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Abstract

Intermittent water supply is common in Palestine, prompting schools to rely on on-site
water storage systems, including underground and roof tanks. Prolonged and uncontrolled
water storage leads to quality degradation, especially with free residual chlorine (FRC)
depletion. Hence, this poses health risks to students and staff. This pilot (field) study
evaluated the effectiveness of booster chlorination under the current storage conditions
to optimize and improve the existing chlorination process. Four schools were selected
based on the type of water storage systems (two with underground tanks, two with roof
tanks) and building age. Booster chlorination was applied at two chlorine doses (0.5 mg/L
and 1 mg/L). FRC was monitored until levels dropped below 0.05 mg/L. Results show
that the currently applied chlorine dose (0.5 mg/L) is insufficient to reach the minimum
national FRC standard (0.2 mg/L) after 30 min. In contrast, a 1 mg/L chlorine dose is
more effective in maintaining the minimum FRC concentration limit for a longer time. In
addition, manual mixing is ineffective in large underground tanks, while it is effective in
roof tanks. This study urges the need to revise the national chlorination guidelines and to
adjust chlorination practices to ensure safe drinking water in schools.

Keywords: booster chlorination; chlorination procedure; free residual chlorine; chlorine
dose; schools; underground storage tank; roof tanks

1. Introduction
Groundwater contributes to more than 90% of the drinking water supply in Pales-

tine [1]. In general, groundwater quality in the West Bank meets World Health Organization
(WHO) standards [2]. An evaluation of 29 groundwater aquifers revealed no fecal coliform
contamination, despite the vulnerability of these karst aquifers to pollution [1]. Never-
theless, chlorination—using either gas or sodium hypochlorite—is routinely applied to
all water supplies as a precautionary measure to avoid water quality depletion during
distribution and storage [3]. Previous studies have shown that water quality deterioration
often occurs within distribution networks, which can act as vehicles for pathogen transmis-
sion [4]. Microbial contamination has been detected in tap water even when treatment-plant
water was free of contaminants, highlighting the importance of free residual chlorine (FRC)
monitoring as an indicator of water safety and network integrity [5].
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In the West Bank, over 94% of Palestinian residents are connected to piped water
networks [6]. However, the supply is often intermittent, especially during summer, when
water may be delivered only once every 50 days in some areas. Consequently, all house-
holds rely on water storage facilities, including roof and underground tanks with different
capacities. This leads to prolonged stagnation and increased risk of chlorine decay. Booster
chlorination at the consumer level is rarely practiced and typically implemented only after
microbial contamination is detected, and for harvested rainwater, using a fixed chlorine
dose of 0.5 mg/L [personal communication].

Previous local research has reported challenges in maintaining adequate chlorine
levels under such circumstances. For example, detectable FRC was maintained along
most of the distribution system in Nablus, North West Bank [3], but more than 40% of
FRC measurements in Ramallah, Middle West Bank, were below the standard limits
(0.2–0.8 mg/L) during the first 12 h after source water chlorination [3]. These deficiencies
were largely attributed to the manual configuration of chlorination systems, the use of fixed
chlorine dosing, and operational disruptions such as delays in refilling central chlorine
tanks that may remain empty for hours or even days [2,7]. Similar challenges have been
observed globally. In Mexico, for instance, despite the target FRC concentration being
between 0.2 and 1.5 mg/L, coliforms and E. coli were detected in both household and public
water supplies due to FRC depletion during distribution and storage [8].

Global research has focused on modeling and predicting chlorine decay in pipeline sys-
tems, exploring different factors like piping material, flow dynamics, and temperature [9,10].
However, considerably less attention has been directed toward chlorine behavior in inter-
mittent supply systems with extended storage periods, particularly in institutional settings
such as schools. These settings combine stagnancy, variable occupancy, and manual chlori-
nation practices. These conditions are not well presented in existing predictive models or
case studies.

Given the critical public health importance of maintaining safe chlorine levels, few
studies have examined water quality in Palestinian schools. They identified significant
FRC deficiencies associated with water storage issues. A recent study in Hebron found
that 91% of school water samples showed inadequate FRC levels and over 20% of con-
tained fecal coliforms [11]. Similar findings have been documented in Jenin, North West
Bank [12]. These findings underscore the need to investigate how storage systems and
operational practices affect chlorine decay and to identify appropriate, context-specific
booster chlorination strategies.

Therefore, the recent study seeks to assess and optimize booster chlorination practices
in Palestinian schools, with emphasis on systems characterized by intermittent supply and
long storage periods. Different from other research that focused on continuous pipeline
networks or theoretical chlorine prediction models, this work provides field-based experi-
mental data and evaluates booster chlorination performance under real-world, institution-
specific conditions.

Specifically, the study aimed to achieve the following:

1. To evaluate how the type of water storage system influences chlorine distribution and
stability within the school’s internal network.

