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Abstract

In low- and medium-income countries (LMIC) drinking water sources (wells and
boreholes) often contain a high number of pathogenic microorganisms, that can pose
significant human and environmental health risks. In this study, a quantitative microbial
risk assessment approach based on existing literature was conducted to evaluate and
compare the quantitative health risks associated with different age groups using various
drinking water supply systems. Results showed that both community-supply and self-
supply modes exhibit similar levels of risk. However, the self-supply water source
consistently showed higher risks compared to the community-supply one. Borehole
water was found to be a more suitable option than well water, consistently showing
between 5 and 8 lower health risks for E. coli and faecal coliform levels, respectively.
The sensitivity analysis further showed the importance of prioritizing the reduction of
E. coli concentration in well water and faecal coliform concentration in borehole water.
This study offers a fresh perception on quantifying the impact of exposure concentration
and age groups, shedding light on how they affect environmental health risks. These
findings provide valuable insights for stakeholders involved in the management and

protection of water sources.

Keywords: Quantitative microbial risk assessment; Drinking water; Well and borehole

water; Drinking water supply systems; Sensitivity analysis
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Environmental implication

Wells and boreholes are commonly utilized as drinking water sources but contain
significant amounts of pathogenic microorganisms, posing significant environmental
health risks. This study focuses on a comprehensive assessment to compare the
quantitative health risks associated with two drinking water supply systems for various
age groups. The analysis involves conducting quantitative microbial risk assessments
regarding the concentrations of E. coli and faecal coliform. This study employs
quantitative microbial risk assessment to reveal disparities in health risks across age
groups and water supply systems in areas with high pathogenic microorganism
contamination. It emphasizes the priority of addressing E. coli and faecal coliform
concentrations for improved environmental health. Findings will assist stakeholders in

effectively managing microbial hazards in drinking water sources.
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1. Introduction

Water is an essential element for sustaining life (Mohammadi et al., 2019; Qasemi et
al., 2018). However, the availability of safe drinking water sources is decreasing
globally due to intensified human activities (WHO, 2022). Ensuring the
microbiological quality of drinking water is crucial (Amatobi & Agunwamba, 2022).
The World Health Organization (WHO) reports that approximately 1.7 billion cases of
childhood diarrhea occur each year, resulting to the death of approximately 525,000
children below the age of five. These alarming statistics are attributed to inadequate
water supply, poor sanitation, and hygiene practices. The presence of hazardous
pathogenic microorganisms in drinking water pose significant environmental health
risks, underscoring the necessity of assessing the microbiological quality of drinking
water, particularly for the presence of E. coli, which serves as an indicator of fecal
contamination (WHO, 2017).

Access to safe and healthy drinking water sources remains a significant challenge in
low and medium income countries (LMICs), primarily due to the inability of
governments to provide piped water infrastructure in impoverished and rural areas
(Bain et al., 2012; Ngoran et al., 2015; WHO, 2019). Groundwater is often a viable
alternative to meet the drinking water needs of the majority of rural individuals without
access to basic water services (United Nations, 2022; Xie et al. 2023). Consequently,
people extract water from underground sources using either manually constructed or
mechanized wells (Omole, 2013; Barrow, 2016; Ngasala et al., 2018; Yu et al., 2019).
However, such drinking water extraction methods are susceptible to contamination
because they are often exposed to high levels of fecal contamination resulting from

human activities (Mato, 2002). Shallow wells, which are commonly hand-dug and
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typically range from 5 to 30 meters deep, are popular LMICs (Odey et al., 2018). These
open water sources, lacking protective structures, are susceptible to contamination from
sources such as animal waste, leading to environmental health risks associated with
microbial pollution (Pang et al., 2021). On the other hand, boreholes, created using
machinery, are deep wells ranging from 40 to 400 meters deep, providing access to
groundwater (Gronwall et al., 2010). Borehole water is also susceptible to microbial
pollution, due to subsurface infiltration of water, especially during rainy seasons
(Palamuleni & Akoth, 2015; Lukubye & Andama, 2017;). In addition, other studies
have suggested that factors, such as well depth and various adjacent land uses, also play
arole in the risk (Li et al. 2015; De Giglio et al. 2016).

