non-dominated
sorting and crowding distance in the NSGA-II algorithm to evaluate individual strengths
and weaknesses. Secondly, using non-dominated level grouping as the grouping result of
the meme group, in order to improve the convergence speed of the algorithm, the optimal
individuals from non-dominated levels are selected to form the optimal group. During the
evolution process of the meme group, cross-operations are performed within the optimal
group, which can better transmit optimal information. Thirdly, we introduce the single
point crossover and uniform crossover operators in genetic algorithms, comprehensively
utilize the advantages of the two operators, and randomly select crossover operations in
the form of probability to increase population diversity.

4.1. Encoding Method

When encoding the order-scheduling problem in the seru production system, it is
necessary to consider three sub-problems: worker-seru, order-seru, and order-worker. In
the first two sub-problems, both workers and orders are the result of allocation in the
seru unit. Due to the common feature of the seru unit, this paper proposes a double-layer
gene-coding approach. The first layer of coding consists of W + I gene loci, including the
allocation results of two sub-problems: the first part consists of W gene loci, representing
the allocation results of worker-seru; the second part consists of I gene loci, representing the
allocation results of order-seru. The numbers on the first gene locus are all seru numbers.
The second layer of coding represents the result of order-worker allocation. As the result
of order-worker allocation is influenced by the results of the first two sub-problems, each
order is considered as a unit, and the number of operations in the order is the number of
gene bits under that order. Regarding the gene bits, the corresponding processing workers
for that operation are represented. For example, the coding example in Figure 2 is a seru
system consisting of 4 seru units, 12 workers, and 8 orders. In the first layer, the first 12
loci represent worker seru allocation, while the last 8 loci represent order seru allocation;
the second layer is the worker corresponding to the process in the order. In the seru 1 unit,
workers wy, w9, and wiy work together to complete production orders j; and js. In order 1,
wy is responsible for processing J11 and /15, wg is responsible for processing [12 and [14, w12
is responsible for processing J13, and other orders are assigned similarly.
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«— Worker-seru assignment > Order-seru assignment ————»|
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Figure 2. Encoding example diagram.

4.2. Population Initialization

Generate an initial population F consisting of N frogs in the feasible domain. Ensure
that all solutions corresponding to frogs meet the coding requirements and are feasible
solutions for the optimization problems. Specifically, for randomly generated frog individ-
uals, the first layer of genes corresponds to the two parts of seru-worker and seru-order
allocation. Adjust the random allocation results according to the constraints in the model.
The second layer of gene coding is determined by the first layer of gene coding. The
assigned order and corresponding worker must be in the same seru unit, and the worker
must have the ability to process the process. Therefore, it is feasible to randomly produce
initialized frog population individuals.

4.3. Division of Meme Groups

Divide the frog population into different meme groups based on non-dominated
sorting and crowding distance at each level. Non-dominated sorting compares the corre-
sponding function values of two individuals. If both objective function values of Frog 1 are
better than Frog 2, it is considered that Frog 1 dominates Frog 2; if Frog 1 has an objective
function value that is better than Frog 2 and another equal objective value, it is considered
that Frog 1 dominates Frog 2. Count the number of non-dominated levels, denoted as Yy,.
Memetic group division refers to the grouping of non-dominated levels.

4.4. Memetic Evolution

For better meme evolution, select the optimal individuals from different meme groups
to form a group so that frog individuals can quickly transmit optimal information. This
article uses a crossover operator to update individuals within the meme group. The
crossover operation only applies to the first layer of genes, while the second layer of genes
is determined based on the first layer of genes. In the improved shuffled frog leaping
algorithm, each meme group has one frog with the best position and the worst position,
which is the best position among all frogs. Here, the best frog individual in the group is the
same as the best frog individual in the population.

During the first evolution of the meme group, a crossover operation is performed
on F, and F,, to generate a new solution. If the generated new solution is better than
F., it is replaced. If the effect is not good, a secondary adjustment is made. The second
adjustment is to randomly generate a new individual Fg to replace it. When making
alternative comparisons, the fitness used in this article is the solution corresponding to
the objective function one, as the solution corresponding to the objective function one is
the maximum completion time of the seru production system, which better indicates the
rationality of the scheduling plan.

Before performing the crossover operation, use Figure 3 to change the first-layer
structure of the individual and transform it into a unit-combination form. The reason for
the transformation form is, firstly, it can avoid cross operation from damaging grouping
information; secondly, during the crossover process, this approach can better preserve
some excellent genes of the parents; thirdly, the individual gene loci in the first layer are too
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long. After transforming the form, each seru unit is treated as a whole for cross-operation,
which shortens the length of individual genes in the form and can improve the algorithm’s
solving speed.

For the seru-worker section, this article adopts a single-point crossover operation,
which is simple and easy to implement and can compensate for the slow speed of uniform
crossover optimization. On two parent genes, each seru unit is treated as a single gene point,
and gene points are randomly selected for crossover. The crossover operation involves all
genes after that gene point. In the newly generated offspring genes, since the evolution of
the meme group mainly involves updating the worst frog, during the single-point crossover
operation, the right gene of the worst frog was replaced with the right gene of the best frog.
In order to retain some of the genes in the optimal solution, the left gene in the duplicate
gene was deleted. For missing gene loci, compensate for the missing genes in the worker
coding order. The single-point crossover operation is shown in Figure 4.

«—  Worker-seru assignment

A 4
A

< Order-seru assignment ~———|

2 1 4 | 3 2 2 3| 4|1 4 |3 1 1 2 2 3 1 4 1 3| 4

2 19 121 516 |4 | 7 |11 3|8 ]10]1 5 2 3 4 7 6 | 8

«— Serul —»<«— Seru2 —»<«— Seru3 —»<«— Seru4 —>< Serul >« Seru2 >« Seru3 >« Serud >

Figure 3. Individual first-layer gene transformation.
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Figure 4. Cross-operation.

For the seru-order section, this article adopts the uniform crossover operation, which
can compensate for the situation where a single point cross is prone to falling into local
optima and increasing the diversity of the population. On two parent genes, treat each seru
unit as a single gene point as a whole. For each gene point of the optimal frog individual
in the parent generation, Uy is randomly generated to represent its selection probability,
where U € (0,1). The gene points on the parent gene are exchanged with a probability of
P =0.5. When the probability of corresponding gene points on the parent gene is Uy > P, a
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gene-crossover operation is performed; otherwise, no crossover operation is performed. In
the process of uniform crossover, the probability of gene points is compared in order from
left to right, and the operations for repeated and missing values are the same as those in
the single-point crossover. The uniform crossover operation is shown in Figure 4.