2. To assess the impact of water storage duration on booster chlorination and determine
the optimal chlorine doses needed to restore FRC levels in previously chlorinated water.

3. To develop recommendations for improving chlorination practices in schools, particu-
larly considering extended water storage periods.
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2. Materials and Methods
2.1. Overview of Water Management Systems in Schools

A general water management system in Palestinian schools is depicted in Figure 1.
Schools are primarily supplied with water from the Palestinian Water Authority (PWA)
or the national water company of Israel (Mekorot) through the municipal piped network
(S1). Since water supply is intermittent, all schools rely on on-site water storage systems.
These are typically a combination of underground storage tanks (ST1) and roof tanks (ST2).
Meanwhile, some schools have roof tanks only. Roof tanks were made of steel, but are now
being replaced by Polyethylene plastic tanks. The underground storage tanks are made of
rocks or concrete and can be in the following shapes [13]:

- Pear-shaped tanks are excavated in rocky soil, with a narrow top that widens towards
the bottom. They are common in older schools, but mostly sealed, as they are no
longer allowed to be used for the storage of drinking water [14].

- Rectangular-shaped tanks are excavated in red soil—a fertile, iron-rich soil found in the
Central Highlands of the West Bank—and constructed with reinforced concrete. These
tanks are typically found in newer schools, with capacities reaching up to 500 m3.

 

Figure 1. Schematic design of water management system in Palestinian schools © hands4health.

Received water is stored in underground tanks, often for prolonged durations, and
subsequently pumped to roof tanks as required. Once the water in the roof tanks is
consumed, the pumping system is automatically activated to refill the roof tanks.

During the summer months, some schools receive water once every 40–50 days via the
municipal network due to frequent supply interruptions. Therefore, schools often suffer
from water shortages and have to find alternative water sources, including the following:

- Harvested Rainwater (S2): Rainwater is typically collected from rooftops and stored
in underground tanks. It is often mixed with chlorinated municipal water [11]. Based
on the Ministry of Education (MoE) instructions, harvested water can be used only for
non-drinking purposes such as irrigation or cleaning [14].

- Formal Sources (S3): Water provided by tankers operating under municipal super-
vision, filling their tanks from the municipal tankers’ filling station, and providing
chlorinated water.
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- Informal Sources (S4): Water provided by tankers using uncontrolled water from their
own springs that is often not chlorinated.

The majority of schools in Palestine are of medium age or recently constructed, fea-
turing relatively modern infrastructure, including updated water storage and distribution
systems. However, a considerable number of schools are housed in historic buildings that
are over 100 years old. Many of these structures were originally built as castles or other
traditional buildings and were not intended for use as educational facilities. To preserve
their cultural and architectural heritage, and as a form of asserting presence in contested
or symbolically important spaces, the MoE rented and repurposed these buildings for
schooling. These older schools are typically small, equipped with outdated or dysfunc-
tional underground water tanks, and have undergone partial modifications, such as the
replacement of original piping systems with plastic alternatives.

The MoE monitors health-related aspects of schools, including water quality, through
designated field coordinators. These coordinators conduct routine site visits to schools,
during which they measure FRC levels. They also provide guidance on water sampling
for microbiological testing when deemed necessary. In parallel, the MoE is developing an
online chlorination monitoring system encompassing all schools in the West Bank. This tool
offers real-time data, enabling the identification of schools with the highest susceptibility to
water contamination. Additionally, it will support decision-making and enhance schools’
health monitoring efforts.

The guideline ‘water and hygiene in Palestinian schools’, produced by the MoE,
outlines that schools are required to clean their water storage systems before the start
of each academic year. After cleaning, they are required to sample water for microbial
testing in a certified laboratory. In addition, the Ministry of Health (MoH) collects random
samples from schools on a weekly basis for quality evaluation and monitoring. Cleaning
of tanks is carried out by hired personnel who scrub the interior surfaces of the tanks
using regular cleaning detergents. However, chlorine is not used during the cleaning
process. Furthermore, despite guidance instructing schools to chlorinate underground
tank water after cleaning, chlorination is not applied to stored water. Based on field
observations, while roof tanks are cleaned according to the instructions, cleaning and
chlorination of underground tanks are usually reactive processes, conducted only after
microbial contamination is detected.

2.2. Study Area

Hebron, which is located in the south of the West Bank, is considered the largest
governorate. It includes 550 governmental schools serving 196,879 students across four
local directorates: North Hebron, Hebron, South Hebron, and Yatta [15]. Table 1 shows the
percentage distribution of schools in Hebron Governorate by the main source of water.

Table 1. Percentage distribution of schools in Hebron Governorate by the main source of water [15].

