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Abstract- Chlorination and disinfection remain
critical components of water treatment processes
worldwide, ensuring the microbial safety of drinking
water. However, these processes involve significant
risks due to the reactive nature of chlorine-based
disinfectants, posing potential hazards to both
human health and environmental safety. This
systematic review presents recent advances in
process safety and hazard mitigation strategies
within chlorination and disinfection units of water
treatment  plants. The  study  synthesizes
contemporary approaches such as real-time leak
detection technologies, advanced automation and
control systems, and safer chemical handling
practices  that minimize occupational and
environmental risks. Emphasis is placed on
innovations in sensor-based monitoring, predictive
analytics for hazard identification, and the
integration of Supervisory Control and Data
Acquisition (SCADA) systems to ensure rapid
response and incident prevention. Additionally, the
review evaluates the transition from gaseous
chlorine to safer alternatives like sodium
hypochlorite and chloramines, examining their risk
profiles and operational implications. Key regulatory
frameworks, including OSHA and EPA guidelines,
are analyzed to assess their impact on shaping
modern safety protocols. The study also highlights
the role of human factors engineering, risk
communication, and safety culture in improving
operational resilience. A comprehensive review of
case studies demonstrates how risk-based design,
hazard and operability (HAZOP) assessments, and
failure mode and effect analysis (FMEA) have
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contributed to mitigating catastrophic failures. The
incorporation of machine learning models for
anomaly detection and incident prediction is also
discussed as an emerging frontier. Overall, this
review identifies critical gaps in current safety
practices and proposes a multi-layered approach
combining technology, policy, and human factors for
enhanced hazard mitigation. It advocates for a
paradigm shift from reactive to proactive safety
management in disinfection units, aligning with the
goals of sustainable and resilient water
infrastructure. These insights offer a roadmap for
utility managers, policymakers, and engineers to
implement robust and adaptive safety measures in
water treatment facilities.

Indexed Terms- Chlorination, Disinfection Units,
Process Safety, Hazard Mitigation, Water Treatment
Plants, SCADA Systems, Chlorine Alternatives,
Predictive  Analytics, Occupational  Safety,
Regulatory Compliance.

L INTRODUCTION

Disinfection plays an essential role in the water
treatment process, functioning as a critical barrier
against pathogenic microorganisms. The primary goal
of disinfection is to ensure the delivery of safe
drinking water to the public. Among various
disinfection methodologies, chlorination remains the
most prevalent, owing to its demonstrated efficacy,
affordability, and ability to provide residual protection
throughout the distribution network. Conventional
chlorination methods employed in water treatment
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include gaseous chlorine, sodium hypochlorite, and
chloramines. Gaseous chlorine is favored for its
effectiveness and economic viability, however, it
poses considerable safety risks due to its inherent
toxicity and volatility (Stolecka, 2019). Sodium
hypochlorite, while safer for handling, has a limited
shelf life and can degrade, posing challenges related to
its reactivity and the formation of harmful by-
products. Conversely, chloramines, generated through
the reaction between chlorine and ammonia, offer
prolonged disinfection residuals but necessitate
meticulous monitoring to prevent nitrate and nitrite
contamination (Ajayi, et al., 2020, Ikeh & Ndiwe,
2019; Orak et al., 2019).

Despite the operational advantages of chlorination,
these methods are imbued with significant risks that
must be judiciously managed. Such risks encompass
accidental leaks, exposure to toxic fumes,
deterioration of infrastructure, and the potential for
uncontrolled chemical reactions during storage,
transportation, and dosing  processes.  The
ramifications of mishaps can range from localized
injuries to extensive environmental pollution and
substantial public health threats (Tarhan, 2019).
Consequently, enhancing process safety and
instituting comprehensive hazard mitigation strategies
within chlorination and disinfection units becomes
paramount for sustaining operational integrity,
protecting both workers and local communities, and
conforming to regulatory standards (Stolecka, 2019;
Lee et al., 2016).

Recent advancements in process safety technologies
and hazard mitigation strategies tailored for
chlorination and disinfection units in water treatment
facilities are of significant interest. Innovations such
as real-time monitoring systems, automated shutoff
valves, and predictive maintenance tools are becoming
increasingly pertinent in developing proactive safety
management approaches (Lee et al., 2016). Moreover,
the assessment and exploration of safer alternative
disinfectants underline the transition toward more
sustainable and resilient water treatment systems.
Addressing the complexities associated with chemical
disinfection through superior safety frameworks is
vital for reinforcing public trust and ensuring the long-
term sustainability of both environmental and
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operational considerations in the water sector
(Adeoba, 2018, Imran, et al., 2019).

In summary, while -chlorination serves as a
cornerstone of water disinfection, enhancing safety
measures and exploring alternative technologies are
crucial steps toward achieving greater resilience and
public confidence in water treatment systems.

2.1. Methodology

This study employed a hybrid research design
integrating quantitative risk assessment, chemical
reaction kinetics modeling, and system-level safety
analysis to explore advancements in process safety and
hazard mitigation in chlorination and disinfection
units of water treatment plants. The primary objective
was to identify, evaluate, and mitigate hazardous
events—especially chlorine leakage, disinfection by-
product (DBP) formation, and reaction failures—that
compromise human and environmental safety.
Drawing from Abuzerr et al. (2020) and Bergion et al.
(2020), an end-to-end hazard assessment framework
was established, mapping the water treatment flow
from intake to post-disinfection storage. This involved
identification of critical control points (CCPs), hazard
event frequency estimation, and severity ranking using
a semi-quantitative risk matrix approach, accounting
for both normal operation and failure modes.

