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Abstract

This article presents a systematic literature review on the application of Industry 4.0 technologies in water optimization
within the steel industry. Using the PRISMA protocol, 50 articles selected from international scientific databases,
published between 2018 and 2026 were analyzed. Bibliometric analysis identified global trends, while qualitative
analysis examined the core of studies centered on water management. It is demonstrated that the integration of enabling
technologies such as the internet of things, artificial intelligence, digital twins, and cyber-physical systems, among
others, enables real-time monitoring and failure prediction. The analyzed studies demonstrate a significant reduction
in water withdrawal, effluent mitigation, and measurable economic gains. The literature points to gaps regarding
implementation costs, the need for technical training, and the scarcity of empirical data in developing countries. It is
concluded that digitalization is strategic for steel industry sustainability, recommending future studies on its
convergence with Industry 5.0.
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1. Introduction

As one of the world's most capital- and resource-intensive the steel sector plays a strategic role in the global economy.
This assertion is corroborated by the 2024 Statistical Yearbook of the Brazilian Steel Institute [1], which identifies the
automotive, civil construction, and distribution sectors as the most representative in steel consumption. This validates
the view that the steel industry supplies modern civilization with essential raw materials [2] for the construction of
buildings, vehicles, and household appliances.

Itis strategic in naval engineering and the energy sector worldwide [3,4]. The connection with various sectors reinforces
the role of the steel industry in the global economy [5]. The industrial sector faces significant pressure regarding the
environmental impact it exerts. This factor is highlighted in the "Environmental Outlook 2025" document by the
Organization for Economic Co-operation and Development (OECD) [6]. In this scenario, corporate management must
integrate production processes and environmental management, placing environmental impact at the core of its
activities [7].

Amid the various natural resources impacted by the steel industry, water stands out as a critical input [8], given the
sector's high resource consumption profile [9]. Because energy-intensive sectors like steel manufacturing are major
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drivers of regional water demand, they offer the greatest potential for water-saving initiatives [10]. Water is essential
for cooling, cleaning, and power generation processes within the sector [09,11].

Industry 4.0 emerges as a driver of technological transformation leveraged by the infrastructure based on the Internet
of Things (1oT), big data, and artificial intelligence [12] to optimize consumption and monitor water quality in real time
[13.14]. The adoption of these technological innovations not only improves operational efficiency (cost reduction and
quality improvement) but also mitigates environmental impact, thereby promoting sustainability [15].

Addressing the need to integrate productive efficiency with sustainability, this article conducts a literature review on
the intersection of Industry 4.0, the steel sector, and water management, seeking to identify how digital technologies
can promote a more rational and sustainable use of water resources. The text is thus organized into sections that initially
address the fundamentals of the steel industry and its water-related challenges, followed by the presentation of Industry
4.0 technologies applicable to the sector, and finally, the discussion of the results found in the selected literature.

2. Theoretical Framework

In the current context, the steel industry faces the challenge of adapting to the new technological determinants of the
industrial revolution, which are composed of information technology infrastructure and the Internet of Things, with Big
Data serving as their foundation [16].

The Fourth Industrial Revolution, or Industry 4.0, is characterized by the integration of physical and cybernetic systems,
promoting the digitalization of manufacturing processes. This revolution is based on the integration of systems that
allow for rapid responses and expand process capabilities [17], thereby reinforcing the importance of incorporating
technologies that are part of Industry 4.0. Also, Industry 5.0 seeks to find the exact balance between autonomous/self-
organizing cyber-physical systems and the employees within those same systems [12].

Among the technological pillars that support this transformation, the Industrial Internet of Things (IIoT), Cloud
Computing, Big Data Analytics, Artificial Intelligence (AlI), and Cyber-Physical Systems (CPS) stand out [18]. In the steel
context, these enabling technologies allow for the conversion of traditional factories into "smart factories.” For this
integration to occur in real time and without production delays, the support of cloud computing infrastructures [19]
combined with artificial intelligence-driven industrial networks is essential [20].

Cyber-Physical Systems (CPS), for example, are composed of physical subsystems equipped with computing and
networking resources to monitor and control processes, in which the physical affects the computational and vice versa
[21]. For this purpose, the use of new technologies in the industry will aid, as smart factories stand out as an innovative
industrial model that utilizes cyber-physical systems to monitor processes, make decentralized decisions, and optimize
production.