To comprehensively utilize the advantages of the two operators and randomly select
crossover operations in the form of probability, the single-point crossover operation of
the worker-seru part and the uniform crossover operation of the order-seru part are both
carried out with a 50% probability; that is, if the random selection probability P > 50%, the
seru-worker part of the crossover operation will be carried out, and the seru-order part
will be adjusted accordingly; if P < 50%, proceed with the cross-operation of the seru-order
section. The portion of the second gene worker order is adjusted according to changes in
the first gene. The specific steps are as follows:

Step 1: Determine the optimal frog F,, and worst frog F,, in the meme group.

Step 2: Take probability P and perform single-point crossing (P > 50%) or uniform
crossing operation (P < 50%) on F;, and F,, to obtain Fpew1.

Step 3: Compare the fitness values of Fey1 and F,. If the fitness of Fyoq is better
than that of F,,, replace F,, with Fj.\v1; otherwise, proceed to step 4.

Step 4: Randomly select another frog in the group to replace Fy,.

Step 5: After updating the position of the worst frog, upgrade the cultural genome
and re-rank the fitness. If the maximum number of evolutions has not been reached, return
to step 1 to continue the local search until the maximum number of evolutions in the meme
group is reached, ending the local search.

4.5. Algorithm Flow

The improved shuffled frog leaping algorithm proposed in this article uses non-
dominated sorting and crowding distance in NSGA-II to evaluate the superiority and
inferiority of individuals. To improve the convergence speed of the algorithm, the optimal
individuals from each non-dominated level are selected to form a group and complete
the evolution of the meme group. In the process of meme evolution, using crossover
operators to update frog individuals can improve population diversity. The combination of
single-point crossover and uniform crossover for meme evolution can further improve the
convergence speed of the algorithm, effectively avoid reducing local optimal solutions, and
improve the breadth and depth of the search. The detailed steps of SFLA are as follows:

Step 1: Frog population initialization. Randomly generate a population of S with
N frogs.

Step 2: Frog population sorting. Sort the frog individuals in the population using
non-dominated sorting and crowding distance, and record the frog Fg with the best fitness
in population S.

Step 3: Meme grouping. The grouping of individual frogs is equivalent to a non-
dominated ranking hierarchy, and the optimal solutions from each hierarchy are selected
to form a meme group.

Step 4: Meme evolution. Independently perform meme evolution on the meme group
and update the worst frog in the group.

Step 5: Meme group reconstruction. Mixed cultural genomes: after completing a local
search in each meme group, reassemble population S to complete communication and
communication between frogs, reorder according to step 2, update the optimal frog in each
meme group, and record the frog Fg with the best fitness in population S.

Step 6: If the maximum evolution number (Gen) or convergence condition of the
entire population has not been reached, return to step 3 to continue. Otherwise, stop the
algorithm iteration and output the global optimal value.

The basic process of the improved shuffled frog leaping algorithm in this article is
shown in Figure 5.

304



Processes 2024, 12, 38

( The evolution of memes begins )

<
<

Determine Fw, Fb, and Fg of the
population in each meme group

v

Update Fw based on the cross operation
between Fb and Fw

Algorithm Start

Initialize population S

Determine if the updated Fw has
better adaptability than Fw

Calculate the individual objective function
values f1 and f2 for frogs

——

Perform non dominated sorting and
crowding calculation on the population,
and record the optimal population Fg

No

Update Fw based on the cross operation
between Fg and Fw

No

Determine if the updated Fw has
better adaptability than Fw

Division of meme groups

L _ Yes
—~
—~
-~
~
-
. . —~
Memetic evolution -
-~
v T

| Randomly generate new Fw |
Mixed cultural genomes,

recombining populations

4’| Replace Fw with updated Fw |

Have you reached the maximum
number of evolution times in the
population, Gen

Determine whether the maximum
number of evolutions within the meme
group NN has been reached

End of meme evolution

Figure 5. Flow diagram of improved SFLA.

5. Numerical Tests

To verify the rationality and applicability of the improved hybrid leapfrog algorithm
designed in this article in solving the order-scheduling problem considering worker co-
operation and learning effects in the seru production environment, MATLAB R2022a
software was used to conduct experimental simulation verification on large-scale and
small-scale examples.

The parameters set in Table 1 are for using the improved hybrid leapfrog algorithm
to solve specific examples in this article. The experimental parameter settings of the size
calculation examples in this article refer to the experimental settings of Lian et al.’s [1]
calculation examples, and adjustments have been made based on this. In the production
process of seru, due to different product types, the corresponding processes and standard
processing times of the products may vary. The specific processes and standard processing
times of the products are shown in Table 2. The specific processing skills of workers are
shown in Table 3.

Small scale examples: Assuming there are 4 seru units and 12 workers in the produc-
tion workshop, and 10 orders have arrived, order scheduling and allocation are required.
The basic information on the orders is shown in Table 4. This article allocates orders based
on the size of their delivery dates. The order of order allocation is Order 6, Order 1, Order
5, Order 7, Order 9, Order 4, Order 10, Order 2, Order 8, and Order 3.
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Table 1. Example parameters.

Systemic Factors Parameter Value
pop_size 100
m_frog 20
n_frog 5
Gen 50
Awu N(0, 0.01)
M u(, 1)
b U(-1,0)
worker_lowlim 2
worker_uplim 5
T_seru 2400

Table 2. Standard processing time for the corresponding process of the product.

S1 S2 S3 S4 S5 S6 S7 S8
P1 292 2.79 3.36 - 3.72 294 3.12 3.08
P2 - 2.79 3.36 3.40 3.72 - 3.12 3.08
P3 2.92 2.79 3.36 3.40 3.72 294 3.12 3.08
Note: “-” indicates that the product does not require this processing step.

Table 3. The corresponding process for workers’ processing skills.

s1 s2 S3 sS4 S5 S6 S7 S8
Wil v - Vv - v v v v
w2 - v v v v v - v
W3 v v - v v - v v
W4 - v Vv v v - v v
W5 v v Vv v v - Vv -
Wé - v Vv - v v Vv v
w7 v v Vv - - Vv v v
w8 - v Vv Vv v - Vv v
W9 v v v v v v Vv v
W10 - v v v v - v v
Wil Vv v v - v Vv Vv v
Wiz - Vv Vv v Vv - Vv Vv

Note: “y/” indicates that the worker has mastered the skill, “-” Indicates that the worker does not master the skill.

Table 4. Example of order basic information.