Directorate
Main Source of Water %

Piped Network Vended Water Water Well
(Underground Tank)

North Hebron 96.3 1.5 2.2
Hebron 83.5 7.1 9.4

South Hebron 77.7 6.8 15
Yatta 52.4 21.4 26.2

The majority of schools receive water via a piped network from municipalities, where
quality parameters, including chlorine levels, are monitored before distribution. Some
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schools primarily rely on vended water from both licensed and unlicensed sources. Other
schools have underground tanks and are expected to rely on harvested rainwater. However,
these statistics do not specify the percentage of schools that have underground tanks
that are used only for storing municipal or vended water. Notably, in Yatta, half of the
schools are not connected to the piped network. Instead, they rely more on vended and
harvested rainwater.

2.3. Pilot Study-School Selection

For the purpose of evaluating the feasibility of the current chlorination process, four
schools were selected to explore the process effectiveness. The school selection for this pilot
study was based on the main source of water, the type of water storage system, and the
age of the school. However, the selection had to be adjusted for two reasons. The Hebron
Directorate of Education requested that the work be conducted during the summer break
(mid-June to September) to avoid any potential risks for the students. In addition, the
current political situation in Palestine significantly impacted mobility in the West Bank,
even within the same governorate. Consequently, only four schools in accessible areas
within Hebron city were chosen. The selection criteria, in addition to the initial ones,
included having water in the storage tanks at the time of study and the availability of a
school cleaner to assist during field visits and follow-up activities. Schools are anonymized
and referred to as schools A, B, C, and D.

2.4. Field Survey and Water Management Systems Observation

A questionnaire was prepared to collect data on each school. Site visits were conducted
to fill out the questionnaire, observe the water management systems, and estimate the
available water volume. The main components of the water management systems of the
selected schools are outlined in Table 2.

Table 2. Overview of the selected schools; system components are based on Figure 1.

School A B C D

Age >100 years <20 years <20 years >100 years

Number of students 126 400 330 200

System components S1, S3, P1, ST2,
P2, T

S1, ST1, P1, ST2,
P2, T

S1, S3, ST1, P1,
ST2, P2, T

S3, S1, P1, ST2,
P2, T

Main water source Piped network Piped network Piped network Formal vendors

Main water storage tank Roof tanks Underground
tank

Underground
tank Roof tanks

Available water volume in the main
storage unit 9 m3 120 m3 50 m3 9 m3

Type of internal pipes Plastic Steel Steel Plastic

Last time cleaned
ST1 NA 10 years ago September 2023 NA

ST2 September 2023 August 2023 September 2023 September 2023
Note: NA: not applicable.

The volume of stored water was estimated using the following methods:

- For schools with roof tank systems: The calculation was based on the number of tanks,
the observed water level, and the tank capacity (1.5 cubic meters per tank).

- For schools with underground tank systems: The water volume was estimated using
the dimensions of the tank’s base and the measured water depth. These tanks were
rectangular in shape.
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As Table 2 lists, two schools (B and C) have underground storage systems, while
the other two schools (A and D) have only roof tanks. All schools cleaned their roof
tanks between August and September 2023, approximately 10 months before chlorination
experiments began. The cleaning procedure was the same in all schools without any use
of chlorine during the process. However, the underground tank of school B had not been
cleaned for 10 years.

2.5. Water Quality Assessment

Water quality was evaluated by collecting samples from taps and the main storage
tanks (either roof or underground tanks) in the selected schools, one day prior to chlo-
rination. The quality of source water supplying the schools was not tested due to the
intermittent nature of the municipal supply and the fact that water had been stored in the
schools’ tanks for a period of time before experiments began. The collected samples were
analyzed for a range of standard physicochemical and microbiological parameters that are
commonly recommended for drinking water quality evaluation. The tested parameters are
pH, temperature, total dissolved solids (TDSs), free residual chlorine (FRC), nitrates (NO3),
ammonium (NH4), turbidity, total coliforms, and Escherichia coli (E. coli). The culture media
used in this study also give an indication of the presence of Pseudomonas. Given the known
role of Pseudomonas as a pathogen and its resistance to disinfection, it was considered as
one of the tested parameters.

On-site measurements for pH, temperature, FRC, and turbidity were conducted using
portable devices, while additional analyses were performed in the laboratory immediately
after collection. A single sample was collected for field measurements, whereas triplicate
samples were obtained from each sampling point for laboratory analysis. All tests were
performed at room temperature (ambient air temperature).

The Milwaukee Model MW 102 pH/Temp meter (Milwakee instruments, Inc., Rocky
Mount, NC, USA) was used to measure pH and temperature. Mobile water analysis
compact photometer PF-12 Plus device (MACHERY-NAGEL GmbH & Co. KG, Düren,
Germany) was used to measure FRC using free chlorine 2 visocolor ECO test kit (Ref. 931215)
(MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany). Turbidity was measured
using a Portable turbidity meter (Model: TU-2016) (LUTRON ELECTRONIC Co., Inc.,
Coopersburg, PA, USA).