Due to inadequate protection measures around well and borehole water sources, they
often fail to provide water free from microbial contamination hazards (Pantaleo, et al.,
2018), thus posing serious environmental health risks to communities consuming the
water directly (referred to as the community-supply mode of drinking water) (Taylor et
al., 2009; Gwimbi, 2011). To tackle this issue, some households employ cost-effective
and simple water purification methods such as plain sedimentation and filters to reduce
presence of pollutants and impurities, particularly in cases of turbid water containing
inorganic impurities. For example, it uses sand or a piece of cloth as the filtering
medium to purify turbid water (Wu et al., 2020). However, these treatments have limited
effectiveness against pathogenic microorganisms such as E. coli and faecal coliforms.
This limitation results in unsatisfactory bacterial water quality of the treated water. This
is primarily due to the ad-hoc and experiential nature of these measures, the lack of
professional guidance, and the absence of systematic monitoring or detection, as
highlighted by Charles, (2020). Additionally, individuals living outside community

water supply areas may need to purchase treated water representing the self-supply
5
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mode of drinking water as described by Marobhe, (2008).

To compare different water sources and drinking modes across various age groups, it is
necessary to assess the associated environmental health risks. These risks are typically
quantified using annual probability of infection (Py)) and disease burden (DB) through
quantitative microbiological risk assessment (QMRA) (Haas et al., 2014). QMRA is a
framework designed to quantitatively assess health risks in environmental exposure
scenarios (Haas et al., 2017; Seis et al., 2020). The U.S. Environmental Protection
Agency (U.S. EPA) approves a P(y) benchmark of 10 pppy, which is set as the level of
acceptable infection risk from pathogenic microorganisms in drinking water. While the
World Health Organization (WHO) endorses a DB benchmark of 10 disability-
adjusted years of life (DALYs pppy), which is the tolerable burden of waterborne
diseases (Lim et al., 2015; Fuhrimann et al., 2016; Shi et al., 2018; WHO, 2022).
Sensitivity analysis helps identify prioritized control points in exposure scenarios
(WHO, 2016).

Microbes in well or borehole water have been partially investigated in previous studies.
For example, Bakalli et al. (2019) presented 5 years microbiological data for the quality
of well water from different arecas of Albania, showed that 100% of wells were
contaminated and not recommended for consumption. In another study, Marras et al.
(2020) conducted a continuous sampling analysis of microbes for private wells in south-
central Sardinia from 2014 to 2018 and found that only 36% of them met minimum
drinking water standards, and some were even not suitable for irrigation. Baia et al.
(2022) studied well and borehole in the Western Amazonian city of Porto Velho, found
that total coliforms were detected in 96% and 74% of wells and boreholes samples,
respectively, and obtained that shallow wells were more susceptible to environmental

factors. For health risk of well and borehole water, studies are rare on the microbial
6
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side. Naik et al. (2021) have investigated the concentration of F~ in groundwater of
Angul district (India) and found that nearly 28% and 58% of the samples pose a non-
carcinogenic health risk for all age groups. Li et al. (2023) have studied quality
characteristics and health risk assessment of water supply for domestic wells in
residential areas considering that health risk of nitrate and arsenic are unacceptable for
children and adults. Nevertheless, these studies often provided limited insights into the
risks posed by the presence of pathogenic microorganisms. Therefore, the main
objective of this research is to assess and compare the quantitative environmental health
risks associated with different water sources (wells and boreholes) and two drinking
water types (per capita intake rates and consumer-only intake) across various age
groups.

Field sampling, groundwater testing, and analysis are demanding tasks. The continuous
monitoring and updating of a vast groundwater database are often hindered by limited
human and material resources, as highlighted by the United Nations in 2022. However,
historical literature data can offer a valuable means to gain insights into the
environmental characteristics and properties of groundwater (Fienen and Arshad, 2016;
Dong et al., 2023). This data can be used to support new research agenda and providing
timely practical guidance to address current challenges (Easterdayet al., 2018).

In this study, an investigation using existing literature is carried out to examine various
human exposure scenarios to pathogenic microorganisms, specifically E. coli and faecal
coliform, which are commonly found in wells and boreholes. The analysis utilizes
QMRA to determine P(y) and DB, considering the concentrations of hazards pathogenic
microorganisms E. coli and faecal coliforms. Additionally, the study quantifies the
contributions of exposure concentration and drinking water volume to DB through

sensitivity analysis using Monte Carlo simulation. This study offers a fresh perspective
7
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into the human health risks associated with the exposure to pathogenic microorganism

in drinking water sources in LMICs.