Order Number J1 J2 J3 J4 J5 J6 J7 J8 J9 J10
Product type 1 3 2 2 3 2 1 1 2 2
Order 32 16 17 28 17 35 35 33 19 31
Delivery date 750 1200 1800 900 780 550 850 1750 870 960
Setup time 3.4 2.7 3.1 3.1 2.7 3.1 3.4 3.4 3.1 3.1

To verify the necessity of considering the effects of worker cooperation and learning
behavior when solving order-scheduling problems in this article, a comparative experiment
was conducted.

Example experiment 1: Research the necessity of considering the effects of learning
behavior. The indicators for considering learning behavior are selected with an incompress-
ible factor of M = 0.79 and a learning index of b = —0.7. Other variables and parameters are
controlled to be consistent with the control group. In the control group, worker cooperation
and learning behavior were not considered. The seru order-scheduling problem with and
without considering worker learning effects is solved separately, and the results are shown
in Figure 6. From the results, it can be seen that under the premise of this article, the
order-scheduling scheme considering worker-learning effects obtains better solutions for
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the maximum completion time and total processing time of worker orders in the seru
production system; that is, considering worker-learning effects in the seru scheduling
scheme can obtain better allocation results.

1950 T T

Fe ) —#— Consider learning
T —=— Not consider

1900 |- R

1850 |-

4

I3

1800 - 1

1750 - b

F2

1700 - _
1650 ]
1600 - .
1550 - I .

1500 |- k\ﬁ .

1450 Il Il Il Il Il
450 500 550 600 650 700 750

F1

Figure 6. Comparison of results in example experiment 1.

When considering the learning effect of workers, this article adopts the DeJong learn-
ing effect model. In the DeJong learning effect model, changes in the incompressible factor
M and learning index b will both affect the learning effect. To further explore the impact of
worker learning effects on order scheduling, this article changes the incompressible factor
and learning index that affect learning effects.

Example experiment 2: Changing the incompressibility factor and learning index.
Selecting incompressible factors M with values of 0.79, 0.89, and 0.95, and controlling for
the same other variables, the results obtained are shown in Figure 7. From the results
of Figure 7, it can be seen that when the learning index remains unchanged and the
incompressibility factor increases, the solutions obtained for both objective functions
increase. The incompressible factor represents the impact of the automation level of
the production line on the learning effect. A larger index indicates a greater degree of
automation in the assembly line and a diminished learning ability of workers. This indicates
that in the seru production system, an appropriate level of automation can improve the
completion efficiency of orders. However, since the seru production system mainly relies
on worker production, a higher level of automation is not conducive to the improvement in
worker learning ability and affects the production time of orders. Selecting learning indices
of —0.7, —0.8, and —0.9, controlling for the same other variables, the results are shown in
Figure 8. From the results of Figure 8, it can be seen that when the control incompressibility
factor remains constant and the learning index | b | is increased, the overall learning ability
continues to increase, and the solutions obtained from the two objective functions tend
toward the origin; that is, as the learning index | b | increases, the results become better.
This further demonstrates the necessity of considering the worker-learning effect in order
scheduling for a reasonable arrangement of order scheduling.
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Figure 7. Comparison of results with different incompressibility factors in example experiment 2.
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Figure 8. Comparison of results of different learning indices in example experiment 2.

Example experiment 3: Research on the necessity of considering the effects of worker
cooperative behavior. The cooperation coefficient of randomly selected workers remains
unchanged in the comparative experiment, and other variables and parameters are con-
trolled to be consistent with the control group. In the control group, worker cooperation
and learning behavior were not considered. The results are shown in Figure 9. In Figure 9,
it can be seen that the order-scheduling scheme obtained by considering the cooperative
behavior of workers has a better solution for the objective function of maximum completion

time and total order processing time. Therefore, considering the cooperative behavior of
workers is beneficial for the allocation of seru order scheduling.
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Figure 9. Comparison of results in example experiment 3.

To further explore the impact of worker behavior effects on seru scheduling and to
consider the dual factors of worker cooperation and learning behavior effects on seru order
scheduling, case experiment 4 was conducted.

Example experiment 4: The necessity of considering the dual behavioral effects of
workers was studied, and the experimental results are shown in Figure 10. In Figure 10,
it can be seen that the optimal solutions obtained by considering worker behavior effects
are better than those obtained without considering worker behavior effects, indicating that
considering worker behavior effects can improve the efficiency of the seru production sys-
tem. In Figure 10, it can also be observed that the optimal solution obtained by considering
the dual behavioral effects of workers is superior to the optimal solution obtained by solely
considering the cooperative or learning behavioral effects of workers. This indicates that
in actual production scheduling, considering both cooperative and learning behaviors of
workers to develop order-scheduling schemes can better leverage the effects of worker
behavior, maximize human production efficiency, and optimize the performance of the
seru system.

To verify the effectiveness of the algorithm, this paper applies the GA algorithm and
the improved shuffled frog leaping algorithm to solve the problem through small-scale
examples. To provide a more intuitive reflection of the results, this article has expanded
the production volume of orders. The same applies to other items, and Table 5 shows the
order demand quantity table. Figure 11 shows the results obtained from running three
algorithms five times. The GSFLA algorithm applies a crossover operator based on the
traditional shuffled frog leaping algorithm. The crossover operator is the same as in this
article, but the meme group evolution is different. The GSFLA algorithm applies the meme
group evolution idea of the traditional shuffled frog leaping algorithm. In the graph, it
can be seen that the algorithm in this study is superior to the GSFLA algorithm but has
no significant advantage compared to the GA algorithm. However, the average single
operation time of the algorithm in this paper is 0.95 s, and the average single operation
time of the GA algorithm is 16.2 s, reducing the running time by 94%. Through the above
comparison, it can be concluded that the algorithm in this study is effective, but there are
still shortcomings in improvement. In the future, the idea of the genetic algorithm can be
further referenced to improve the optimization ability.
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Figure 10. Comparison of results in example experiment 4.

Table 5. Order quantity information.

Order Number J1 J2 J3 J4 J5 J6 J7 J8 J9 J10

Order 164 115 117 128 127 135 185 133 119 131
8500 .
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Figure 11. Non-dominated solution sets of three algorithms.
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In the actual seru production scenario, the batch size of orders received by the work-
shop will be greater than that in small-scale examples, and the relationship between seru
units and orders will also be more complex.

To further validate the effectiveness of the algorithm, this article intends to conduct
large-scale numerical experiments, with specific experimental parameters shown in Table 6.

Table 6. Parameter information of large-calculation examples.

Parameter Value Range

Seru 6

Worker 18

Order 25

Order quantity [20, 40]
Workers’ master skills [6, 8]
Delivery lead time [800, 2000]

Incompressible factor M 0.79
Learning Index b —0.7

Table 7 shows the non-dominated solution set for the large-scale experiment. Table 8
and Figure 12 take the large example of non-dominant solution 1 as an example and
list the Gantt charts of the optimal solution for the optimal solution and the optimal
order-scheduling scheme. In summary, in the design process of production scheduling,
enterprises can improve the efficiency of the seru production system by leveraging worker
cooperation and learning behavior.