Digital twin technology acts as a virtual replica connected to cyber-physical systems, executing calculations and scenario
simulations, thereby preventing operations from being interrupted. It becomes essential to the steel sector, as it enables
continuous and precise analysis for decision-making, including when sensor failures or noise occur due to industrial
environment conditions [22].

The processing of large volumes of data originating from I[IoT and CPS occurs through Big Data Analytics, which aims to
identify problems, predict operational failures, and optimize resources, transforming raw data into autonomous
decisions [21]. Steel production demands large volumes of water, which is used in various ways, ranging from the
cooling of machines, equipment, and products to descaling and gas washing processes [23, 24].

Pumping and treatment in industrial water circuits account for a considerable proportion of a plant's total electricity
consumption; due to the water-energy nexus, efficient water management is critical [25]. To achieve this efficiency,
process innovations and circular strategies are essential to enable safe reuse and the closure of the industrial water
cycle [26].

The application of Industry 4.0 concepts to water resource management originated the term "Water 4.0" (or digital
water), which refers to the intersection between water and Information and Communication Technologies (ICT) [27].
In steel mills, water optimization occurs through rigorous monitoring supported by Al, IIoT, and digital twin [28]. To
ensure the reliability of this monitoring, Explainable Artificial Intelligence (XAI) has been applied to interpret water
distribution network data transparently [29].
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In integrated and semi-integrated plants, cooling water represents the largest share of water use, being fundamental
for dissipating excess heat in stages such as hot and cold rolling, and in the cooling of blast furnaces [30]. Despite the
large quantities of water withdrawn, a relatively small portion (often less than 10%) is effectively consumed, with losses
occurring primarily through evaporation in cooling towers [30]. Historically, the sector has sought to increase its
recirculation rates.

However, growing global scarcity and strict environmental legislation requires a regulatory support system and high
capital investments to enable energy sustainability in the sector [31]. There are specific sector initiatives, such as the
ResponsibleSteel certification, which demands rigor in resource management (including water) and emissions [32].

It is imperative that the sector transcends conventional treatment technologies, seeking real-time optimization.
Literature highlights that water-related problems, ranging from scarcity and pollution to extreme events such as storms
and floods, put life and socioeconomic progress at risk [33]. This scenario reinforces the urgency of integrated
approaches to water resource management.

3. Methodology

The development of the literature review was based on the PRISMA method, which aims to ensure the reliability and
applicability of the findings through the methods and results of systematic reviews [34]. Access to the studies was
provided via the Periodicals Portal of the Coordination for the Improvement of Higher Education Personnel (CAPES),
with access granted by Fluminense Federal University (UFF). For the search, the international databases Scopus, Web
of Science, and ScienceDirect were utilized. The database search was conducted between October 2025 and November
2025.

The basic flow for the execution of the methodology, as shown in Figure 1, consisted of performing the search according
to the terms and databases cited in Table 1. This was followed by filtering the articles to identify those aligned with the
objective of the study (presented in Figure 4) and the final organization of the articles to be presented.

Search in engines

y

Filter 1 — Reading title, abstract, and
keywords

Y

Filter 2 — Full-text reading of the article

Y

Organization of the material collected
from databases

Figure 1 Steps established in the systematic literature review

In this study, the database search utilized the terms 'water efficiency’, 'industry 4.0', and 'steel industry' in conjunction
with the Boolean operator AND, which indicates that the search must return results containing the specified search
terms. This approach yields a more concise set of articles for evaluation. The word order does not interfere with the
obtained results. Table 1 presents the search terms combined with the AND operator:
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Table 1 Terms used in database queries

Term Databases searched

"Water efficiency and Industry 4.0" Scopus, Web of Science, Science Direct

"Water efficiency and Steel Industry” | Scopus, Web of Science, Science Direct

"Industry 4.0 and Steel Industry" Scopus, Web of Science, Science Direct

Seeking thematic relevance and source quality, the following decision criteria were employed:

e Linguistic criterion: Articles must be published exclusively in English.

e Temporal criterion: Articles must be published from 2018 onwards.

e Article access criterion: Only studies published under open access were included.

e Quality criterion: A top-down filtering approach was adopted to evaluate the article's contribution to the
study's ecosystem, divided into two levels of eligibility:

Investigates the practical feasibility of Industry 4.0 in the steel industry. Rather than merely listing technologies, it is
necessary to analyze the implementation bottlenecks and the actual environmental impact of these innovations.

