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The disinfection of drinking water with gaseous chlorine remains a key element of urban and regional infrastructure, primarily due to its high microbiological effectivity and economic efficiency. However, due to the high toxicity and physicochemical properties of chlorine, this technology poses significant risks to both plant operators and the surrounding area. This paper presents an analysis of industrial accidents related to the operation of chlorine management systems in water treatment plants from 2005 to the present. 
The research is based on a review of international databases of industrial accidents (e.g., eMARS, ARIA, and CSB) and relevant published reports and technical reports from national supervisory authorities. The study classifies historical accidents based on their initiating events, which include technical failures of pressure systems, external influences, and human error.  
The results of the analysis suggest that while catastrophic integrity loss is rare, there are still numerous small and medium-scale leaks caused by corrosion, inadequate maintenance of dosing equipment, and improper handling when replacing pressure cylinders and drums... 
Based on a synthesis of the findings, the article proposes a set of general safety recommendations aimed at eliminating or mitigating the risks of such accidents. The conclusion of the paper emphasizes the need to incorporate inherent safety principles into the design and life cycle of water treatment plants to ensure a high level of protection for their surroundings.
1. Introduction
Chlorine has been used for the disinfection of drinking water since the early 20th century. Its high microbiological effectivity, relatively low cost, and ability to maintain a residual disinfectant concentration in distribution networks have made it the dominant disinfectant in both urban and rural water supply systems worldwide. The physicochemical properties of chlorine that make it a highly effective disinfectant are, however, inseparable from the hazards - a highly toxic gas, approximately 2.5 times denser than air. Upon catastrophic release from a pressurised container, chlorine forms a dense, ground-hugging vapour cloud that can travel into inhabited areas, basements, and drainage systems before effective emergency response is possible.
Drinking water treatment plants (DWTPs) present a distinct risk profile within the broader landscape of industrial chemical hazards. Unlike petrochemical facilities, where the management of hazardous substances is the core business activity and process safety is a primary design driver, DWTPs use hazardous chemicals only as an auxiliary process step. This context leads to inherently different safety cultures, lower levels of dedicated process safety engineering, and reduced regulatory scrutiny in many jurisdictions. Most of DWTPs hold quantities of chlorine deeply below the lower-tier threshold of the European Seveso III Directive (10 t for chlorine under Directive 2012/18/EU), yet they may still present substantial risks to adjacent communities. (Gajek, 2013) demonstrated that computer simulations of chlorine releases from non-Seveso establishments could produce significant toxic effects on surrounding populations.
Despite this risk profile, a systematic, database-driven analysis of accidents specifically related to chlorine management systems at DWTPs covering the period from 2005 to the present has not been widely published. (Travnicek et al., 2022) analysed accidents at municipal wastewater treatment plants in Europe from a broader perspective, while (Zainulabidin et al., 2025) recently examined root causes of two specific incidents in Malaysia. The present paper addresses this gap by compiling and analysing a structured dataset of documented incidents, identifying recurring causal patterns, and deriving evidence-based safety recommendations aligned with recognised risk assessment methodologies and inherent safety principles.
2. Hazard profile of chlorine in water treatment
Chlorine is stored and transported as a liquefied gas under moderate pressure (approximately 0.67 MPa at 
20 °C). DWTPs typically hold chlorine in steel pressure cylinders (40–70 kg), one-tone drums, or, at larger facilities, tank cars. The dual-phase nature of the stored substance means that a rupture or valve failure produces both flash evaporation and a persisting liquid pool that continues to vaporize. Even trace moisture accelerates corrosion of carbon steel components markedly; at moisture concentrations above 50 ppm, corrosion rates can exceed 5 mm per year with pronounced pitting and stress corrosion cracking (Euro Chlor, 2022). This behavior makes the integrity of valves, gaskets, and transfer connections a critical determinant of containment.
The principal exposure thresholds relevant to DWTP risk management are summarized in Table 1. Chlorine's odor threshold (approximately 0.3–0.5 ppm) is close to the occupational exposure limit, meaning that olfactory detection alone provides an unreliable primary alarm for personnel. This reinforces the need for fixed electrochemical detection systems. The high density of chlorine vapor relative to air governs the dispersion behavior upon release: the gas tends to accumulate in below-grade spaces, trenches, and drainage channels, extending the affected zone significantly beyond the immediate release point (ATSDR, 2010).
Table 1: Key chlorine exposure thresholds relevant to WTP risk management
	Parameter
	Value
	Significance

	OSHA PEL (ceiling)
	1 ppm
	Maximum permissible exposure; must not be exceeded at any time

	ACGIH TLV-TWA
	0.5 ppm
	8-h time-weighted average for repeated occupational exposure

