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				Abstract

				The increasing number of household water storage tanks in Costa Rica, particularly plastic units, reflects a growing reliance on decentralised water storage as a response to frequent interruptions and limitations in the public drinking water supply systems. Despite their widespread use, there is limited national information regarding the physical condition of these tanks, the quality of stored water, and the maintenance practices applied by users. This study aims to evaluate the adequacy of installation, water quality, and maintenance of household water storage tanks in three urban areas: San Juan Abajo (Heredia), El Coyol (Alajuela), and Moravia (San José). A total of 45 household tanks were inspected and sampled, along with control samples from the drinking water supply system. Physical and chemical parameters were measured both onsite and in the laboratory. Statistical analyses were used to assess differences and correlations between different studied variables. The results showed a statistically significant reduction in free and total chlorine after storage, with more than 70% of samples falling below the minimum regulatory limit, while turbidity and apparent colour increased slightly, though not significantly. E. coli was detected in some tanks, with high variability, but differences with control samples were not statistically significant. Only 8.9% of tank samples complied with all water quality parameters, compared to 22.2% of control samples. These results highlight the need for updated technical guidelines and greater emphasis on user education to ensure household tanks function safely and effectively within the context of potable water access.
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				Resumen

				En Costa Rica, el aumento en el uso de tanques domiciliarios para almacenamiento de agua, especialmente plásticos, refleja una creciente dependencia del almacenamiento descentralizado frente a interrupciones frecuentes y limitaciones en los sistemas públicos de abastecimiento de agua potable. Sin embargo, existe poca información sobre el estado de estas unidades, la calidad del agua almacenada y las prácticas de mantenimiento aplicadas por las personas usuarias. Este estudio evalúa la instalación, calidad del agua y mantenimiento de tanques en tres zonas urbanas: San Juan Abajo (Heredia), El Coyol (Alajuela) y Moravia (San José). Se inspeccionaron y muestrearon 45 tanques, junto con muestras de control tomadas directamente de la red de distribución pública. Se midieron parámetros físicos y químicos en sitio y laboratorio, y se aplicaron pruebas estadísticas para evaluar diferencias y relaciones entre distintas variables. Los resultados mostraron una reducción significativa en cloro libre y total tras el almacenamiento, con más del 70% de las muestras por debajo del límite mínimo. La turbidez y el color aparente aumentaron ligeramente, sin diferencias significativas. Se detectó E. coli en algunos tanques, con alta variabilidad, pero sin diferencias significativas frente a los controles. Solo el 8.9 % de las muestras de agua de tanques cumplieron con todos los parámetros normativos, frente al 22.2 % de las muestras de control. Estos hallazgos evidencian la necesidad de actualizar las guías técnicas nacionales y fortalecer la educación al usuario para garantizar un almacenamiento seguro de agua en contextos de acceso limitado al servicio potable.
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				I.	INTRODUCtion

				Aunque el uso de dinero en efectivo está disminuyendo graduAccess to safe drinking water is a recognised human right [1] and forms part of the first target of the sixth Sustainable Development Goal (SDG) [1]. In this context, ensuring the provision of drinking water in sufficient quantity, of adequate quality, and with guaranteed safety, accessibility, and affordability has been a key objective for governments worldwide [2]. In Costa Rica, access to potable water is a fundamental human right and is included in the Constitution, specifically in Article 50 [3], recognising that ensuring universal and continuous access to safe water is essential not only for public health, but also for the protection of human dignity and quality of life [4]. Despite this constitutional guarantee, several regions of Costa Rica, particularly urban areas, have experienced persistent challenges in water supply. Periodic interruptions, insufficient infrastructure, declining coverage indicators for drinking water services, and administrative shortcomings have led to unreliable access to safe drinking water in many parts of the country [5], [6]. In response, many households have installed water storage tanks to ensure availability during supply disruptions, as observed in other developing countries [7], [8], [9].

				Previous international studies have highlighted the influence of household storage tanks on drinking water quality. Manga et al. [10], in a comprehensive literature review, identified that tank material, hydraulic retention time, and cleaning and hygiene practices are key factors affecting water quality. Similarly, Wright et al. [11], Graham et al. [12], and Schafer and Mihelcic [13] found high levels of microbiological indicators of faecal contamination (e.g., faecal coliforms or E. coli) in household tanks in countries such as Mexico and Bolivia. Evison and Suuna [14] further reported that intermittent water supply and sediment accumulation may create conditions favourable to microbiological regrowth. Despite the widespread use of household water storage tanks in developing countries such as Costa Rica, and the existence of national guidelines for tank installation and maintenance [15], along with potable water standards applied at the distribution system level [16], the condition and upkeep of household tanks remain the responsibility of individual users. Little is known about the actual state of these storage units, the maintenance practices implemented by users, or their influence on water quality at the point of consumption. This lack of information raises concerns about potential health risks linked to poor installation, microbial contamination, and inadequate maintenance. 

