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Abstract

Objectives The aim of this paper was to assess the diarrhea
risks caused by various pathogens among those exposed to
biogas wastewater through different activities.

Methods Application of quantitative microbial risk
assessment (QMRA) of biogas wastewater was conducted
in Hanam Province, Vietnam. A total of 451 representa-
tives from households that use biogas were interviewed
about their practices of handling biogas plant and reuse of
biogas effluent for irrigation. In addition, 150 samples of
biogas wastewater were analyzed for Escherichia coli,
Cryptosporidium parvum, and Giardia lamblia. Risk
characterization was calculated using Monte Carlo
simulation.

Results The annual diarrhea risk caused by exposure to
biogas effluent through irrigation activities ranged from
17.4 to 21.1% (E. coli O157:H7), 1.0 to 2.3% (G. lamblia),
and 0.2 to 0.5% (C. parvum), while those caused through
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unblocking drains connected to biogas effluent tanks were
22.0% (E. coli), 0.7% (G. lamblia), and 0.5% (C. parvum).
Conclusions Further measures are needed to reduce the
risk by either improving the microbial quality of biogas
effluent or by ensuring the use of personal protective
measures when exposed to biogas wastewater.

Keywords Biogas effluent - Diarrhea - QMRA -
Wastewater - Exposure - Livestock waste - Vietnam

Introduction

The global increase in demand for livestock products has
led to many concerns about the associated negative
impacts of livestock rearing on the environment and on
human health. In Vietnam, especially the management of
animal waste has become a considerable challenge due
to the rapid increase of swine production. A common
method to treat animal waste in Vietnam is anaerobic
digestion, also called biogas technology. This is a
microbiological process whereby organic matter is
decomposed in the absence of oxygen. Animal manure
as well as human feces can be used as feedstock. The
outputs of anaerobic digestion are biogas (a mix of
methane and CO,) and a digestate wastewater, which is
the digested slurry exiting the biogas reactor. Biogas is a
renewable energy source, and its use also contributes to
avoiding burning of fossil or wood, therefore reducing
deforestation (Seadi et al. 2008). With these many pro-
ven benefits, biogas technology has become widespread
throughout Asia.

In recent years, Vietnam has installed about 20,000
biogas reactors annually; reaching more than 100,000 by
2010 (REN21 2011). Biogas plants in Vietnam have often
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been installed by farmers individually, and mostly at
household scale without much technical support or advice.
This frequently leads to biogas plants which are not
properly designed, constructed, operated or maintained.
This limits the efficiency of microbial removal and thereby
affects biogas production. Previous studies on biogas
treatment have also shown that the hygienic quality of the
biogas effluent does not meet required quality values for
discharge into surface water bodies and reuse for irrigation
(Huong et al. 2014; Kobayashi et al. 2003; Lohri et al.
2014; Phi et al. 2009). For example biogas digestion only
reached 1-2 log reduction for Escherichia coli, giving
3.70 £ 0.84 (log10) CFU/mL E. coli on average in effluent
as compared with raw slurry, whereas the requirement by
WHO for wastewater used in agriculture is 10°~10°> CFU/
100 mL. Nevertheless, a large majority of Vietnam farmers
still discharge the biogas effluent into the environment or
use it as a valuable source of fertilizer (Huong et al. 2014).
Such activities and resulting exposure to pathogens pose
potential health risk to humans as diarrhea still remains one
of the most important health problems (WHO 2006a). The
health risks for communities in Vietnam with biogas plants,
when handling or being exposed to biogas wastewater have
so far not been assessed.

Ha Nam is a province in the North of Vietnam where
there is frequent use of biogas plants with farming
households raising pigs. Many of these farmers, most of
whom lack understanding around issues of biogas efflu-
ent quality, use this effluent for irrigation of vegetables,
crops and fruit trees, or then discharge it into drains.
This lack of knowledge and awareness are reasons that
during these activities of wastewater handling most local
people do not pay attention to protective measures and
expose themselves to biogas wastewater putting them-
selves at risk of diseases, especially diarrhea. Poor
personal hygiene when in contact with wastewater-based
on a theoretical exposure pathway would increase the
risk of infection or disease; however, no epidemiological
data are available. It is also known that some excreta-
related pathogens, such as E. coli, Cryptosporidium, and
Giardia can survive in the environment long enough to
pose health risks (WHO 2006a).

