Analysis of a drinking water disinfection system: an input for improving supply management in a rural aqueduct in Costa Rica
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Abstract
Disinfection is a fundamental process to ensure the quality of water for human consumption. Although currently there are multiple methodologies, chlorination has become the most widely used technique in Costa Rica due to its various advantages, as well as its great adaptability and versatility in both urban and rural communities. However, on multiple occasions, this process is conducted empirically or following general protocols that do not consider the inherent characteristics of the aqueduct (i.e. variation in flow rate, variation in concentration of ions that react with chlorine). Taking the above into consideration, this paper presents a complete assessment of the disinfection system of a rural Community-Based Water Management Organization (CBWMO) located in Santa Rosa de Poás. No similar studies have been conducted for this CBWMO. The status of the disinfection system was identified, the quality of water and the chlorine demand were determined from the source, and a series of disinfection-related recommendations and proposals were generated. The main results include a high operational and structural risk found in the disinfection systems, satisfactory compliance by most of the physicochemical parameters analyzed, and intermediate and high risk in three monitoring network sites according to IRCACH. In addition, using chlorine demand curves, a disinfection proposal for the operation of water chlorinators was prepared and presented to CBWMO administration.  As a result, a series of useful inputs was provided for the operational management of the aqueduct.
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Highlights
· A high operational and structural risk was found in the CBWMO disinfection systems.
· Most water quality parameters satisfactorily comply with standards.
· A disinfection proposal was prepared for the entire supply system to optimize drinking water management.
Introduction
Water is an essential resource for life. Its availability and sanitation correspond to the sixth "Sustainable Development Goal" (SDG), which aims to achieve universal, equitable, and affordable access to drinking water for the world population by 2030 (Naciones Unidas, 2024). However, the availability of this resource has been compromised due to various anthropogenic factors and as a result of the pollution of a large number of catchment sources (Du et al., 2017). In addition, according to the United Nations World Water Development Report for 2023, 2 billion people did not have access to safely managed drinking water services and 3.6 billion lacked access to safely managed sanitation (Naciones Unidas, 2023). 
In the case of Costa Rica, this country has been characterized by high rates of drinking water service coverage, these rates being among the best in Latin America (Espinoza et al., 2004; Serrano et al., 2019). However, several studies have detected deficiencies in the rendering of the service, lack of planning and organization, as well as non-compliance with water quality and disinfection parameters in different supply systems (Sánchez-Gutiérrez et al., 2020a; Sánchez-Gutiérrez et al., 2020b). 
Due to this problem and in order to improve access to drinking water services, alternatives such as the Community-Based Water Management Organizations (CBWMO) have helped improve coverage and quality of drinking water by having responsible water management by members of the community itself and establishing formal guidelines (Bernedo del Carpio et al., 2021; Serrano et al., 2019). In Costa Rica, there are different CBWMO models, such as Administrative Committees of Rural Aqueducts (CAARs) and Associations of Aqueduct and Sanitary Sewerage Systems (ASADASs). Both CAARs and ASADASs must be authorized by the Institute of Aqueducts and Sewers (AyA) as the country’s governing body responsible for the supply and sanitation of drinking water (Monge et al., 2013).
One of the main challenges faced by CBWMOs is water disinfection since most of these organizations are in rural areas, and the risk of contamination increases considerably with respect to urban areas (Mora-Alvarado & Portuguez, 2020). There is currently a wide variety of essential methods to eliminate different pathogenic microorganisms present in water; however, among all these methods, chlorination stands out at the national level for its usefulness, low cost, high disinfectant power, and prolonged persistence within water supply systems (Mazhar et al., 2020).  
However, chlorination processes are often conducted in an improvised manner based on established protocols with a "trial and error" approach, omitting intrinsic variations of the source and other aqueduct conditions. In addition, these generalized disinfection protocols are often not consistent, which can, on one hand, cause negative health effects when the residual chlorine concentration is not optimal, and, on the other hand, promote the formation of disinfection byproducts (DBPs) or microbiological reinfections within the system (Yang & Zhang, 2016).  