	NIOSH IDLH
	10 ppm
	Immediately dangerous to life or health; maximum 30-min escape

	AEGL-2 (60 min)
	2.0 ppm
	Irreversible or other serious effects impairing ability to escape

	AEGL-3 (60 min)
	20 ppm
	Life-threatening effects; threshold for mortality risk (EPA, 2021)

	EPA RMP toxic endpoint
	3 ppm
	Concentration used to define the hazard zone radius in US RMP off-site consequence analysis


3. Methods
The study is based on a systematic review of publicly available industrial accident reports covering the period from January 2005 to March 2025. The primary data sources were: the French ARIA database (Analyse, Recherche et Information sur les Accidents) maintained by the Bureau d'Analyse des Risques et des Pollutions Industrielles; the European major accident database eMARS operated by the European Commission's Major Accident Hazards Bureau; reports from the US Chemical Safety and Hazard Investigation Board (CSB); and news reports and official statements from national regulatory and emergency management authorities in individual incident jurisdictions. 
Incidents were included if they: (a) occurred at a drinking water treatment plant or at a facility directly supplying chemicals for water treatment; (b) involved gaseous chlorine, liquefied chlorine, or chlorine-generating reactions between dosing chemicals (sodium hypochlorite and incompatible substances); and (c) were documented with sufficient detail to allow identification of the initiating event. Each incident was classified by: (I) primary category of the initiating event (technical failure, human error, or external influence including cybersecurity); (II) the specific causal mechanism; and (III) the scale of consequences (small: fewer than 10 persons affected or exposure confined to plant premises; medium: 10–100 persons affected or off-site impact without mass casualties; large: more than 100 persons affected or one or more fatalities).
4. Results
Fifteen incidents meeting the inclusion criteria were identified for the study period. Table 2 provides a structured summary of each event. The full dataset spans four continents and encompasses a wide range of operational contexts, from advanced water utilities in North America and Europe to facilities in developing economies.

Table 2: Summary of chlorine-related accidents at water treatment plants (2005–2025).
	Date
	Location
	Category
	Cause / Initiating event
	Scale
	Consequences

	07/2005
	Fairfax, Virginia USA
	Technical failure
	Seal failure on a one-ton container with chlorine.
	Medium
	35 evacuated, 1 worker treated, 2 examined, 

	10/2006
	Nová Bystrica, SK
	Human error / Technical
	Unexpected reaction of two incompatible chemicals; tank containing NaClO₂ exploded; ~20 m³ of toxic vapour released; building severely damaged
	Medium
	2 persons hospitalised; residents in wide area advised to stay indoors or move to upper floors; contents transferred to emergency drums overnight; building damage ~1 M SKK

	02/2009
	Vítkov-Podhradí, CZ
	Human error (cascade)
	An employee connected FeSO₄ tanker to wrong tank containing NaClO₂ residue; highly exothermic reaction producing Cl₂; reaction reignited twice on days 2 and 3 during remediation. 
	Large
	2 workers hospitalised (day 1); up to 200 persons evacuated (day 2, school + residents); ~300 persons evacuated (day 3, entire hamlet); police investigation for criminal negligence

	07/2010
	Loc-Eguiner, FR
	Technical failure
	Dosing pump failure – NaOCl leak (800 L); river contaminated
	Medium
	6–7 t of dead fish; 1 km river stretch affected

	02/2013
	Thionville, FR
	Technical failure
	Cylinder valve failure – 8 kg Cl₂ released from 50 L cylinder
	Small–Medium
	8 persons treated; 50 m cordon; school and pool affected

	07/2015
	Jos, Nigeria
	Technical failure
	Cylinder explosion at DWTP (Plateau State Water Board)
	Large
	8 fatalities; >100 hospitalised; respiratory injuries

	05/2016
	Norton, KS, USA
	Technical failure
	Heater malfunction – fusible plug melted; full cylinder content released
	Medium
	DWTP evacuated; SCADA failure; boil-water order; 4-month repair

	07/2017
	Kota Belud, Malaysia
	Technical failure
	Valve corrosion – hole in drum valve; continuous Cl₂ release
	Small–Medium
	Several respiratory cases; communities affected

	05/2017
	Fort McMurray, Canada
	Human error
	Inadvertent mixing of NaOCl + polyaluminium chloride
	Small
	Cl₂ generated; DWTP evacuated; no injuries

	02/2019
	Birmingham, AL, USA
	Human error
	Inadvertent mixing of NaOCl + ferrous sulphate; toxic Cl₂ cloud
	Large
	55 hospitalised; highway I-280 closed for 2 h

	02/2021
	Oldsmar, FL, USA
	Human error

	Remote TeamViewer access; The operator incorrectly set NaOH to be 100 times higher.
	Potential large
	No casualties; High risk of takeover uncovered during cyberattack investigation.