The aim of this study was to assess the diarrhea risk
of people exposed to biogas wastewater using the
quantitative microbial risk assessment (QMRA) method.
The results will provide estimations of the health risks
associated with exposure to biogas wastewater through
different activities. This aims to better understand the
current sanitation of biogas plants for further research
and interventions; which are geared towards enhancing
the environmental and health conditions of communities
with biogas plants.

@ Springer

Methods
Study site

The study was carried out in three communities of Ha Nam
Province, namely Hoang Tay, Le Ho, and Chuyen Ngoai.
Ha Nam is a peri-urban province in Vietnam, situated
60 km South of Hanoi. The three communities comprise a
population of 6300 (1700 households), 8800 (2200
households), and 9300 (2300 households), respectively.
The economic basis of these three communities relies on
agriculture, with equal development of both livestock and
crops. The total swine population (not including piglets) in
all three communities was around 17,600, and almost all of
them are raised at small household scale. The increase of
livestock and crop production has unfortunately led to
many clearly visible environmental unhygienic conditions
with related health issues. These issues have become the
concern of local citizens and authorities.

Quantitative microbial risk assessment

QMRA is a method for assessing risks from microbial
agents in a framework that defines the statistical probability
of an infection from environmental pollution (Haas et al.
2014). QMRA can estimate very low levels of infection or
disease risks, and can estimate risks from different expo-
sures pathways and/or from different pathogens that would
be difficult to measure using epidemiological studies given
the high cost and the large sample sizes needed (WHO
2006a). The QMRA application includes four steps: hazard
identification, exposure assessment, dose-response assess-
ment, and risk characterization (Haas et al. 2014). A more
updated method of QMRA is presented in WHO (2016),
but the essential steps remain similar to Haas et al. (2014).

Hazard identification

Enteric pathogens related to human waste and animal
manure cause diarrhea and are transmitted from animal to
human waste. It is reported as the second largest contrib-
utor to the global burden of diseases, causing an estimated
1.5 million deaths among children under 5 years of age
every year (WHO and UN-Water 2010). Our study focused
on E. coli O157:H7, G. lamblia, and C. parvum. All three
pathogens cause waterborne diseases, especially diarrhea
and are very resistant to adverse environmental conditions
(Haas et al. 1999). Previous studies carried out in Vietnam
showed high load of these pathogens in biogas effluent
(Huong et al. 2014; Kobayashi et al. 2003) and wastewater
(Phuc 2012) and reported high prevalence of diarrhea in
communities (Phuc 2012; Trang et al. 2007).
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Exposure assessment

The aim of this step was to determine the intensity and
duration of the exposure to biogas wastewater of the
populations. In order to achieve this, a survey was
conducted in the three above-mentioned communities.
From a total of about 1500 households with biogas
plants, 451 households were randomly selected. In each
of these selected households, a random adult who con-
sented to participate in this research was interviewed
about his/her practices of and exposure situation to
biogas wastewater. The person was supposed to know
best how biogas operates. Therefore, the survey recorded
basic characteristics of biogas such as their age, material
used (animal manure or with human feces), residency
time. The survey results helped quantify the number of
people exposed and estimate the frequency of exposure
regarding each practice. Among the potential means of
exposure to biogas effluent, this study focused on four
scenarios as follows: (1) irrigating crops, (2) irrigating
fruit trees, (3) irrigating vegetables, and (4) unblocking
the open drains connected to effluent tanks. Popular
crops and vegetables in the study area included maize,
leafy vegetable such as morning glory, coriander, and
some herbs that are eaten raw. Answers of each inter-
view may include multiple practices by one individual.