				In addition, although international literature has identified several water quality risks associated with household storage practices, research specifically examining how tank conditions and operational characteristics relate to compliance with drinking water standards in domestic settings remains limited. In this context, the present study evaluates household water storage tanks in Costa Rica, focusing on their installation adequacy, stored water quality, and user maintenance practices. Furthermore, it explores potential correlations between the physical and operational 

				characteristics of the tanks and their compliance with potable water standards, with the aim of identifying factors that may influence water quality at the point of consumption.

				II.	MATERIALS AND METHODS

				A.	Characteristics of the sampling locations

				The three selected locations, San Juan Abajo (Heredia), El Coyol (Alajuela), and Moravia (San José) – shown in Fig. 1 – represent urban residential areas within Costa Rica. All sites rely on piped water supply systems provided by different public institutions. In San Juan Abajo (San Juan) and El Coyol, the drinking water is delivered through municipal aqueducts operated by local authorities, whereas in Moravia, the service is managed by the Instituto Costarricense de Acueductos y Alcantarillados (AyA), the national water and sanitation utility.

				For each location, 15 household storage tanks were sampled, resulting in a total of 45 samples from the storage tanks. The tanks were selected based on the owners’ interest and availability to participate in the study. In addition, water was collected from the drinking water supply system, prior to entering the tanks, with three control samples taken per location. These control samples were taken from potable water pipes located at the entrance of selected houses, ensuring that the sampled points did not pass through any storage tank. Before collecting, water was flushed for approximately 45-60 seconds to guarantee that the samples represented the distribution system water rather than water that had stagnated within the indoor plumbing. In total, 54 water samples were collected and analysed across the three systems.
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				Fig. 1. Location of the sampling sites.

			

		

	
		
			
				centeno, jiménez, quesada,villalobos: Evaluación de tanques de agua potable domiciliares para consumo ...	16

			

		

		
			
				B.	Water quality sampling and analysis 

				Each water sample was collected in a new 1 L bottle and stored at 4 °C during transportation and prior to analysis. For microbiological analyses, samples were taken using sterilised urine collection flasks and maintained at 4 °C until processing. All microbiological analyses were performed within 24 hours of sample collection to ensure data reliability and minimise microbial changes during storage.

				Many physical and chemical parameters were measured onsite using a portable multiparameter probe (HORIBA U50 model, manufactured in Japan). These included temperature, dissolved oxygen (DO), turbidity, conductivity, total dissolved solids (TDS), and pH. Free chlorine and total chlorine concentrations were also measured onsite using a portable colourimeter (HACH DR300, manufactured in the United States of America).

				Additional parameters were analysed at the Environmental Engineering Laboratory of the Civil Engineering School at the University of Costa Rica. These included apparent colour, iron, copper, nitrate, nitrite, ammonia, hardness, and E. coli as a microbiological indicator. All analyses were conducted in accordance with the Standard Methods for the Examination of Water and Wastewater [17]. Microbiological sampling followed the Standard Methods for the Examination of Water and Wastewater [17], using sterilised plastic flasks containing sodium bisulfite to neutralise residual chlorine. Samples were immediately stored at 4 °C in insulated coolers and transported to the laboratory, where microbiological analyses were performed within 24 hours of collection. E. coli was quantified using the Most Probable Number (MPN) method, following the multiple-tube fermentation procedure described in Standard Methods (9221 B and 9221 F).Presumptive tests were conducted by inoculating lactose broth tubes and incubating them at 35.0 °C during 48 h. Tubes showing gas formation or turbidity were transferred to EC broth and incubated at 44.5 °C for 24 h for thermotolerant coliform confirmation. Final confirmation of E. coli was performed using the indole test with Kovac’s reagent. Positive indole reactions were used to determine the number of confirmed tubes for MPN calculation.

				C.	Storage tanks inspection

				A checklist and a user survey were developed to support the inspection of household storage tanks and to gather information on their maintenance and usage. The local guideline for household tanks [15] was used as a reference, particularly regarding access provisions, the presence of bottom valves, and recommended cleaning practices. The survey was administered to tank users to obtain details about the age of the tanks, the type and frequency of maintenance performed, and user satisfaction with the system.

				D.	Data analysis and interpretation

				The collected data was analysed using both descriptive and inferential statistical methods. Differences in water quality between household storage tank samples and control samples (taken from the drinking water supply prior to the tanks) were assessed using non-parametric tests to compare medians, considering the non-normal distribution of the variables. The Mann–Whitney U-test was applied at a 95% confidence level. In addition, chi-square tests for independence were conducted to examine the relationship between compliance with water quality standards and the physical and operational characteristics of the storage tanks.

				Water quality parameters were evaluated based on the Costa Rican Regulation for Potable Water Quality [16], with the corresponding reference limits presented in TABLE I.