2. Materials and methods

2.1 Literature data research method

Through a desk work, the present study has identified literature that relevant to the
purpose and scope of the current work, which is conducted using three databases,
namely ScienceDirect, Web of Science, and Google Scholar. Additional information
regarding the review process can be found in Supplementary Materials Figure 1.

According to the guideline of the WHO, E. coli and faecal coliforms are regarded as
indicator bacteria for water quality because of their constant presence in the
gastrointestinal tract, and they are a significant cause of gastrointestinal illness
(Kolarevi¢ et al., 2011; Jahne et al., 2015). The concentration of pathogenic
microorganisms can be found in Supplementary Materials Table 1. According to the
guideline of the U.S. EPA (2011), residents are characterized by various volume of
water to drink depending on the age groups, exposing them to different levels of health
risks. The relationship between the drinking water volume and the divided age groups
has already considered the effects of weight, personal physical condition, and lifestyle
factors (Moya and Goldman, 2011; U.S. EPA, 2011; Tuttle et al., 2013). This study
categorizes individuals into Type I and II age levels, as presented in Table 1 (U.S. EPA,
2011; Tuttle et al., 2013). Table 2 provides information on the volumes of drinking
water that consumed corresponding to these age levels, distinguishing between

community-supply and self-supply modes referencing to the Table Recommended
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Values for Drinking Water Ingestion in the U.S. EPA guideline (2011).
[Table 1 inserts here]

[Table 2 inserts here]

2.2 QMRA

QMRA is a procedure for estimating the risk of infection quantitatively, and it is widely
applied to assess health risks associated with drinking water, recreational waters,
irrigation water, and sewage (Regli et al., 1991; Haas et al., 1999; Zaneti et al. 2021).
QMRA is carried out following a classical four-step framework (National Research
Council, 1983; Stellacci et al., 2010; Haas et al., 2014): hazard identification (pathogens
of concern), exposure assessment (dose of pathogen exposure per person per day),
dose—response assessment (probabilities of risk of infection and disease burdens (DBs)
of the exposed population), risk characterization (two benchmarks: Py, of 10 pppy
approved by the U.S. EPA and 10°° DALY pppy approved by the WHO (Regli et al.,
1991; U.S. EPA, 2005; WHO, 2022;). DB considers the unique characteristics of . coli
and faecal coliform in terms of morbidity and mortality, meaning that pathogens with
higher virulence have greater DALYs. For the annual risk of infection, by contrast,
thinks all pathogens are equally important (Gibney et al., 2013). For DALYS, disease
surveillance data are demanded, but these data are often regionally bounded and cannot
be representative of the whole population (Lim et al., 2015). Therefore, it is necessary
to analyze the relationship between different methods results and their corresponding
benchmarks and complement each other to make up for the shortcomings of the
methods.

The common challenge of QMRA is the limited availability of high-quality, relevant,

and timely data for the input factors, and more advanced models need to be validated
9
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against well-characterized human dataset of disease (Mok et al., 2014; Haas, 2015;
Owusu-Ansah et al. 2017). Although the potential for concomitant exposure to multiple
pathogens exists in realistic scenarios, dose-response models have only focused on a
single pathogen (Haas, 2015).

The two key values used for pathogen dose calculation in QMRA are the pathogen
concentration and daily volume of drinking water (Itoh & Zhou, 2018). The beta-
Poisson model is utilized to quantify the risk associated with exposure to E. coli and
faecal coliforms in water from boreholes and wells (Olalemi et al., 2021). For assessing
the practical pathogenicity in the dose-response model (Supplementary Materials Eq.
(1)), the E. coli dose is multiplied by 0.08 since Haas et al. (1999) reported that 8% of
the E. coli 1s pathogenic. In view of the data availability, considering the worst-case
condition is habitually conducted for the QMRA framework, this study supposes that

all faecal coliforms are assumed to be pathogenic.

[Table 3 inserts here]

2.3 Monte Carlo simulation and sensitivity analysis

Monte Carlo simulations are utilized to estimate the probability distribution of
parameters in QMRA (WHO, 2006; Pasalari et al., 2019). The input variable parameters
(C: exposure concentration and V: volume of drinking water) are randomly selected
from their corresponding probability distributions. Concentration data of pathogenic
microorganisms are assumed to follow a unimodal loglO-transformed normal
distribution because most microbial data are distributed lognormally (Hirano et al.,

1982; Loper et al., 1984). Then, output health risks are computed over 10,000 iterations
10
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to reach a steady state (Shi et al., 2018). Supplementary Materials Table 2-9 shows the
specific data of results.