During these scenarios, accidental ingestion of
wastewater—by splashing directly into the mouths or
indirectly on hands and then to the mouth—was assumed.
This assumption was confirmed by observations of most
local people using rudimentary tools such as a round scoop
with a bucket or better a watering can for irrigation, and a
hoe, rake or a wooden stick to unblock the drains without
having proper personal protective measures. For this study,
we assumed the volume of wastewater of 1 mL that each
person involuntarily ingested during one single-exposure
while conducting any of these practices (Hoglund et al.
2002; Ottoson and Stenstrom 2003).

DOSé'—V@SpOI’lS@ assessment

The dose-response assessment describes the relationship
between the dose (number of pathogens entering the body
to cause infection) received and the resulting health effects
(diarrhea infection or disease). An exponential and [-
Poisson model are the two dose-response models widely
used in literature because they fit well to several microor-
ganisms (Haas et al. 2014).

The B-Poisson dose response model (Eq. 1) was applied
to estimate the risks of E. coli O157:H7:

Pt =1— {1 ¥ (%) (2% - 1)]“ (1)

where Pj, is the probability of infection, d is the ingested
dose (d=C x V, where C is the concentration of
microorganism, and D is the amount of wastewater which a
person has involuntarily ingested), IDsy = average infect-
ing dose (214.94), and o« = parameter of probability
function (0.373) (Teunis et al. 2008).

The exponential dose response model (Eq. (2)) was used
for G. lamblia and C. parvum:

Pinf =1- exp(—rd), (2)

where r = organism specific infectivity (0.0199 for G.
lamblia, and 0.0042 for C. parvum) (Haas and Eisenberg
2001).

Risk characterization

This last step of the QMRA application integrates the
information from the three previous steps (hazard identi-
fication, exposure assessment, and dose—response
assessment) into a single mathematical model to calculate
risks as a probability of infection or illness.

Annual infection risk is shown in Eq. (3):

Piny) = 1 — (1 — Ping)" (3)

where n is the number of exposures per year.
Annual risk of diarrhea disease is calculated by Eq. (4):

Pin = Pint(y) X Pintyint 4)

where Py, is probability of illness given infection: Pjyyine
(E. coli) = 0.25 (Howard et al. 2006); Pjyins (G. lam-
blia) = 0.67 (Rose et al. 1991); Pyyins (C. parvum) = 0.7
(WHO 2006b).

Sampling strategy

From three communities, 15 households with biogas plants
were randomly selected for the study. At each household,
two sampling points were identified: the first one at the
effluent tank of the biogas plant and the second at the open
household drain into which biogas effluent, wastewater and
other runoff flow (Fig. 1a). The effluent tank of the biogas
plant is a point of exposure as that is where farmers collect
effluent for irrigation of fields (see Fig. 1b). The household
open drain is also considered a potential point of exposure as
this drain often needs to be unblocked by users (see Fig. 1c).
Three wastewater samples were collected at each sampling
point. Thus, five rounds of sampling gave a total of 150
wastewater samples collected from April to December 2014.

All samples from the biogas effluent tanks were col-
lected at 20 cm depth, and in the center of the tank.
Wastewater samples from household drains were collected
where the wastewater from the effluent tanks enters the
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Fig. 1 a Scheme of a biogas

Household .
Drain 5

plant and the two sampling
points [Source adapted from
(Tilley et al. 2014)]. b An open
effluent tank of biogas plant in
Hoang Tay, Hanam Province,
Vietnam, 2014 (Source Center
for Public Health and
Ecosystem Research—
CENPHER). ¢ Open drain
receiving biogas effluent in
Hoang Tay, Hanam Province,
Vietnam, 2014 (Source Center
for Public Health and
Ecosystem Research—
CENPHER)

drain. One liter of wastewater was collected for each
sample, stored on dry ice (4-8 °C) during transport to the
laboratory, and processed within the same day. The sam-
ples were analyzed for E. coli, G. lamblia, and C. parvum.