For the analyses of NO3, NH4, and TDS, samples were collected in 100 mL sterilized
plastic bottles. The PF-12 Plus device was used for the measurements of NO3 and NH4

concentrations using the Colorimetric test kit VISOCOLOR ECO Nitrate (Ref. 931241),
and the Colorimetric test kit VISOCOLOR ECO Ammonium 3 (Ref. 931208), respec-
tively (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany). A Lutron YK-2005WA
pH/ORP, DO, CD/TDS meter (LUTRON ELECTRONIC Co., Inc., Coopersburg, PA, USA)
was used to test TDS levels.

For microbial analysis, samples were collected in sterilized plastic bottles containing
sodium thiosulfate to neutralize chlorine. A 100 mL sample was filtered through a sterile
membrane (47 mm, 0.45 µm porosity) (Sartorius Stedim Biotech, Yauco, PR, USA) and
placed on a compact dry ‘Nissui’ EC plate for coliforms, E. coli, and Pseudomonas aeruginosa
(Nissui Pharmaceutical Co., Ltd., Tokyo, Japan). Each dry plate was moisturized with
1 mL of the sample. After incubation at 35 ± 2 ◦C for 24 ± 2 h, bacterial growth on the
plates was recorded: red colonies for coliforms, blue colonies for E. coli, and milky white
colonies indicate the presence of Pseudomonas. Microbial tests were repeated 30 min after
chlorination for schools that showed positive results for microbial detection.
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2.6. Chlorination Procedure

Booster chlorination experiments were conducted in two stages:

- Stage 1: The national chlorine dose recommended by the Ministry of Health, which is
0.5 mg/L, was applied in schools A and B. This phase took place from the end of June
until August.

- Stage 2: A doubled chlorine dose (1 mg/L) was applied in schools C and D. This
dose was selected to keep FRC concentration at the tap level below 0.8 mg/L, as
recommended by the MoE, and avoid affecting water palatability. This phase was
implemented from mid-July to early November.

Chlorination followed the local standard procedure: HTH granules (calcium hypochlo-
rite, 66%) were sourced from the environmental health department at Hebron Directorate of
Health. The granules were dissolved in a 5 L plastic bucket using a wooden stirrer for mixing.
The solution is left to stand for 10 min, then poured into the water and mixed thoroughly.

For underground systems, the chlorine solution was poured into the underground
tank. The bucket was attached to a rod to be used for mixing. In the roof tanks, the chlorine
solution was evenly distributed across all the tanks and mixed using the wooden stirrer.
After chlorination, the water was left to stand for 24 h.

The required amount of HTH granules was calculated using the following equation [16]:

weight of chlorine powder (g) =
target FRC (

mg
l ) ∗ water volume (L) ∗ 1000

active chlorine concentration
(1)

2.7. FRC Monitoring

During the follow-up phase, FRC concentration, pH, and temperature were recorded
for water samples taken directly from both the chlorinated units and from taps. For roof
tank systems, two tanks were randomly selected to represent the chlorinated system, and
the average FRC value was recorded. Due to operational constraints, a single measurement
was taken per sampling event.

The first FRC reading was taken 30 min after chlorination, directly from the chlorinated
units. The second reading was taken after 24 h.

The Monitoring schedule was as follows:

- Three days per week during the first week;
- Two days per week during the second week;
- Once a week for the remainder of the follow-up period.

The total number of samples varied among schools, as sampling was based on the
detection of residual chlorine. Measurements were stopped once the FRC value dropped
below <0.05 mg/L, the lowest detectable limit of the device used.

Water consumption patterns were not explicitly incorporated into the study due to
the limited occupancy of schools during the summer break. Most schools had minimal
water use during the study period. However, one school (School C) hosted a summer
camp and carried out cleaning activities during the experiment, leading to intermittent
water consumption.

3. Results and Discussion
3.1. Water Quality

The results of water quality testing for samples collected from the selected schools
are presented in Table 3 along with the standard limits set by the Palestinian Standard
Institution (PSI). The findings indicate that pH, TDS, nitrate, and ammonium concentrations
were all within the PSI standard limits across all samples. Most samples, however, exhibited
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turbidity levels slightly above the preferred limit (0.5 NTU), especially school A and the
underground tank of school C. The elevated turbidity in the latter may be attributed to a
white film layer observed on the water surface, likely resulting from sediment accumulation
or microbial activity.

Table 3. Results of water quality testing from the selected schools.

