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Abstract: Although many households in the Kathmandu Valley rely on household water treatment
and safe storage (HWTS) to obtain drinking water, the safety of treated water has not been evaluated
in actual usage. Therefore, we assessed the performance and maintenance of five HWTS methods
used in 101 households. The choice of HWTS methods by households was primarily influenced by the
raw water source, that is, jarred water users opted for boiling and groundwater users selected reverse
osmosis with ultraviolet irradiation (RO-UV). While boiling and electric dispensers (ED) did not
remove inorganic contaminants (ammonia nitrogen, arsenic, and manganese), ceramic candle filters
(CCF) and RO-UV reduced them moderately. The HWTS methods reduced E. coli and total coliforms
(TC) by 95.8 and 84.1%, respectively, but 11.8 and 69.3% of treated water samples remained positive
for these two bacteria. Combined methods (CM) and RO-UV showed an inferior TC reduction
compared to the simpler HWTS methods, boiling, CCF, and ED, possibly due to difficulties with
regular maintenance and storage contamination. Therefore, it is recommended to choose simpler
HWTS methods that meet the requirements of the household’s water sources rather than more
expensive and difficult-to-maintain methods, which should be chosen only if the raw water contains
high concentrations of inorganic contaminants.
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1. Introduction

The fundamental human right to access safe drinking water and sanitation, de-
clared by the United Nations in 2010, remains unattainable for over a third of the global
population [1,2]. The rapid population expansion and urbanization in developing coun-
tries have caused water scarcity and hindered the provision of adequate piped water and
sanitation services, leading to poor health, low quality of life, and social unrest [3]. Poor
management and noncompliance with drinking water standards exacerbate the risk of
waterborne diseases, while unsafe drinking water, insufficient sanitation, and poor hy-
giene are significant contributors to diarrheal disease-related deaths. In 2016, there were
an estimated 1.4 million deaths from diarrheal disease, of which 60% were attributed to
inadequate water, sanitation, and hygiene, and 45% of those were specifically associated
with unsafe and inadequate drinking water [4,5].

The World Health Organization (WHO) asserts that safe drinking water, adequate
sanitation, and hygiene can significantly prevent diarrheal diseases [6]. However, fecal
contamination often compromises the safety of drinking water even from improved sources,
such as protected wells and communal stand posts, in areas with poor sanitation [7]. Fur-
thermore, microbiologically safe water at the source or at other points of distribution is
subject to frequent and extensive fecal contamination during collection, transport, and
home storage [8]. Similarly, when centralized water treatment systems are unavailable
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or nonfunctional, households must treat and purify water from contaminated sources [9].
Recognizing these challenges, WHO and other organizations have advocated for alternative
methods to accelerate the improvement of contaminated water sources, particularly for
rural populations at a higher risk of waterborne diseases. One alternative method is house-
hold water treatment and safe storage (HWTS) [10]. Accordingly, various household water
treatment devices/systems have been developed in recent decades to treat water at the
household level. Many of these devices are currently being used in developing countries as
cost-effective means to produce safe drinking water by purifying microbially contaminated
water [11]. Recently, the utilization of HWTS has been growing globally [12,13]. In 67 low-
and middle-income countries, more than 1.1 billion people treat their water before drinking;
additional data from China places the figure at over 1.8 billion [14]. In addition, growing
concerns about water quality and safety have driven demands for improved HWTS meth-
ods, resulting in an increased use of point-of-use (POU) and point-of-entry (POE) filters [15].
However, operational conditions and storage and handling practices can reduce the effec-
tiveness of HWTS [16]. The effectiveness of boiling can be compromised by contaminated
containers and poor domestic hygiene at the point of consumption [17]. Similarly, water
quality can deteriorate due to a lack of proper maintenance and replacement of filters and
other parts, which will accumulate chemical and microbial impurities [18].

The use of HWTS has also increased in the Kathmandu Valley, Nepal, rising to 75% of
households in 2018 from 67% in 2013 [19,20]. This is due to the intermittent and low-quality
piped water that has caused long-lasting water scarcity in the valley for decades [21-24].
Even though about 70% of the households are connected to the piped water supply, they
obtain water only for a few hours a day from the intermittent system, in which negative pres-
sure and chronic contamination occur [25]. Therefore, households use other water sources
for drinking purposes, such as jarred water, groundwater, and tanker water [26,27]. How-
ever, it was reported that these water sources are also contaminated with total coliforms
(TC), exceeding Nepal’s National Drinking Water Quality Standards (NDWQS) [28-31].
The Nepal Burden of Disease Report in 2017 identified unsafe drinking water as one of the
high-risk factors for mortality across all ages and genders [32].

Therefore, valley residents use various HWTS methods to obtain safe drinking wa-
ter [19,26]. Recently, sophisticated and high-cost HWTS methods have emerged, and
residents often use more than one method [19]. However, despite the widespread use of
these methods, there is still limited information available on the appropriate procedures
to ensure the chemical and microbial safety of drinking water [33], as evidenced by the
fact that 69% of HWTS-treated samples collected from households in the valley were
contaminated with TC [29]. Although HWTS can improve drinking water quality and
prevent disease when used correctly and consistently [34], a systematic study of their usage,
maintenance, and efficiency has yet to be conducted in the valley. Although there have
been some studies on types of HWTS and the associated costs [19,26], previous studies
on the performance of HWTS in the valley only examined treated water samples and did
not assess the efficiency of water quality improvements through HWTS methods in actual
usage [29,35]. Furthermore, the literature does not provide information on the HWTS
methods used in households. Therefore, the aim of this study is to evaluate the treatment
performance of different HWTS methods in actual usage and the effects of maintenance
conditions on their treatment performance. The study also examines the factors influencing
the microbial quality of treated water by HWTS methods through a questionnaire survey
of users and explores the reasons behind the selection of specific methods by households.