Microbiology analysis

Brilliance E. coli/coliform Selective Agar (CM1046,
Oxoid) was applied for the detection and enumeration of
E. coli from wastewater samples. The wastewater samples
were diluted 1:10 with 0.1% sterile Peptone Water. The
surface of the agar plates was dried before pipetting 0.1 mL
of the prepared sample onto each plate and spread over the
surface with a sterile spreader. The plates were then
incubated for 24 h at 37 °C. The growth of dark purple to
indigo blue colonies on agar plates was determined positive
for E. coli.

Immunofluorescence staining was performed to enumer-
ate Giardia spp. and Cryptosporidium spp. (Crypto/Giardia
CEL; Cellabs Pty Ltd, Australia). Each wastewater sample
was vigorously shaken and dispensed into twenty 50-mL
sterile test tubes which were centrifuged at 1500g for 5 min.
The contents of each of the 20 sets of tubes were mixed
together after discarding the supernatant, and centrifuged
again under the same conditions. A flotation step followed
with the remaining sediments in which 10 mL of wastewater
volume was mixed with 5 mL of flotation fluid, and cen-
trifuged for 1 min at 100g. The remaining flotation fluid in
the sample was then removed before concentrating the
sample volume to 2 mL. A volume of 200 pl sample was air-
dried on Teflon-coated diagnostic slide fixed with acetone
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and stained with fluorescent monoclonal antibodies to detect
Giardia spp. and Cryptosporidium spp.

In this study, we assumed that 8% of the total E. coli
population in the wastewater were pathogenic (Haas et al.
1999; Howard et al. 2006). Furthermore, we assumed that
all Giardia spp. and Cryptosporidium spp. found by this
testing method were G. lamblia and C. parvum which are
human pathogenic species. This assumption was applied in
Mota’s study where no information on the strain or the
genotype was available (Mota et al. 2009).

Statistical analyses

Data from the 451 household survey were double-entered
into Epidata 3.1. The statistical data analysis was done
using SPSS 16.0. Non-parametric Mann—Whitney test
was applied to compare difference between pathogen
concentrations in the effluent tanks and in the drains of
the three communities. All the parameters from exposure
assessment of the risk model were included as proba-
bility density functions (PDF) (Table 1). These PDF
were calculated from the original data collected from
microbial analyses and from the survey with the best fits.
Risks were calculated using estimated PDF randomly
sampled by Monte Carlo simulation (10,000 iterations).
Monte Carlo analysis gives a full range of possible risks,
including average and worst-case events. In the latter,
the risks were presented by the mean of 10,000 simu-
lation values of risk. @Risk software (Version 5.5)
added on to Microsoft Excel was used to calculate the
PDF and to run risk models.
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Table 1 Probability density functions of different parameters used in the risk models in Ha Nam Province, Vietnam, 2014

Parameters of probability density functions®

E. coli O157:H7
RiskNegBin (1,0.00087069)"
NegBin (1,0.0011299)

Scenario/exposure activities

Sampling points

Biogas effluent in effluent tanks

Drains connected to effluent tanks
Sampling points

Biogas effluent in effluent tanks Irrigating crops
Irrigating fruit trees
Irrigating vegetables

Drains connected to effluent tanks Unblocking drains

G. lamblia

NegBin (1,0.050505)

NegBin (1,0.22388)

Parameters of probability density functions*
NegBin (1,0.20519)

NegBin (1,0.17590)

NegBin (1,0.093452)

NegBin (1,0.064715)

C. parvum
NegBin (1,0.051546)
NegBin (1,0.078534)

* Probability distribution function, fitted with all replicate values of real measurements of E. coli O157:H7 (estimated as 8% of E. coli analyzed),
G. lamblia and C. parvum as well as the frequency of exposure for pathogens in biogas effluent

® Values in parentheses are values of 2 parameters r (>0) and p (€ 0-1) of the negative binominal distribution

Table 2 Mean concentrations of pathogens at two exposure points from 15 households in three communes of Ha Nam Province, Vietnam, 2014