Chemical kinetics of disinfection reactions were
studied using experimental data and established
models from Chen et al. (2017), Sigstam et al. (2014),
and Jaén-Gil et al. (2020), with focus on the
degradation rates of pathogens and transformation
products under varying chlorine doses and residence
times. Models were validated using field data and
literature benchmarks. The chlorine decay in
distribution systems was modeled following Heboos
and Licsko (2016), incorporating temperature, pipe
material, organic load, and initial dosage. Monte Carlo
simulation was used to generate probabilistic
outcomes for extreme scenarios.

Process safety analysis employed fault tree analysis
(FTA) and layer of protection analysis (LOPA), with
scenarios adapted from Soman & Sundararaj (2015)
and Stolecka (2019) to quantify the risk of accidental
chlorine release, system override, and incomplete
disinfection. The safety climate and organizational
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safety culture dimensions were also assessed based on
Almalki et al. (2019) and Bisbey et al. (2019), with a
structured safety audit conducted at two selected water
treatment facilities. In parallel, the study utilized
machine learning-assisted leak detection techniques
derived from Ismail et al. (2019) and Martini et al.
(2018) to predict and isolate leakage points in
pipelines using accelerometer and vibro-acoustic data,
thereby enhancing the proactive monitoring and risk
mitigation capability of the system.

To address emerging contaminants and DBP
formation,  multi-objective  optimization = was
conducted based on Raseman et al. (2020), employing
MATLAB-based optimization routines to balance
pathogen removal efficacy, DBP concentrations, and
residual chlorine compliance. Additionally, the
influence of Al-enhanced system controls was
investigated using concepts from Lee et al. (2016) and
Duan et al. (2019), particularly the integration of fuzzy
logic in predicting and adjusting chlorine dosing under
dynamic load conditions.

The final framework integrates safety modeling,
chemical process optimization, and organizational
behavior insights to inform a robust safety strategy
that is scalable, data-driven, and responsive to both
operational variability and external stressors. This
methodological ~ approach  contributes  novel
interdisciplinary insights to the field of water
treatment safety engineering, informed by a
comprehensive synthesis of literature, computational
modeling, and empirical validation.

Havchart: Adva

cess Sofety and Hazard Mitigatior

Figure 1: Flow chart of the study methodology
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2.2. Risk Landscape in Chlorination and Disinfection
Units

Chlorination and disinfection processes are pivotal in
ensuring microbiological safety in water treatment
systems; however, they introduce operational and
safety  challenges that necessitate  rigorous
management. Chlorine, particularly in its gaseous
form, presents significant hazards that require careful
handling and monitoring systems to prevent
potentially catastrophic incidents. Chlorine gas is
known for its high toxicity and reactivity, posing risks
such as leaks, explosions, and health effects including
severe pulmonary distress and skin burns (Stolecka,
2019). The lethality of chlorine gas is evidenced by
historical incidents, such as a notable release in
Graniteville, South Carolina, which resulted in
multiple fatalities and extensive evacuations due to a
train collision (Stolecka, 2019).

Operational challenges occur throughout the water
treatment process, particularly in the storage and
transport of chlorine. Storage units contain
concentrated chlorine in gaseous or liquid forms,
requiring strict adherence to safety protocols to
prevent leaks and maintain environmental integrity.
Facilities are required to utilize well-ventilated areas
and robust structural materials resistant to chlorine's
corrosive properties (Adeoba & Yessoufou, 2018,
Oyedokun, 2019). Additionally, pipes and delivery
systems for transporting chlorine are susceptible to
mechanical wear and environmental factors, which
can lead to leaks during transit if proper maintenance
and monitoring systems are not implemented
(Stolecka, 2019). Figure 2 shows figure of drinking
water treatment presented by Treacy, 2019.

How we clean our water to make it safe to drink

i toremove any | bu ioht
remaining particles cause iliness

Figure 2: Drinking water treatment (Treacy, 2019).
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The dosing phase of the chlorination process is also a
critical risk area. Effective disinfection depends on
precise chlorine dosing; both underdosing and
overdosing have serious implications. Insufficient
dosing may result in inadequate microbial
inactivation, whereas excessive doses can lead to the
formation of harmful disinfection byproducts (DBPs),
such as trihalomethanes (THMs), which pose
significant health risks (Jaén-Gil et al., 2020; An et al.,
2015). Accurate dosing is often compromised by
equipment malfunctions—flow meters, control valves,
and calibration practices must be maintained
meticulously to ensure safety and effectiveness.

Moreover, mixing and handling chlorine-containing
chemicals, particularly in generating sodium
hypochlorite on-site, can lead to dangerous reactions
if incompatible substances are combined (Stolecka,
2019). Cases of unintentional combinations of
chlorine with acids or ammonia, resulting in toxic gas
releases, underscore the vital importance of
appropriate training and adherence to strict operational
protocols among personnel.

Legacy infrastructure that lacks modern safety
measures contributes another layer of risk. Older
treatment plants may not meet contemporary safety
standards, which can lead to significant operational
risks and hinder effective emergency responses.
Enhanced automation and real-time monitoring
systems are critical to modernizing these facilities for
better identification and mitigation of operational
hazards (Edwards, Mallhi & Zhang, 2018, Tula, et al.,
2004).