	07/2022
	Nasiriyah, Iraq
	Technical failure
	Cl₂ storage tank leak at WTP (Dhi Qar Province)
	Large
	>300 persons poisoned

	10/2022
	Bhopal, India
	Technical failure
	Cylinder nozzle failure – approx. 900 kg Cl₂ released; cloud formed
	Medium
	15 hospitalised incl. 2 children; container submerged to stop leak

	03/2025
	Mannheim WTP, Canada
	Human error
	Inexperienced strike-replacement workers during cylinder change
	Small
	Cl₂ leak; thousands of residents at risk; no hospitalisation reported

	05/2025
	Allouez, WI, USA
	Technical failure
	Valve failure on 50 kg cylinder; leak confined indoors
	Small
	Localised indoor release; no public impact reported



Of the 15 incidents, 9 (60 %) were initiated by technical failures of pressure equipment, 6 (40 %) by human error or procedural violations. In one case (2021 Oldsmar), a cyberattack was investigated. Although it was ultimately ruled out, a high risk of potential takeover was identified due to unsecured internet access to computer technology and a shared password for all computers, including the TeamViewer application.  Four incidents were classified as large-scale: the Vítkov-Podhradí cascade event (2009) with three  successive releases and the evacuation of an entire hamlet; the Jos, Nigeria cylinder explosion (2015) with 8 fatalities and more than 100 hospitalised; the Birmingham, Alabama chemical mixing event (2019) with 55 hospitalisations; and the Nasiriyah, Iraq tank leak (2022) with more than 300 persons poisoned. No catastrophic failure of a major storage tank was recorded within this dataset; the most severe outcomes were associated with cylinder explosions, inadvertent chemical mixing, or large releases from tanks at facilities lacking adequate containment and emergency response capacity.
Among technical failures, corrosion of valves, fusible plugs, or transfer connections was the dominant causal mechanism, consistent with findings reported by (Gangopadhyay et al., 2005) or (Gyenes Z., Heraty Wood M., 2016) and with the material science basis documented by (Euro Chlor, 2022). The Norton, Kansas (2016) event illustrates how a secondary environmental factor – a faulty heater – can cause a fusible plug to melt and release an entire cylinder inventory, independently of the primary chlorine handling process. The accidents in Nová Bystrica (2006) and Vítkov-Podhradí (2009) in Central Europe are significant because in both cases there was an uncontrolled reaction between sodium hypochlorite, a precursor used in the production of chlorine dioxide on site, and an incompatible chemical. This combination can very quickly produce large amounts of chlorine or chlorine dioxide, which in enclosed spaces can rapidly exceed the capacity of the room/building. The Vítkov-Podhradí accident is a classic cascade accident: the initial reaction was not fully neutralized, intermediates accumulated in the sump and drainage system, and reactivation occurred over the next two days during remediation work. (Kukuczka et al., 2025) identified inadvertent chemical mixing as a recurring pattern across ARIA and eMARS records, predominantly attributable to absence of physical interlocks (poka-yoke measures) and to organizational failures during chemical deliveries.
The Oldsmar, Florida incident (2021) represents a qualitatively different category. During the investigation of a possible cyberattack, it was discovered that it was possible easily penetrate the water treatment plant's control systems and gain remote access via the TeamViewer application, with the ability to increase the concentration of sodium hydroxide dosing to a level that would result in a harmful chemical composition of the water. Although this event did not directly involve gaseous chlorine, it demonstrates the emerging vulnerability of DWTP chemical dosing systems to cyberattacks as a pathway to either mass contamination or, in scenarios involving on-line chlorine gas dosing, to a forced over-release. The Mannheim DWTP (2025) event illustrates a further dimension of human factor risk: replacement workers without task-specific training performed cylinder change-out operations during a labor dispute, generating a chlorine release that placed thousands of residents at risk. This incident underlines that competency requirements must be explicitly defined for all personnel undertaking safety-critical tasks, regardless of employment status.
5. Discussion and safety recommendations
The analysis identifies three principal causal patterns that safety measures should address: (a) progressive equipment degradation through corrosion; (b) human error during chemical handling and maintenance; and (c) insufficient barriers at the system level. The following recommendations are organized according to the hierarchy of controls, progressing from engineering measures to administrative controls.
5.1 Engineering measures