Sampling points Pathogens Number of Number of positive Concentrations
samples samples (%) - -
Unit Mean SD Min Max

Biogas effluent in effluent tanks  E. coli 75 75 (100) CFU/100 mL 147 x 10° 34.9 x 10° 320 200 x 10°

G. lamblia 75 33 (44.0) Cysts/100 mL 19 46 0 260

C. parvum 75 26 (34.7) Oocysts/100 mL 18 51 0 400
Drains connected to effluent tanks E. coli 75 75 (100) CFU/100 mL 9.3 x 10° 257 x 10° 10 200 x 10°

G. lamblia 75 18 (24.0) Cysts/100 mL 4 7 0 30

C. parvum 75 22 (29.3) Oocysts/100 mL 12 56 0 480

SD standard deviation

Results

Microbial contamination in biogas effluent tanks
and drains

The mean concentration of E. coli, G. lamblia, and C.
parvum from two sampling points are presented in Table 2.
All 75 samples from the effluent tanks and 75 samples from
drains attached to effluent tanks were positive for E. coli,
with the mean concentration of 14.7 x 10° CFU/100 mL
and 9.3 x 10° CFU/100 mL, respectively. Both sampling
points had the same highest concentration of E. coli which
was 200 x 10°/100 mL. G. lamblia and C. parvum were
found to have higher mean concentrations in the effluent
tanks (19 cysts/100 mL and 18 oocysts/100 mL) than in the
drains connected to these effluent tanks (4 cysts/100 mL
and 12 oocysts/100 mL). G. lamblia had the highest con-
centration in the effluent tanks (260 cysts/100 mL),
whereas C. parvum was highest in drains (480 oocysts/
100 mL).

Characteristics and exposure situation of the study
population

A total of 451 individuals from 451 households having bio-
gas plants were selected for the exposure survey. 261 (58%)
of respondents were females, the mean age of all respondents
was 47. The majority of respondents (84%) indicated that
their main occupation was working in agriculture. The fre-
quency of exposure, ingestion dose of wastewater, and
percentage of the population who participated in each
exposure event are shown in Table 3. Using biogas effluent
for irrigation was prevalent in the community. These per-
centages ranged from 24 to 28% depending on each
irrigation activity. Similarly, 30% of the people reported
participating in unblocking drains. People who were exposed
to wastewater in these practices reported performing these
activities an average of 2453 times per year.

Part of the interviewed participants used personal pro-
tective measures when handling biogas wastewater. Such
personal protective measures would include wearing gloves,

@ Springer
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Table 3 Dose assumptions, frequency of exposure and percentage of the exposure population in 3 communes of Ha Nam Province, Northern

Vietnam, 2014

Sampling points Activities Ingestion dose Average frequency Percentage of
of wastewater (event/year) population (%)
Biogas effluent in effluent tanks Irrigating vegetables 1 mL/event® 48 26
Irrigating crops 1 mL/event® 32 28
Irrigating fruit trees 1 mL/event® 24 24
Drains connected to effluent tanks Unblocking drains 1 mL/event® 53 30

? Microbial risk assessment of source-separated urine used in agriculture (Hoglund et al. 2002; Ottoson and Stenstrom 2003)

® Fecal contamination of greywater and associated microbial risks (Hoglund et al. 2002; Ottoson and Stenstrom 2003)

e
~

0.6

E. coli 0157:H7
4 C. parvum

G. lamblia

Single infection risks
o O O O o
- N W R U

0.0 >
Unblocking
drains

Irrigating  Irrigating fruit  Irrigating
crops trees vegetables

Fig. 2 Single infection risks in the different activities estimated by
10,000-trial Monte Carlo simulations in Vietnam, 2014

wearing face masks, wearing boots and washing hands with
soap after work. Amongst all respondents engaging in irri-
gation activities, 10% indicated that they always use gloves
during the practices, 14% always use a face mask, 13%
always wear boots, and 25% wash their hands with soap after
work. Only 8.9% participants always used all of these four
protective measures when using biogas wastewater for irri-
gation. Similarly, the percentages of people practicing drain-
unblocking activities indicating that they always use these
protective measures were from 17 to 35%. Around 15%
people saying that they always used all of these protective
measures when unblocking the drains.