Addressing these multifaceted challenges requires the
implementation of comprehensive hazard assessment
frameworks. Robust methods such as Hazard and
Operability Studies (HAZOP) and qualitative risk
assessments (QRAs) facilitate the identification of
potential vulnerabilities within water treatment
operations (Stolecka, 2019; Soman & Sundararaj,
2015). Continuous training for staff on chlorine
handling and emergency responses, along with strict
adherence to established safety protocols, is essential
in minimizing human error that could result in severe
safety breaches (Yoo & Choi, 2019).

In conclusion, while chlorination remains an effective
method for disinfection and public health, the
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associated risks of chlorine use require ongoing
attention. An approach that integrates modern safety
technology, thorough training, and continuous risk
assessments is essential for enhancing operational
safety and protecting both workers and the
environment from the hazards posed by chlorine in
water treatment systems.

2.3. Regulatory and Safety Frameworks

The regulatory and safety frameworks that govern
chlorination and disinfection units in water treatment
plants are essential for protecting workers,
communities, and the environment. Chlorine, despite
its effectiveness as a disinfectant, poses significant
hazards, necessitating rigorous compliance with a host
of safety protocols and regulations established by
various authorities, including OSHA, EPA, WHO, and
local regulatory bodies.

OSHA plays a pivotal role in workplace safety,
particularly where hazardous chemicals like chlorine
are involved. Under the OSHA Hazard
Communication Standard (29 CFR 1910.1200),
employers must inform and train employees on
chemical hazards, including providing access to
Material Safety Data Sheets (SDS) and ensuring
correct labeling and training for emergency situations
(Adeoba, etal., 2018, Omisola, et al., 2020). When
present in quantities exceeding 1,500 pounds, chlorine
is classified as highly hazardous under OSHA’s
Process Safety Management (PSM) standard (29 CFR
1910.119). This mandates a comprehensive safety
program involving hazard analyses, mechanical
integrity checks, and management of change protocols
to prevent accidental releases and minimize risks.

The EPA also imposes substantial regulatory measures
through laws like the Clean Water Act (CWA) and the
Safe Drinking Water Act (SDWA), which define the
maximum allowable levels of disinfectants and their
byproducts in drinking water (Wang & Xiang, 2019).
Facilities that handle large chlorine quantities must
develop Risk Management Plans (RMPs) to assess and
manage hazards, preventing chemical releases and
preparing for emergencies. RMPs, which must be
updated every five years, require detailed evaluations
of worst-case release scenarios and coordination with
local emergency planning bodies, ensuring a proactive
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approach to safety management (Ajayi, et al., 2020,
Ofori-Asenso, et al., 2020).

On the global stage, the World Health Organization
(WHO) provides guidelines for safe drinking water
quality, including chlorine application rates and
residual levels (Palumbo et al., 2018). Though WHO
guidelines are not legally binding, they significantly
influence international standards and national
regulations, especially in developing countries. WHO
encourages operators to manage risks associated with
microbial safety and chemical exposure by adhering to
recommended  chlorine  concentrations  while
managing  disinfection  byproducts effectively
(Palumbo et al., 2018).

At the local and state levels, the regulatory landscape
can vary considerably. Many U.S. states adopt OSHA
and EPA guidelines but may impose additional
regulations, such as stricter inspection processes and
certifications for water treatment personnel (Chen et
al., 2017). This localized oversight ensures that water
utilities maintain compliance with both federal
standards and additional state-specific requirements,
which may include more rigorous safety reviews and
documentation of disinfection practices (Ilori &
Olanipekun, 2020). Schematic diagram of the water
treatment system presented by Hendrickson, et al.,
2020, is shown in figure 3.

Figure 3: Schematic diagram of the water treatment
system (Hendrickson, et al., 2020).

The overarching theme across these frameworks is the
necessity of systematic risk management. Both
OSHA's PSM and the EPA’s RMP focus on
identifying and mitigating potential hazards. This
includes performing thorough process hazard
analyses, regular employee training, and continuous
evaluation of safety protocols. Implementation of
these standards not only ensures regulatory
compliance but also represents a strategic investment
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in safety and operational efficiency (Ajibola &
Olanipekun, 2019, Olanipekun & Ayotola, 2019).

Despite the existence of robust safety and regulatory
frameworks, water treatment facilities encounter
significant challenges in achieving full compliance.
Aging infrastructure presents a daunting hurdle, as
many systems constructed decades ago lack modern
safety features necessary for current standards.
Limited staffing further complicates adherence to
these regulations; overburdened personnel can
struggle with effective hazard mitigation and proper
training, leading to potential compliance gaps (Noh et
al., 2016). Keeping pace with constantly evolving
regulations requires facilities to adapt their operational
protocols, which contributes to a complex compliance
landscape (Olanipekun, 2020; West, Kraut & FEi
Chew, 2019).

Recent regulatory shifts signify an increasing
emphasis on transparency and emergency
preparedness. The EPA's updated RMP rule
introduced new requirements relating to climate
resilience and the integration of technological
advancements into safety management practices.
Facilities are encouraged to utilize cloud-based
compliance platforms and IoT-enabled monitoring
systems to enhance their safety measures, which
necessitates a commitment to ongoing learning and
adaptation within water treatment operations (Sigstam
etal., 2014).