Table 7. Large example experiment’s non-dominant solution set.

F1 F2

1182.22 5567.60
1203.59 4722.48
1483.43 4496.41
1524.19 4365.36
2084.35 4295.84

6| 2117 1 25| 1 13 12 14 18 20

5 19 b 16 8 9 |22 23 6

4 15 7 24

3|10| 3 4

0 200 400 600 8OO 1000 1200 1400 1600 1800

Time

Figure 12. Gantt chart of order scheduling results in large-example experiments. Note: the numbers
on the graph represent the order number.
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Table 8. Large-example worker-allocation plan.
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6. Conclusions

This article studies the order-scheduling problem while considering the effects of
worker cooperation and learning behavior. In constructing the problem model, factors
such as worker cooperation behavior, learning behavior, and preparation time for order
processing are taken into account. A nonlinear programming model is established to
minimize the maximum completion time and order processing time. To better solve the
seru production scheduling problem, this paper introduces a hybrid frog jump algorithm
with a strong global optimization ability to solve it. Based on the order-scheduling problem
solved in this article and the characteristics of the model, the hybrid leapfrog algorithm is
improved. The effectiveness of the model and algorithm has been demonstrated through
small-scale and large-scale numerical experiments. The following conclusions can be drawn
from the example experiment: (1) Both cooperative and learning behaviors of workers
will have an impact on seru production, and learning behavior has a greater impact on
seru production efficiency than cooperative behavior. (2) Considering the dual behavioral
effects of workers can optimize the seru’s production efficiency. (3) Positive cooperative
behavior can promote seru production, but negative cooperative behavior can hinder seru
production. Based on the aforementioned findings, we can offer several recommendations
for business managers. Firstly, enterprises should focus on creating a conducive work
environment, enhancing employee cooperation awareness, and facilitating communication
and collaboration to improve workshop production efficiency. Secondly, when developing
an order-scheduling plan, managers should take into account the learning tendencies of
workers during the order-production process. They should also fully utilize the learning
behavior effects of workers, gathering similar orders to improve worker skill proficiency
and further improving the efficiency of seru production systems.

The order-scheduling problem addressed in this article, with known order require-
ments, does not consider the impact of dynamic factors such as random order arrival
and new order arrival. It is limited to static order scheduling. Future research can focus
more on dynamic factors and consider random order demands to better fit the actual seru
production environment.
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Notation

i Index of seru,i=1,2,..., L

j Index of order, j=1,2,...,].

w Index of worker,w=1,2,..., W.

p Product types,p=1,2,..., P.

k Processing sequence of orders in seru, k=1,2, ..., K.
T; Standard processing time for process s of product p.
M Incompressible factor (0 <M < 1).

b Learning index (—1 < b <0).

Ngou Cooperation coefficient between worker w and worker 7.
Ny Cooperative influence factors of workers w.

5; Quantity of order ;.

Wiin  The lower limit for worker allocation within seru.
Wiax  The upper limit for workers allocated within seru.
FCB;  Start time of order j in seru i.
ST; Preparation time of order j in seru i.
FC; Processing time of order j in seru i.
Qjw Number of orders completed by worker w.
Q,-]-w The number of orders completed by worker w in seru i.
H The total processing time for worker w to complete process s in order j.

T; Available production time for seru i.
Zp Replacement time for product p.
D, Delivery date of order j.
Y. _ { 1, if worker w is assigned to seru i
WET 0, otherwise
1, if order j is processed in seru i
Rij - { 0, otherwise
co { 1, if the product type of order jis p
P71 0, otherwise
1, if the processing position of order j in seru iis k
Xijk - { 0, otherwise
1, If the type of product processed by worker w is p
Uop = { 0, otherwise
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Abstract: In this paper, a 100 kW radial inflow turbine is designed for an ocean thermal energy
conversion (OTEC) power plant based on the organic Rankine cycle (ORC) with ammonia as the
working fluid. Based on one-dimensional (1D) and three-dimensional computational fluid dynamics
(3D-CFD) modeling, the mechanical structure design, static and modal analyses of the turbine and its
components are carried out to investigate its mechanical performance. The results show the stress
and strain distribution in the volute, stator and rotor, and their maximum values appear, respectively,
at the inlet cutout, the tip of the stator outlet and the connection position between the rotor and the
shaft. After optimization, all the stresses in the above components are below the allowable values.
The frequencies from the first order to the sixth order of the rotor and whole turbine were obtained
through modal analysis without prestress and under prestress. The maximum frequency of the
rotor and whole turbine is 707.75 Hz and 40.22 Hz, both of which are far away from the resonance
frequency range that can avoid resonance. Therefore, the structure of the designed turbine is safe,
feasible and reliable so as to better guide actual production.

Keywords: ocean thermal energy conversion; radial turbine; static analysis; structural design;
modal analysis

1. Introduction

The ocean has a large number of untapped resources, such as ocean thermal energy
(OTE), wave energy, tidal energy and water resources [1]. Exploring ocean energy has
become an effective way to solve the energy crisis and achieve sustainable development [2].
The ocean is the largest solar energy utilization device on Earth, absorbing solar energy
that far exceeds human energy consumption. The Earth receives enough energy from the
sun every year to supply its needs [1]. Ocean thermal energy conversion (OTEC) utilizes
the temperature difference between warm surface seawater and deep cold seawater as the
heat source to realize the utilization of ocean thermal energy [3], possessing the advantages
of huge reserves [4], continuous stability, natural cleaning and other characteristics [5,6],
with a power generation potential of about 150 million kW [7]. Compared with other ocean
clean energy sources, OTE is considered to be the worthiest due to its advantages in terms
of high energy density and small power generation fluctuations.

The power generation equipment of an OTEC plant is a turbine, and they can be
mainly divided into two categories: axial turbines and radial turbines. Ammonia was the
earliest working fluid used and is still the most common in OTEC-ORC systems due to
its advantages in terms of its good economy, large unit refrigeration capacity and high
heat release coefficient [8-10]. In OTEC systems, the available temperature difference is
small [11], limiting the power output and efficiency. Therefore, a radial inflow turbine
is generally used in OTEC systems due to its simple structure, good economy, and high
efficiency. In order to improve the actual turbine performance under the conditions of low
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temperature and pressure, the structural design and optimization of an OTEC radial inflow
turbine should be studied.