2. Materials and Methods
2.1. Study Area

The Kathmandu Valley is located in the Bagmati River Basin, Nepal (Figure 1). It
has an area of 665 km? and encompasses the entire area of Bhaktapur District, 85% of
Kathmandu District, and 50% of Lalitpur District [36]. The oval intermontane valley is
approximately 30 km in the east-west direction and 25 km in the north-south direction [37].
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The central part of the valley is 1300-1400 m above mean sea level, with a gentle, flat
landscape, and has an annual precipitation of 1400 mm [36,37]. Geologically, the valley is
an intermountain bowl-shaped basin comprising both shallow and deep aquifers composed
of fluvial-lacustrine sediments [38].
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Figure 1. Study area (Kathmandu Valley) and sampling points.

Households in the valley have several water sources: (1) the traditional water system,
consisting of public water sources (stone spouts, dug wells, tanks, and ponds); (2) the
piped water supply system, provided by utilities; (3) groundwater wells within household
premises; and (4) various types of water-vending arrangements [39]. Kathmandu Upatyaka
Khanepani Limited (KUKL) is the authorized public agency responsible for supplying
potable water to the valley’s residents. Currently, the piped water supply system can meet
only 21.5% of the total water demand [40]. The valley population grew rapidly at an annual
rate of 4.63% between 2001 and 2011 [41], which created haphazard urbanization, resulting
in various water supply challenges, including intermittent supply.

2.2. Sampling Points

In August and September 2022, raw and treated water samples from the HWTS
methods were collected from 101 households in the 3 districts of the valley (Figure 1). The
households were selected proportionally to the population of each district, and also by
their water sources and HWTS methods. There were 4 water sources—piped water, jarred
water, groundwater, and tanker water—and 5 HWTS methods were used in the households:
boiling, ceramic candle filter (CCEF), electric dispenser (ED), combined methods (CM),
and reverse osmosis combined with ultraviolet irradiation (RO-UV) (Table 1). Table A1l
showcases the price ranges (in Nepalese Rupee) of different HWTS devices analyzed in
this study (based on market analysis), along with the average monthly cost per method for
treating 9 L of water per day [19].

Piped water is the municipal water supply provided by the KUKL or community-
managed schemes. Jarred water is processed drinking water that is sold in 20 L jars. In
the valley, numerous private and commercial enterprises extract water from underground
sources. Each supplier typically has their own distinct water source, which is treated and
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then distributed in 20 L jars. The water provided by these private suppliers is primarily
sourced from underground (with deep boring of over 100 m) and some surface (spring)
water, which is considered unsafe for drinking [42]. Private vendors also market tanker
water, which is transported in tankers with an average capacity of 8000 L. These vendors
have their own water sources and can distribute jar water, tanker water, or a combination
of both to consumers. The sources of tanker water in the valley vary from surface water to
shallow or deep borings. Treatment procedures at tanker filter stations include aeration,
sedimentation, filtration (often using pressurized sand filters), and the use of bleaching
powders [43].

Table 1. Numbers of households, water sources, and HWTS methods.

Water Sources HWTS
District Piped  Jarred Tanker - Total
Water  Water Groundwater Water Boiling CCF ED CM RO-UV
Kathmandu 27 8 20 3 14 0 2 9 33 58
Lalitpur 4 10 4 5 8 3 1 3 8 23
Bhaktapur 6 7 7 0 8 0 0 2 10 20
Total 37 25 31 8 30 3 3 14 51 101

Groundwater in this study refers to partially treated groundwater obtained from
private wells by aeration, sand filtration, or other types of filters. Figure 2 shows the
different HWTS methods: boiling, CCF, ED, CM, and RO-UV. The ED functions as an
electric water heater that dispenses hot water at approximately 94 °C, while the CM
employs various combinations of treatment methods.

(b) Ceramic Candle Filter (c) Electric Dispenser

Chemicals + CCF RO-UV + Boiling Boiling + CCF

(d) RO-UV (e) Combined Methods

Figure 2. Photos of different HWTS methods installed in households.

Samples of jarred, piped, and boiled water were taken from storage vessels, while
samples from CCF, ED, and RO-UV treatment were collected directly from the outlets
of these methods after flushing standing water for 20-30 s, as there was no storage tank
attached to them. Water samples were collected in 250 mL sterilized plastic bags and
examined on site or in the laboratory on sampling days.
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2.3. Water Quality Analysis

The water quality was tested for 8 parameters: 6 physicochemical and 2 microbial.
The physicochemical parameters of temperature, total dissolved solids (TDS), and pH were
measured on site using a compact pH and conductivity meter (LAQUAtwin, HORIBA,
Kyoto, Japan). The testers were calibrated on each sampling day using the respective
calibration standards. The chemical parameters of manganese and ammonia nitrogen
(NHj3-N) content were analyzed in the lab using a portable calorimeter (DR 900, HACH
LANGE®, Loveland, CO, USA) and powdered reagents following the USEPA periodate
oxidation and salicylate methods, respectively. Arsenic (As (III) + As (V)) was analyzed
using the SPK-As (D) Pack Test (Kyoritsu Laboratories, Kanagawa, Japan) along with a
digital arsenic meter for cross-verification. E. coli and TC were counted using the membrane
filtration method (Method 10029, USEPA), with 100 mL water samples filtered through a
disposable monitor unit (37 mm unit, mixed cellulose ester, pore size 0.45 um; Advantech,
Tokyo, Japan). The culture medium (m-Coli Blue 24 Broth; Hach, Loveland, CO, USA) was
added to the monitor unit and incubated in a portable incubator at 37 °C under aerobic
conditions for 24 h. The detection limits and sensitivity of the methods are shown in
Table A2. The results of water quality analysis were compared with the NDWQS [44] to
ascertain the compliance, efficacy, and reliability of the HWTS methods.

2.4. Questionnaire Survey

In March 2023, a questionnaire survey was conducted in Nepali and English among the
101 sampled households to obtain information about the usage and maintenance status of
HWTS methods, as well as the reasons for selecting a particular HWTS method. This study
was approved by the Research Ethics Committee of the University of Tokyo (Approval
No. KE22-25).