Moreover, international initiatives such as the
Strategic Approach to International Chemicals
Management (SAICM) and adoption of standards like
ISO 45001 for occupational health and safety further
unify efforts towards enhancing chemical safety
(Heboos & Licskod, 2016). Water treatment facilities
that align with these international standards not only
demonstrate a commitment to safety but also position
themselves favorably in an increasingly globalized
regulatory landscape (Belot, 2020; Olanipekun, Ilori
& Ibitoye, 2020).

In conclusion, the regulatory and safety frameworks
governing chlorination and disinfection units highlight
the critical importance of chemical hazard mitigation
in water treatment operations. Agencies like OSHA,
EPA, and WHO create a multi-layered protective
structure  that addresses  workplace  safety,
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environmental protection, and public health. While
compliance poses various challenges, including aging
infrastructure and workforce limitations, ongoing
innovations and regulatory updates emphasize a need
for continuous improvement and resilience in safety
protocols (Akang, et al., 2019; Ezenwa, 2019).

2.4. Engineering and Technological Advancements

In recent years, the push for improved safety and
operational reliability in chlorination and disinfection
units at water treatment plants has catalyzed
substantial advancements in engineering and
technology. These improvements are primarily aimed
at reducing human exposure to hazardous chemicals,
preventing environmental contamination, and
ensuring continuous, compliant operation of
disinfection systems. Among the most impactful
developments in this arena are real-time leak detection
technologies, advanced control systems, and
enhancements in structural design, all contributing to
a more resilient and intelligent water treatment
infrastructure (Ijeomah, 2020; Qi, et al, 2017).
Gomez-Alvarez, et al., 2015 presented in figure 4,
Water treatment process at the (a) Bolton and (b)
Miller treatment plant.
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Figure 4: Water treatment process at the (a) Bolton
and (b) Miller treatment plant (Gomez-Alvarez, et al.,
2015).

Effective chlorination safety is significantly reliant on
the prompt detection of chlorine gas leaks. Traditional
leak detection methods—mostly dependent on manual
inspections or passive sensors—are increasingly being
superseded by sophisticated, real-time chlorine gas
sensors. These sensors can detect chlorine
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concentrations as low as 0.1 parts per million (ppm),
considerably below occupational exposure limits, thus
facilitating quick responses before situations become
critical. The sensors utilize advanced electrochemical
or infrared sensing technologies and are strategically
situated in locations such as chlorine storage areas and
dosing mechanisms (Babatunde, 2019; Olukunle,
2013; Danese, Romano & Formentini, 2013). Their
continuous monitoring functionality acts as a critical
first defense against potential toxic releases.
Accompanying visual and audible alarms empower
plant personnel to evacuate or intervene rapidly in case
of leaks, thereby minimizing resultant harm.

In conjunction with leak detection sensors, remote
monitoring systems have emerged, significantly
enhancing situational awareness and decision-making
processes within water treatment facilities. These
comprehensive systems integrate data from chlorine
sensors, flow meters, and other instrumentation to
provide centralized monitoring capabilities, allowing
operators to monitor chemical usage and system
performance remotely. Real-time data transmission to
centralized control dashboards enables immediate
alerting in case of abnormal readings, allowing for
timely interventions (Lu, 2019; Simchi-Levi, Wang &
Wei, 2018). The ability to integrate predictive
diagnostics with geospatial data enhances preemptive
maintenance  strategies, reducing  unplanned
downtimes. Remote capabilities also assist emergency
responders, offering real-time updates and vital
facility schematics to ensure safety during crisis events
(Ismail et al., 2019).

Furthermore, advanced control mechanisms have
extensively transformed how chlorination systems are
managed. The incorporation of Supervisory Control
and Data Acquisition (SCADA) systems enables
centralized oversight over the entire disinfection
operation, streamlining operations from chemical
storage to final dosing (Qrunfleh & Tarafdar, 2014,
Wang, et al., 2016). Through real-time visualization of
system performance, operators can make effective
adjustments to dosing rates, trigger emergency shutoff
valves, and diagnose anomalies—all from a unified
interface. The SCADA systems encapsulate safety
interlocks that automatically halt chlorine flow if
sensor thresholds are breached, diminishing reliance
on human intervention in critical scenarios, thus
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averting potential hazardous situations (Martini et al.,
2018).

Automation in chemical dosing mechanisms has
revolutionized safety and precision in water treatment
processes. Modern dosing pumps are equipped with
feedback loops that dynamically adjust chlorine feed
rates based on real-time water quality parameters, such
as flow rate and residual chlorine concentration. This
automation not only optimizes disinfectant usage but
also prevents overfeeding, mitigating risks associated
with byproduct formation and accidents resulting from
excessive chemical exposure (Gupta et al., 2018).
Emergency shutoff systems activated during leak
detection or pressure anomalies have also advanced
significantly, utilizing pneumatic or electric actuators
designed for immediate engagement, reinforcing the
integrity of safety mechanisms throughout the system
(Mwangi, 2019; Zohuri & Moghaddam, 2020).