Some researchers have conducted 1D design [12-15], 3D-CFD simulation [16-18] and
other analyses. Nithesh et al. [19] adopted a comprehensive 1D meanline design method
for a radial inflow turbine with a 2 kW output power and found that blade edge filleting
is very important to improve blade performance. Kim et al. [20] studied and proposed a
new method for the appropriate selection of the mass flow rate and loading coefficient
and carried out meanline analysis and three-dimensional viscosity simulations in order to
verify whether the proposed method can optimize the design of a radial inflow turbine.
Nithesh et al. [21] designed a 2 kW radial inflow turbine for OTEC closed-cycle using
R22 as the working fluid and conducted a three-dimensional simulation to analyze the
importance of blade number and fillet. Wu et al. [22] optimized the design of the dual-
pressure steam turbine in the OTEC system based on structural theory. Compared with
the initial design point, the total output of the turbine after primary, secondary and third
structural optimization increased by 0.69%, 1.82% and 2.02%, respectively. However, these
researchers only focused on the analysis and optimization through 3D-CFD simulation for
radial turbines, lacking structural design and analysis.

Many scholars have verified the simulation results by conducting experiments. How-
ever, their research focused more on building experimental platforms and compared the
power output or isentropic efficiency. Structure design analysis and verification for tur-
bines are scarcely carried out. Uusitalo et al. [23] experimentally investigated a small-scale
high-temperature ORC, in which the turbine was discovered as having an identical value
between the system design value and the mechanical power output of about 6 kW. Weifs
et al. [24] designed two small-scale turbines, an axial impulse turbine and a radial cantilever
turbine, with a maximum power output of about 12 kW, which had isentropic efficiencies
of 73.45% and 76.8%, as experimented on in the ORC test bed. Although the structure
and modal analysis [25] of gas turbines can be of significance in terms of reference, the
operating conditions of high temperatures and pressures [26] are totally different from
those of OTEC-ORC turbines. In addition, the blades of gas turbines are usually made of
stainless steel from 12 Cr and Ti-6Al-4V [26], which is not compatible with the working
scenarios of OTEC-ORC turbines.

From the above literature investigation, it can be found that the research on turbines
mostly focuses on CFD simulation and optimization. There are few studies on the structural
design and analysis, especially for OTEC-ORC turbines, which operate at low temperature
and pressure and are necessary to meet the efficient, feasible and reliable requirements.
Therefore, based on the 1D design and 3D CFD optimization of a 100 kW radial inflow
turbine in the OTEC-ORC cycle using ammonia as the working fluid, the mechanical
structure and modal analysis as well as stress and strain analysis on the key components
and the whole turbine are carried out to ensure the safety, reliability and processability so
as to better match the actual production needs and provide guidance for the research of
OTEC radial inflow turbines.

2. Aerodynamic Parameter Calculation Based on 1D Design and 3D-CFD Simulation

The meridian plane diagram and the rotor velocity triangles are shown in Figure 1.
The 3D-CFD model of the turbine is shown in Figure 2. Mesh software is employed for
the volute and diffuser to create tetrahedral mesh, and TurboGrid 19.2 software with ATM
(Automatic Topology and Mesh) is used for the nozzle and rotor to create hexahedral mesh
with the schematic diagram shown in Figure 3. The number of grid nodes for this design is
selected as 1.6 x 10° after a mesh independence test. The calculated thermodynamic and
structural parameters are shown in Table 1.
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(a) 1D schematic diagram (b) Inlet velocity triangle (¢) Outlet velocity triangle

Figure 1. Schematic diagram and rotor velocity triangle of turbine structure.

Figure 2. Three-dimensional (3D) model of the designed radial turbine.

(a) Mesh of volute and diffuser.

(b) Mesh of nozzle and rotor.

Figure 3. Mesh diagram.

Steady-state, viscous flow simulation is performed using software CFX. The cubic
equation of state by Peng—Robinson is used to calculate the thermodynamic parameters of
the expansion process of the working fluid ammonia inside the turbine. Since the Reynolds
number of the working fluid in the turbine is much greater than 10°, the standard k-¢
equation is used to solve the three-dimensional flow problem inside the turbine. The
convection scheme of the momentum equation adopts high resolution, and the transport
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equation adopts the first order. Because there is no mass transfer or change in chemical
composition during the solution process, the energy equation is not considered. The
convergence criterion is set as 10~ for the residual target.

Table 1. Main parameters of the designed radial turbine.

Parameters Units Value Parameters Units Value
wa kg/S 4.09 Dr,shroud m 0.208
P kW 100 P - 0.85
Tturb,in °C 24 @ - 0.95
Pturb,in bar 7.3 Dn in mm 476.4
Trurb,out °C 11.37 Dyin mm 415.8
Prurb,out bar 6.0 Dn out mm 417.8
D - 0.366 D;shroud mm 209.5
o1 ° 13° Dr,hub mm 48
B2 ° 60° Ly mm 257.8
Q - 0.437 Ly x mm 145.8
Cogs m/s 148.01 n rpm 7000
1 m/s 157.79 N; - 15
uq m/s 153.18 Nn - 32
wy m/s 35.5 Nt isen % 89.4
13 m/s 32.37 (s % 4.0%
Uy m/s 56.06 4] Y% 2.0%
Wy m/s 64.74 Cs % 1.63%

3. Turbine Structural Design

The assembly of the turbine consists of four parts, namely the volute, stator, rotor
and diffuser. This section conducts structural design, strength verification, connection and
sealing design for these four parts.

3.1. Structural Design of Shaft

Torque is mainly transmitted through shafts when a rotor operates. Fatigue fracture is
one of the main failure modes of shafts and tends to occur in places with smaller diameters.
When the turbine operates, the main load is torque, and there is no external bending
moment. Therefore, only the effect of torque is considered during design and verification.

The torsional strength should meet the requirements of Equation (1) [27].

T  9.55x10°P

Wr o~ 02dn < 7] 1)

T =

Wherein, 71 (MPa), T (N-mm), and Wt (mm?) are the torsional shear stress, torque on
the shaft and torsional section coefficient, respectively. n (rpm), P (kW) and d (mm) are the
shaft rotational speed, shaft power and the diameter of the shaft section. [T1] (MPa) is the
allowable torsional shear stress.

The allowable torsional shear stress of AISI 1045 steel, the material of the shaft,
is 35 MPa [28]. Therefore, the minimum diameter is calculated to be 26.91 mm and
then rounded to 30 mm. As shown in Figure 4, a stepped shaft is used in the rotor
structure, consisting of diameters of $30, $45, $50, $60, and P70, respectively, and their

corresponding lengths are 28 mm, 25 mm, 123 mm, 34 mm, and 60 mm. The ends of the
shaft also need to be chamfered to facilitate assembly and deburring.
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4

(a) Rotor. (b) Shaft. (c) Flange.