2.5. Statistical Analysis

The Kruskal-Wallis H test was used to analyze the differences among more than two
sample groups, whereas the Wilcoxon rank-sum test was used to compare two independent
groups with unequal sample sizes. To evaluate the treatment efficiency of the HWTS
methods, the physicochemical and microbiological water quality parameters before and
after HWTS were illustrated by boxplots. The significance of water quality changes before
and after the use of HWTS methods was examined by paired t-tests. The results were
considered significant at p < 0.05 for all statistical tests. These statistical analyses were
performed using R v. 4.3.0 [45] and Microsoft® Excel® v. 2303.

3. Results
3.1. Raw Water Quality
3.1.1. Physicochemical Parameters

Table 2 shows the mean values and ranges for the physicochemical water quality
of raw water and the NDWQS limits. The compliance status is shown in Table 3. The
water temperature was in the range of 23.2-28.8 °C, with average values of 25.7, 25.6, 25.4,
and 25.0 °C for piped water, groundwater, jarred water, and tanker water, respectively.
The pH value varied in the range of 5.88-8.54, with jarred water showing the highest
variation. The average pH values for piped water, groundwater, jarred water, and tanker
water were 7.38, 7.14, 6.77, and 7.89, respectively. The NDWQS mandates a pH of 6.50-8.50;
13.0% of samples failed to meet this standard, and all noncompliant samples were jarred
water. Low pH values were associated with the geological location of the water source
and the treatment method before delivery to the households [46]. The average TDS for
piped water, groundwater, jarred water, and tanker water was 130.1, 269.1, 16.0, and
172.3 mg/L, respectively, with groundwater having the highest TDS (481.0 mg/L) and
jarred water having the lowest (6.0 mg/L). The TDS of all samples was lower than the
standard of 1000 mg/L. There was no significant difference in water temperature between
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water sources (Kruskal-Wallis H test, p > 0.05), while pH and TDS exhibited significant
differences (p < 0.05).

Table 2. Physicochemical water quality of raw water from different sources (mean =+ SD).

Piped Water

Groundwater

Jarred Water

Tanker Water

Parameter Description 1 = 37) (1 = 31) (1 = 25) (1 =8) NDWQS
Temperature Mean + SD 257 +1.1 25.6+0.9 254+1.0 25.0+0.8
° NA
O Range 24.2 t0 28.8 23.6 t0 28.3 232 t027.2 23.8 t0 26.1
Mean + SD 7.38 +£0.33 7.14 £ 0.36 6.77 £ 0.75 7.89 + 0.46
pH * 6.50-8.50
Range 6.82 to 7.95 6.5t08.11 5.88 to 8.54 7.00 to 8.29
TDS Mean =+ SD 130.1 £93.3 269.1 +89.1 16.0 +114 1723 £ 8.8
1000
(mg/L) Range 19.5 to 322.0 115.0 to 481.0 6.0 to 51.2 158.0 to 183.0
Ammonia Mean £ SD 0.54 +0.88 1.43 £5.41 0.56 &+ 0.81 1.00 £ 1.55
Nitrogen * 1.50
(mg/L) Range LDL ** to 3.00 LDL to 26.00 LDL to 3.00 LDL to 3.00
Arsenic Mean =+ SD 0.022 £+ 0.014 0.043 £ 0.044 0.019 £+ 0.01 0.041 £ 0.048
0.050
(mg/L) Range LDL to 0.061 LDL to UDL ** LDL to 0.039 LDL to 0.126
Manganese Mean + SD 0.26 +0.32 0.46 +0.47 0.24+0.23 0.38 = 0.43
0.20
(mg/L) Range LDL to 1.41 LDL to 1.60 LDL to 1.0 LDL to 1.21
Notes: * Only 69 samples were taken for pH and ammonia nitrogen analysis (24 piped, 23 groundwater, 16 jarred,
and 6 tanker). ** LDL (lower detection limit) and UDL (upper detection limit) are listed in Table AT.
Table 3. Number (percentage) of raw water samples exceeding NDWQS value.
Parameter Piped Water Groundwater Jarred Water Tanker Water Total
(n=37) (n =31) (n =25) (n=38) (n =101)
TDS 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
pH 0(0.0) 0(0.0) 9(56.2) 0(0.0) 9(13.0)
Ammonia nitrogen 4(16.7) 3(13.0) 1(6.2) 2 (33.3) 10 (14.5)
Arsenic 2(5.4) 10 (32.2) 0(0.0) 2(25.0) 14 (13.8)
Manganese 12 (32.4) 17 (54.8) 10 (40.0) 4 (50.0) 43 (42.5)

Ammonia nitrogen was detected in 22 of 69 samples, with mean values of 0.54, 1.43,
0.56, and 1.00 mg/L for piped water, groundwater, jarred water, and tanker water, respec-
tively. Groundwater had the highest ammonia nitrogen concentration at 26 mg/L; in total,
14.5% of samples exceeded the NDWQS limit of 1.5 mg/L, although the average values
met the limit. Manganese was detected in 76 of 101 samples, with groundwater having
the highest concentration at 1.6 mg/L. The mean concentration of manganese was 0.26,
0.46, 0.24, and 0.38 mg/L for piped water, groundwater, jarred water, and tanker water,
respectively. In total, 42.5% of water sources exceeded the NDWQS limit of 0.2 mg/L,
most frequently groundwater and tanker water. The arsenic concentration ranged from
<0.009 mg/L (35 samples) to >0.2 mg/L (1 sample). The average concentration of arsenic
was 0.022, 0.043, 0.019, and 0.041 mg/L for piped water, groundwater, jarred water, and
tanker water, respectively. Although the average arsenic concentration in all water sources
was below the NDWQS limit of 0.05 mg/L, some groundwater, tanker water, and piped
water samples exceeded the limit, while all jarred water samples were below the limit.
It was found that 32.2% of groundwater sources (10/31) exceeded the arsenic standard
by NDWQS, affecting 10 wells (6 deep tube wells and 4 shallow dug wells), which was
similar to a report by Emerman et al. [47]. The results of our study also show that higher
levels of arsenic were present in 5.4% of piped water samples (2/37) and 25.0% of tanker
water samples (2/8) compared to the NDWQS limit, which was not reported in previous
studies [48,49]. Arsenic may be detected in piped water because some households use
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multiple water sources; their raw water samples could have been mixed with groundwater,
but they reported it as piped water during the sampling, as evidenced by the elevated
TDS. Similarly, tanker water may contain arsenic since it comes from deep groundwater;
a prior study [50] discovered that 47.6% of deep groundwater in the valley had arsenic
levels exceeding 0.05 mg/L. Nevertheless, there was no significant difference in chemical
parameters among the various water sources (Kruskal-Wallis H test, p > 0.05).