School A B C D
Standard Limit

(PSI) [17]Sample Source
T ST2 T ST1 T ST1 T ST2

Parameter

pH 8 8.02 8.04 8.06 8.18 8.03 - 8.12 6.5–9.5

Temperature
(Degree Celsius) 32.1 31.8 26.7 26 29.3 27.6 - 29.8 -

FRC (mg/L) 0 0 0 0 0 0 - 0 0.2–0.8

Turbidity (NTU) 0.9 0.88 0.52 0.44 0.48 1.13 - 0.64
Acceptable by

consumers
(best < 0.5)

TDS (mg/L)
mean ± SD

(n = 3)
388 ± 4.5 388 ± 4.2 392 ± 2.6 387 ± 3 410 ± 2.6 413 ± 2.9 - 467 ± 3.6

Acceptable by
consumers (best
100 < TDS < 600

and not more
than 1000)

NO3 (mg/L)
mean ± SD

(n = 3)
16.3 ± 0.45 16.2 ± 0.43 12.9 ± 0.35 12.5 ± 0.39 17 ± 0.43 16.9 ± 0.39 - 16.1 ± 0.46 50

NH4 (mg/L)
mean ± SD

(n = 3)
<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 - <0.1 0.5

Total coliforms
(CFU/100 mL)

mean ± SD
(n = 3)

0 0 0 0 0 0 - 0 9 ± 2.6

E. coli
(CFU/100 mL)

mean ± SD
(n = 3)

0 0 0 0 0 0 - 0 0

Pseudomonas
(CFU/100 mL)

mean ± SD
(n = 3)

18 ± 3.6 3 ± 1.5 0 0 70 ± 4.3 100 ± 3.6 - 0 0

FRC was undetectable in all schools, both in tap water and storage tank samples. This
was likely due to a combination of factors, including initially low chlorine concentrations
in the supplied water, prolonged storage time, and possible chlorine demand caused by
organic or microbial matter in the system. Although fecal coliforms and E. coli were absent
in all samples, indicators for the presence of Pseudomonas aeruginosa were observed for all
schools except school B, which depends solely on piped municipal water. Pseudomonas
species are commonly found in soil, water, and plants, and can enter water storage systems
through environmental contamination. Once established, they form biofilms that persist
over a long time and might even become resistant to chlorine at low concentrations. A
significant correlation between total coliforms and Pseudomonas presence has been reported
in the literature [18], often linked to inefficient water treatment, inadequate cleaning of
storage systems, and formation of biofilms in plastic pipelines, especially PE-HD and
PVC-U plastic types [19,20].

Despite School B not having cleaned its underground tank for approximately ten years,
it showed no microbial contamination. This may be attributed to the sole dependence on
chlorinated municipal water supplied via a piped network and the consistently covered
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underground tank, which together help minimize contamination risk. However, this setup
does not prevent the depletion of FRC during storage and distribution within the school’s
premises, potentially leaving the system vulnerable to microbial regrowth.

Microbial testing repeated after booster chlorination demonstrated that both 0.5 and
1 ppm chlorine doses effectively eliminated Pseudomonas within 30 min. Previous studies
have documented Pseudomonas resistance to chlorine disinfection, especially at low chlorine
levels [18,21,22]. However, WHO states that maintaining FRC levels at 0.5 mg/L for a
minimum of 30 min, in addition to regular cleaning of water storage and distribution
systems, can be effective in mitigating its presence [16].

The uniformity of physicochemical parameters across all schools confirms that they
received water originating from a consistent municipal source of stable quality. The absence
of chlorine residuals in all samples further indicates complete chlorine decay during storage.
Therefore, variations observed later in chlorination performance are more reasonably
attributed to site-specific factors such as storage duration, tank conditions, and operational
practices rather than variations in source water quality.

3.2. Booster Chlorination and FRC Monitoring

In the first stage of the experiment, the locally recommended chlorine dose of 0.5 mg/L
was applied in schools A and B. In school A, chlorine was added directly to the roof tanks
(ST2) that contained relatively old water stored for over a month. The tanks were about
three-quarters full of stagnant water due to the summer break during which no water
consumption occurred. The night before chlorination, a fresh supply from the municipality
had been added, filling the tanks completely and resulting in a mixture of old and new
water in the tanks.

As shown in Figure 2, the FRC measured after 30 min of chlorination was 0.16 mg/L
and showed no significant change after 24 h. This suggests that chlorine demand within the
tanks was almost satisfied within the first 30 min. FRC was first detected at the tap on the
sixth day after chlorination. This delay was due to several reasons: (1) minimal water use
during the school break, with taps opened only for FRC sampling; (2) the chlorine demand
of the internal piping system (P2), which had to be satisfied before chlorine could reach
the tap (T), after which the chlorine concentration at the tap matched that in the roof tanks,
confirming that the entire system had been thoroughly disinfected; and (3) scheduling
delays due to the weekend following chlorination.