			

		

		
			
				TABLE I

				POTABLE WATER LIMITS APPLIED IN COSTA RICA [16]

			

		

		
			
				
					Parameter

				

				
					Unit

				

				
					Regulatory limit

				

				
					Number of samples

				

				
					-

				

				
					-

				

				
					pH

				

				
					-

				

				
					6.0-8.0

				

				
					Temperature

				

				
					°C

				

				
					18.0-30.0

				

				
					Conductivity

				

				
					µS∙cm-1

				

				
					400

				

				
					Total Dissolved Solids

				

				
					mg∙L-1

				

				
					1,000

				

				
					Turbidity

				

				
					Nephelometric units of turbidity (NUT)

				

				
					5

				

				
					Free chlorine

				

				
					mg∙L-1

				

				
					0.3-0.6

				

				
					Total chlorine

				

				
					mg∙L-1

				

				
					*

				

				
					Apparent Colour

				

				
					Pt-Co units

				

				
					5

				

				
					Iron

				

				
					mg∙L-1

				

				
					0.3

				

				
					Copper

				

				
					mg∙L-1

				

				
					2.0

				

				
					Nitrate

				

				
					mg∙L-1

				

				
					50

				

				
					Nitrite

				

				
					mg∙L-1

				

				
					0.1

				

				
					Ammonia

				

				
					mg∙L-1

				

				
					0.5

				

				
					Hardness (CaCO3)

				

				
					mg∙L-1

				

				
					400

				

				
					E. coli

				

				
					MPN∙100 mL-1

				

				
					ND

				

			

		

		
			
				ND: not detectable; MPN: Most Probable Number; * A limit between 1.0 and 1.8 mg∙L-1 are appliable when the chlorine is only in a combined form, or when the dosed chlorine is in form of chloramine.
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				III.	RESULTS

				A.	Tanks physical characteristics

				Fig. 2 illustrates the diversity of domestic storage tanks identified during the three sampling campaigns. Many accessible plastic tanks (Fig. 2(a)) exhibited visible white stains on their external surfaces, suggesting limited or absent routine maintenance. Several aerial tanks (Fig. 2(b)) were installed at considerable height and had very restricted access due to the absence of stairs or safe platforms; in some cases, these units were also fully exposed to sunlight without any protective enclosure. Finally, the underground concrete tanks (Fig. 2(c)) often lacked proper sealing on the covers and did not include internal sanitary coatings. In some cases, signs of fungal growth and persistent humidity were observed on the internal surfaces of these concrete units.

				Regarding the tanks characteristics, Fig. 3(a) shows that the most used storage volumes for household tanks across all systems are 1100 L and 750 L. For households with 3–4 members and an estimated drinking water consumption of 200 L∙inhab∙d-1 [18], these volumes correspond to hydraulic retention times (HRTs) ranging from approximately 0.9 to 1.8 days. Fig. 3(b) indicates that the most common tank colours are black, blue, and white, while Fig. 3(c) shows that the most frequent tank positions are elevated 

				(aerial) and at ground level, although underground installations were also commonly observed in Moravia. Concerning the tank materials, as shown in Fig. 3(d), plastic tanks made of polyethylene were the most common type across all systems, with concrete tanks also observed in Moravia. 

				The age of the tanks Fig. 3(e) varied at each location, with 1–5 years being the most frequent range, although tanks older than 10 years were more commonly found in Moravia. Fig. 3(f) shows that most tanks did not display visible signs of deterioration, with 60–80% reported in good condition, with the highest proportion of deteriorated units also recorded in Moravia. In this regard, Moravia presented a higher number of concrete, underground, and visibly deteriorated tanks, which may also be associated with their generally older age.

				Most tanks were cylindrical (84%), while only 11% were cubical and 0.4% were either rectangular or of unknown shape. Filtration units were present in only 29% of the tanks, with no significant difference among the three analysed locations. The most common type of filtration consisted of 5 µm screens used to reduce turbidity. Furthermore, only 56% of the tanks had an adequate access system to allow proper interior maintenance, with this condition being similarly distributed across all sites. This condition could difficult the tank maintenance, as analysed in Section 3.3.

			

		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			
				(a)

			

		

		
			
				(b)

			

		

	
		
			
				centeno, jiménez, quesada,villalobos: Evaluación de tanques de agua potable domiciliares para consumo ...	18

			

		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			
				MDPE: medium density polyethylene; LDPE: low density polyethylene; PE: polyethylene.

				Fig. 3. Summary of the main physical characteristics of the sampled tanks.

			

		

		
			
				Fig. 2. Pictures of the sampled tanks: (a) accessible plastic tanks; (b) aerial tanks with limited access; (c) concrete underground tanks.
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				B.	Water quality results

				TABLE II shows a summary of the mean values for all the water quality parameters measured in the sampled systems, including both control samples (taken from the water supply system, before the tanks) and household samples (from water storage tanks). According to TABLE II, many of the measured 

				parameters in both control and storage tank samples from the three evaluated systems complied with regulatory limits [16] and were not significantly affected by household water storage. This was the case for pH, temperature, conductivity, total dissolved solids, nitrate, nitrite, ammonia, and hardness. However, other parameters appear to be critical and should be analysed in further detail, as shown in Fig. 4.