3.1.2. Microbial Parameters

Table 4 shows the concentrations and positive percentages of E. coli and TC in raw
water samples. The concentrations ranged from 0 to “too many to count” (TMTC), with
4 E. coli samples and 43 TC samples having TMTC. While it is possible to determine colony
counts (colony-forming units, CFU) greater than 300 CFU /100 mL by the quadrant count
method, microbial counts above that level were reported as TMTC in this study. The raw
water samples were found to be positive for E. coli and TC at 64.3% (65/101) and 98.1%
(99/101), respectively, exceeding the NDWQS limit of 0 CFU/100 mL (Table 4). To calculate
the geometric means, samples with TMTC were assumed to have 300 CFU/100 mL and
samples with no bacterial concentration to have 0.5 CFU/100 mL. Accordingly, the mean
E. coli concentration was the lowest in jarred water at 1 CFU/100 mL, with a detection ratio
of 32%, while the highest was in tanker water, with a geometric mean of 20 CFU/100 mL
and a detection ratio of 87.5%. However, raw water from all sources was equally contami-
nated with TC. Therefore, E. coli concentrations differed significantly among the raw water
sources (Kruskal-Wallis H test, p < 0.05), whereas TC concentrations did not (p > 0.05).
Overall, coliform levels, TMTC cases, and detection ratios were higher for TC than for E.
coli for all sources (Table 4).

Table 4. E. coli and TC in raw water from different sources.

E. coli (CFU/100 mL) TC (CFU/100 mL)
Raw Water No. of Samples Mean * Min Max Positive ** Mean* Min  Max Positive **
Piped water 37 7 0 TI:/’[(;I"C 72.9% 135 6 TMTC 100.0%
Groundwater 31 11 0 TMTC 67.7% 163 0 TMTC 96.7%
Jarred water 25 1 0 53 32.0% 150 0 TMTC 96.0%
Tanker water 8 20 0 228 87.5% 179 87 TMTC 100.0%
Total 101 64.3% 98.1%

Notes: * Geometric mean. ** Positive at >1 CFU/100 mL. *** TMTC, too many to count (>300 CFU/100 mL).

Figure 3 illustrates the microbial contamination levels in different water sources. The
highest percentage of negative E. coli (i.e., zero CFU) was observed in jarred water samples,
which contained lower levels of E. coli than the other water sources, even in the positive
samples (Figure 3a). Tanker water was the most contaminated with E. coli, followed by
groundwater and piped water. These results align with a prior study [27] that reported an
increased risk of diarrhea associated with the consumption of shallow well groundwater
and tanker water. However, there was no difference in TC levels among the water sources
(Figure 3b). These results regarding E. coli and TC detection rates in water sources align
with prior research [28-31,43,48,49]. Groundwater was slightly less contaminated than
tanker water (Table 4), possibly because homeowners treat groundwater (with aeration,
sand filtration, and water treatment vessels) before using it for drinking purposes and
tanker water could be contaminated because they obtain water from contaminated sources
and store it for long periods (>2 weeks) in basement tanks.

3.2. Treatment Performance of HWTS
3.2.1. Selection of HWTS for Different Water Sources

Of the 101 households, 30 used boiling, 3 used CCEF, 3 used ED, 14 used CM, and
51 used RO-UV to treat their water. CM included seven boiling + CCF (boiling followed
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by CCF), four CCF + boiling, two CCF + chemicals, and one RO-UV + boiling. Table 5
shows the HWTS methods selected by the households for different water sources. Most
households (>90%) using groundwater as their main source chose RO-UV, due to high TDS
and chemical contaminants in the groundwater, as shown in Table 2. In contrast, among
households that used jarred water, 68.0% adopted boiling, followed by CCF (12.0%), ED
(12.0%), and CM (8%, because of the low TDS levels in jarred water (Table 2). For piped
water and tanker water, approximately half of the households selected RO-UV, while the
others selected boiling and CM, depending on perceived contamination risk.
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Figure 3. Percentage of samples with various concentrations of (a) E. coli and (b) TC grouped by raw
water sources.
Table 5. Selection of HWTS methods for different water sources.
Number of HWTS Methods, 1 (%)
Raw Water
Households Boiling CCF ED CM RO-UV
Piped water 37 10 (27.1) 0(0.0) 0(0.0) 8 (21.6) 19 (51.3)
Groundwater 31 1(3.2) 0(0.0) 0 (0.0) 2 (6.4) 28 (90.4)
Jarred water 25 17 (68.0) 3(12.0) 3(12.0) 2(8.0) 0 (0.0
Tanker water 8 2 (25.0) 0(0.0) 0(0.0) 2 (25.0) 4 (50.0)
Total 101 30 3 3 14 51

3.2.2. Physicochemical Parameters

Figure A1 shows the temperature and TDS of raw water and water treated by HWTS.
The water temperature increased slightly from 25.6 °C for raw water to 26.1 °C after
the boiling and RO-UV methods. Only RO-UV decreased TDS levels significantly, with
average and maximum removal rates of 73.8 and 97.8%, respectively. Some households
had lower TDS removal rates because they manually adjusted the TDS control valves,
mixing in raw water that bypassed the RO unit (Figure A2). Boiling increases TDS due
to evaporation [51], and ceramic filters can increase TDS in treated water due to mineral
dissolution [52]. However, all raw and treated water samples met the NDWQS limit for
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TDS of 1000 mg/L. Figure 4 shows the physicochemical water quality parameters in raw
water and water treated by various HWTS methods. With all HWTS methods, except
for RO-UYV, the pH increased slightly after treatment (Figure 4a). RO-UV reduced the
pH in 28 out of 39 samples due to a lower buffering capacity by ion rejection with RO
membranes [53], while other RO-UV methods showed a slight increase in the pH due to
the alkaline boosters they are equipped with. Temperature (with boiling), pH (with boiling,
RO-UV, and CM), and TDS (with boiling and RO-UV) were significantly different before
and after the HWTS treatments (paired t-test, p < 0.05).