Process design improvements also enhance
chlorination infrastructure safety and durability. The
implementation of double-containment systems, for
instance, incorporates secondary  containment
structures around chemical storage, designed to
capture any leakage incidents. This redundancy
simplifies cleanup and hinders environmental
contamination (Dong, et al., 2020; Tien, et al., 2019).
The materials used in constructing these containment
systems are evolving, with safer and corrosion-
resistant options like high-density polyethylene
(HDPE) and fiber-reinforced plastics (FRP) replacing
traditional materials to extend lifespan and reduce
maintenance needs. Such material advancements,
along with dedicated facility layouts featuring
dedicated ventilation systems, ensure a substantial
reduction in exposure risk during routine maintenance
(Asada et al., 2020).

As water treatment facilities continue to explore
modular chlorine generation units that produce sodium
hypochlorite on-site, they further mitigate risks
associated with transporting and storing hazardous
chlorine. These systems are designed to be self-
contained with integrated leak detection and
emergency shutoff features, reinforcing safety while
accommodating demand scaling without
compromising safety (Duan, Edwards & Dwivedi,
2019; Tien, 2017). Moreover, the aggregate of these
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engineering and technological advancements signifies
a paradigm shift in the safety culture within water
treatment, reflecting a movement from reactive to
proactive management of chemical hazards.

In summary, the technological strides and engineering
innovations in chlorination and disinfection units
markedly fortify safety and hazard mitigation in water
treatment plants today. Real-time leak detection
systems, advanced SCADA-based controls, and
enhanced structural designs lay down the foundation
for future developments in water quality management.
The prioritization of safety, efficiency, and
sustainability is now more critical than ever as the
sector evolves to accommodate rising demands for
clean water delivery without compromising
environmental and occupational safety standards.

2.5. Safer Disinfectant Alternatives

Water treatment is critical for public health, ensuring
the removal of pathogenic microorganisms.
Disinfection, particularly =~ with  chlorine-based
methods, has historically been the preferred approach
due to its effectiveness, cost efficiency, and ease of
application. Chlorine gas is widely used as a
disinfectant in water treatment processes. However, its
hazardous nature—being a toxic and volatile
substance—poses significant safety risks, including
respiratory damage and the potential for catastrophic
releases during handling and storage. The
Occupational Safety and Health Administration
(OSHA) and the Environmental Protection Agency
(EPA) impose strict regulations on facilities using
chlorine gas, increasing operational burdens and
prompting many water treatment utilities to consider
alternative disinfectants (Romanovski et al., 2020).

As concerns over safety and compliance grow,
alternatives like sodium hypochlorite and chloramines
are gaining traction. Sodium hypochlorite, commonly
recognized as liquid bleach, is less hazardous; it is
typically stored in liquid form under normal
conditions, thus reducing risks associated with high-
pressure containment (Waters et al., 2020). Although
it remains a strong oxidizer and requires appropriate
handling to mitigate chemical burn risks, its safety
profile generally surpasses that of chlorine gas
(Jarrahi, 2018; Terziyan, Gryshko & Golovianko,
2018). Sodium hypochlorite does have significant
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drawbacks, including degradation over time,
especially under heat or light exposure, which reduces
its disinfection capacity and raises operational costs
due to increased dosing requirements (Yin et al,
2020).

Chloramines, another alternative, are formed by
combining chlorine with ammonia. They have
garnered attention due to their stability and reduced
potential to form harmful disinfection byproducts
(DBPs) like trihalomethanes, which are regulated due
to their carcinogenic properties. This attribute makes
chloramines a preferred choice for long-distance water
distribution systems where maintaining residual
disinfectant levels is challenging (Guo et al., 2016).
However, the production of chloramines requires
cautious management of the chlorine-to-ammonia
ratio to prevent undesirable nitrification problems in
the water system (Affognon, et al., 2015; Misra, et al.,
2020).

The transition toward safer disinfectants is driven not
only by regulatory compliance but also by community
concerns and a broader push for sustainability among
water utilities. Public health incidents linked to
chlorine gas and extensive scrutiny from regulatory
bodies encourage utilities to adopt safer alternatives to
minimize risks and enhance community trust. Each
disinfectant option underscores a trade-off between
safety, regulatory challenges, microbial efficacy, and
operational costs (Akande & Diei-Ouadi, 2010;
Morris, Kamarulzaman & Morris, 2019). While
chlorine gas remains an effective disinfectant, its
inherent risks may outweigh its advantages,
particularly in urban areas or systems frequented by
vulnerable populations.

Furthermore, considerations of regulatory compliance
and operational complexities play a significant role in
the decision-making process for disinfectant adoption.
Utilities must evaluate the total cost of ownership,
considering both direct costs such as purchasing
disinfectants and indirect costs related to handling,
storage, and regulatory compliance (Waters et al.,
2020). This assessment may favor more sustainable
practices, such as using chloramines or sodium
hypochlorite, despite their complexities and costs
(Ahiaba, 2019; Hodges, Buzby & Bennett, 2011).
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In conclusion, the landscape of water disinfection is
witnessing a fundamental shift toward safety and
sustainability. While chlorine gas is effective in
microbial mitigation, escalating safety concerns are
pushing utilities towards alternatives like sodium
hypochlorite and chloramines. This overall direction
aligns with broader health and environmental
objectives, emphasizing effective disinfection
alongside the safety and well-being of communities
served by modern water utilities.