Biogas characteristics and operation

Each household in the survey had one biogas unit. 90.2% of
household used pig manure in their biogas, whereas 29.7%

0.3
©
3
=
£
(1]
5 0.2
k3
a E. coli 0157:H7
£
2 # C. parvum
= 0.1 G. lamblia
=1
c
c
<

0.0 L4 < S 4 .

Irrigating  Irrigating fruit  Irrigating Unblocking
crops trees vegetables drains

Fig. 3 Annual risks of diarrhea in the different activities estimated by
10,000-trial Monte Carlo simulations in Vietnam, 2014
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used poultry manure. 80.3% of household also discharged
human excreta into the biogas due to the proximity of live-
stock and human areas. The age of biogas was 5.2 &+ 3.5 year
(0.2-28 years) and the volume of the digester was 11.3 £ 3.1
m® (3.0-22.0 m?). Most of the biogas digesters were built by
brick and cement (87%) and plastic (13%).

Risks of infection and diarrhea diseases

Single infection risks of E. coli O157:H7, G. lamblia, and
C. parvum in different activities are presented in Fig. 2.
The mean single infection risk of these pathogens per
individual in all irrigation activities was 0.63, 0.0037, and
0.0008, respectively, and the mean infection risks of these
pathogens per individual in unblocking drains was 0.6031,
0.0007, and 0.0005.

With regard to the annual risk of diarrhea, we assume
that exposure to biogas wastewater through the selected
activities in this study were the only cause of diarrhea. The
annual risks of diarrhea caused by the chosen pathogens are
presented in Fig. 3. G. lamblia caused the highest risk of
diarrhea when irrigating vegetables (0.0023) and lowest
when unblocking drains (0.007). The annual diarrhea risk
of E. coli O157:H7 was highest when people were exposed
to wastewater through unblocking drains (0.22), and lowest
when they were irrigating crops (0.174). Similarly, people
who participated in unblocking drains or irrigating veg-
etables had the highest risk of diarrhea by C. parvum
(0.005), whereas irrigating crops posed the lowest risk of
diarrhea by C. parvum (0.002).

Discussion

Results in our study revealed high concentrations of E. coli,
G. lamblia, and C. parvum in biogas wastewater. In par-
ticular, E. coli concentration in the effluent tanks was
14.7-147 times higher than the recommended standard
(10°-10° E. coli/100 mL) of the WHO guidelines for the
safe use of wastewater in agriculture (WHO 2006a). The
prevalence of E. coli in biogas effluent has also been shown
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in previous studies conducted in Vietnam. A study of the
hygienic aspects of small-scale biogas plants showed that
the mean concentration of E. coli in biogas effluent from
pig farms was 5000 CFU/mL (Huong et al. 2014), which,
however, is almost three times lower than the results from
our study. This might be explained by the difference in
sampling points in the two studies. Huong et al. (2014)
took samples in the second outlet tanks, whereas our study
analyzed samples from the first outlet tank (effluent tank)
of the biogas plants. Some settling process in the first outlet
tank might reduce pathogens concentration in the second
outlet tank. Another study in Can Tho Province—in the
South of Vietnam—showed a high prevalence and high
concentration of E. coli in the outflow of biogas plants of
pig farms. The concentration of E. coli in 4/5 of the sam-
ples was greater than 10° CFU/mL (Kobayashi et al. 2003).
The result is ten times higher than in our studies. However,
the Kobayashi’s study only collected five samples at each
sampling points without repetitions and the study dates
back 12 years. During the last 12 years, Vietnamese
farmers have improved their knowledge on how to best
operate biogas plants which has probably also improved
the quality of biogas effluent thanks to several biogas
promotions by SNV and the Ministry of Agriculture and
Rural Development of Vietnam.