			

		

		
			
				TABLE II

				SUMMARY OF THE WATER QUALITY PARAMETERS

			

		

		
			
				
					Average value ± standard deviation

				

				
					San Juan

				

				
					El Coyol

				

				
					Moravia

				

				
					All

				

				
					Parameter

				

				
					Unit

				

				
					Regulatory limit*

				

				
					Control

				

				
					Storage tanks

				

				
					Control

				

				
					Storage tanks

				

				
					Control

				

				
					Storage tanks

				

				
					Control

				

				
					Storage tanks

				

				
					Number of samples

				

				
					-

				

				
					-

				

				
					3

				

				
					15

				

				
					3

				

				
					15

				

				
					3

				

				
					15

				

				
					9

				

				
					45

				

				
					ph

				

				
					-

				

				
					6.0-8.0

				

				
					6.85 ± 0.24

				

				
					6.92 ± 0.32

				

				
					6.73 ± 0.24

				

				
					7.20 ± 0.29

				

				
					6.99 ± 0.66

				

				
					7.50 ± 0.28

				

				
					6.86 ± 0.38

				

				
					7.21 ±0.38

				

				
					Temperature

				

				
					°C

				

				
					18.0-30.0

				

				
					23.9 ± 0.34

				

				
					23.5 ± 1.55

				

				
					25.9 ± 0.34

				

				
					26.3 ± 1.00

				

				
					22.8 ± 0.68

				

				
					24.5 ± 2.17

				

				
					24.2 ± 1.43

				

				
					24.8 ± 1.99

				

				
					Dissolved oxygen

				

				
					mg∙L-1

				

				
					NR

				

				
					8.31 ± 0.92

				

				
					8.11 ± 0.70

				

				
					7.70 ± 0.92

				

				
					7.44 ± 0.35

				

				
					7.41 ± 0.33

				

				
					6.95 ± 0.64

				

				
					7.81 ± 0.67

				

				
					7.50 ± 0.75

				

				
					Conductivity

				

				
					µS∙cm-1

				

				
					400

				

				
					208 ± 11.0

				

				
					207 ± 9.5

				

				
					279 ± 11.0

				

				
					268 ± 4.7

				

				
					222 ± 55.2

				

				
					237 ± 22.3

				

				
					236 ± 43.1

				

				
					237 ± 28.9

				

				
					Total Dissolved Solids

				

				
					mg∙L-1

				

				
					1000

				

				
					104 ± 5.0

				

				
					103 ± 4.8

				

				
					139 ± 5.0

				

				
					134 ± 2.3

				

				
					111 ± 27.4

				

				
					118 ± 11.0

				

				
					118 ± 21.3

				

				
					119 ± 14.4

				

				
					Turbidity

				

				
					NUT

				

				
					5

				

				
					0.0 ± 0.0

				

				
					0.28 ± 1.03

				

				
					0.0 ± 0.0

				

				
					0.04 ± 0.15

				

				
					0.0 ± 0.0

				

				
					1.57 ± 4.27

				

				
					0.0 ± 0.0

				

				
					0.63 ± 2.57

				

				
					Free chlorine

				

				
					mg∙L-1

				

				
					0.3-0.6

				

				
					0.77 ± 0.89

				

				
					0.31 ± 0.3

				

				
					0.65 ± 0.89

				

				
					0.55 ± 0.12

				

				
					0.99 ± 0.17

				

				
					0.26 ± 0.41

				

				
					0.8 ± 0.49

				

				
					0.37 ± 0.32

				

				
					Total chlorine

				

				
					mg∙L-1

				

				
					**

				

				
					0.87 ± 1.01

				

				
					0.24 ± 0.26

				

				
					0.59 ± 1.01

				

				
					0.51 ± 0.15

				

				
					1.05 ± 0.26

				

				
					0.29 ± 0.38

				

				
					0.84 ± 0.56

				

				
					0.35 ± 0.3

				

				
					Apparent Colour

				

				
					Pt-Co units

				

				
					5

				

				
					1.33 ± 1.15

				

				
					19.7 ± 23.0

				

				
					5.33 ± 1.15

				

				
					10.2 ± 15.2

				

				
					7.87 ± 6.93

				

				
					10.4 ± 20.2

				

				
					3.56 ± 5.75

				

				
					12.6 ± 20.0

				

				
					Iron

				

				
					mg∙L-1

				

				
					0.3

				

				
					0.01 ± 0.02

				

				
					0.06 ± 0.07

				

				
					0.01 ± 0.02

				

				
					0.03 ± 0.03

				

				
					0.04 ± 0.03

				

				
					0.07 ± 0.14

				

				
					0.02 ± 0.02

				

				
					0.05 ± 0.04

				