Therefore, the first step for optimal chlorination is to determine chlorine demand, which corresponds to the minimum dose needed in the source water to oxidize all substances in it, thus establishing more adequate and congruent dosing for each source treated (WHO, 2017). This process can work as a complement to assess the status of a disinfection system and the quality of water, in order to ensure the safety of the resource and compliance with national standards (Mora-Alvarado et al., 2018).
The supply system of a rural CBWMO in Costa Rica was analyzed in this research. This organization did not have prior studies to determine if the state of its disinfection systems directly impacted water quality. In addition, chlorine demand was studied using an in situ method that helped to determine the optimal conditions for water chlorination in the main sources of the aqueduct.  Therefore, the objective of this research was to evaluate the state of the drinking water disinfection system in this rural aqueduct by determining water quality and studying the chlorine demand curve, as an input for the development of technical and administrative capacities in strengthening the management of drinking water supplies.
Methodology
Description and recognition of the study area
 The Santa Rosa CBWMO is located in the canton of Poás, province of Alajuela, Costa Rica (10°6'.117"N 84°15'42.13"W). This system has 425 subscribers and caters to approximately 1,700 people.  The water supply system for human consumption is made up of two non-pumping distribution subsystems with their respective disinfection systems located in the upper and lower parts of the system, together with three water springs and seven storage tanks. Figure 1 shows the general distribution of the system:
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Figure 1. Flowchart of the Santa Rosa CBWMO Supply System.
Status identification of the disinfection system 
Information regarding the distribution of the aqueduct was collected through structured surveys to CBWMO staff and a preliminary survey (August 2021). Additional technical information specific to the CBWMO was also consulted.
The survey instruments used were developed based on bibliographic material such as the Inspection Manual by the United States Environmental Protection Agency (US EPA) and documents issued by the World Health Organization (WHO) for water security (EPA, 2001; WHO, 2017). In addition, an adaptation of the guidelines of the Standardized Health Regulation System (SERSA) included in the Costa Rican Quality Regulations for Drinking Water (RCAP) was applied. These guidelines consist of a questionnaire on structural and operational aspects of the disinfection system and, in turn, the questionnaire assigns a rating according to the number of positive critical points found in the inspection (Gaviria-Montoya et al., 2016a; Ministerio de Salud, 2015; Villalobos, 2019).
Determining water quality
A total of 10 sample points were defined, distributed in the water sources (ASR-01, ASR-02, ASR-03), in the storage tanks (ASR-04, ASR-05, ASR-06), and in the most distant sites of the distribution network (ASR-07, ASR-08, ASR-09, ASR-10). Three sampling campaigns were conducted during the wet season (08/2021-10/2021), and a total of 30 samples were processed with more than 870 analyses between physicochemical and microbiological parameters related to water quality (Ministerio de Salud, 2015).
All samples were collected according to the specifications of method 1060 C of the Standard Methods for the Examination of Water and Waste Water (APHA, 2017). Samples were transported at a temperature below 6°C, in high density polyethylene (HDPE) plastic containers for physicochemical analysis and non-reusable sterilized vials for microbiological analysis. 
Temperature, pH, conductivity, and the oxidation-reduction potential were measured in situ using a Hanna Instruments HI9829-00041 multiparameter meter (RI, USA); turbidity was measured using an Oakton T100 turbidity meter (Il, USA); and free residual chlorine and total alkalinity were measured using colorimetric methods with Hanna Instruments HI701 and HI775 checkers, respectively (RI, USA). 
Total dissolved solids were determined by gravimetry at 180 °C and previously filtered with 0.45 m filters (SMEWW 2540 C), and hardness was determined by volumetry using an EDTA standard solution (SMEWW 2340 C). Ion chromatography (Thermo ICS 5000, CA, USA) was used to analyze anions Cl-, Br-, F-, NO3-, NO2-, SO42-, as well as cations Li+, Na+, K+, Ca2+, Mg2+ and NH4+ (SMEWW 4110 B). Minor metals (Cu, Fe, Mn, and Zn) were analyzed by air-acetylene flame atomic absorption spectrometry (SMEWW 3111 B) (Perkin Elmer AAnalyst 800, CT, USA). Finally, microbiological analyses (total coliforms and Escherichia coli) were conducted by the Microbial Biotechnology Laboratory of the School of Biological Sciences of the National University using the multiple tube fermentation technique (SMEWW 9221 E and 9223 B) with Fluorocult® medium, at a double concentration (Bartram & Ballance, 1996; Merck, 2005), quantifying the results with Table 9221 IV.
Chlorine demand analysis
Chlorine demand was analyzed in springs ASR-02 and ASR-03, the two main springs of the aqueduct that services the largest number of users. Both springs belong to subsystem 2. This analysis was carried out in 3 sampling campaigns during the wet season, as it corresponds to the most complex operating period (i.e. flow increase, increase of concentration of dissolved substances in the water). The methodology used was based on SMEWW, method 2350 B (APHA, 2017). Fresh samples were taken directly from the springs, and spiked doses of chlorine were later added with the same type of substance used by CBWMO in its system. Samples were allowed to stand for 30 minutes for the active chlorine to have the minimum contact time recommended by WHO (WHO, 2017). The chlorine concentration was later analyzed based on the 4500-Cl G method using a Hanna Instruments HI701 colorimeter (RI, USA).