For the core of the analysis, the selection criteria prioritize investigations where water efficiency is the central indicator
of success. This includes the use of digital systems applied directly to water management.

Methodological note: This distinction in scope proved necessary due to the characteristics of the current literature.
While the conceptual foundation and operational challenges of Industry 4.0 in the steel industry are widely documented,
applications directly focused on water management in the steel industry represent an emerging and highly specific
branch, which is addressed in depth by the core articles of this study.

To minimize potential biases as much as possible, the following premises were established in the development of this
work:

e Use of more than one database.
e  (ritical analysis of the results produced by the search mechanism.
e  Exclusion of duplicate records to prevent biases in the statistical analysis.

After conducting the search based on the established terms, 372 articles were identified. The search term “industry 4.0
and steel industry” yielded the largest number of related articles, with 207 articles listed, followed by the term “water
efficiency and steel industry” with 104 articles, and subsequently the term “water efficiency and Industry 4.0” with 61
articles, as shown in Figure 2. This indicates an opportunity for further studies related to water efficiency and Industry
4.0.
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Figure 2 Number of articles retrieved based on the terms used in the search

An analysis was conducted regarding the search terms and the respective databases. As shown in Figure 3, it is possible
to identify that the ScienceDirect database contributed 243 articles out of the 372 found, corresponding to
approximately 65% of the total articles retrieved. Web of Science accounted for approximately 25% of the listed articles
(n=92), while the Scopus database contributed about 10% of the selected articles (n= 37).

The use of more than one database is fundamental, not only to avoid biases but also to increase the robustness and
reproducibility of the results by providing a more comprehensive perspective from each data source.

83
"Water efficiency and Steel Industry” | 1
20
o 3
E "Industry 4.0 and Steel Industry * 33
i _ 169
4

"Water Efficiency and Industry 4.0 | 3
54

0 20 40 &0 an 100 120 140 160 180

Web of Science  wScopus  mScience Direct

Figure 3 Number of articles found from the databases used in the search.

The initial identification phase of the literature review assessed 49 duplicate articles across the consulted databases,
leaving 323 articles for analysis. Proceeding to the screening stage, an analysis of the titles, keywords, and abstracts was
conducted, resulting in the exclusion of 186 articles that did not meet the aforementioned inclusion and exclusion
criteria.

This left 137 articles for the second evaluation stage to be read in their entirety. Additionally, 17 articles could not be

included in the analysis as they did not comply with the previously mentioned article access criterion. Consequently,
120 articles were read in full.
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Of these, 70 studies were excluded due to non-compliance with the quality criteria, specifically: 22 for misalignment of
objectives with the review, 22 for divergent focus, and 26 for insufficient data for information extraction. The inclusion
stage comprised 50 selected articles aligned with the study's objectives, as depicted in Figure 4.

Identification of studies via databases and registers
= ) - _ Records removed before
.‘% Records identified from: screening:
= Databases (n=3) > )
E Registers (n =372 ) E;ng;cata racords removed (n
 J
Fecords screened .| Records excluded
n=323) 7| (n = 186)
¥
Reports sought for retrigval .| Reports not retrieved
o (n=137) 7 in=17)
=
(]
w
& ¥
REPOH?} assessed for eligibility »| Reports excluded:
(n=120) Objectives not aligned with the
review (n =22 )
Divergent focus (n = 22)
Insufficient data for extraction (n
=26 )
¥
b
= Studies included in review
I (n=50}

Figure 4 Flow diagram of the study identification, screening, and selection process according to PRISMA guidelines

A mapping and accounting of the continents that contributed to the article was carried out. The criterion used was
fractional counting by co-author, where each article is equivalent to 1 point, divided among the authors. This ensured a
statistical representation proportional to the contribution of each continent.

The European continent stood out in terms of contribution, having about 63% of the co-authors. Thus, representing the
absolute leadership of the articles analyzed. Following is Asia with about 28% of the articles, followed by the American
continent (3% for North America and 6% for South America). The African continent and Oceania had no representation
in this study, obtaining 0%. Indicating that there are very few studies conducted in developing countries.