				
					Copper

				

				
					mg∙L-1

				

				
					2.0

				

				
					0.07 ± 0.02

				

				
					0.11 ± 0.18

				

				
					0.03 ± 0.02

				

				
					0.06 ± 0.02

				

				
					0.03 ± 0.03

				

				
					0.06 ± 0.03

				

				
					0.05 ± 0.02

				

				
					0.06 ± 0.03

				

				
					Nitrate

				

				
					mg∙L-1

				

				
					50

				

				
					5.13 ± 0.98

				

				
					4.67 ± 1.78

				

				
					6.13 ± 0.98

				

				
					2.87 ± 0.86

				

				
					1.43 ± 1.03

				

				
					1.44 ± 0.64

				

				
					4.23 ± 3.05

				

				
					2.99 ± 1.78

				

				
					Nitrite

				

				
					mg∙L-1

				

				
					0.1

				

				
					0.007 ± 0.000

				

				
					0.005 ± 0.003

				

				
					0.014 ± 0.000

				

				
					0.011 ± 0.009

				

				
					0.008 ± 0.005

				

				
					0.007 ± 0.007

				

				
					0.01 ± 0.005

				

				
					0.008 ± 0.003

				

				
					Ammonia

				

				
					mg∙L-1

				

				
					0.5

				

				
					0.08 ± 0.04

				

				
					0.04 ± 0.03

				

				
					0.03 ± 0.04

				

				
					0.02 ± 0.01

				

				
					0.06 ± 0.05

				

				
					0.06 ± 0.04

				

				
					0.051 ± 0.03

				

				
					0.04 ± 0.03

				

				
					Hardness (CaCO3)

				

				
					mg∙L-1

				

				
					400

				

				
					80.0 ± 6.93

				

				
					90.5 ± 44.9

				

				
					95.0 ± 6.93

				

				
					95.3 ± 4.62

				

				
					87.7 ± 11.1

				

				
					84.9 ± 11.0

				

				
					87.6 ± 9.68

				

				
					90.2 ± 26.6

				

				
					E. coli

				

				
					MPN∙100 mL-1

				

				
					ND

				

				
					1.33 ± 2.31

				

				
					2.13 ± 3.48

				

				
					1.33 ± 2.31

				

				
					1.33 ± 12.1

				

				
					4.87 ± 2.31

				

				
					2.67 ± 38.4

				

				
					1.78 ± 2.11

				

				
					6.47 ± 23.2
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				Fig. 4 shows that turbidity levels slightly increased in storage tanks across all systems, particularly in Moravia, suggesting the presence of suspended particles or microbial growth. However, all the samples were below the regulatory limit of 5 NUT, and the difference for all the systems was not statistically significant (p = 0.15).

				In contrast, free chlorine and total chlorine showed a statistically significant reduction in storage tanks (p = 0.0069 and p = 0.0067, respectively), with more than 70% of the samples falling below the regulatory limit of 0.3 mg·L-1. This indicates a loss of disinfectant residual during storage, increasing the risk of microbial contamination. In some cases (e.g., El Coyol), the residual chlorine levels in the distribution system were initially too high, but after storage in the tanks, they decreased to within the acceptable range of 0.3 and 0.6 mg·L-1.

				In addition, apparent colour levels were generally higher in storage tanks, particularly in San Juan and El Coyol, although Moravia also showed an increasing trend. In some specific cases across all three systems, this parameter exceeded the acceptable limits. However, the difference between control and storage tank samples was not statistically significant (p = 0.49).

				Iron concentrations increased slightly in storage tanks but remained below regulatory limits, and the difference was not significant (p = 0.08), though some outliers were observed. Meanwhile, copper levels were statistically lower in storage tanks (p = 0.036), which may suggest reduced corrosion or possible dilution, although extreme values were found in some household 

				samples. In any case, all the reported values were below the regulatory limits.

				Finally, E. coli was detected in both control samples and storage tanks. In control samples, the maximum value was 4 MPN·100 mL-1, with a 95% confidence interval (CI) ranging from 0 to 9 MPN·100 mL-1. In contrast, storage tank samples showed more extreme values, with 11 MPN·100 mL-1 (95% CI: 3 to 36 MPN·100 mL-1) and up to 150 MPN·100 mL-1 (95% CI: 30 to 440 MPN·100 mL-1). Despite these high values in some storage tanks, the difference compared to control samples was not statistically significant (p = 0.61), likely due to high variability and the presence of outliers.

				In summary, the comparison between control samples and household storage tanks revealed some patterns of water quality degradation during storage. Although turbidity, apparent colour, and iron levels slightly increased in storage tanks, they generally remained within regulatory limits and did not show statistically significant differences. In contrast, both free and total chlorine concentrations showed a significant reduction after storage, with many samples falling below the minimum recommended level of 0.3 mg·L-1, indicating a loss of disinfectant protection and a potential risk for microbial contamination, which could be related to some extreme values of E. coli measured in the storage tanks.