Sensitivity analysis is usually employed in probabilistic assessments of Monte Carlo
simulations to explore the possible effects of varying inputs on assessment outcomes
and quantify the contributions of all QMRA inputted variable parameters (Ferson and
Tucker, 2006; Helton et al., 2006; Dias et al., 2019). The magnitudes of contributions
of input variables are ranked to focus future empirical studies to expend effort for the
improvement of input estimates (Ferson & Tucker, 2006; Dean & Mitchell, 2020).
Sensitivity percentage ratio indicates a sensitivity value between 0% and 100%, and
relative importance is indicated by showing the magnitude of contribution (Haas et al.,
2017; Shi et al., 2018). A higher absolute value of the sensitivity level reflects a greater
contribution. Quantification contribution is calculated by Microsoft Excel 2010 coupled
with Oracle Crystal Ball, and all results in figures are generated with Origin software

2018 (Haas et al., 2017; Liu et al., 2019; Xu et al., 2020).

3 Results and discussions

3.1 Health risks for adults and minors

The P(y) and DB of the exposed populations belonging to Type I age level (as indicated
in Table 2) are presented in Figures 1 and 2, respectively. Additionally, Supplementary
Materials Tables 2-5 provide specific results for these health risks.

Comparing the two drinking water types, namely consumer-only intake, and per capita
intake, reveals similar trends in the variation of health risks. This similarity can be

attributed to the comparable exposure routes and risk characterization methods
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employed for both types of drinking water. However, the health risks associated with
consumer-only intake, in general, are higher than those linked to per capita intake
(approximately 1.07-1.11 times higher for P(yyand 1.08-1.13 times higher for DB). This
outcome suggests that the potential health hazards associated with the self-supply mode
are generally greater than those associated with the community-supply mode due to the
higher volume of consumer-only intake in the case of the self-supply mode (refer to
Table 3). The community-supply mode is characterized by per capita intake rates, which
is generated by averaging consumer-only intakes over the entire population including
those individuals who reported no intake (U.S. EPA, 2011). The self-supply mode is
characterized by consumer-only intake, which represents the quantity of water
consumed only by individuals that reported consuming water (U.S. EPA, 2011).
Therefore, the consumer-only intake reflects the actual volume of water consumed by
individuals; while the per capita intake represents the regional average volume. The
results of Hynds et al. (2012) support this finding of variances in the volume of drinking
water. They reported that drinking volume of bottled water (self-supply mode) is higher
than that of rural supplies, such as hand-dug wells or boreholes (community-supply

mode).

[Figure 1 inserts here]

[Figure 2 inserts here]

3.1.1 Annual infection risks

Considering the medium value of Figure 1, for exposure to pathogenic microorganisms

(E. coli and faecal coliform), the Py, of drinking water from wells (8.18x10™* pppy to

12
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294

2.17x107 pppy for E. coli; 1.11x10% pppy to 2.93x10 pppy for faecal coliform) is
approximately one order of magnitude higher than that of drinking water from
boreholes (1.84x10* pppy to 4.77x10™* pppy for E. coli; 1.42x10™ pppy to 3.91x10™*
pppy for faecal coliform). This finding is in good agreement with Hynds et al. (2014)
who reported similar results and predicted that drinking water from wells had a higher
incidence of disease transmission than water from boreholes. This condition relates to
the higher average concentrations of pathogenic microorganisms in well water
(Supplementary Materials Table 1). The wells are more vulnerable to the influence of
external environment (e.g., clay, silt, minute organic, inorganic particulate matter, and
algae) which cause water turbidity and increase concentrations of pathogenic bacteria
(Azhdarpoor et al.,2019; Bwire et al., 2020; Olalemi et al. 2020). It is in line with the
current situation of findings of other literatures. Lutterodt et al. (2018) reported that
under the effect of low design and construction quality, wells are more vulnerable to
bacterial invasion. Sari (2018) stated that the degree of microbial contamination in well
water is more severe than that in other water sources, such as springs or boreholes.
Considering the medium value of Figure 1, the P(y) for adults is 2.4 — 2.5 times higher
than that for minors (Figure 1). This variable depends on the total daily intake drinking
water volume of adults, which is greater than that of minors (Table 3). Meanwhile, the
risks for adults and minors exceed the U.S. EPA benchmarks by 2.5 — 28 and 0.4 — 11
times, respectively. These findings indicate that the health risk levels associated with
the direct consumption of well and borehole water are unacceptable for both adults and
minors.