2.6. Risk Assessment and Mitigation Methodologies

The integration of systematic risk assessment and
mitigation methodologies in chlorination and
disinfection units at water treatment plants is critical
for ensuring process safety, environmental integrity,
and compliance with regulatory frameworks.
Chlorination processes involve handling hazardous
materials like chlorine gas, sodium hypochlorite, and
chloramines, which introduce distinct risks including
toxic exposure, equipment malfunctions, and possible
chemical reactions. The methodologies employed,
such as Hazard and Operability Study (HAZOP),
Failure Mode and Effects Analysis (FMEA), and
Layers of Protection Analysis (LOPA), provide a
comprehensive framework to manage these risks.

HAZOP is recognized for its effectiveness in
identifying potential hazards in operational settings.
By examining process flow diagrams and operational
procedures, teams can explore operational deviations
such as “no flow” or “excess flow” in chlorine dosing
lines, which may signify equipment failure or risks of
leakage (Jagtap, et al., 2020; Sibanda & Workneh,
2020). The HAZOP process includes discussions
surrounding the causes of these deviations, their
potential consequences, and existing safeguards,
which can lead to recommendations for additional
safety measures, such as installing backflow
preventers. This qualitative approach allows for a
thorough consideration of both technical risks and
human factors, thereby uncovering subtle failure
pathways that might otherwise remain unnoticed.

FMEA complements HAZOP by providing a more
quantitative view of risk management. It involves
systematically identifying all potential failure modes
relating to equipment like dosing pumps and control
valves and assessing them based on severity,
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occurrence, and detection (Zhang et al., 2023). Each
risk is assigned a Risk Priority Number (RPN), which
helps prioritize maintenance interventions. For
example, if a chlorine gas leak caused by valve
corrosion is flagged as having high severity but low
detectability, it can be addressed promptly through
maintenance interventions (Bergion et al.,, 2020).
FMEA not only streamlines resource allocation but
also aids in extending the lifecycle of critical
components and ensuring consistent operational
reliability (Abuzerr et al., 2020).

LOPA builds on both HAZOP and FMEA by
assessing the sufficiency of existing protective
measures against identified risks. It evaluates whether
the combined safety systems are capable of lowering
risk levels to acceptable thresholds. For instance, a
LOPA assessment of a chlorination unit might
evaluate the likelihood of accidental chlorine release,
factoring in existing safety alarms and operator
responses (Chaudhuri, et al., 2018; Stathers & Mvumi,
2020). Should the resulting risk remain above
acceptable levels, LOPA can recommend added safety
features such as redundant control systems or
additional alarms. This semi-quantitative approach
offers an in-depth analysis that balances risk
mitigation with practical considerations of engineering
solutions (Revollar et al., 2020).

Moreover, the advent of artificial intelligence (AI) and
machine learning (ML) has introduced novel
methodologies for predictive maintenance and
anomaly detection within these conventional risk
frameworks. Al and ML harness historical and real-
time data to anticipate equipment failures or unsafe
conditions. For instance, ML algorithms can identify
changes in normal operational parameters of chlorine
dosing systems to predict failures before they occur
(Das Nair & Landani, 2020; Krishnan, Banga &
Mendez-Parra, 2020). Employing these innovative
tools not only enhances the effectiveness of existing
methodologies like HAZOP, FMEA, and LOPA but
also aids in adapting to increasingly complex
operational environments. By integrating Al with
supervisory control and data acquisition (SCADA)
systems, water treatment facilities can derive real-time
insights that bolster decision-making capabilities
during operational crises.
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Despite the advantages presented by Al and ML,
challenges remain in their implementation. Key
obstacles include ensuring the quality and availability
of data, as well as the need for trained personnel
capable of interpreting and acting on Al findings. The
necessity for model validation also underscores the
importance of maintaining accuracy over time (Shah,
Li & Ilerapetritou, 2011; Urciuoli, et al., 2014).
Nevertheless, as the water treatment sector
increasingly embraces digital transformation, the
integration of Al-driven methods into risk assessment
practices is likely to become commonplace,
reinforcing a proactive approach to process safety
management (Gomez-Llanos et al., 2020).

In conclusion, the systematic methodologies of
HAZOP, FMEA, and LOPA remain fundamental in
managing the inherent risks associated with
chlorination and disinfection units in water treatment.
These techniques provide a multi-layered and
structured strategy for hazard identification and
mitigation. Additionally, emerging technologies
involving Al and ML signify a pivotal advancement in
enhancing safety measures and operational efficiency.
Their application stands to reshape the landscape of
water treatment safety, ensuring better public health
outcomes and environmental protection in this critical
industry.

2.7. Human Factors, Organizational Safety Culture
Case Studies and Implementation Successes

In advancing safety in water treatment plants,
particularly concerning chlorination and disinfection
processes, the influence of human factors and
organizational safety culture is significant. Even the
most advanced engineering solutions can fall short
without effective  personnel training, clear
communication, and a steadfast commitment to safety
within the organization. A study by Bisbey et al.
illustrates the critical interplay between safety culture
and safety performance, suggesting that a well-rooted
safety culture enhances overall safety outcomes within
organizations (Bisbey et al., 2019). This sentiment is
echoed in various reports indicating that organizations
investing in human-centered safety strategies—such
as training programs, development of standard
operating procedures (SOPs), and proactive safety
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culture initiatives—experience measurable

improvements in risk management.