				Regarding regulatory compliance, TABLE III presents the percentage of samples meeting the established limits [16] for all measured parameters across the three evaluated systems.

			

		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			[image: ]
		

		
			
				The red dashed line indicates the regulatory limits. When only one line is shown, it represents the maximum acceptable concentration. Two lines indicate an acceptable range (minimum and maximum concentrations).

			

		

		
			
				Fig. 4. Distribution of the water quality parameters for the control and storage tanks.
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				TABLE III shows that most physicochemical parameters, including pH, conductivity, total dissolved solids, nitrate, nitrite, ammonia, and hardness, met regulatory standards in nearly all samples. Slight deviations were observed for temperature and turbidity in Moravia, and for pH in its storage tanks, but overall compliance remained above 93%. In contrast, free chlorine showed the lowest compliance rates, both in the control and storage tanks, with only 22.2% and 28.9% of all samples meeting the acceptable concentration, respectively. Apparent colour also had low compliance, particularly in San Juan’s storage tanks. E. coli compliance was moderate in control samples and storage tanks. When considering compliance with all parameters simultaneously, only 8.9% of storage tank samples 

				met every standard, compared to 22.2% in control samples.

			

		

		
			
				TABLE III

				POTABLE WATER LIMITS ATTENDANCE FOR THE SAMPLES

			

		

		
			
				
					Percentage of samples that meet the local regulation limits (%)

				

				
					San Juan

				

				
					Coyol

				

				
					Moravia

				

				
					All

				

				
					Parameter

				

				
					Control

				

				
					Storage tank

				

				
					Control

				

				
					Storage tank

				

				
					Control

				

				
					Storage tank

				

				
					Control

				

				
					Storage tank

				

				
					N

				

				
					3

				

				
					15

				

				
					3

				

				
					15

				

				
					3

				

				
					15

				

				
					9

				

				
					45

				

				
					pH

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					93.3

				

				
					100.0

				

				
					97.8

				

				
					Conductivity

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					Total Dissolved Solids

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					Turbidity

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					93.3

				

				
					100.0

				

				
					97.8

				

				
					Temperature

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					93.3

				

				
					100.0

				

				
					97.8

				

				
					Free chlorine

				

				
					33.3

				

				
					20.0

				

				
					33.3

				

				
					66.7

				

				
					0.0

				

				
					0.0

				

				
					22.2

				

				
					28.9

				

				
					Apparent Colour

				

				
					100.0

				

				
					40.0

				

				
					66.7

				

				
					53.3

				

				
					66.7

				

				
					86.7

				

				
					77.8

				

				
					60.0

				

				
					Iron

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					93.3

				

				
					100.0

				

				
					97.8

				

				
					Copper

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					Nitrate

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					Nitrite

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					Ammonia

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					Hardness (CaCO3)

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					100.0

				

				
					E. coli

				

				
					66.7

				

				
					60.0

				

				
					66.7

				

				
					80.0

				

				
					33.3

				

				
					66.7

				

				
					55.6

				

				
					68.9

				

				
					All parameters

				

				
					33.3

				

				
					0

				

				
					33.3

				

				
					26.7

				

				
					0.0

				

				
					0.0

				

				
					22.2

				

				
					8.9

				

			

		

		
			
				C.	Operating and maintenance characteristics of the household tanks

				Tank washing is the most frequent maintenance activity carried out by users, as shown in Fig. 5(a), and many users did not apply any kind of maintenance measure in their systems (30% in total, with 55% in El Coyol). This could be related to the difficulty of access in some units, as presented in Section 3.1. These maintenance measures Fig. 5(b) were most often performed at intervals shorter than one year, although frequencies longer than two years were also commonly reported.
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				Users had generally high perceptions of their tanks water quality, 89% reported never experiencing any unusual taste (93% in San Juan, 80% in El Coyol, and 93% in Moravia). Similarly, 96% of users indicated they had never noticed any odour in the water, with only two cases in Moravia reporting such an issue. As for turbidity, 89% of respondents stated they had never observed any visible turbidity, with 93% in San Juan, and 87% in both El Coyol and Moravia. Despite the occasional issues reported, Fig. 5(c) shows that a larger majority of the users, up to 90%, were satisfied with their household storage tanks.

				D.	Relationships between the analysed variables

				TABLE IV presents the results of the independence tests carried out to evaluate the relationship between various variables. The chi-square test for independence was applied with a 95% confidence level. Only the parameters showing greater variability and a potential relationship were included in the analysis shown in TABLE IV.