On average, RO-UV removed 94.5% of ammonia nitrogen, whereas boiling and ED
showed a marginal removal, with two cases of an increase, possibly caused by the recon-
tamination of the stored water (Figure 4b). However, CCF completely removed ammonia
nitrogen, possibly due to the growth of nitrifying bacteria on filter surfaces. For one
household that used a combined method (boiling + CCF), there was a rise in the ammonia
nitrogen level from 1.0 to 6.0 mg/L, likely due to recontamination. Nevertheless, ammonia
nitrogen was completely removed in two other households that used different combina-
tions (RO-UV + boiling and CCF + boiling). Out of 69 treated water samples, 5.8% (4/69)
did not meet the NDWQS limit for ammonia nitrogen of 1.5 mg/L, which was slightly
reduced from 14.5% (10/69) in raw water. However, the reduction in ammonia nitrogen
between treated water and raw water was not significant (paired #-test, p > 0.05).

Both ED and boiling slightly increased arsenic concentrations in the treated samples
(Figure 4c), possibly due to evaporation and the concentration of arsenic in the remaining
volume of water [54]. Of the 51 samples treated with RO-UV, 11 (23.5%) had arsenic
levels below LDL before and after treatment, whereas 28 (55.1%) reduced arsenic by an
average of 57.6%, with the highest at 88.1%. However, for the remaining 12 samples, water
treated with RO-UV had a higher arsenic concentration than raw water, as shown by the
outliers (Figure 4c), possibly due to the detachment of arsenic from the tube walls of the
RO-UV. The average arsenic removal rate for CCF and CM was 38.3 and 18.6%, respectively.
Among all HWTS-treated water samples, 7.9% failed to meet the NDWQS limit for arsenic,
compared to 13.8% of raw water samples. RO-UV reduced manganese by an average of
61.3%, while CCF removed it by 52.7% (Figure 4d). The manganese concentration increased
in some samples treated by boiling and ED, probably due to evaporation and concentration.
Overall, 33.6% of the treated water samples failed to meet the NDWQS limit for manganese
of 0.2 mg/L, compared to 42.5% of raw water samples. Only manganese (with CM and
RO-UV) and arsenic (with RO-UV) showed statistically significant differences (paired t-test,
p < 0.05) before and after the HWTS treatments.

3.2.3. Microbial Parameters

Figure 4e,f show E. coli and TC in raw water and water treated by different HWTS
methods. Figures 5 and 6 compare E. coli and TC contamination ranges, respectively, in raw
water and water treated by different HWTS methods. HWTS methods reduced E. coli and
TC significantly (paired t-test, p < 0.05) by 95.7 and 84.1%, respectively, in 85.1% (86/101) of
the samples, while increased TC concentrations were observed in the remaining samples.

Overall, E. coli was not detected in 35.7% of raw water samples, and the proportion
increased to 88.2% after the HWTS treatments. No E. coli was detected in the water treated
by ED, which might be due to the low levels of E. coli in raw water (Figure 5a) and small
number of samples (n = 3). The high levels of E. coli in the RO-UV-treated water (Figure 5b)
indicate the vulnerability of this method to high levels of E. coli in the source water.
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Figure 4. Water quality parameters in raw water and water treated by different HWTS methods:
(a) pH, (b) ammonia nitrogen, (c) arsenic, (d) manganese, (e) E. coli, and (f) total coliforms.
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Figure 6. Concentration distribution of TC in (a) raw and (b) treated water.

Only 1.9% of the raw water samples were not contaminated by TC, and the proportion
increased to 30.7% after treatment. Even after treatment, TC remained at high concen-
trations (Figure 6b), and was more prevalent than contamination by E. coli for all HWTS
methods (Figure 5b). This was in line with the higher rate of TC in the treated water samples
at 69.3%, compared to E. coli at 11.8%, and the higher geometric mean of 9 CFU/100 mL for
TC compared to 0.6 CFU/100 mL for E. coli. Overall, the removal rates of E. coli (95.8%)
and TC (84.1%) were significantly different (Wilcoxon rank-sum test, p < 0.05).
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Table 6 shows the number of raw water samples with TC detected, the number of
samples with decreased TC after HWTS, the mean TC concentrations in raw and treated
water, the log reduction value (LRV) and percentage of samples with more than 2 LRV,
and the overall TC contamination in treated water from each HWTS. The boiling method
exhibited the highest mean LRV of 1.8, with 51.8% of samples (14/27) showing an LRV
greater than 2, whereas RO-UV had the lowest mean LRV of 1.2, with only 25.5% of samples
showing an LRV greater than 2. The combined methods also showed a low mean LRV of
1.5, with only 36.3% of samples having an LRV greater than 2.

Table 6. TC removal by the different HWTS methods.

Net Overall TC
HWTS Samples Samples with Mean TC Mean TC LRV Percentage of Contamination in
Methods Detected Reduced TC Raw * Treated * Samples > 2 LRV Treated Water

with TC (%)
Boiling 29 27 192 2 1.8 51.8 56.6
CCF 3 2 100 2 1.6 33.3 66.6
ED 3 3 248 5 1.6 33.3 66.6
CM 14 11 225 6 15 36.3 714
RO UV 50 43 201 11 12 25.5 76.5

Note: * CFU/100 mL.