Figure 4. Structure of the shaft and assembled parts.

The torsional stiffness of the shaft is checked according to Equation (2) [27].

—573x1o4iiTii<[ ] ()
e LGH I — o
td*
=3 ®)

where ¢t (°/mm), G (MPa) and I,, (mm*?) are the torsion angle, the shear elastic modulus of
the shaft material and the polar moment of inertia of the shaft section, respectively. L(mm)
is the length of the stepped shaft subjected to torque. Tj, I; and I; are the torque, length
and polar moment of inertia on the i-th segment of the stepped shaft, respectively. z is the
number of shaft segments on which the stepped shaft is subjected to torque. [¢T] (°/mm)
is the allowable torsion angle of the circular shaft.

The calculated value of ¢t is 0.0014° /mm, less than 0.5°/mm, which is the allowable
circular shaft torsion angle of the precision transmission shaft. In addition to ensuring the
torsional strength and rigidity, the shaft adopts mechanical sealing to effectively ensure the
air tightness and achieve long reliable operation.

3.2. Calculation and Selection of the Bearing

As shown in Figure 5, it is a 3D assembly model of the turbine placed vertically. The
bearing is required to not only bear radial load but also a certain axial load. Therefore,
angular contact ball bearings S7312AC and S7309AC are employed according to the size of
the shaft diameter. The contact angles of S7312AC and S7309AC are all 25°, the inner and
outer diameters are 60 mm, 45 mm, and 130 mm, 100 mm, respectively, and their widths
are 31 mm and 25 mm. The basic dynamic and static load ratings for each are 92.5 kN,
55.1 kN, and 62.6 kN, 37.1 kN. The maximum speeds are 7700 rpm and 10,000 rpm with
oil lubrication.

Pitting corrosion damage is a common failure mode of rolling bearings. In order to
ensure the effectiveness of the design, the fatigue life of the bearing must be verified. Using
high-speed bearings makes the product of the average diameter of the bearing and the
rotational speed greater than 0.6 x 10°, which will generate a large amount of heat and
can easily cause excessive wear and burns when bearings rotate. Therefore, in addition to
ensuring that the bearing has sufficient fatigue life, its limit speed must also be checked to
avoid the generation of excessive heat.

The axial force F,e and radial force Fy on the shaft can be obtained from Formulas (3)
and (4) [28].

Fre =mg (4)
Foe =2T/d @)
T =9.55 x 10°P/n (6)
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The radial force F, and the derived axial force F4 on the bearing can be obtained by
Formula (7).

4 3
Fq = ?Fre/FrZ = 7Fre (7)
Fy;= 0.68F, (8)

The axial forces F,1 and F; can be given by Formula (9) and Formula (10), respectively.
Fao = Fgp 9)

Fa1 = Fae — Fa2 (10)
The fatigue life of the bearing can be obtained from Formulas (11) and (12) [29]:

Ly = 10° x (C/P)*/60n (11)

P = fo(XF: + YF,) (12)

Here, P and C are the equivalent dynamic load and basic dynamic load, respectively. X
and Y are the radial and axial dynamic load coefficient, respectively. When F,/F; < 0.68, X
and Y take 1 and 0, respectively; otherwise, they take 0.41 and 0.87. f}, is the load coefficient.
¢ is the life index, and € = 3 for ball bearings. The life of the bearings selected in this article
is much longer than expected and meets the design requirements. Table 2 gives the specific
calculation results.

Diffuser
S7312AC Bearing

Volute
Gasket

Shell cover

Nozzle
Bolt
S7309AC Bearing
Bearing cap
j,/]/b_ﬁg‘ﬁ_h % Eﬂ/ L
Torque meter L‘JJ—LI-J_ !ﬁ—m]—éd h—J
T Setscrew

Figure 5. Three-dimensional (3D) structural model of the designed turbine.

Table 2. Bearing force analysis results.

S7312AC S7309AC
Radial force (N) 200.73 150.54
Derived axial force (N) 136.49 102.37
Axial force (N) 553.85 102.37
Equivalent dynamic load (N) 620.56 165.59
Bearing life (h) 7.89 x 106 8.77 x 107

In addition to checking the life of the bearing, we should also check the limit speed
of the bearing to determine whether the bearing can operate stably. Equation (13) gives
the check condition, which means the maximum speed should be less than or equal to the
limit speed:

Mmax < Mlim (13)
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The bearings adopt oil lubrication in this article. The corresponding limit speeds of
the two bearings are 7700 rpm and 10,000 rpm, respectively. The design speed is 7000 rpm,
which is smaller than the limit speed of the bearing and meets the requirements.

3.3. Structural Design of Volute and Diffuser

Figure 6 shows the structural model of volute, which makes the working fluid flow
axially and symmetrically at the outlet. The connection with the outside is a flange con-
nection. The material of the volute is stainless steel ZG10Cr13. According to GB 150-2011
Pressure Vessels, the wall thickness of volute can be calculated by Formula (14).

5= PtDV

= 2o R 14

where P; (MPa) and Dy (mm) are the theoretical design pressure and the minimum inner
diameter of the volute. ¢ means the welding coefficient, and [¢] (MPa) is the allowable
stress of the material.

Figure 6. Volute structure diagram.

The equipment is prone to corrosion because of the environment where OTEC is
utilized in high humidity and salt. Therefore, the wall thickness of the volute is designed
to be 3 mm in this design in order to ensure the normal operation of the equipment.

In addition, the flange is also designed to be welded together with volute, which can
facilitate the connection of volute with other components of the turbine. The specific design
steps are as follows:

(1) The maximum working pressure of the designed turbine in this article is 7.3 bar, and
the working temperature is 24 °C. Therefore, the nominal pressure is determined to
be 1 MPa for safety.

(2) The type of flange is preliminarily determined to be Type A flat welding based on the
above-mentioned parameters. The inner diameter of the volute is 596.4 mm, which is
rounded and taken as 600 mm. The corresponding outer diameter of the flange and
thickness is 780 mm and 42 mm. The hole diameter and number of the M27 bolt are
30 mm and 20. The outer diameter of the flange and the center diameter of the bolt
hole adjust to 900 mm and 845 mm, respectively, in order to avoid the installation.

(3) The sealing structure is selected as a flat sealing surface, because the working fluid is
gaseous ammonia that is not corrosive.

(4) According to the working temperature, the material of the flange is made of stainless
steel ZG10Cr13, which is consistent with the volute material to ensure the uniformity
of material, structure, performance and stress during the welding process. The gasket
is made of asbestos rubber, and the material of the stud and nut are AISI 1035 steel
and AISI 1025 steel, respectively.