Training personnel in chemical handling and safety
practices is fundamental for managing hazards
associated with chlorine and other disinfectants.
Evidence shows that continuous training programs can
enhance compliance and incident response
capabilities. For instance, various water utilities
implement regular refresher training for staff working
near chlorine systems, covering important aspects like
personal protective equipment (PPE) and spill
containment (Tait et al., 2018). This focus on ongoing
training has resulted in improved operational safety
and reduced the likelihood of chemical exposure
incidents, emphasizing the need for a comprehensive
training framework.

Standard operating procedures are vital in maintaining
operational safety consistency. SOPs define specific
protocols for handling hazardous materials, providing
clear, step-by-step guidance for operators. The digital
transformation of SOPs allows for real-time
monitoring and accountability, significantly reducing
human error. A documented case in a Canadian water
treatment facility highlighted how digitized SOPs
contributed to improved process adherence,
supporting better safety compliance (Almalki et al.,
2019). This underscores the importance of aligning
SOPs with actual practices to enhance safety
compliance and operational efficiency.

Communication protocols are equally fundamental
during routine and emergency situations. Effective
communication ensures that all team members
understand their roles and responsibilities, especially
during crises involving chemical leaks. For example, a
Southeast Asian water board efficiently integrated
chlorine leak detection alarms with its emergency
response systems, which was pivotal in ensuring
immediate notifications to on-site and off-site
responders, thereby preventing potential hazards
(Raseman et al., 2020). Such integrations of
communication technologies represent a significant
enhancement in managing risk during emergencies.

Moreover, fostering a proactive safety culture is
essential for long-term risk mitigation. Organizations
that actively engage all levels of staff in safety
practices create an environment where safety is
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regarded as a shared value. This cultural shift can lead
to increased reporting of near misses, thus preventing
accidents (An, Wilhelm & Searcy, 2011; Kandziora,
2019). For instance, safety leadership initiatives in
various utilities demonstrate how leadership
involvement can enhance safety culture by addressing
staff concerns and promoting ownership of safety
practices (Bisbey et al., 2019).

Utilities that effectively combine human-oriented
safety improvements with technological
advancements report substantial success. A California
water treatment facility’s adoption of sodium
hypochlorite generation, paired with enhanced safety
protocols, resulted in significant reductions in toxic
exposure risks and liability costs (An, Wilhelm &
Searcy, 2011; Kandziora, 2019). By intensifying
investments in training and safety culture,
organizations not only improve employee morale but
also realize considerable financial savings stemming
from decreased insurance premiums and fewer
regulatory fines.

In conclusion, while engineering controls in
chlorination and disinfection units are vital, equally
important are the human and organizational factors
that shape safety practices. Comprehensive training,
well-structured SOPs, effective communication, and a
proactively nurtured safety culture create a robust
operational environment adept at minimizing chemical
hazards. Case studies illustrate that utilities
implementing these strategies experience reductions in
risks and operational costs, alongside a more engaged
workforce. The ongoing modernization of the water
sector hinges on understanding and integrating human
factors into safety management for effective risk
mitigation.

2.8. Challenges and Research Gaps

Despite significant advancements in process safety
protocols and hazard mitigation technologies for
chlorination and disinfection units within water
treatment plants, several enduring challenges prevent
the attainment of a universally safe and resilient
disinfection infrastructure. Research indicates that
many of these challenges stem from both technical
limitations and systemic issues such as organizational
behaviors, economic constraints, and inconsistent
access to modern innovations (Qiao et al., 2020).
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Addressing these barriers is vital for the long-term
sustainability of water treatment systems, where
public health and environmental integrity increasingly
depend on reliable disinfection methods.

One significant challenge is the inadequacy of current
detection systems for hazardous substances like
chlorine gas. Real-time sensors and automated alarm
systems have seen improvements; however, many of
these systems remain inadequate in terms of
sensitivity, reliability, and spatial coverage. For
example, conventional chlorine gas detectors often
exhibit a limited detection range and suffer from
performance issues in high-humidity environments,
which are typical in many water treatment facilities
(Yue, You & Snyder, 2014; Oyedokun, 2019).
Furthermore, the lag time in detecting low-
concentration leaks, coupled with a tendency to
generate false positives due to interference from other
volatile compounds, compromises their effectiveness
as safety instruments. Such deficiencies can lead to
unrecognized hazards or unwarranted evacuations,
which have significant operational and safety
ramifications (Yang et al., 2015). Maintenance of
these sensors, which frequently requires recalibration,
is often neglected due to labor shortages or budget
constraints, further heightening safety risks ("Water as
a Constraint on Economic Growth", 2020; Teliura,
2020).

The spatial configuration of sensor networks also
presents a critical issue. Sensors are often installed
only in key areas like storage rooms or dosing stations,
leaving substantial sections of pipe networks and
transit zones vulnerable to unnoticed leaks.
Vulnerabilities in detection infrastructure emphasize
the necessity for innovative monitoring solutions such
as mobile sensors, drone-based detection systems, and
integrated sensor networks that utilize multiple data
streams (e.g., acoustic, chemical, visual) to create a
more comprehensive disinfection monitoring system
(Qiao et al., 2020). Current research in this sphere
should aim to develop low-maintenance, adaptable
technologies conducive to various environmental
conditions while ensuring wide-area monitoring
capabilities (Nayak & Banerjee, 2017).