While E. coli increased only in 1 sample (boiling + CCF) among all HWTS methods,
13 samples showed higher TC concentrations after the HWTS treatments: boiling (2/29),
CCF (1/3), CM (3/14), and RO-UV (7/50) (Table A3). The geometric means of TC concen-
tration before and after the HWTS treatments were also significantly different for these
samples (55 vs. 166 CFU /100 mL, respectively; paired t-test, p < 0.05). It was found that
the post-treatment regrowth of TC was most likely to occur after RO-UV and CM, as
indicated by the negative LRVs (Table A3). Compared to the water treated by boiling, the
detection of TC was higher in the RO-UV-treated water (76.5 vs. 56.6%), TC levels were
higher (11 vs. 2 CFU/100 mL), and there were more cases of increased TC in the treated water
(7 vs. 2). Similarly, compared to water treated by boiling, CM-treated water also showed
widespread TC contamination (71.4 vs. 56.6%), a higher average TC level (6 vs. 2 CFU/100 mL),
and more cases of increased TC in the treated water (3 vs. 2) (Tables A3 and 6). These
results indicate that water treated by the boiling method is microbially safer than water
treated by RO-UV or CM. Nevertheless, among the various HWTS methods, no significant
differences were observed in the reduced percentages of E. coli and TC (Kruskal-Wallis H
test, p > 0.05). While a moderate correlation was found between the concentration of TC
in raw water and TC reduction (Pearson correlation analysis, r = 0.33, p < 0.05), no such
correlation was found for E. coli (r = —0.03, p > 0.05).

In terms of TC removal efficiency, two common CMs, CCF + boiling and boiling + CCF,
showed comparable proportions of TC-positive samples, 75.1% (n = 4) and 71.4% (n = 3),
respectively. The geometric means of TC concentrations in treated water for these methods
were 17 and 15 CFU/100 mL, respectively, which are higher than the values for the boiling
method. No significant differences in E. coli and TC levels were found in water treated by
these two CMs (Wilcoxon rank-sum test, p > 0.05).

Overall, water treated by boiling had a 56.6% TC contamination rate, while the rate
for water treated by ED and CCF was 66.6%, and that for CM was 71.4%. RO-UV-treated
water had the highest rate, 76.5%. Similarly, the E. coli contamination rate in water treated
by boiling was 6.6%, whereas the rate for CCF-treated water was 7.1%, and RO-UV-treated
water had the highest rate of 17.6%.

3.3. Reduction in Proportions of Samples Noncompliant with NDWQS by the HWTS Treatments

Figure 7 shows the proportions of raw and treated water samples that were noncom-
pliant with NDWQS. All samples met the NDWQS TDS standard, while noncompliance
ratios of pH increased slightly after the HWTS treatments due to a reduced pH by RO-UV.
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Noncompliance ratios of ammonia nitrogen, manganese, and arsenic decreased moderately
after the HWTS treatments. Despite the high noncompliance ratios of raw water in terms of
E. coli, it was decreased most significantly by the HWTS treatments. The noncompliance of
raw water was the highest for TC, which was only moderately reduced after treatment due
to TC regrowth and/or recontamination. Among the 101 samples from four water sources,
groundwater and tanker water had the highest proportion of noncompliance, followed by
piped water and jarred water, which had the lowest. It is especially noteworthy that the
highest proportions of noncompliance for all parameters, except TDS, were found with
RO-UV and CM, probably due to difficulties in maintaining these HWTS methods.
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Figure 7. Rates of noncompliance with NDWQS for the raw and treated water.

3.4. Questionnaire Survey

Most respondents were older than 50 (35.7%) and a few were younger than 30 (22.8%).
Among the 101 households, 15 were tenants and 86 were house owners. Notably, 80% of
tenants used the more affordable HWTS methods, such as boiling, CCFE, and ED, while only
20% used RO-UV. Regarding well types, 64.6% of households used shallow-dug wells and
35.4% used deep tube wells. Although they considered multiple factors when selecting
the HWTS methods, such as ease of use, simplicity, safety, effectiveness, portability, TDS
removal, affordability, self-assurance, water quality, risk perception, distrust in the piped
water supply, recommendations from others, and the pros and cons of each method, similar
to previous studies [19,22,55,56], it was found that the water source was the main factor
(Table 5). As for microbial safety, 90.1% of respondents indicated that they considered
HWTS-treated water to be safe, but 9.9% were unsure. However, only 8.8% of households
(7/101) tested the quality of the treated water regularly, 55.8% never tested, 13.3% tested
once at the beginning of HWTS installation, and 22.1% tested occasionally.

It was found that, in 90.6% of households using RO-UV and CCF, residents were
aware of the importance of regular maintenance, but only 45.3% changed the filters within
6 months. When a combination of RO-UV and CCF methods was used, 75.9% of the treated
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water samples were contaminated with TC, and seven samples showed an even higher
TC in the treated water than in raw water. Similarly, among those who used the boiling
method, 33.3% were unaware of safe storage and handling, and thus 58.6% of the treated
water samples obtained from boiling were contaminated with TC. All three households
that used ED reported that they performed no maintenance, and thus two of them had
TC contamination in the treated water. Similarly, among the 14 households that used CM,
9 replaced the filters every 6 months, but the rest replaced them only after 6 months. In
addition, while 10 households used water directly from CM, 4 stored their treated water in
vessels. As a result, 71.4% of CM samples were contaminated with TC.

Given that boiling, CCF, and RO-UV are known to be efficient at removing pathogens,
the compromised performance of bacteria reduction by the HWTS methods observed in
this study could be attributed to operational and hygienic factors, as reported in a previous
study [16]. The contamination of water in households that relied on boiling or CM, with
boiling as the final treatment method, could be attributed to poor hygiene (non-hygienic
storage and unsafe handling practices), while in households that used CCFE, ED, and RO-UYV,
microbial contamination could be linked to poor maintenance, such as failing to replace
filters regularly or to properly maintain EDs.