The concentration of free residual chlorine vs the added doses of chlorine were plotted to obtain the respective demand curves. In addition, to ensure the homogeneity of the chlorine concentration in the system, the concentration of free chlorine was analyzed in the tanks and in the distribution network, at different times after chlorination (i.e. 2 days and 10 days). These results were contrasted using non-parametric inferential statistics. 
Disinfection proposal
The disinfection proposal for CBWMO was based on the daily volume of water to be disinfected, the percentage of chlorine available from each tablet, and the concentration defined by the chlorine demand (at the level of residual chlorine concentration desired by the system operator). Thus, using equation 1, an optimal chlorine dose is established in grams:
P =  (Mora, 2011)
Where:
P = Dose of chlorine added in grams 
V = Volume to be disinfected for one day (L)
Cn = Chlorine concentration needed according to demand (mg/L) 
%Cl: Percentage of chlorine in the tablets 
Result analysis 
To ensure the quality of the results obtained, blank samples were prepared in all analytical procedures and analyzed simultaneously with the samples. Control samples were also analyzed to verify and calibrate the equipment used. They were prepared using reference materials traceable to the National Institute of Standards and Technology (NIST). In addition, the ion balance (CBE) was calculated using an acceptable limit of ±10% as a general criterion since sample conductivities varied from 50 μS/cm to 200 μS/cm (Mageshkumar & Vennila, 2020; Sarkar & Islam, 2019).
The values obtained for each variable were compared with current national regulations (RCAP) and WHO standards (WHO, 2011) for drinking water. In addition, in order to determine the risk to people's health, the Costa Rican Drinking Water Quality Risk Index (IRCACH) (Mora-Alvarado et al., 2018) was applied in cases where there was no compliance with one or more variables according to the maximum admissible values (MAV) established by RCAP.
The descriptive and inferential statistical analysis of the measured variables was conducted using the R programming language, version 4.0.3 (R Core Team, 2022). 
Results
Status of disinfection systems
For the subsystems studied, we identified the use of a Rainbow HC 3315 chlorinator (Pentair, USA), which is optimal with disinfectant tablets since it operates under the erosion principle in a humid chamber. In addition, this system is in line with the flow of the spring water (Chauca & Orozco, 2012; Pentair, 2020). ACL®90 tablets (OxyChem, USA) were used, which utilize trichloro-s-triazinetrione acid (C3N3O3Cl3) as the active ingredient, a chemical compound belonging to the family commonly referred to as chlorinated isocyanurates, and which, according to the manufacturer contain an approximate concentration of 90% of available chlorine as well as slow-dissolving tablets, suitable for these types of feeders (Pentair, 2020; Rodríguez, 2019).
According to the results derived from the instrument, it was determined that the chlorination system had been installed for more than 5 years and that, before its installation, the process was conducted in an artisanal manner with an instrument made by CBWMO. The chlorinator has been operated continuously since then, only with the initial calibration and weekly maintenance operations (adding tablets according to the recommended dose in the initial calibration, i.e. 7-8 tablets every 8 days), without additional evaluations or calibrations on its operation. 
The disinfection process is conducted once a week by a trained operator, who records the number of tablets added. Handling and storage of disinfectant tablets was inadequate, as they were stored in a warehouse without the optimal and necessary ventilation and safety conditions. In addition, the operator did not use the personal protective equipment (PPE) necessary for their handling. 
When applying the SERSA inspection guidelines to assess the level of infrastructural and operational risk, it was evident that both systems lack an adequate site to store chemical products and a system for their appropriate handling (i.e. chlorine tablets and use of PPE). There were no documented records of dosing flow rates and levels of free residual chlorine in tanks and distribution network or temperature and pH parameters. Derived from this instrument, 6 of the 10 possible critical points contemplated by the instrument were assigned, and both disinfection systems were classified at a high-risk level.
Physical, chemical, and microbiological parameters 
Table 1 presents the results of the main physical, chemical, and microbiological parameters analyzed in contrast to the limits recommended according to the standards from Costa Rica and the World Health Organization (WHO). 
Table 1. Summary of physical, chemical, and microbiological parameters of the water supply system of the Santa Rosa CBWMO.
	Parameter
	Unit
	Mean
	S.D.
	Minimum
	Maximum
	CRb
	WHOc