			

		

		
			
				Fig. 5. Maintenance practices and user satisfaction for the sampled tanks.
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				TABLE IV

				RESULTS FOR THE INDEPENDENCE TESTS WITH CHI-SQUARE

			

		

		
			
				
					Variables independency evaluated

				

				
					p-value obtained

				

				
					Result (95% confidence)

				

				
					Location vs. all parameter’s limits compliance

				

				
					0.019

				

				
					Statistically significant relationship

				

				
					Location vs. free chlorine limit compliance

				

				
					0.0002

				

				
					Statistically significant relationship

				

				
					Location vs. colour limit compliance

				

				
					0.027

				

				
					Statistically significant relationship

				

				
					Location vs. E. coli limit compliance

				

				
					0.484

				

				
					No statistically significant relationship

				

				
					Sample source vs. all parameter’s limits compliance

				

				
					0.561

				

				
					No statistically significant relationship

				

				
					Sample source vs. free chlorine limit compliance

				

				
					1.000

				

				
					No statistically significant relationship

				

				
					Sample source vs. colour limit compliance

				

				
					0.529

				

				
					No statistically significant relationship

				

				
					Sample source vs. E. coli limit compliance

				

				
					0.699

				

				
					No statistically significant relationship

				

				
					Tank level vs. all parameter’s limits compliance

				

				
					0.592

				

				
					No statistically significant relationship

				

				
					Tank level vs. free chlorine limit compliance

				

				
					0.562

				

				
					No statistically significant relationship

				

				
					Tank level vs. colour limit compliance

				

				
					0.717

				

				
					No statistically significant relationship

				

				
					Tank level vs. E. coli limit compliance

				

				
					0.102

				

				
					No statistically significant relationship

				

				
					Tank colour vs. all parameter’s limits compliance

				

				
					0.986

				

				
					No statistically significant relationship

				

				
					Tank colour vs. free chlorine limit compliance

				

				
					0.320

				

				
					No statistically significant relationship

				

				
					Tank colour vs. colour limit compliance

				

				
					0.436

				

				
					No statistically significant relationship
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				TABLE IV shows that, among all combinations evaluated, only three showed statistically significant relationships: location vs. compliance with all parameters (p = 0.019), with free chlorine (p = 0.0002), and with colour (p = 0.027). This suggests that geographical or system-specific factors, possibly linked to infrastructure, management, or source water quality, may influence chlorine levels and colour in stored water.

				All other evaluated variables, including tank level, tank colour, deterioration, presence of filters, and maintenance type, showed no statistically significant association with the water quality parameters.

				iv.	DISCUSSION

				The results of this study provide insights into the physical condition, water quality performance, and operational practices of household water storage tanks in Costa Rica. Overall, while many physical and chemical parameters remained within regulatory limits, some indicators suggest degradation of water quality during storage, particularly regarding residual disinfectant levels and microbial risk.

				Free chlorine and total chlorine were the only parameters with statistically significant reductions between control and storage tank samples, highlighting the vulnerability of stored water to disinfectant decay. This decline, reported also by Manga et al. [10] and Graham et al. [12] in similar contexts, could be attributed to long retention times, the absence of protective covers, or the presence of organic matter that consumes residual chlorine. Despite the significant chlorine reduction, E. coli levels did not show a statistically significant increase, although extreme values were noted 

				in some tanks, which remains a concern. These findings support previous research that warns of the risk of microbial regrowth in poorly maintained or inadequately protected storage systems [13], [14]. To deal with the observed reduction in disinfectant residuals, some preventive measures could help minimise water quality deterioration during storage. First, reducing the hydraulic retention time by ensuring regular turnover of the stored water, ideally keeping water in the tank for less than 24 hours, can limit chlorine decay and decrease the likelihood of microbial regrowth. This practice is particularly important in contexts where tanks operate intermittently or hold volumes disproportionate to household demand. Second, the application of re-chlorination at the household level may help maintain adequate residuals, especially in tanks with long retention times.

				Turbidity, apparent colour, and iron concentrations tended to increase slightly after storage, consistent with sediment accumulation or leaching from the tanks [14], especially in older units. However, these increases were not statistically significant. Notably, tanks in Moravia showed greater deterioration and a higher prevalence of concrete and underground tanks, factors that may contribute to these differences. Nevertheless, deterioration, tank material, colour, and position were not statistically associated with non-compliance with water quality standards, suggesting that other unmeasured factors, such as cleaning frequency, duration of water stagnation, or environmental exposure, may play a more substantial role.

				In addition, only 8.9% of household tank samples complied with all regulatory parameters simultaneously, compared to 22.2% of control samples, indicating that storage may compromise compliance despite national standards being met at the supply 

			

		

		
			
				Location: San Juan, El Coyol or Moravia; Sample source: household storage tank or water supply system (control); Tank level: underground, ground level, aerial; Tank deterioration: Yes, No; Filter for solids: Yes, No. Maintenance type: washing, emptying, none.