The diffuser discharges the exhaust steam and should have good ability to divert flow.
The conical diffuser is utilized in this article. In order to reduce the installation process
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and reduce the risk of leakage, the diffuser and the volute are integrated into one body,
so its thickness and the material are the same as the volute. The outlet of the diffuser is
connected with flanges and pipes.

3.4. Structural Design of Stator and Rotor

In the design of the stator, the blades and base are processed separately. The stator
blades can be processed by milling and positioned using positioning pins to prevent the
stator from rotating. A boss is used to achieve circumferential positioning, and its structure
is shown in Figure 7.

S W RSN
/’/\%ﬁ ff/ g \§”\
{ “‘\\\;’\’.’J N
R\ .
-“-‘ ‘; N‘x ,"“I‘#\% "‘ .
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Figure 7. Stator structure.

In order to ensure the air tightness of the device, a gasket is utilized for sealing where
the blades and the volute base contact. Because the OTEC turbine is operated under
low temperature and pressure condition, comparing with the gas turbines operated at
high temperature and pressure [25,26], the requirements for the material of an OTEC
turbine stator and rotor is less strict, and aluminum alloy 6A04 is selected due to its good
processing performance, light weight and high compressive strength. Thus, there is no
need for stainless steel from 12Cr and Ti-6Al-4V [26], saving investment cost.

The installation accuracy of the rotor must be guaranteed because it is the key working
component. Therefore, a 5 mm deep welding groove is left at the bottom of the rotor to
ensure the concentricity between the shaft and rotor. Figure 8 shows a schematic diagram
of the connection between the rotor and shaft. The blade thickness of the rotor is 2 mm,
and the blade number is 15.

Figure 8. Schematic diagram of rotor and working shaft connection.

4. Structural Strength and Modal Analysis of Turbine

According to the calculation results of CFX, the corresponding constraints and loads
are applied. ANSYS 19.2 software is used to analyze the strength of the volute, stator,
rotor and shaft. The fluid pressure in the diffuser is low and the velocity is small, so no
calibration is required.

4.1. Structural Strength Analysis

First, meshing and independence analysis are performed. Table 3 shows the results of
independence analysis; the parameters with italic type are the final grid sizes. The meshing
results of the main components are shown in Figure 9.
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Table 3. Grid independence analysis.

Grid Size (mm) Deformation (mm)
Volute Stator Rotor Shaft Volute Stator Rotor Shaft
5 4 8 1 1.373 0.00691 0.0977 0.00296
6 5 10 2 1.238 0.00678 0.0976 0.00295
8 10 11 3 0.886 0.00667 0.0971 0.00295
10 15 15 5 0.607 0.00638 0.0968 0.00293
20 20 20 10 0.197 0.00532 0.0945 0.00296

(a) Volute Mesh (b) Nozzle Mesh

(c) Rotor Mesh (d) Shaft Mesh

Figure 9. Meshing results of main components.

The stress and strain distribution of the volute are shown in Figure 10a,b. There
is a stress concentration at the inlet cut of the volute. The maximum stress of 583 MPa
exceeds the maximum allowable stress of the material of 350 MPa, and the maximum
strain is 0.00303 mm/mm. Therefore, the volute structure is optimized by adding bosses to
make the tip surface more rounded to reduce stress concentration. Figure 10c,d show the
optimized stress and strain distribution of the volute. The maximum stress is 124.74 MPa,
which meets the design standards. The optimized volute stress is reduced by 78.60%. The
strain of the volute is 6.6 x 10~* mm/mm, which is reduced by 78.22%.

The stator is a stationary component, and the bottom surface is fixedly constrained.
Thus, it is mainly affected by gravity, aerodynamic and temperature load. Figure 11 shows
the stress and strain distribution of the stator. The maximum stress point appears at the
tip of the stationary blade cascade outlet. The maximum stress is 144.72 MPa, half of the
material’s allowable stress of 280 MPa, which is within the material’s bearing capacity. It
can be found that part of the blade outlet is more easily deformed than part of the inlet.
The deformation is largest at the upper part of the stator blade outlet with a value of
0.0068 mm.

The rotor is the most critical component of the turbine. In this paper, the design speed
of the rotor is 7000 rpm. Therefore, in addition to gravity, aerodynamic and temperature
load, the inertial force caused by rotation must also be considered. The constraints are the
axial constraints on the top end surface and the tangential and normal constraints on the
outer diameter cylindrical surface. Figure 12 shows the stress and strain distribution of
the rotor, in which we can find that the maximum stress point appears at the connection
between the rotor and shaft. The maximum stress is 100.22 MPa, which is in line with the
material’s bearing capacity. In addition, there is also stress concentration at the root of
the blade, which can easily cause the blade to break. The maximum strain of the rotor is
0.098 mm, which will occur at the entrance of the rotor because the pressure and inertial
force are the largest there.
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65.162
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(a) Stress distribution.

124.74 Max
11034
97.144
83.347
69.349
55.751
41,953
28155
14357
0.5587 Min

(c) Optimized stress distribution.

0.0030272 Max
0.0026914
0.0023556
0.0020198
0.001684
0.0013481
0.0010123
0.00067649
0.00034067
4.85x10- Min

(b) Strain distribution.
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Figure 10. Stress and strain distribution on volute with optimization.
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Figure 11. Stress and strain distribution on stator.
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(a) Stress distribution.

Figure 12. Stress and strain distribution of the rotor.

(b) Strain distribution.

Max

(b) Strain distribution.

The shaft is an important component for the turbine to transmit torque, and its strength
needs to be checked. The material of the shaft is AISI 1045 steel. Figure 13 shows the strain
and stress distribution on the shaft. The maximum stress and strain are 2.946 MPa and
0.0029 mm, respectively, which meet the design requirements.
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Figure 13. Stress and strain distribution on the shaft.

4.2. Modal Analysis of the Turbine

The movement of rotating parts will inevitably produce vibrations. Through modal
analysis, the vibration shape and natural frequency of the rotor can be determined, and
the modal parameters in each order of states can be obtained. In addition, the vibra-
tion frequency in the assembled state will also be different, so the modal analysis of the
complete machine will also be discussed in this section. Modal analysis can be divided
into prestressed and non-prestressed states, which will be analyzed and discussed to
avoid resonance.

The rotor must bear the effects of loads and constraints during operation, and its
vibration frequency will be different from that without prestress. Therefore, the modal
analysis under prestress is required. The rotational vibration frequency of the rotor can be
obtained through the rotation speed by Formula (15) [30].

f=nN/60 (15)

Here, n and N are the rotor speed and number of rotor blades, respectively.