	pH
	-
	6.79
	0.12
	6.51
	7.02
	6.0-8.0
	6.5-9.5

	Turbidity
	NTU
	0.07
	0.26
	0.00
	1.38
	5
	-

	Conductivity
	µS/cm
	149.4
	43.5
	102.0
	255.0
	400
	-

	Temperature
	°C
	20.57
	0.95
	19.38
	23.81
	30
	25

	ORP
	mV
	502.4
	185.2
	116.3
	706.2
	-
	-

	DO
	mg/L
	7,44
	1,44
	3.83
	9,59
	-
	-

	OSP
	%
	95.56
	18.78
	49.45
	122.05
	-
	-

	Free residual chlorine
	mg/L
	0.27
	0.25
	0.02
	0.71
	0.3-0.6
	5

	Alkalinity
	mg/L CaCO3
	48.6
	6.5
	41.5
	68.5
	-
	-

	Hardness
	mg/L CaCO3
	55.3
	13.4
	44.2
	86.1
	400
	-

	TDS
	mg/L
	126.1
	24.6
	87.0
	178.0
	1000
	1000

	Fluoride
	mg/L
	0.061
	0.020
	0.049
	0.156
	0.7
	1.5

	Chloride
	mg/L
	2.547
	0.969
	1.701
	4.703
	250
	250

	Bromidea
	mg/L
	-
	-
	-
	< 0.077
	-
	-

	Nitritea
	mg/L
	-
	-
	-
	< 0.074
	0.1
	-

	Nitrate
	mg/L
	11.061
	8.085
	3.136
	28.876
	50
	50

	Sulfate
	mg/L
	5.778
	0.866
	5.092
	7.717
	250
	500

	Lithiuma
	mg/L
	-
	-
	-
	< 0.024
	-
	-

	Sodium
	mg/L
	3.977
	0.590
	2.975
	4.989
	200
	200

	Potassium
	mg/L
	1.368
	0.540
	0.052
	2.480
	10
	-

	Magnesium
	mg/L
	5.276
	1.447
	4.071
	8.494
	50
	-

	Calcium
	mg/L
	13.491
	3.122
	10.839
	20.327
	100
	-

	Ammoniuma
	mg/L
	-
	-
	-
	< 0.031
	0.5
	-

	Copperto
	mg/L
	-
	-
	-
	< 0.05
	2.0
	2

	Irona
	mg/L
	-
	-
	-
	< 0.13
	0.3
	-

	Manganesea
	mg/L
	-
	-
	-
	< 0.030
	0.5
	0.4

	Zinca
	mg/L
	-
	-
	-
	< 0.019
	3.0
	3

	Total coliforms
	MPN/100 mL
	N.A.
	N.A.
	0
	80
	-
	0

	E.Coli
	MPN/100 mL
	N.A.
	N.A.
	0
	80
	0
	0




Notes: S.D. Standard Deviation, ORP Oxidation-Reduction Potential, DO Dissolved Oxygen, OSP Oxygen Saturation Percent, TDS Total Dissolved Solids, MPN Most Probable Number, N.A. Not Applicable.
a >80% of data below the limit of quantification, bCosta Rica’s RCAP (Ministerio de Salud, 2015), cWorld Health Organization Standards (WHO, 2011).
The mean values obtained met RCAP and international standards in all the physical parameters (pH, turbidity, conductivity, temperature, ORP, DO, and OSP), as well as in the chemical parameters (alkalinity and total hardness) (WHO, 2011; Ministerio de Salud, 2015; Sánchez-Molina et al., 2016).
In the case of free residual chlorine, it was found that of the 30 samples analyzed, 21 met the range of 0.3 mg/L to 0.6 mg/L stipulated by RCAP, mainly due to concentrations below 0.3 mg/L, increasing the risk due to microbiological contamination (Ministerio de Salud, 2015).  
For the majority ionic content, anions have a distribution with the following concentration trend: HCO3- > NO3- > SO42- > Cl- > F-, while with cations the observed trend was as follows: Ca2+ > Mg2+ > Na+ > K+. No sample exceeded the respective limits of quantification for minority metals (Cu, Fe, Mn, and Zn); consequently, no statistical treatment was conducted.
Most of these ions did not represent a health risk or breached RCAP limits, except for nitrate anion, which although its mean value did not breach national regulations, one of the supply sources (ASR-02) consistently showed values above 25 mg/L, being a health alert according to current national standards, as well as an indicator of possible anthropogenic contamination (Chowdhury et al., 2003; Ministerio de Salud, 2015).
Finally, as part of the microbiological analysis, the presence of total coliforms (TC) and E. Coli was analyzed. Results confirmed microbiological contamination in the water from the three water springs (ASR-01, ASR-02, ASR-03), since, according to RCAP, there must be an absence of microorganisms in drinking water. Therefore, these points from where the positive samples were taken are not suitable for human consumption, evidencing the need for a chlorination system that operates in optimal conditions to ensure consumers’ health (Ministerio de Salud, 2015). 
IRCACH regulatory compliance
Applying a risk index for drinking water allows us to identify that 3 of the evaluated sites present moderate and high risks to the water supply (Mora-Alvarado et al., 2018). Specifically, the variables that associate these sources with medium and high risks are the deficient amount of chlorine and the presence of microbiological contamination (E. coli). This causes negative effects on the consumer’s health and constitutes additional evidence that justifies the need to optimize the water chlorination system (Morales & Zúñiga, 2019).  Figure 2 shows mean risk scores and levels obtained for each sample analyzed. 