Chlorine persisted in the stored water for 12 days under static conditions without
any water consumption. FRC levels remained below the standard limits throughout the
monitoring period, indicating that the applied chlorine dose of 0.5 mg/L was insufficient
to maintain the minimum required FRC of 0.2 mg/L under the given conditions.

In school B, the same chlorine dose of 0.5 mg/L was applied to the underground tank
(ST1) that was full of old stored water. The last water delivery had occurred two weeks
prior to chlorination, and older water had been in the tank before this delivery. As depicted
in Figure 3, despite dosing at 0.5 mg/L, FRC levels were 2.8 mg/L after 30 min, and
decreased slightly to 2.5 mg/L after 24 h. When water was pumped to the roof tanks, FRC
dropped to 0.47 mg/L, likely due to the turbulence caused by pumping, which facilitated
partial mixing of chlorine, but was insufficient for uniform distribution throughout the
system. FRC continued to decline gradually, reaching 0.17 mg/L by day 28 when water
was pumped again, dropping FRC further to 0.07 mg/L. The lower threshold of 0.2 mg/L
was reached after approximately 13 days, and FRC ultimately disappeared after 36 days.
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Figure 2. FRC decay dynamics in school A with roof tanks at a chlorine dose of 0.5 mg/L. FRC
monitoring in roof tanks and taps started after 30 min after chlorination until the reading dropped
below 0.05 mg. Dashed lines indicate the PSI standard limit for FRC.
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Figure 3. FRC decay dynamics in school B with an underground tank at a chlorine dose of 0.5 mg/L.
FRC monitoring in the underground tank and taps started after 30 min of chlorination until the
reading dropped below 0.05 mg. Dashed lines indicate the PSI standard limit for FRC.

Notably, FRC remained undetectable in the roof tanks and at the tap. This is likely
due to (1) the long distance between the underground and the roof tanks (P1), which
allowed chlorine to be consumed in the pipes, especially since the whole storage system
had never been disinfected, and (2) the presence of old water in the roof tanks (ST2) with
no FRC. When newly chlorinated water arrived, any remaining chlorine that had not been
consumed in the pipes was used to partially satisfy the chlorine demand of the old water.
However, it was insufficient to maintain a detectable FRC at the tap. This highlights that
even if adequate FRC exists in the main storage tank, it may not always reach the tap.

In the second stage of the experiment, a doubled chlorine dose (1 mg/L) was applied
at schools C and D, following the same procedures as in the first two schools. FRC decay
dynamics in school C are presented in Figure 4. After 30 min of chlorination of the
underground tank, FRC was 2.7 mg/L and dropped to 1.68 mg/L after 24 h. Similar to
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school B, the improper manual mixing method led to uneven chlorine distribution and
higher initial FRC readings in the tank.
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Figure 4. FRC decay dynamics in school C with an underground tank at a chlorine dose of 1 mg/L.
FRC monitoring in the underground tank and taps started after 30 min of chlorination until water
depletion in the underground tank. Dashed lines indicate the PSI standard limit for FRC.

The underground tank was half full at the time of chlorination and was refilled with
municipal water via the water network after four days. Although the FRC of the incoming
water was not measured, it was assumed to be chlorinated. The mixing of new and
old water likely influenced FRC dynamics. By day 7, FRC had dropped to 0.88 mg/L,
suggesting that chlorine demand had not been fully satisfied yet, possibly due to ongoing
mixing turbulence.

Although the school was on summer break during the experiment, a summer camp
was hosted after two weeks of chlorination, making this a special case in this study. Water
consumption resumed partially during the camp compared to regular school days, with
multiple pumping events. Following the camp, cleaning activities commenced in prepara-
tion for the new academic year. Increased water use and pipe flushing helped to disinfect
the system (P1, ST2, P2, T) and renew water inside roof tanks, resulting in detectable FRC at
the tap. By day 60, FRC at the tap matched the underground tank concentration, indicating
that the system had been effectively disinfected.

On day 56, the school received a new municipal water with an FRC of 0.18 mg/L,
which was mixed with the chlorinated water that had an FRC of 0.32 mg/L on that
day. A week later, the mixed FRC stabilized at 0.19 mg/L and remained consistent for
approximately two weeks.

The experiment was stopped on day 113 with FRC still above 0.05 mg/L due to water
depletion in the underground tank. The upper PSI standard limit for FRC (0.8 mg/L) was
reached after 16 days, and the lower limit (0.2 mg/L) was achieved after 60 days.

School D, despite being connected to the piped network, its high elevation and lack of
a water pump meant that it primarily relied on formally vended water as an alternative
supply. Chlorine was added to the roof tanks (ST2) that were full of a mixture of old water
from a former vendor (S3) and some new water from the municipal piped network (S1)
received a few days before chlorination.