			

		

		
			
				
					Variables independency evaluated

				

				
					p-value obtained

				

				
					Result (95% confidence)

				

				
					Tank colour vs. E. coli limit compliance

				

				
					0.818

				

				
					No statistically significant relationship

				

				
					Tank deterioration vs. all parameter’s limits compliance

				

				
					0.853

				

				
					No statistically significant relationship

				

				
					Tank deterioration vs. free chlorine limit compliance

				

				
					0.907

				

				
					No statistically significant relationship

				

				
					Tank deterioration vs. colour limit compliance

				

				
					0.333

				

				
					No statistically significant relationship

				

				
					Tank deterioration vs. E. coli limit compliance

				

				
					1.000

				

				
					No statistically significant relationship

				

				
					Filter for solids vs. all parameter’s limits compliance

				

				
					0.379

				

				
					No statistically significant relationship

				

				
					Filter for solids vs. free chlorine limit compliance

				

				
					0.457

				

				
					No statistically significant relationship

				

				
					Filter for solids vs. colour limit compliance

				

				
					0.253

				

				
					No statistically significant relationship

				

				
					Filter for solids vs. E. coli limit compliance

				

				
					0.348

				

				
					No statistically significant relationship

				

				
					Maintenance type vs. all parameter’s limits compliance

				

				
					0.556

				

				
					No statistically significant relationship

				

				
					Maintenance type vs. free chlorine limit compliance

				

				
					0.156

				

				
					No statistically significant relationship

				

				
					Maintenance type vs. colour limit compliance

				

				
					0.785

				

				
					No statistically significant relationship

				

				
					Maintenance type vs. E. coli limit compliance

				

				
					0.100

				

				
					No statistically significant relationship
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				point. The low compliance rates for free chlorine and apparent colour were particularly relevant and merit further attention in public health monitoring.

				Although 70% of users reported performing some form of maintenance, the frequency and type of interventions were highly variable, and 30% of users never implemented any maintenance. This is consistent with previous studies conducted in other regions of Costa Rica [19], where most household tanks were also aerial, and a portion of users reported not carrying out any maintenance on their units. Still, user satisfaction with the tanks remained high, and most reported no aesthetic issues with the water. This discrepancy between perceived quality and actual risk underlines the need for improved public awareness and education regarding safe storage practices.

				Furthermore, the statistical analyses suggest that location is the only variable consistently associated with significant differences in compliance, particularly for chlorine and colour. This reinforces the importance of context-specific factors, including infrastructure, service continuity, and local management practices.

				Another key aspect is that the national regulatory framework governing the household tanks design, installation, and maintenance remains outdated in Costa Rica. The existing local norm is more applicable to concrete tanks, and does not adequately address the materials, configurations, and operational realities of modern polyethylene or plastic tanks, which now dominate the market, as shown in this study. As noted in Slavik et al. [20], the evolution in tank design and usage worldwide has introduced new challenges to water quality preservation, including the increased potential for chemical leaching, microbial regrowth, and thermal stratification, particularly in plastic or above-ground units (the most common in this study). These risks underscore the importance of adapting national standards to reflect current technologies and usage patterns.

				In addition to regulatory improvements, greater emphasis must be placed on user education and participation. While storage tanks are typically installed by private households in response to supply interruptions, maintenance remains inconsistent, with many users unaware of the importance of routine cleaning, properly designed access, or quality monitoring. Therefore, new regulatory efforts in Costa Rica should be accompanied by user-friendly guidelines, public campaigns, and the development of educational tools to maintain water quality at the point of consumption. In this way, household storage tanks can fulfil their role as resilience mechanisms without compromising public health, while parallel efforts are made to improve the reliability of water supply systems and reduce the necessity for household-level storage.

				v.	CONCLUSION

				The results showed that although most physicochemical parameters such as pH, conductivity, and nitrate complied with regulatory limits, there were consistent reductions in free and total chlorine levels after storage. These reductions were statistically significant and suggest a loss of residual disinfection 

				capacity, increasing the risk of microbial regrowth. E. coli was detected in some tanks with high variability, though differences with the control samples were not statistically significant. Apparent colour and turbidity also tended to increase slightly after storage. This highlights the need for simple preventive measures during household storage, such as ensuring regular turnover of the stored water to reduce retention times and, where appropriate, applying controlled re-chlorination to maintain adequate disinfectant levels. Such practices can help minimise water quality deterioration and reduce the risk of microbial regrowth at the point of consumption.

				Only 8.9% of household tank samples complied with all water quality parameters simultaneously, compared to 22.2% of the control samples, demonstrating degradation during storage. However, no strong statistical associations were found between water quality and tank-specific features such as material, colour, or maintenance type, except for the location, which showed a significant relationship with chlorine and colour compliance. This suggests that systemic or regional factors, such as the management of the piped supply and local infrastructure, may have a greater impact on water quality than individual tank characteristics alone. 

				These findings highlight the need for updating Costa Rica’s regulatory framework for household water storage, especially considering the dominance of plastic tanks over traditional concrete designs. Increased public education on proper maintenance and tank hygiene, along with clearer and more modernised technical guidelines, is essential to ensure that household storage tanks serve as reliable and safe resilience mechanisms without compromising public health.
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