However, the implications of the results on health risk levels change when considering
the best-case condition for the optimistic estimate. Under the best-case conditions, the

risks associated with borehole water fall below the benchmark; in contrast, the risks for
13
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faecal coliform and E. coli associated with well water are 0.7 — 4.9 and 0.2 — 2.4 times
higher than the benchmark, respectively. For the optimistic estimate, the risks of
infection in well water do not meet the U.S. EPA benchmark requirements and are

deemed unbearable.

3.1.2 Disease burdens

Under general conditions, for exposure to pathogenic microorganisms, the DB of
drinking water from boreholes (8.15x10° DALY pppy to 2.23x10> DALY's pppy for
E. coli; 6.55x10° DALY pppy to 1.80x10° DALY pppy for faecal coliform) is about
one order of magnitude lower than that from wells (3.70x10”°> DALYs pppy to 9.96x10°
SDALYs pppy for E. coli; 4.98x10° DALY pppy to 1.35x10* DALY's pppy for fecal
coliform) (Figure 2). However, all of them fail to satisfy the WHO DB benchmark. Thus,
in general, the impact of health problems associated with the use of drinking water from
these types of water sources is totally unacceptable. The findings agree with the results
on the risk of infection (Figure 1). These results further prove that risks of infection and
DB are closely related. Disease surveillance data of DB show that the Py is further
translated into DALYs. The DALY's depends on the statistics of disease detective which
may not be representative of the population as a whole because it is often regionally
bounded, therefore DB and Py should be used as complements (Lim et al., 2015). Thus,
the health risks of drinking water from the two water sources all fail to meet the
corresponding benchmarks under general conditions, which indicates that evident risks
are inevitable from any perspective of risk assessment.

The DBs of self-supply mode of drinking water (Figures 2a and 2c) are 8.73x10 to
1.25%107" and 7.57x107% to 9.24x107 times higher than those of community-supply

mode (Figures 2b and 2d) under optimistic and conservative conditions, respectively.
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This finding corresponds to the results of risk of infection (Figure 1), which indicates
that self-supply mode not only fails to reduce health risks after simple treatment but
also leads to higher risks due to increased volume of daily drinking water. This is
because that after simple treatment, the volume of daily drinking water increases (Table
2). However, the exposure concentration does not sharply plummet, resulting in an
increase in the parameter exposure dose (d) in the self-supply mode. Furthermore, all
exposure scenarios all exceed the WHO benchmark except for one scenario in which
minors are exposed to faecal coliform in borehole water due to their less exposure dose
relating to the lower level of minimum water intake (Table 2) and the lower pathogen
concentrations in borehole water (Supplementary Table 1). This suggests that using

borehole water as a drinking water source is biased for minors.

[Figure 3 inserts here]

Figure 3 presents the sensitivity percentage ratio of the two primary influencing factors,
namely the exposure concentration and volume of drinking water, on the disability
burden (DB) for minors and adults. Both the community-supply (Figure 3a) and self-
supply (Figure 3b) modes of drinking water exhibit similar outcomes. This similarity
result can be attributed to the limited effectiveness of the simple treatment methods
employed in the self-supply mode. But this simple treatment still reduces the
psychological wariness to the treated water, prompting an increase in drinking volume
(¥ in Table 2). Sapana et al. (2012) have studied a common simple treatment for
groundwater and obtained that the number of microorganisms in groundwater is still
not satisfied the WHO drinking water standards under the current situation. In sum, an

increase in the volume of drinking water leads to a corresponding increase in the
15
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number of consumed microorganisms.