After 30 min of chlorination, FRC was 0.52 mg/L and slightly decreased to 0.48 mg/L
after 24 h (Figure 5). FRC was first detected at the tap on the second day. Initially, the
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FRC of tap water was lower than that in the roof tanks, implying chlorine consumption
along the pipes (P2). Over time, as the piping system was disinfected, FRC at the taps
increased. Subsequently, FRC at the tap gradually declined in parallel with the roof tanks.
Some tap measurements were higher than those in roof tanks, likely due to water mixing
from multiple tanks connected together and supplying the same taps. Additionally, the
regular opening of the tank cap during sampling could affect the available chlorine in the
sampling tank.
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Figure 5. FRC decay dynamics in school D with roof tanks at a chlorine dose of 0.5 mg/L. FRC
monitoring in roof tanks and taps started after 30 min of chlorination until the reading dropped
below 0.05 mg/L. Dashed lines indicate the PSI standard limit for FRC.

Despite targeting an FRC of 1 mg/L, the upper limit of the PSI standard was not
reached. Nevertheless, FRC remained above 0.2 mg/L for more than 30 days and declined
below 0.05 mg/L after 55 days.

Figure 6 compares the results of booster chlorination in schools A and D, both of
which rely on roof tank systems. In these systems, water mixing occurred rapidly and
thoroughly, allowing an effective removal of contaminants and satisfaction of chlorine
demand within the first hours of chlorination. Subsequently, a breakthrough of chlorine at
the tap level occurred within a few days. Notably, doubling the chlorine dose (to 1 mg/L)
significantly extended the presence of FRC, maintaining levels within the standard limits
for a longer period compared to the 0.5 mg/L dose. With the lower dose, FRC fell below
the minimum recommended limit of 0.2 mg/L almost immediately, which is inconsistent
with the guideline of keeping at least 0.2 mg/L FRC at the point of consumption for stored
water [23].

Figure 7 depicts chlorine decay dynamics in schools B and C, both using underground
storage systems. Despite being dosed differently, both exhibited similar initial FRC concen-
tration after 30 min of chlorination. This is likely due to poor mixing in the underground
tanks that left chlorine concentrated near the water surface. Chlorine behavior thereafter
varied due to differences in water consumption, introduction of new water, and the applied
chlorine dose. Water consumption requires pumping, which generates turbulence, im-
proving mixing and increasing chlorine contact with water, which also aids in disinfecting
piping systems and allows better detection at taps. In School C, for example, daily water
pumping after about 50 days of chlorination resulted in the FRC at the tap matching that of
the underground tank.
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Figure 6. FRC decay dynamics in schools with roof tanks at different chlorine doses. A 0.5 mg/L
dose was used in school A, and a 1 mg/L dose was used in school D. FRC monitoring in roof tanks
and taps started after 30 min of chlorination until the reading dropped below 0.05 mg/L. Dashed
lines indicate the PSI standard limit for FRC.
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Figure 7. FRC decay dynamics in schools with underground storage tanks at different chlorine doses.
A 0.5 mg/L dose is used in school B, and a 1 mg/L dose is used in school C. FRC monitoring in
underground tanks and taps started after 30 min of chlorination and lasted until the reading dropped
below 0.05 mg/L. Dashed lines indicate the PSI standard limit for FRC.

Old stored water generally has a higher chlorine demand than freshly chlorinated
water [16]. In school B, pumping water to the roof tanks caused a sharp drop in FRC levels.
The lack of water consumption prevented system refreshing, leaving the taps without
detectable chlorine and indicating incomplete disinfection of the piping system (P2). In
contrast, school C achieved entire system disinfection, aided by water consumption during
the summer camp and by the introduction of new chlorinated water twice during the
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follow-up period, further extending chlorine persistence. Notably, doubling the chlorine
dose (to 1 mg/L) maintained FRC in the system roughly three times longer.

To quantitatively describe the observed chlorine decay patterns, the kinetics of FRC
decay seem to follow first-order kinetics in all studied schools. The natural logarithm
of FRC, Ln(CA), decreased linearly with time, confirming that the FRC decay process
could be adequately described by first-order kinetics, as illustrated in Figure 8. The figure
shows a strong agreement between the experimental values and the fitted model, despite
some scatter in the data points, indicating that first-order kinetics reasonably represent the
chlorine decay process under the tested conditions.

Ln (CA) = 0.3394 - 0.0254t  
R² = 0.9203
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Figure 8. Fitting of the FRC decay dynamics to a first-order kinetics model. Experimental data were
obtained from Figure 4 for school C, with an underground tank at a chlorine dose of 1 mg/L.