Figure 8 shows the detection rates of E. coli and TC in water treated by HWTS, the
contribution of each HWTS, and probable factors influencing microbial contamination with
E. coli and TC. The detection rate of E. coli (11.9%) was significantly lower than that of
TC (69.3%). Among the 11.9% of samples contaminated with E. coli, the majority were
from the RO-UV method (75%), followed by boiling (16.7%) and CM (8.3%). The survey
results suggest that 75.0% of the E. coli contamination could have been due to inadequate
maintenance, while 25.0% was attributed to poor hygienic practices, such as unsafe storage
and unsafe handling (Figure 8a). Similarly, out of the 69.3% of samples contaminated with
TC, 55.7 and 14.2% were treated by RO-UV and CM, respectively, whereas the rest were
treated by boiling (24.3%), CCF (2.9%), and ED (2.9%). The survey indicated that 70.0% of
cases of TC contamination might have been due to poor maintenance, while 30.0% were
due to poor hygiene (Figure 8b).
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Figure 8. Detection rate of microbial contamination, contribution of each HWTS method to microbial
contamination, and factors influencing microbial contamination for (a) E. coli and (b) TC.
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4. Discussion
4.1. Selection of HWTS Based on the Remouval of Physicochemical Contaminants

RO-UV showed high rates of ammonia nitrogen removal, as reported by Koyuncu
et al. [57], while boiling and ED showed limited removal owing to the evaporation of
ammonia at high temperatures. CCF removed ammonia nitrogen completely in some
households, owing to low initial concentrations and bacterial nitrification. While boiling is
not effective for manganese removal [58], CCF showed moderate removal. The average
manganese removal rate of 61.3% by RO-UV was lower than that reported in a previous
study [59], which could be due to the differences in system design, maintenance, and
raw water quality. The HWTS methods that involve boiling (boiling and ED) increased
arsenic concentration due to evaporation [54]; thus, boiling is not appropriate for raw water
containing arsenic and other dissolved contaminants [60]. Mahlangu et al. [61] reported a
50% reduction in arsenic using CCF, comparable to the 38.7% observed in this study. The
low arsenic removal rates in some samples treated by RO-UV might have been due to
low arsenic concentrations in raw water, as 70.3% of samples had concentrations below
0.03 mg/L, while the LDL of the test kit was fixed at 0.009 mg/L. Similarly, the increased
arsenic concentration in the treated water might be due to the leaching of adsorbed arsenic
from the tubing, due to poor maintenance [62]. Although it was reported that point-of-use
RO devices reduce arsenic by 70-99% in laboratory tests, the actual removal efficiency might
be lower due to poor maintenance, improper setup, filter differences, and water quality
variations [63]. However, well-maintained RO devices in Nevada, USA, were reported to
have a high arsenic removal rate of 80.2% [64]. Nevertheless, low arsenic removal rates and
increased arsenic levels by the RO-UV treatment in this study indicate the need for further
investigation into the RO-UV method.

Some treated water samples failed to meet physicochemical parameter standards. It is
important to be aware of the limitations of certain techniques, such as boiling, in eliminating
physicochemical contaminants.

4.2. Selection of HWTS Based on Bacterial Reduction

All five HWTS methods were effective in reducing E. coli and TC levels, but recontam-
ination persisted in the treated water samples. The recontamination of boiled water by TC
was also reported in a study in Uganda [65]. Although 84.8% of those who used the boiling
method perceived their water to be safe, E. coli and TC were present in 6.6 and 56.6% of
treated samples, respectively, which suggests that storage conditions and hygiene practices
are important factors in keeping boiled water free from microbial contamination [66,67].
Considering the lack of awareness among 33.3% of those who used boiling, it is crucial to ad-
dress re-contamination, especially in the context of the valley, where 60% of households [19]
use boiling alone or in combination with other methods.

A high TC recontamination rate of 66.6% in water treated by ED was consistent with
prior research [68], which identified the poor maintenance and hygiene of water dispensers.
In the present study, we also found that none of the households using ED regularly cleaned
or maintained their dispensers. Similarly, TC contamination in 66.7% of water treated by
CCF indicates unreliable performance and poor maintenance. According to the survey, two-
thirds of CCF users replaced their filters within 6 months to 1 year. A new CCF can remove
over 99% of bacteria, but the removal rate could be compromised when there is a lack of
regular maintenance [20] or improper cleaning by using a dirty cloth or dirty water [69].
The presence of TC in 76.5% of RO-UV-treated water samples occurred because 56.8% of
the households neglected timely filter replacement, which leads to bacterial regrowth and
biofilm formation [70]. When a filter has been used for a third of its lifespan, biofilms
can form inside, enabling bacteria to grow, which raises the bacterial concentration in
the effluent [71]. In addition to the inadequate maintenance of filters or membranes, the
ineffective functioning of the UV compartment in certain systems might be a potential
cause for the identification of coliforms in RO-UV-treated water. The higher contamination
observed in RO-UV-treated samples might also be related to the quality of source water,
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since households that used RO-UV used groundwater and tanker water, which contain
higher E. coli and TC levels compared to piped and jarred water. A prior study warned
that household water purifiers could increase microbial risk, highlighting the importance
of regular filter changes and backwashing programs for improved performance [33]. It
is important to acknowledge that various kinds of RO-UV methods were used in each
household, obtained from different manufacturers, with varying durations of usage and
maintenance conditions, resulting in varying efficiencies of bacteria reduction. Contrary
to previous research that reported the consistent performance of RO-UV with 87.0% of
TC removed from groundwater [72], we found in our study that the removal efficiency
of RO-UV could be compromised due to difficulties with maintenance in real-life settings
and usage, ranging from complete elimination to an increase in coliform levels in the
treated water.

Households in the valley chose RO-UV and CM to produce safe water due to perceived
insecurity [19]. It was also found that 85.7% of CM users and 94.1% RO-UV users expected
the treated water to be safe. However, it was revealed that water treated by simpler HWTS
methods (boiling and ED) was microbially safer than RO-UV and CM. Hence, although RO-
UV is a top-tier water purification method, it may not always produce microbially safe water
due to the difficulty in maintaining it. Over-reliance on RO-UV may put users at risk of
being exposed to infectious bacteria; in this study, E. coli was detected in 9 out of 51 samples
of RO-UV-treated water. Similarly, the two common CMs (CCF + boiling and boiling + CCF)
showed similar efficacy to RO-UV in reducing E. coli and TC, while they were inferior in
reducing bacteria compared to boiling alone. Therefore, it is recommended to use simple
HTWS methods, such as boiling or CCF, unless the raw water contains dissolved inorganic
contaminants, such as high TDS, arsenic, ammonia, iron, or manganese. Likewise, RO-UV
displayed very unreliable performance; hence, it is recommended only if the raw water
contains high concentrations of dissolved inorganic contaminants; however, users should
maintain and replace the filters, RO membranes, and UV lamps regularly to avoid bacterial
contamination. Additionally, for households that adopt RO-UV to treat groundwater with
high levels of inorganic and/or organic contamination, it is recommended to boil the
treated water before consumption to minimize the risk of microbial contamination.