Furthermore, when examining the sensitivity percentage ratio in each scenario, the
rankings of the parameters are coincident between minors and adults. This finding can
be attributed to the use of the same input values for the sensitivity parameter of exposure
concentration. Meanwhile, the other sensitivity parameter, which is the volume of
drinking water, shows minimal variation. These results imply that the age group of the
population studied has little influence on the prioritization of the control measures. Both
adults and minors share similar risk impact parameters that should be given priority.
When dealing with faecal coliform in well water and E. coli in borehole water scenarios,
prioritizing the volume of drinking water is essential. However, in scenarios involving
faecal coliform in borehole water and E. coli in well water, the focus should shift to
prioritizing exposure concentration as the primary risk impact parameter. Exposure
concentration and volume of drinking water show alternating regularities for the two
pathogenic microorganisms considered. Referring to faecal coliform, sensitivity
analysis indicates that exposure concentration is more sensitive to the DB of borehole
water, but the volume of drinking water contributes more to the DB of well water. With
regard to borehole water, the sensitivity percentage ratio of exposure concentration is
0.3 — 0.8 times higher than that of volume of drinking water; as for well water, the
volume of drinking water is 0.9 — 1.5 times higher than that of exposure concentration.
However, the results for E. coli are the complete opposite. For well water, the sensitivity
percentage ratio of exposure concentration is 0.2 — 0.7 times higher than that of the
volume of drinking water. For borehole water, the value of drinking water is 0.4 — 0.9
times higher than that of exposure concentration. This result further demonstrates the
substantial impact of pathogen type on health risk because of the different factors for

dose-response relationships between the faecal coliform and E. coli (Blokker, Smeets,
16
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& Medema, 2018). The E. coli dose is multiplied by 0.08 given that 8% of E. coli are
pathogenic, but pathogenicity of faecal coliform is assumed as 1 (Haas et al., 1999;
Machdar et al., 2013; Shi et al., 2018).

Treatments for exposure concentration of microorganisms in water sources should take
precedence over the control of the volume of drinking water. Referring to the two
pathogenic microorganisms (E. coli and faecal coliform), the two different sources of
drinking water have various priorities for control. For well water, the sensitivity of
exposure concentration of E. coli ranks first in the contribution to disease health risk
burden, but faecal coliform exposure concentration is the priority for borehole water
(Figure 3). This result is related to the degree of dispersion (standard deviation) of
microorganisms’ exposure concentration being more than 50% of its mean value in all
exposure scenarios, which implies the various pollution levels of drinking water sources.
Therefore, decreasing the exposure concentration should be one of the most significant
methods for lessening the disease health risk burden of drinking water sources
characterized by diverse water qualities. To reduce risks associated with the use of
borehole and wells for drinking water, adequate maintenance and protection from open
environment exposure are required (Olalemi et al., 2021). But in regions where water
sources are heavily contaminated with microorganisms, it suggests that it should be
seriously treated, such as eliminating around sources of faecal contamination. In
addition, for wells, ensuring their proper design/construction to prevent pollutants from

entering the wellhead or by-pass flow near the wellhead is critical (Hynds et al., 2014).

3.2 Health risks for various age levels

To further investigate the impact of more detailed age ranges on health risk assessment,
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the age level has been divided into six ranges (Type II in Table 3). Figures 4-7 present
the risks of infection and DB for each of the six exposure scenarios, and specific results
can be found in Supplementary Materials Table 6-9.

Under general conditions, for all age ranges, the health risks exceed the corresponding
benchmarks (ranging from 0.2 to 30 times higher for P(y) and 4.3 to 140 times higher
for DB), aligning with the conclusions drawn for age level Type I (adults and minors).
This observation is consistent with the Guidelines for Drinking-water Quality (WHO,
2022), which states that coliform bacteria should not be detected in drinking water at
any level, yet the concentration of pathogenic bacteria in water ranges from 1.7 to 230
CFU/100 mL in this study (Supplementary Materials Table 1).

Furthermore, within each age range in Type II, the health risks associated with drinking
water type per capita intake (depicted in Figures 4 and 5) are consistently lower than
those linked to drinking water type consumer-only intake (shown in Figures 6 and 7).
This implies that households relying on self-supply mode face higher risks compared
to those in the current exposure scenarios. Similar findings were reported by Arévalo-
Pérez et al. (2014) and Galdos-Balzategui et al. (2017), suggesting that increased
investment in simple treatments does not always guarantee water safety in all
circumstances in the planned future. Thus, for newborns, the community-supply model
is recommended and investments in the self-supply model should be used to focus on
continuous management and safety monitoring of public water sources. In the self-
supply model, enhancing the effectiveness of simple treatment methods, such as
increasing the treatment duration to ensure the reduction of the microorganism

concentration, is seen as essential.