[image: ]
Figure 2. Risk score and classification for each sample according to IRCACH
Chlorine demand
Figure 3 shows the results obtained for the chlorine demand of the studied water springs in the three samplings conducted:
[image: ]
Figure 3. Chlorine demand from the ASR-02 and ASR-03 springs in the Santa Rosa CBWMO.
An increase in the concentration of residual free chlorine was observed in comparison to the initial chlorine dose, which allowed the establishment of a high correlation between both variables described by statistically significant linear regression models (p<0.001). In addition, based on the slopes of both curves, it is suggested that approximately 78% and 72% of added chlorine is converted into free residual chlorine, respectively.
It can be deduced from the above curves that the breakpoint, commonly shown by the literature, is not observed in the water sources studied. This is consistent with the low concentrations of ammonium, nitrite, iron, and manganese found, which represent an important contribution to chlorine demand (Laky & Neguez, 2024). In addition, based on the results obtained for water organoleptic characteristics, as well as DO and turbidity concentrations, it is possible to suggest low or no contents of organic matter in the water; therefore, the risk of microbiological contamination detected could be controlled with the proper management of the disinfection system. 
Finally, due to the different characteristics obtained in each curve (i.e. slope, initial residual chlorine), a statistical contrast of estimated marginal means was conducted (Games et al., 1981; Searle et al., 1980) for the slopes in each curve. The above confirms that the chlorine requirements are different for each supply source, which represents a valuable finding for the proposal of individualized chlorine dosing protocols.
Variability of residual chlorine in the system
To validate the homogeneity in the concentration of residual chlorine throughout the aqueduct, the concentrations of free residual chlorine in the tanks and in the distribution networks (including the most distant sites) of the subsystem were studied, varying the post-chlorination analysis interval (i.e. 2-day and 10-day, Fig. 4). This sampling periodicity was selected to study the system under conditions of high and low concentration of free residual chlorine.
[image: ]
Figure 4. Behavior of residual chlorine at different points fed by springs ASR-02 and ASR-03
According to Figure 4, the mean values of free residual chlorine are slightly lower at the distribution sites compared to the values at the storage tanks. This is the case for both supply sources and both time intervals studied. However, there is no statistically significant difference between these mean values (p>0.05), which suggests a relatively homogeneous chlorine concentration for both systems. Therefore, it was not necessary to consider chlorine decay as a relevant factor in the disinfection proposal.
Disinfection proposal 
Based on the suggested dose of chlorine (Fig. 3) for the desired free residual chlorine concentration levels, the number of tablets to be added to the chlorinators was estimated according to the flow rate of the supply sources. Figure 5 shows the proposed model for each source, as well as the comparison with the current scenario.
[image: ]
Figure 5. Comparison of suggested consumption vs. currently added consumption of tablets per week 
The range of flow values used was obtained in the survey instrument applied for the identification of the disinfection system since due to the hydroclimate variations inherent to tropical areas (i.e. El Niño phenomenon), this flow can show seasonal variations for both sources. The model developed for different flow rates also shows CBWMO management that the system currently operates with the correct amounts of chlorine if the flow rates at their sources are less than 2.5 L/min and 3.5 L/min, respectively, which poses an inherent risk for the times of year (i.e. wet season) when the flow rate increases.
Results discussion
Water quality and risk index for human consumption
	The concentration of free residual chlorine was outside the recommended range in most of the samples. This behavior can be attributed to the concentration differences in the system resulting from the variation of water flows, thus affecting the permanence of chlorine in the storage tanks and the distribution network (Montoya et al., 2012).
	The increase in nitrate in water is usually related to human activities such as the use of fertilizers, sewers, wastewater effluents, and animal waste, due to the infiltration of fluids with high concentrations of nitrate in the soil that subsequently end up in aquifers causing contamination (Sallenave, 2017). In the case of Costa Rica, according to Sánchez-Gutiérrez et al. (2023) based on an isotopic analysis of water, decadal changes have been demonstrated in the use of soils linked to the increase of nitrate in groundwater, as well as changes in nitrate sources, with the anthropogenic pollution sources currently having the greatest contribution.
The presence of fecal coliforms (E. coli) is not allowed in water for human consumption (Ministerio de Salud, 2015). Microorganisms in water sources represent a great risk, as they are indicators of points of contamination by human activities, which in turn can contribute to contaminating groundwater, representing a risk to human health (Auquilla et al., 2005; Ordóñez-Ramírez, 2007; Mena-Rivera et al., 2018). 