To organize the selected studies, the STArt tool (version 3.3 beta 3), developed by LaPES at the Federal University of

Sao Carlos (UFSCar), was utilized. This tool was developed to assist researchers in conducting systematic literature
reviews through the various stages and activities required by this methodology [35].
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In this study, the tool's function was to generate the systematic review protocol, which was detailed herein through the
selection criteria and potential biases, as well as to execute the filtering selections mentioned in Figure 4. Finally, it
facilitated the export of the selected articles to an Excel file containing the following fields: author(s), year of publication,
publisher, keywords, and abstract.

Additionally, Zotero (version 9.0.5) was used for reading PDFs, organizing articles by keywords, and generating
bibliographic references according to the required citation style.

4. Methodology

Based on the selection protocol established in the Methodology, 50 scientific articles that meet the quality and thematic
relevance criteria were consolidated. To understand the state of the art in this thematic intersection, a bibliometric
analysis was initially conducted based on the most frequently cited keywords by the authors. Subsequently, a
bibliographic analysis of the theoretical content of the articles related to the most cited keywords was performed, with
the aim of presenting the findings, gaps, and achievements.

Finally, an intersection will be made based on the full reading of the 50 articles, seeking those that have a direct
connection with the guiding axes of this study (Industry 4.0, steel industry, and water management), which will be
presented in Table 3 and will undergo a more in-depth analysis in this study.

For the execution of the bibliometric analysis of the keywords, it was evident that 3 articles did not have keywords
explicitly stated in the file; therefore, they were not included in this stage of the study. Due to this, the keywords of a

total of 47 articles were analyzed.

A terminological normalization of the keywords was performed using the Zotero tool. After normalization, an RIS
extension file containing the bibliographic metadata of the references used in this study was exported.

To visualize the most cited terms, a term co-occurrence map was generated using the VOSviewer tool, version 1.6.20.
The construction of the map utilized the RIS file exported from Zotero and the creation of a thesaurus file [36].

The initial intention was to cite the 10 most used keywords by the authors of the selected studies; however, to ensure
accuracy and avoid bias, 14 keywords were selected due to a tie in the occurrence of the terms.

Below is the content of the thesaurus, which seeks a unified categorization for synonymous terms. See Table 2.

Table 2 Terms used in database queries

Unified Term Mapped Original Terms
Smart Manufacturing Smart Factory, Intelligent Manufacturing, Smart Manufacturing
Industry 4.0 Industry 4.0, Industrie 4.0

Cyber-Physical Systems | Cyber Physical System, Cyber-Physical Systems, Cyber-Physical System (CPS)

Carbon Neutrality Carbon-neutrality, Carbon Neutrality
Digital Twin Digital Twin, Digital Twins
Digital Technologies Digital technology, Digital Technologies, Digital Technologies (DTS)

Through the VOSviewer software, it was possible to map the relationships among the most frequent terms. The term
map presents four distinct thematic clusters that fully align with the objective of this study and will be analyzed
individually below. See Figure 5.
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Figure 5 Keyword co-occurrence map showing the most recurrent terms in the literature

The nodal cluster is the green cluster, and the term 'Industry 4.0' has a direct association with most of the terms
displayed in the map, from which the other related elements branch out. There is a strong connection with the terms
'smart manufacturing', 'internet of things', and 'digital twin'. This scenario is justified by the studied literature, which
indicates that factories already possessing some form of automation [37, 28] seek to integrate enabling technologies
such as digital twins and the internet of things to establish a facility that meets Industry 4.0 requirements.

The term 'steel industry' is linked to the terms 'sustainability’, 'digitalization’, 'digital technologies', and 'multi-agent
systems', which constitute the red cluster. Within this grouping, it is possible to identify how issues of digitalization, its
associated technologies, and sustainability are prominent in the steel industry, utilizing the technological enabler 'multi-
agent systems' to provide solutions for these steel industry-related areas.

Subsequently, two peripheral clusters can be observed, which are nevertheless of essential importance for the
realization of the other segments. The yellow cluster indicates strong trends of 'artificial intelligence' and 'machine
learning' in the industry, making it a fundamental grouping for the emergence of an Industry 4.0 that achieves carbon
neutrality, as represented in the green and blue clusters, respectively.