If the vibration frequency differs within 15% of the rotational vibration frequency, the
object will resonate. The rotational vibration frequency of the rotor in this article is 1750 Hz,
and its resonance frequency range is 1487.5-2012.5 Hz

4.2.1. Modal Analysis without Prestress

Modal analysis of the rotor without prestress is performed because the proportion
of low-order modal energy in structural vibration is much greater than that of high-order
modal energy. The vibration shape diagrams of each order are shown in Figure 14. The
vibration frequency of the rotor is 691.25-707.75 Hz. The maximum amplitude appears at
the exit of the rotor blade.

When the rotor is running, it will also cause vibration of the turbine; thus, the non-
prestressed modal analysis of the whole machine should be performed to ensure that the
turbine does not resonate. Figure 15 shows the vibration shape of the radial turbine at each
order. The maximum vibration frequency appears at the entrance and exit. Table 4 shows
the free mode vibration frequencies of the rotor and turbine. The overall natural vibration
frequencies are much smaller than the resonance frequency of the rotor. Therefore, there
will be no resonance phenomenon in the rotor and assembly.
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Figure 14. Vibration shapes of the rotor in free mode.
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Figure 15. Vibration shapes of the turbine in free mode.

Table 4. Each order frequency of rotor and turbine in free mode.

Vibration Frequency (Hz)

Orders
Rotor Turbine

First order 691.25 0
Second order 691.38 5.00 x 1074
Third order 701.55 1.00 x 1073
Fourth order 703.98 19.55

Fifth order 704.33 39.68

Sixth order 707.75 40.22
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4.2.2. Modal Analysis under Prestress

Each order frequency of the rotor and turbine with prestress is shown in Table 5.
Figure 16 presents the vibration shapes. The maximum vibration frequency of the rotor is
721.52 Hz, and its maximum amplitude still appears at the exit of the rotor blade. Compared
with the state without prestress, the vibration frequency of the rotor increases slightly, and
the rotor does not show obvious stress stiffening. Therefore, it can be considered that the
prestress has a small impact on the vibration frequency of the rotor.

Table 5. Each order frequency of rotor and turbine with prestress.

Vibration Frequency (Hz)

Orders
Rotor Turbine
First order 704.22 208.57
Second order 704.35 268.69
Third order 715.14 294.44
Fourth order 717.63 334.01
Fifth order 717.98 348.07
Sixth order 721.52 371.44

79.839 Max
70.968
62.097

100.74 Max
89.55
78.356

99.652 Max
88.58
77.507

67.162 66435 53.226
55.969 55.362 44.355
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(d) Fourth order. (e) Fifth order. (f) Sixth order.

Figure 16. Vibration shapes of the rotor with prestress.

Similarly, the entire turbine should also undergo prestressed modal analysis. The
vibration frequency of the six orders with prestress of the overall structure are shown in
Table 5. Although the overall vibration frequency is higher than the vibration frequency of
the non-prestressed state, it is much smaller than the rotor rotation frequency. Therefore, the
resonance of the turbine will not occur. Figure 17 shows the vibration shape of each order
of the turbine. Compared with the free mode, in the 2nd, 3rd and 4th orders, the maximum
amplitude of the whole machine appears at the exit of the diffuser. In the first and sixth
order, the maximum amplitude of the turbine appears at the entrance of the volute.
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Figure 17. Vibration shapes of the turbine with prestress.

5. Conclusions

A radial inflow turbine is designed for a 100 kW OTEC-ORC plant with ammonia as
the working fluid. One-dimensional design and three-dimensional modeling are carried
out to obtain thermodynamic and structural parameters of the turbine and key components.
To ensure the safety, reliability and processability, structural and modal analysis on the key
components, the rotor and the whole turbine are carried out. The results show that the
designed structure can meet the requirements.

Through static analysis, the stress and strain distribution on the shaft, volute, stator
and rotor are obtained. After optimization, the stress concentration occurs in the volute at
the inlet and has the maximum stress with 292.37 MPa, which is lower than the allowable
material strength and meets the design requirements. The maximum stress of the stator is
144.72 MPa, which appears at the outlet tip of the blade. The maximum stress of the rotor
is 100.22 MPa, which occurs at the connection between the rotor and the shaft. Therefore,
from the stress and strain viewpoint, the structural design performed in this paper meets
the requirements well.

The frequencies of the rotor and the whole turbine are analyzed by modal analysis
without prestress and under prestress, respectively. The maximum frequency of the rotor
and whole turbine are 707.75 Hz and 40.23 Hz, which are all far away from the resonance
frequency range. Therefore, resonance can be avoided in operation.

The radial turbine designed for OTEC under ambient conditions is efficient with an
isentropic efficiency of 89.4%. After conducting mechanical structure and modal analysis,
as well as stress and strain analysis on the key components and the equipment as a whole,
the safety, reliability and processability of the designed turbine in the OTEC application
have been proved, and the results are instructive for researchers and engineers to build an
OTEC-ORC turbine prototype and experimental platform.

Although the designed turbine has been proven to be efficient and feasible for the
OTEC-ORC by numerical simulation, the prototype may differ with the designed results
due to the limitations of manufacturing level, which will influence the performance of
the turbine. Furthermore, the turbine is possibly installed on a floating offshore platform;
thus, its vibration characteristics will be affected by the movement of the platform, and the
coupling effects should be monitored and then considered into the model simulation to
optimize the mechanical structure.
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Nomenclature

c Absolute speed, m/s D Ration of wheel diameter
u Tangential velocity, m/s (@) Reaction degree

w Relative velocity, m/s ¢ Loss

P Power, kW n Efficiency

m Mass flow rate, kg/s T Shear stress

n Rotational speed, rpm € Life index of bearing

Re Reynolds number Subscripts

T Temperature turb Turbine

N Number in Inlet

L Length, mm out Outlet

d Diameter, mm 1 Rotor inlet

G Elastic modulus, Mpa 2 Rotor outlet

QT Twist angle, °/mm r Rotor

Ip Polar inertia moment, mm* n Nozzle

F Force, N r Radial

X Radial dynamic load factor a Axial

Y Axial dynamic load factor  u peripheral

Ly Bearing life, h isen Isentropic

Greek letter Acronyms

« Absolute airflow angle ORC Organic Rankine Cycle

B Relative airflow angle OTEC Ocean Thermal Energy Conversion
X Characteristic ratio CFD Computational fluid dynamics
¢ Nozzle velocity coefficient ~ 1-D One-dimensional

P Rotor velocity coefficient 3-D Three-dimensional
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