According to IRCACH, these three parameters are the key drivers to classifying samples ASR-01, ASR-02, and ASR-03 as intermediate and high-risk sources; therefore, water was qualified as unfit for human consumption in these sites.  When other water quality indexes are reviewed such as the one from Colombia, it is observed that variables such as free residual chlorine, total coliforms, and E. coli also receive the highest possible score when they exceed the MAV because they represent a causal relationship between water quality and water-borne diseases with a high incidence (García-Ubaque et al., 2018). Therefore, chlorination has a direct impact on water quality since it decreases the level of risk at the points after disinfection stations from all sources. This also means that if the process is interrupted or an adequate dose of chlorine is not delivered, microbiological contamination can occur. Due to this, it is important to properly manage the disinfection of water springs to ensure the health of users (Zúñiga-Carrasco & Samperio-Morales, 2019).
Status of the disinfection system and chlorine demand
The erosion feeder used meets the use recommendation for 5000 people or less, due to its limited capacity to disinfect large volumes of water (AEAS, 1984; OPS, 2007). In addition, when using the online configuration, the operator can have minimal intervention, thus contributing to the automation of the process, only requiring solid chlorinated products for the proper operation of the feeder (Torres, 2019). 
At the national level, these products are widely used, mainly calcium hypochlorite. However, as a result of its rapid dissolution, greater operational control is required, as well as the use of dry chamber feeders for greater process control (Mora, 2011; Vargas-Portuguez, 2021). For this reason, trichloroisocyanuric acid tablets are a better option for the operational requirements of the equipment, since unlike calcium hypochlorite, they have slow solubility; in addition, they have high percentages of active chlorine, good stability against pH and temperature variations, as well as EPA acceptance as a disinfectant in water systems for human consumption and waste (OxyChem, 2020).
The SERSA guidelines provided a real perspective of the strengths and weaknesses of the system. According to their classification, a high risk implies that actions must be taken to ensure safe operation. These actions include the development of emergency plans, community awareness, or the direct elimination of the risk factor (Ministerio de Salud, 2015). For the system studied, the following is recommended: improving dose measurements and monitoring, flow rates, and physicochemical parameters and safely storing and handling chlorine tablets to avoid their contamination and damaging the operator’s health. Finally, traceability in the use of logs and records for measurements made by the operator is suggested to establish historical databases for decision-making and future research (Gaviria-Montoya et al., 2016b; Gaviria-Montoya et al., 2016c).
Due to the shape of both curves, it is clear that no defined breakpoint was obtained in the chlorine demand similar to the one reported in the literature. However, according to other research studies conducted in drinking water with low levels of organic matter and oxidizable compounds such as iron, ammonium, manganese, and nitrites, said behavior is expected (Gómez-Soto & Payán-López, 2008; Ibarguen-Castañeda & Bernal-Mejía, 2008; Villalobos, 2019). Additionally, this trend is also observed even in waters with higher chlorine consumption, where chlorine demands of 1.55 mg/L and 1.78 mg/L are seen but have curves that follow a mostly linear trend (Perales, 2020).
However, the model obtained did not respond to a 1:1 ratio between the dose of added chlorine and the concentration of residual free chlorine, evidencing a loss in the disinfection process. Chlorine loss is due, in the first instance, to the water’s own consumption depending on the substances and other present physical conditions; however, there is also consumption due to the interface of the walls where the chlorine is contained, such as the pipes or the containers where the demand analysis was conducted (McGrath et al., 2021).
 The decrease in the concentration of residual chlorine in a body of water is described by a first-order reaction, resulting from reaction kinetics that depends on the reaction time of chlorine (Walski et al., 2015). Reaction time is affected by variables such as temperature, since its solubility decreases at high temperatures, or pH, where high values disfavor the formation of hypochlorous acid, thus affecting the reaction time and directly influencing a decrease in the chlorine concentration (Ramírez-Quirós, 2005).
Optimization of operation and system maintenance
Consequently, the disinfection proposal presented to the Santa Rosa CBWMO corresponds to an operational improvement, since it is in conjunction with the monitoring of flows and routine physicochemical parameters, allows for the identification of abnormal behaviors in the processes of drinking water disinfection, and favors their correction in real-time. In addition, as observed in Figure 5, by considering the input flow to the feeder, the necessary dosing can be approximated in a simpler way in wet and dry seasons, where flows tend to increase or decrease, respectively (Villalobos, 2019). At the national level, similar methodologies have been used, where chlorine demand is determined in conjunction with other measurements such as the inflow rates of the disinfection system to evaluate the differences between the current operation of the aqueducts and the theoretical proposals (González, 2011). 