Although 90.6% of households that used RO-UV and CCF systems were aware of
regular maintenance, 75.9% of treated water samples contained TC, suggesting that filters
were not replaced as needed. This might be because users tend to change HWTS filters
based on taste and odor changes [73] rather than on a regular schedule. This highlights
the need to guide households on the regular maintenance of HWTS methods. It was also
revealed that there is a wide gap between the perceived and actual water quality; while
most residents (90.1%) believed their water was safe, 11.8 and 69.3% of treated water
samples contained E. coli and TC, respectively. Only 8.8% of households tested the quality
of the treated water regularly, indicating a lack of water quality testing and inadequate
maintenance/safe storage practices, which could lead to noncompliance with NDWQS.
Hence, it is important to raise awareness among households that use boiling, RO-UV, and
CM in order to prevent microbial recontamination or regrowth in water treated by these
HWTS methods. These results are in line with the suggestions by Labhasetwar and Yadav
that poor hygienic practice in households is the cause of water quality deterioration, and
thus it is important to maintain POU units regularly, because it is not economically feasible
to monitor water quality of POU-treated water continuously [74].

Although the results obtained in this study are useful to understand the treatment
efficiencies of different HWTS methods, the sample numbers are limited, especially for
CCD and ED (Table 1). Therefore, further studies are recommended to confirm the results
for these HWTS methods.

5. Conclusions

Among the 101 household using HWTS in the Kathmandu Valley, it was found that
they selected HWTS methods mostly based on their raw water sources, while they also
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considered other factors, with jarred water users preferring boiling and groundwater
users choosing RO-UV. The boiling and ED methods did not remove physicochemical
contaminants, and their efficiency in reducing microbial contamination was influenced
by storage and hygienic practices. The CCF and RO-UV methods showed a moderate to
high removal rates of chemical contaminants, but inadequate maintenance compromised
their efficiency in removing E. coli and TC. While all HWTS methods effectively reduced
E. coli and TC, concerns about compromised treatment efficiency and bacterial regrowth
persisted due to poor maintenance or poor hygienic practices. Many treated water samples
showed TC recontamination, and in a few cases, the treated water had even higher TC
concentrations than raw water. Hence, in addition to E. coli, this study highlights the
importance of monitoring TC as an indicator of compromised treatment efficiency and
bacterial regrowth, especially for users of RO-UV and CM.

High-end HWTS methods, such as RO-UV and CM, are not maintenance-free, but
rather difficult and expensive to maintain; thus, they should be selected only for the source
water highly contaminated with inorganic contaminants. Instead, we recommend a simpler
HWTS method, such as boiling or CCF, as a better option if bacteria removal is the only
objective. Simple and easy methods for maintaining RO-UV and CM systems to prevent
microbial regrowth need to be developed by the manufacturers. Because, in many cities
in developing countries, using an efficient and reliable HWTS is the only viable option to
secure safe drinking water for households, raising awareness about the selection and proper
maintenance of HWTS should be emphasized by governments and the companies that
manufacture and sell HWTS methods. Future research needs to focus on the prevention of
bacterial regrowth in HWTS methods.
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Abbreviations

HWTS Household water treatment and safe storage
POU Point of use

POE Point of entry

TC Total coliforms
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NDWQS National Drinking Water Quality Standards
CCF Ceramic candle filter
ED Electric dispenser
M Combined methods
RO-UV Reverse osmosis with ultraviolet irradiation
TDS Total dissolved solids
LDL Lower detection limit
UDL Upper detection limit
TMTC Too many to count
CFU Colony-forming units
Appendix A

Table A1l. Market price range of different HWTS in this study and average monthly costs [19].

Market Price Range (NPR) Average Monthl
No. HWTS Methods Minimum Price Magximum Price Cogt (NPR) Y
1 Boiling 600 3000 340
2 CCF 1500 13,000 56.7
3 RO-UV 15,000 57,000 799
4 ED 2200 9000 340
5 Chemicals 25 55 22.5

Note: NPR = Nepalese Rupee.

Table A2. Details of water quality parameters and analysis methods.

No. Parameter Unit Device/Method LDL * UDL ** Sensitivity
1 Temperature °C 0 50 0.1
Horiba Compact EC meter: LAQUAtwin EC-33B
2 TDS mg/L 0 9900 0.1-1
3 pH - Horiba Compact pH meter: LAQUAtwin pH-22B 0 14 0.1
4 Ammonia- mg/L Hach® DR 900/salicylate method 0.4 50 0.3
nitrogen
5 Manganese mg/L Hach® DR 900/ USEPA periodate oxidation method 0.1 20 0.1
. Pack test and arsenic set
6 Arsenic mg/L Kyoritsu Laboratories SPK-As(D) 0.009 02 0.001
7 E. coli CFU/100 mL
Total Portable incubator /USEPA Method 10029 NA NA NA
8 R CFU/100 mL
coliforms
Notes: * LDL: lower detection limit. ** UDL: upper detection limit.
Table A3. Increased TC with different HWTS methods.
Net
HWTS Samples Samples with Mean TC Mean TC LRV **
Method Detected Increased TC Raw * Treated *
with TC
Boiling 29 2 116 180 —0.18
CCF 3 1 133 275 —0.31
ED 3 0 0 0 NA
M 14 3 35 111 —0.49
RO-UV 50 7 48 180 —0.57
Notes:* CFU/100 mL. ** Negative LRV indicates an increased TC concentration after treatment.
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Figure A1. Boxplot analysis for (a) temperature and (b) TDS before and after HWTS.
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