The terms 'cyber-physical systems', 'manufacturing’, and 'carbon neutrality' belong to the blue cluster, evidencing that
complete integration is possible through the use of cyber-physical systems in manufacturing. Its positioning is central
on the map, and its connections, albeit subtle, assist the industry in its objective of achieving sustainability and
maintaining a strategic position in the competitive market.

The terms presented in the map in Figure 5 have been compiled and can be viewed in Table 3, which presents the unified
category of the terms, their occurrence within the scope of this study, and the related studies.

Table 3 List of the 14 Most Cited Author Keywords

Unified category of terms | Citation count | Bibliographic reference

Industry 4.0 21 [1,5,12,18, 19, 37, 38, 39, 42, 46, 48, 47, 49, 50, 51, 52, 53, 58, 59,
61, 62]

Steel Industry 12 [5,12, 21, 39,45, 48,50, 51, 52, 56, 61, 62]

Digitalization 10 [1,21,43,47,48, 49,51, 56, 65, 66]

Smart Manufacturing 8 [4,5, 19, 42,51, 55,58, 61]
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Artificial Intelligence 6 [4, 14, 41, 48,57, 58]
Internet of Things 5 [5,9, 20,41, 59]
Machine Learning 5 [14, 20, 48,57, 58]
Sustainability 5 [50, 56, 60, 62, 65]
Carbon Neutrality 4 [11, 40, 43, 48]
Cyber-physical Systems 3 [5,18, 54]

Digital Twin 3 [9, 42, 59]

Digital Technologies 3 [21, 44, 63]
Manufacturing 3 [13, 43, 54]
Multi-agent Systems 3 [18, 61, 62]

Based on the listed studies, it can be inferred that the steel industry is one of the primary foundational industries [4],
influencing a chain of sectors that depend on steel to maintain active production [38] and the global economy [39]. Due
to its importance, it is a sector directly impacted by issues such as recent climate changes [40], public policies [11], [41],
the demand for a more competitive industry [42], [5], and the presence of political uncertainties [43].

These are the pressing demands that the industry must address to align its operations with the United Nations'
Sustainable Development Goals (SDGs) [44], become more sustainable [11], position itself strategically [45], and achieve
a competitive advantage [46]. To mitigate such challenges, the industry has been undergoing the transition from
Industry 3.0 to Industry 4.0 [47], and the literature has identified several determining factors that can impact this digital
transformation. Case studies of major steel companies, such as ArcelorMittal, Thyssenkrupp, and Tata Steel, have also
been presented [48].

Regarding cultural and structural barriers, problems such as organizational inertia [21], data silos [49], unqualified
personnel [21], [50], the absence of Al specialists [50], and the loss of tacit knowledge [51] were detected. This produces
an organizational scenario exacerbated by uncertainty regarding ROI (Return on Investment) [21], [52] and the fact that
environmental innovations in R&D are asymmetrically distributed in sectoral funding [21]. To overcome these
structural and financial gaps, the adoption of open innovation emerges as a vital strategy for sharing risks and attracting
external human capital [12].

It was identified that the implementation of technologies often occurs in a fragmented manner without strategic changes
[53], resulting in poor data traceability [54]. The risk aversion fosters concerns regarding cyberattacks [21], [55], the
theft of digital secrets [35], and the risks associated with connecting a factory to the cloud [56].

Various solutions are presented across the steel industry segments, particularly regarding the incorporation of new
enabling technologies. For example, the use of machine learning has enabled cycle reduction and early failure prediction
in metal alloy design [4], cold rolling planning and routing [45], chemical analysis using virtual sensors [57], the blocking
of incorrect materials upon detecting anomalies in steel rolling [58], the use of genetic algorithms for industrial
symbiosis integration aimed at reducing environmental emissions [48], and the use of non-linear modeling for real-time
salinity and contaminant monitoring [14]. By combining Al with SCADA systems, direct thermal control in industrial
furnaces was achieved [2].

Aligned with improved prediction, monitoring, and control [18], [2] of the plant, enabling technologies such as digital
twins and the internet of things allow for the simulation of production scenarios [59] without the need to interrupt
manufacturing activities. Furthermore, integrating IoT with big data enables the reduction of failures and energy
consumption [9].