In addition, a functional disinfection system ensures the quality of drinking water for users, preventing water-borne diseases, bad tastes, as well as high concentrations of disinfection by-products (Verma et al., 2017). Finally, when the chlorine dose is adjusted to the requirements of the system, disinfectant loss is avoided, which becomes a long-term economic benefit for aqueduct management. An example of this is the aqueduct of a rural community in Peru, which achieved a substantial saving of around 10% in calcium hypochlorite after the chlorine consumption optimization process was implemented (Horna, 2014).
Conclusions
The Santa Rosa CBWMO has functional disinfection systems; however, they have a high risk in terms of infrastructure and operation. At the level of water quality, most of the evaluated parameters presented satisfactory compliance with national and international standards; however, due to some indicators such as residual chlorine or the presence of pathogenic microorganisms, intermediate and high-risk levels are evident according to IRCACH, highlighting the importance of having an adequate dosage, frequency, and monitoring of the chlorination process in order to avoid compromising the health of users, as these have a direct impact on the aforementioned quality parameters.
The results of the chlorine demand allowed a first approach to the optimization of disinfection systems that had not been previously studied, thus generating specific disinfection proposals for the operating conditions, as well as a series of documents and inputs that allow strengthening water management capacities. 
Finally, improving monitoring and recording aspects such as flow measurements and physicochemical parameters is recommended, in order to provide greater traceability of operating actions and be able to create a functional database that is an input for future decision making. In addition, the optimization of disinfection systems allows a substantial improvement in the management of supply water provided by the Santa Rosa CBWMO with a water security approach. This is aimed at establishing a water security plan that controls the risks at the associated critical points in the disinfection component.
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