Moreover, the underreporting of near-miss
incidents—events that could have led to undesirable
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outcomes—has been identified as a systemic
challenge affecting the learning environment in
chlorination and disinfection units. Various factors,
such as fear of reprimand or lack of standardized
reporting mechanisms, contribute to this trend. As a
result, critical data on latent hazards are often lost,
which would inform the optimization of standard
operating procedures or prompt necessary engineering
adjustments  (Androutsopoulou, et sl., 2019;
Kankanhalli, Charalabidis & Mellouli, 2019). This
culture impedes operational improvements and
reinforces dangerous practices where safety protocols
are bypassed. Thus, cultivating a non-punitive safety
reporting culture supported by advanced incident
tracking technologies and real-time analytics is
essential for improving safety outcomes in the sector.

Compounding these issues is the disparity in access to
advanced safety technologies between high-income
and low-resource settings. Recent findings indicate
that while developed regions benefit from innovations
such as SCADA-based leak detection systems and Al-
driven predictive maintenance, utilities in developing
countries often lack even basic monitoring
infrastructure (Santos et al., 2013). The reliance on
outdated systems raises the likelihood of accidents and
public health risks, requiring targeted research into
affordable and scalable safety technologies tailored to
local contexts (Yang et al.,, 2015). Collaborative
efforts between academic institutions and utility
services could stimulate the design and dissemination
of practical, context-appropriate solutions, such as
low-cost sensor setups or mobile applications for
incident reporting (Marcus, 2012).

Furthermore, there exists a notable deficiency in
global harmonization of regulatory standards
regarding chlorine disinfection safety. Current
regulations, while comprehensive in nature, suffer
from inconsistent implementation across different
jurisdictions. This discrepancy fosters vulnerabilities,
particularly in regions where water treatment systems
are shared across borders (Nguyen-The et al., 2016;
Qiao et al., 2020). Advocacy for a consolidated global
infrastructure enabling uniform standards is necessary,
alongside the establishment of international databases
to facilitate the sharing of disinfection-related incident
data, thus enhancing the prospects for cooperative
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safety improvements (Tiefenbacher, 2017; Wang &
Yabo, 2010).

Lastly, emerging research gaps exist in understanding
the occupational health implications of working in
chlorine-disinfection ~ environments,  particularly
concerning the long-term psychological and
physiological impacts. Although acute exposure risks
are well studied, the cumulative effects of low-level
chlorine  exposure require more empirical
investigation to inform protective measures (Teliura,
2020). A holistic approach that considers the
intersection of health, safety, and operational
efficiency should be adopted to foster sustainable
advancements in water treatment practices.

In conclusion, while significant strides have been
made in enhancing process safety and hazard
mitigation in chlorination and disinfection units,
unresolved challenges and research gaps threaten the
sector's overall effectiveness. Addressing these
multifaceted issues necessitates an interdisciplinary
approach incorporating technology, behavioral
science, and rigorous policy reform. By prioritizing
systemic improvements, the water treatment sector can
work towards achieving a universally safe, adaptive,
and sustainable disinfection

(Standardisation, 2017; Truby, 2020).

infrastructure

2.9. Conclusion and Recommendations

The advancement of process safety and hazard
mitigation in chlorination and disinfection units of
water treatment plants is a multifaceted challenge that
requires a careful balance of engineering, human
factors, regulatory compliance, and organizational
culture. This review has highlighted the critical
importance of transitioning from reactive safety
practices to proactive, integrated approaches that
address both the immediate and systemic risks
associated with chemical disinfection. Key findings
indicate that while technological innovations such as
real-time leak detection systems, SCADA integration,
automated dosing controls, and safer storage designs
have significantly enhanced operational safety,
persistent gaps remain in detection reliability, near-
miss reporting, and equitable technology access
particularly in low-resource settings. Methodologies
such as HAZOP, FMEA, and LOPA provide
structured risk evaluation frameworks, but their
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effectiveness is  contingent upon  consistent
application, robust data, and organizational
commitment. Human-centered strategies, including
continuous training, strong communication protocols,
and a positive safety culture, have proven equally
essential in translating technical safeguards into daily
operational resilience. Case studies from utilities that
have implemented these multidimensional strategies
underscore the measurable benefits, including reduced
incident rates, improved compliance, lower insurance
costs, and enhanced workforce morale.

Moving forward, there is an urgent need for water
utilities, policymakers, and sector stakeholders to
embrace a forward-looking, proactive model of safety
management. This involves recognizing that safety is
not a static checklist but a dynamic system of
interrelated practices, behaviors, and technologies. A
comprehensive roadmap should be driven by three
interconnected pillars: policy, technology, and
training. Policy reforms must prioritize the
harmonization and enforcement of chemical safety
standards globally, support data transparency through
shared incident repositories, and incentivize utilities to
adopt inherently safer technologies. Technological
efforts should focus on the development of cost-
effective, context-appropriate safety innovations that
extend protection to low-income and rural utilities.
Investment in Al and machine learning for predictive
maintenance, mobile sensors, and remote monitoring
will be critical in scaling intelligent safety
management. Lastly, capacity building through
sustained training, workforce development, and
leadership engagement will ensure that safety
protocols are understood, internalized, and
continuously improved. Ultimately, securing the
future of chlorination and disinfection safety depends
on embedding resilience, adaptability, and human-
centered design into every facet of water treatment
operations.
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