3.3. Considerations for Chlorine Dosing in School Water Systems

Finding a chlorine dose that meets the water’s chlorine demand, maintains sufficient
residuals during storage, and remains within standard limits without affecting user ac-
ceptance is challenging [24,25]. In the current study, a chlorine dose of 1 mg/L has been
found sufficient to maintain FRC levels in stored water. Higher dosages were avoided
for the following reasons. First, increased chlorine can adversely affect water palatability,
potentially leading schools to reject chlorination or switch to alternative water sources
for drinking. Second, local acceptance of higher chlorine doses is limited due to concerns
about allergic reactions and complaints from students, parents, or school staff if chlorine
is noticeably present. In such cases, ensuring water quality through proper covering of
storage tanks, regular cleaning, and reliance on trusted water sources is preferred over
increasing chlorine doses [24]. Finally, the formation of disinfection by-products should
also be considered, especially since school water is often pre-chlorinated.

3.4. Operational Challenges and Recommendations for Booster Chlorination in Schools

Regular application of booster chlorination in schools presents significant operational
challenges, due to time and labor costs, along with the lack of trained personnel. School
cleaners, often tasked with chlorination, may not be fully equipped to perform this respon-
sibility, especially in cases where gender norms or other constraints limit participation.
Furthermore, the MoE field coordinator is not always available to oversee the process.
These challenges are likely to extend to other regions where point-of-use chlorination is
required, which may result in neglected water treatment [26].
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To address these issues, training sessions should be organized to build the capacity
of personnel responsible for cleaning and chlorination, ensuring proper and consistent
execution of these tasks.

Chlorination of roof tanks, where chlorine solution must be manually added to each
tank, is particularly impractical. The MoE could consider providing central storage tanks
for schools that rely solely on roof tanks. Chlorination could then be applied at the central
tank before water is distributed to individual roof tanks, reducing labor and improving
residual chlorine levels.

Another operational challenge is the inconsistent supply of chlorine from the Ministry
of Health, which adds financial strain. Increasing chlorine dosage at the source could help
maintain residual chlorine levels in school water.

Complementary proactive measures, such as ensuring reliable water sources, regular
cleaning, and maintenance, would collectively enhance FRC levels and overall water quality.

A related study evaluated batch chlorination in underground tanks using liquid chlo-
rine [27]. A ‘two-bucket method’ was employed, where chlorine solution was prepared in
two separate 20 L buckets instead of one to distribute a lower chlorine concentration over a
larger area, improving dosing uniformity despite the absence of a mechanical mixing device.
Adapting this approach to the Palestinian context could improve mixing, particularly if
combined with the local manual mixing techniques. Alternatively, redesigning the pump
connection to allow flow reversal during operation could also enhance mixing.

4. Conclusions
This study examined the effectiveness of booster chlorination in schools with different

water storage systems under the specific Palestinian conditions of intermittent supply
and extended storage periods. The results demonstrated that the commonly applied
chlorine dose of 0.5 mg/L was insufficient to maintain the minimum required FRC of
0.2 mg/L, particularly in systems with old or stagnant water. Increasing the dose to 1 mg/L
significantly improved chlorine persistence and maintained FRC within the recommended
limits for a longer duration, particularly in underground tanks.

However, chlorination effectiveness was influenced by several additional factors
beyond dose. The age and quality of stored water, mixing technique, design of storage
and distribution systems, and the level of water consumption all played critical roles in
FRC stability.

The manual mixing method commonly used was found to be inadequate in under-
ground tanks, leading to uneven chlorine distribution and delayed detection at the tap.

Regular water consumption and the introduction of fresh, pre-chlorinated municipal
water improved chlorine circulation, promoting effective disinfection of the entire system.

Limited technical capacity, irregular chlorination, and lack of trained personnel reduce
the consistency of water treatment in schools. Addressing these challenges requires capacity
building, better mixing and dosing practices, and the potential use of centralized storage
systems where feasible.

Overall, effective booster chlorination in schools should consider operational context
and infrastructure characteristics. Proper dosing, adequate mixing, regular cleaning, and
improved management practices can collectively ensure stable FRC levels, enhancing
drinking water safety in educational settings.

5. Recommendations
The following recommendations are made for improving chlorination practices in

school water systems:
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- Increase chlorine dose to at least 1 mg/L to ensure effective disinfection throughout
the system and prolonged FRC presence.

- Improve mixing methods (e.g., through water circulation and/or preparing chlorine
solution) in underground storage tanks to ensure uniform chlorine distribution.

- Clean water storage systems of schools before the start of each academic semester and
apply booster chlorination immediately after water refilling.

- Periodically disinfect piping systems by allowing water to circulate through the entire
water system one hour after chlorination; this step helps to disinfect the internal
piping, particularly in long or plastic pipe systems.

- Apply chlorination to stored water in the underground tanks when summer break
starts to safeguard water quality during extended storage periods.

- Conduct further studies to include (1) additional schools, especially those relying on
untrusted water sources, to develop special recommendations for these cases; and
(2) FRC monitoring during regular school operation when occupancy and consump-
tion are at typical levels.
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