[Figure 4 inserts here]
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[Figure 5 inserts here]
[Figure 6 inserts here]

[Figure 7 inserts here]

Under the best-case condition, the probabilities of infection during the infancy period
for the community-supply mode are all within acceptable limits (Figure 4a). However,
as age increases, the risks of infection gradually escalate, surpassing the U.S. EPA
benchmark from the childhood period for well water (Figure 4b) and the maturity stage
for borehole water (Figure 4d). The exception is for borehole water contaminated with
faecal coliforms, where the infection risks consistently meet the benchmark (Figure 4).
The DB results follow a similar trend, with risks increasing steadily as age advances,
surpassing the WHO benchmark from the childhood period for all scenarios except
borehole water (Figure 5b), which consistently fails to meet the WHO benchmark
(Figure 5). The senile period exhibits the highest health risks (Figures 4e and 5Se).
Similar findings were reported by Buzby (2002) and Balbus and Malina (2009),
suggesting that the risks of elderly individuals are higher than other age groups when
exposed to microbial pathogens.

Furthermore, under the best-case condition, for all age ranges (Figures 4f and 6f), the
probabilities of infection are acceptable only for borehole water. The health risks
associated with borehole water was consistently lower than those of well water. This
result aligns with the conclusions drawn for adults and minors, indicating that borehole

water is a relatively more suitable water source compared to well water.

3.3 Limitation

Microbial concentration (C) and drinking water volume (V) were chosen as the two
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main variable inputs of QMRA sensitivity analysis. Drinking water volume is
influenced not only by age groups but also by gender, weight, personal physical
condition, and lifestyle factors (U.S. EPA, 2011). These aspects were not considered in
our study because they are already well-thought-out in the definition of the
recommended factor drinking water volume.

Regarding exposure to pathogenic microorganisms, human health risk should not rely
only on a single pathogen. However, due to limited data and constraints with existing
dose-response models, it remains challenging to comprehensively assess the combined
effects of multiple microbial pathogens on human health (Haas, 2015). To overcome
these issues, the parameter volume of drinking water was derived from the
Recommended Values for Drinking Water Ingestion table provided in the U.S. EPA
health risk assessment guidelines (U.S. EPA, 2011; Table 2). Additionally, other
parameters in the calculation were selected from well-established studies in the field of
health risk assessment to ensure comparison with previous work and real-world

scenarios (Table 3).

4. Conclusion

The findings of this study have important implications for the management and safety
of drinking water sources. The higher health risks associated with the self-supply mode
(P(y): 1.35x107-3.13x107 pppy; DB: 6.12x10°-1.41x10* DALY pppy) compared to
the community-supply mode (Py): 1.18x10-2.98x10 pppy; DB: 5.31x10°-1.35x10
* DALYs pppy) highlight the need for effective water treatment and management
strategies for individuals relying on self-supplied water. Additionally, the consistent

higher risks observed for well water compared to borehole wate (Py): 4.45—4.67 times
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higher for E. coli; 7.49-7.92 times higher for faecal coliform. DB: 4.47-4.60 times
higher for E. coli; 7.41-7.60 times higher for faecal coliform) underscore the
importance of improving monitoring and treatment practices for well water sources.
The sensitivity analysis revealed that controlling the concentration of microorganisms
in drinking water is crucial, emphasizing the need to prioritize reducing specific
pathogens depending on the water source. Furthermore, the minor differences observed
between adults and minors in terms of risk impact suggest that both age groups require
similar prioritization in managing health risks. The study also highlights the need for
rigorous monitoring and treatment measures for well water, as it consistently failed to
meet benchmark requirements even under optimistic scenarios. Overall, these findings
contribute to our understanding of risk assessment of environmental health for hazards
pathogenic microorganisms in drinking water and provide valuable insights for

stakeholders involved in managing and protecting drinking water sources.
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Figure 1 P(y) (pppy) of exposure populations: (a) adults in drinking water self-supply

mode; (b) adults in drinking water community-supply mode; (¢) minors in drinking

water self-supply mode; (d) minors in drinking water community-supply mode. The

bottom and top of the box respectively represent the first and third quartiles (25th and

75th percentile values), and the band inside the box denotes the second quartile (general

condition). The bottom and top of the whiskers respectively represent the Sth (best-case

condition for the optimistic estimate) and 95th (worst-case condition for conservative

estimate) percentile values. E. coli = Escherichia coli; U.S. EPA = United States

Environmental Protection Agency
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self-supply mode of drinking water; (d) minors in community-supply mode of drinking
water. The bottom and top of the box respectively represent the first and third quartiles
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quartile (general condition). The bottom and top of the whiskers respectively represent
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for conservative estimate) percentile values.