Fixed electrochemical gas detection systems should be installed in all enclosed chlorine storage and handling areas, with alarm set points calibrated to AEGL-1 or the occupational TLV, and with automatic notification to emergency responders. (Soltanzadeh et al., 2022) found that 82 % of workers in chlorine-exposed DWTP facilities reported respiratory symptoms attributable to chronic low-level exposure, suggesting that detection is systematically inadequate. Emergency scrubbing systems based on sodium hydroxide absorption, as specified by the (Chlorine Institute, 2006) in Pamphlet 89, should be considered for any facility storing more than one ton of chlorine. Water curtain and spray systems provide supplementary mitigation of external cloud propagation, though their effectiveness depends heavily on proper hydraulic design and the degree of confinement (Buchlin, 2017). The elimination of sources of ignition and heat near cylinder storage areas – as the Norton, Kansas event demonstrates – must be addressed through engineering design, not only through procedural controls.
The material compatibility of all components in contact with chlorine must be rigorously specified and verified. The DPC Enterprises Festus incident (Joseph, 2004) demonstrated that visually identical materials with different alloy compositions can be installed incorrectly; this risk is managed through color-coding, dedicated tooling, and a double-check procedure before commissioning any connection. Inspection and maintenance programs for valves, gaskets, and piping should be based on corrosion rate data and condition monitoring rather than time-based schedules alone, following guidance in (Euro Chlor, 2022) and in (Chlorine Institute, 2020).
5.2 Risk assessment of operating procedures
HAZOP (Hazard and Operability Study) analysis of chlorine handling procedures is recommended as a structured method for identifying deviations from design intent that can lead to releases. (Mohammadfam et al., 2012) compared HAZOP and ETBA methodologies for a DWTP chlorination unit in Tehran and demonstrated that both methods identify complementary sets of hazards. (Abu Bakar et al., 2017) based on 770 cases from online database such as the US Chemical Safety and Hazard Investigation Board (CSB-US), European Major Accident Reporting System (EMARS), Failure Knowledge Database (FKD-Japan) and Accident Reporting Information Analysis (ARIA) and later (Yang et al., 2022) using eMARS data, demonstrated that the most frequently deficient process safety management elements are process hazard analysis, operating procedures, and training – precisely the areas targeted by structured HAZOP and LOPA programs.
On the other hand, (Fabiano et al., 2021), highlights the issue of inspector training, the diversity of their approaches and procedures, and their general ability to assess risks.
Procedures for cylinder and drum replacement must include mandatory double-person verification, written work permits, pre-connection leak testing with ammonia vapor or a suitable indicator, and a check of environmental conditions (temperature, ventilation). The Mannheim DWTP incident highlights that these procedures must also address the competency requirements for personnel performing the work, and that contractors or replacement workers must receive task-specific training before undertaking cylinder change-out operations.
5.3 Inherent safety in the design and life cycle of water treatment plants 
The concept of inherent safety proposes that hazards should be eliminated or reduced at source through design choices rather than managed through added protective systems. The four principal strategies – substitution, intensification, attenuation, and simplification – are directly applicable to DWTP chlorine systems and should be considered at every stage of the plant life cycle.
Substitution of gaseous chlorine with alternatives such as sodium hypochlorite, ultraviolet irradiation, or on-site electrolytic generation eliminates the hazard of pressurised toxic gas storage entirely, at the cost of operational complexity or reduced disinfection residual. (Li and Wang, 2020) developed a systematic inherent safety metric and applied it to a chlorine liquefaction process, demonstrating quantifiable risk reduction from design-stage substitution. For large facilities where gaseous chlorine is retained for economic reasons, reduction of the on-site inventory to the minimum operationally necessary quantity is an application of the intensification strategy. The Chlorine Institute recommends limiting the number of connected cylinders and maintaining a managed delivery schedule rather than holding large buffer stocks.
6. Conclusions
The analysis of 15 documented chlorine-related incidents at water treatment plants between 2005 and 2025 reveals that: (I) technical failures, principally corrosion and material incompatibility of pressure equipment, are the most frequent initiating event category (60 %); (II) human error in chemical handling and maintenance operations, including inadvertent mixing of incompatible dosing chemicals, accounts for approximately 40 % of incidents; (III) catastrophic failure of major storage vessels is rare, but small and medium-scale cylinder, drum, and dosing-system leaks occur with sufficient frequency to cause repeated casualties and environmental damage; and (IV) cascade accidents involving reactive intermediates in drainage and containment systems – exemplified by the Vítkov-Podhradí event – represent an underappreciated failure mode that demands specific attention during both hazard assessment and remediation planning; (V) emerging threats such as cyberattacks on water infrastructure control systems constitute a qualitatively new risk pathway that current process safety frameworks do not fully address.
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