Another distinct procedure observed was the use of digital twins combined with augmented reality, which elevates
operators to the level of 'smart operators' by providing real data available during crisis situations for rapid decision-
making in the industrial environment [59]. Additionally, it is indicated that the digital twin relies heavily on internet of
things networks and 5G architecture [19].
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Fundamental to this process is the internet of things, as it is responsible for collecting the physical data of the plant [59],
which can be utilized in areas such as reverse logistics [80], material flow costing and lean manufacturing [60]. The
integration of these enabling technologies is made possible by cyber-physical systems, which connect the physical plant
to the virtual environment, enabling autonomy, minimizing human intervention, and responding dynamically to
environmental conditions [54], for instance, through the flexibilization and optimization of industrial furnaces [61].
With the objective of enhancing product sales, there is the possibility of new services replacing traditional business
models [18]. It is noteworthy that brownfield industries present an obstacle, as legacy systems must coexist with CPS
[18].

For this integration to achieve maximum efficiency in smart manufacturing, the literature highlights the transition from
centralized control to decentralized architectures, enabled by Multi-Agent Systems (MAS). In this model, the plant's own
machines and resources are represented by autonomous virtual agents that communicate with each other in Peer-to-
Peer networks, dynamically negotiating task allocation to respond to failures without the need for constant human
intervention [21] or a central server [62]. Under the governance of innovation leaders, such as the Chief Digital Officer
(CDO) [63], this technological convergence is directed toward the consolidation of this entire technological apparatus,
converging toward the global objective of transitioning to a green economy and achieving carbon neutrality [64].

The use of artificial intelligence combined with 10T and big data has proven capable not only of generating financial
savings and energy efficiency but also of enabling the circular economy, the repurposing of harmful by-products, and
the optimization of natural resources by detecting leaks and applying intelligence to effluent treatment [13], as well as
minimizing raw material waste [65], thus configuring itself as an essential factor for mitigating CO2 emissions in the
steel industry [64].

Some of the promising results found in these studies indicate that the use of digital twins saved 3% of the unit energy
cost [9]. With the use of IoT and lean management, it was possible to increase the production rate in the steel plant by
more than 24%. Machine learning simulations of coke oven gas resulted in a 70% reduction in sulfide toxicity, in
addition to saving the steam flow of the boilers [5]. Digitized monitoring for leak detection yielded a 30% saving in
water [66]. These data demonstrate that digital maturity and the use of Al-based modeling simultaneously reduce
harmful emissions and consumption in the industrial energy matrix [63, 56].

Table 4 Articles integrating or mentioning Steelmaking, Water Management, and Enabling Technologies for Industry

4.0

Author(s), Enabling Article description

year technologies

Fangetal, 2025 | CPS, Al Operational guidance system using modeling and Al to optimize

desulfurization and wastewater in the steel industry.

[annino et al, | Sistemas  multi- | Proposes and simulates a novel hybrid peer-to-peer architecture combined
2021 agentes with a multi-agent system.

Colla et al, | Big Data, ML, Al, | Vision for implementing circular economy via big data and ML for

2021 Simulation sustainability in the steel industry.

Perera et al, | Al, ML, Review of Al-based soft sensors to predict parameters in process industries.

2023 monitoring

Gajdzik & | Industry 4.0, Framework for R&D&I activities and expenditure analysis in the Polish steel

Wolniak, 2022 Digital strategies industry (14.0).

Lietal, 2024 Multi-source data | Method for spatial estimation of industrial water use using multi-source
integration data.

From the systematic review comprising 50 studies, 6 stood out for containing information relevant to the core of this
work (Industry 4.0, steel industry, and water management). Table 4 above presents the authors, keywords, and a
description of the studies, which will be explored in depth below.

This work seeks to understand the role of industry 4.0 as a strategic enabler, through enabling technologies, to achieve
effective water management, aligning productivity and sustainability in the manufacturing environment.
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The development of industry 4.0 in the steel industry is intrinsic to sustainability, as the use of enabling technologies
aims at the conservation of raw materials and energy, carbon management, and the promotion of the circular economy
[12], and complementarily, industrial symbiosis [48].

Concepts such as green innovation and open innovation are in synergy with industry 4.0 because digitalization is
utilized to achieve innovations in clean technologies and to enable interactions with external partners. Another
interesting concept addressed for the viability of a sustainable steel industry is "Environment 4.0", which consists of the
application of industry 4.0 technologies such as digitalization, machine learning, big data, artificial intelligence, and
others, to improve the environmental footprint of production processes. In this scenario, sustainability becomes
managed via data and digitalization, ultimately contributing to the achievement of the United Nations Sustainable
Development Goals [48].