E. coli = Escherichia coli ;WHO = World Health Organization
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E. coli = Escherichia coli; U.S. EPA= United States Environmental Protection Agency
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E. coli = Escherichia coli; WHO = World Health Organization
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Figure 6 Py (pppy) corresponding to the self-supply mode of drinking water for six

age ranges: (a) infancy period; (b) childhood period; (c) period of youth; (d) maturity

stage; (e) senile period; (f) all age. The bottom and top of the box respectively represent

the first and third quartiles (25th and 75th percentile values), and the band inside the

box denotes the second quartile (general condition). The bottom and top of the whiskers

respectively represent the Sth (best-case condition for the optimistic estimate) and 95th

(worst-case condition for conservative estimate) percentile values.

E. coli= Escherichia coli; U.S. EPA= United States Environmental Protection Agency

39



828
829

830

831

832

833

834

835

836

837

Disease Burden (DALYs pppy)

Disease Burden (DALYs pppy)

1E-06

1E-03

Disease Burden (DALYs pppy)

1E-07

I E.coli in water of borehole
I Faccal coliform in water of borehole

1E-034

1E-04+

1E-05+

1E-06+

a

m_

1E-034

1E-04-

1E-05+

Lﬁ%

1E-04+

1E-054

1E-06+

(¢

1

[ E.coli in water of well
[ ]| Faecal coliform in water of well

1E-03+

1E-04+

1E-054

1E-06+

-

T

T

1E-03

1E-04+

1E-05+

1E-06

1E-07

{.%

1E-03

1E-04+

1E-054

1E-06+

1E-07

WHO
benchmark

WHO
benchmark

WHO
benchmark
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the optimistic estimate) and 95th (worst-case condition for conservative estimate)

percentile values. E. coli = Escherichia coli; WHO = World Health Organization
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838 Table 1 Two types of division of age groups for various exposure scenarios

The wpe ofage Age range Age level References

level (year)

0-18 Minor
el 18 Adult )

0-1 Infancy period

1-11 Childhood

period U.S. EPA
Type 11 t-2l Period of youth (2011);
Dyussenbayev
21-65 Maturity stage (2017)
>65

Senile period

839

840
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841 Table 2 Volume of two drinking water types (L/day)

Items Age level Min Max
Age level Adult 0.198 2.685
Type I Minor 0.035 1.144
Infancy 0.004 0.962
Community- é)lf rllgﬁl d
ildhoo
supply mode period 0.052 0.997
Per Capita  “gelevel Period of 0.069 1.991
. x Type 11 youth
intake rates .
Maturity 0.227 2.958
stage ' '
Senile period 0.279 2.730
All age 0.134 2.170
Age level Adult 0.202 2.957
Type I Minor 0.059 1.230
Infancy 0.047 1.057
Self-supply per iod
mode Childhood 0.056 1.052
period
Consumer- 8¢ level Period of 0.087 2.226
. . Type 11 youth
only intake .
Maturity 0.192 3.092
stage ' '
Senile period 0.325 2.960
All age 0.124 2.881
842 * Per capita intake rates are generated by averaging consumer-only intakes over the

843  entire population (including those individuals who reported no intake) (U.S. EPA, 2011).
844 ** Consumer-only intake represents the quantity of water consumed only by
845  individuals that reported consuming water (U.S. EPA, 2011).

846
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Table 3 Parameters for quantitative microbial risk assessment calculation

Parameters Unit Values rlllceef:re
C: Exposure .
concentration of pathogens CFU/L Supplemental Materials -
. . Table 1
concentrations in the water
Exposure dose Mach
;,): I/l'lx C CFU V: Table 2 dar et al.
(2013)
Daily probability of
infection Sari
beta-Poisson model: - a=0.1778; N5p=8.6E+7 (2018)
_ d 1/a “
P(d)=1- [(1+N50 (2 1)]
Haas
Annual probability of 1 means exposure (2014);
infection pPPY frequency Kundu
P =1-(1-P(d))" n=365d et al.
(2018)
Disease burden DALYs HB (Health burden) = aarHeatVaell
DB=P,xHB pPPPY 0.0455 (2015) '
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