A strategy to reach this level is to maintain rigor in the collection of industrial data and information. This collection can
occur via cyber-physical systems, which, combined with the internet of things, provide real-time data that can be
analyzed by machine learning algorithms. These algorithms can, in turn, be used to update digital twins and thereby
obtain predictive insights.

However, in a manufacturing environment, there are critical infrastructure limitations, as the use of physical sensors
may not be suitable for hostile work environments, which are characterized by the need for constant maintenance, high
costs, and measurement delays [57]. One of the proposed solutions is the use of soft sensors, which are virtual sensors
consisting of Al-driven mathematical models capable of estimating complex parameters in real time using easily
measurable process variables [57]. Another solution is the use of a centralized database server that collects, updates,
and stores information in real time. This leaves the verification of measurements to software agents that query the
database and are capable of performing asynchronous message exchanges with each other, thus eliminating the need
for human oversight for verification. Consequently, this allows for a faster response in cases of failure or unexpected
maintenance [62].

Regarding practical results in water management, there is the use of Al combined with the Aspen Plus simulation
software, which employs modeling based on historical plant data, namely: flow variation, and the quantities of H2S and
€Oz in coke oven gas. Obtained through CPS and IoT, this makes it possible to predictively calculate the injection of low-
ammonia liquid and low-pressure steam. This approach calculates the exact fluid demand in real time, reducing H2S
emissions into the atmosphere by 75%. The result is that the plant can operate against atmospheric emissions, but the
discharged water continues to rigorously meet environmental specifications for PH, ammonia (NH3), and HCN [5].

Satellite and multi-sensor data enabled the measurement of water consumption; in the industrial sector, it was
evidenced that this is one of the major factors affecting water use, highlighting the need to monitor and improve
recycling rates, and to establish reuse and wastewater metrics to achieve a circular economy [10].

The chronic delay in traditional physical sampling is one of the main bottlenecks for fluid management in the steel
industry. Replacing these methods with soft sensors and predictive models alters this dynamic, converting raw
operational data into instantaneous demand estimates [57]. A practical example of this application is found in the work
of Fang, where automation reduced the steam flow from 5.4 tons per hour to 4.0 tons per hour, optimizing the direct
reuse of effluents within the production line itself. The closing of water circuits functions as a strategic defense against
water scarcity, preventing unplanned downtime and financial losses in the plant [48].

5. Conclusion

This article conducted a systematic literature review to investigate the potential of industry 4.0 technologies for water
optimization in the steel industry. The analysis of the literature demonstrated that technologies such as the internet of
things, artificial intelligence, digital twins, cyber-physical systems, and other enabling technologies allow for real-time
monitoring, failure prediction, and circular water management, significantly reducing the withdrawal of natural
resources while keeping the sector more competitive and sustainable.

The incorporation of technologies is a complex and analytical process, involving constant evaluation of the cost-benefit
ratio of the adopted solutions. It is noteworthy that industrial modernization does not require the massive adoption of

all available tools, but rather the careful selection of those aligned with the operational reality of each plant.

In hostile environments such as the blast furnace, for example, the literature demonstrates that the replacement of high-
cost physical sensors with soft sensors and the implementation of predictive thermodynamic simulation software
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constitute highly viable practical strategies, capable of reconciling high thermal productivity with stringent water
recirculation goals.

For the success of this transition, there is a critical conditioning element, the human factor, which, in the face of
numerous technological changes and innovations, faces a gap in technical skills. Consequently, workforce training and
preparation become determining barriers or facilitators for the full utilization of the mapped technological potential.

The review also identified limitations in current literature. A large proportion of the studies focuses on theoretical
proposals or pilot projects in specific regions (Europe and Asia), revealing a gap regarding large-scale application in
developing countries, as well as concerning implementation costs versus long-term financial returns specifically for
water resources.

For future research, it is recommended to conduct empirical studies that quantify the ROI of Industry 4.0 solutions
focused on steel mills. Furthermore, it is recommended to explore the integration of these technologies with Industry
5.0, focusing on the human aspect and the social resilience of communities impacted by water usage. The transition to
Steel 4.0 proves to be inevitable and beneficial, aligning economic competitiveness with the preservation of global water
resources.
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