Vogeli and colleagues conducted some case studies to
evaluate the quality and the use of biogas effluent in other
developing countries, namely India, Tanzania, Nepal and
Lesotho (Vogeli et al. 2014). Results showed that these
countries present a similar context of applying and using
biogas plants. Most of the case study results concluded that
quality of the effluent did not meet the requirements for use
as fertilizer or discharge into receiving water bodies,
although people still use the effluent for irrigation and/or
discharge into the surface waters.

Regarding the hygienic conditions of drains, the
microbial quality of wastewater in household drains was
mentioned in the study of wastewater and excreta use in
agriculture in Ha Nam Province during the period of
2009-2010 (Phuc 2012). The wastewater samples were
taken not only from households with biogas plants, but also
from household drains,. The mean concentration of E. coli
(78.75 x 10° CFU/100 mL) was much greater than in our
study that was 9.3 x 10° CUF/mL. However, the mean
concentration of G. lamblia (28 cysts/100 mL) and C.
parvum (28 oocysts/100 mL) in this study was comparable.

Some studies were conducted in other developing
countries where local people were exposed to different
sources of wastewater to determine the contamination level
of the water. For example, wastewater from canals and
lagoons in Abidjan, Cote d’Ivoire, were shown to be
heavily contaminated with G. lamblia and E. coli (Yapo
et al. 2014), whereas wastewater from canals and sewers at

household level in the Klong Luang municipality of
Thailand even showed higher contaminations by G. lam-
blia (Ferrer et al. 2012).

Comparing the mean concentration of the three patho-
gens in the effluent tanks and drains of the three
communes, there was no significant difference in E. coli
and C. parvum in these two sampling points (p > 0.05;
Mann—Whitney test). However, the mean concentration of
G. lamblia in the effluent tanks was eight times greater than
in the drains. This difference is statistically significant
(» < 0.05; Mann—Whitney test). It might be possible that
when biogas effluent flows from the effluent tanks to the
drains it is diluted with other wastewater in the drains
which reduces the concentration of G. lamblia.

The mean infection risk by G. lamblia per single exposure
in our study was found to be similar to that of the study in the
Klong Luang municipality of Thailand which showed that 44
out of 100 people having contact with canal water would
have infection by G. lamblia, or out 100 times contact with
canal water, a person was 44 times at risk of infection by G.
lamblia (Ferrer et al. 2012). In this study, Entamoeba his-
tolytica, another protozoa associated with wastewater, was
also shown to have a similar infection risk by a single
exposure when having contact with canal water (46%).

Our results were comparable to those obtained from other
studies in Vietnam for annual diarrhea risk due to E. coli
O157:H7. A study that applied the QMRA method to assess
diarrhea risks of the exposure activities associated with
wastewater and excreta use in agriculture in Ha Nam pro-
vince of Vietnam showed that the annual diarrhea risks due to
E. coli O157:H7 was 0.25. This is similar to the overall
incidence of diarrheal disease as presented in the same study
area of 0.28 per person-year as a result of a cohort study
covering over one year of the follow-up period (Phuc 2012).
Another cohort study which investigated in the suburb of
Hanoi in Vietnam with 18 months follow-up showed similar
results in which the incidence rate of diarrheal diseases was
28.1 episodes per 100 person-year counted for the adult
population exposed to wastewater in agricultural and aqua-
cultural productions (Trang et al. 2007).

In comparison with our study, the study performed in
Thailand by Mamadou and collaborators who assessed the
diarrheal risks related to exposure to canal water through
irrigation activities, showed comparable results in diarrhea
risks caused by G. lamblia at 0.67 per person-year (Ma-
madou et al. 2008). Among the three selected pathogens in
this study, the risk of diarrhea due to E. coli O157:H7 was
also much higher than for G. lamblia and C. parvum.

The annual diarrhea risks in our study was below the
diarrheal disease incidence per person per year (0.4-0.6)
among those aged above 5 years in developing countries in
2000, as reported in the WHO guidelines for the safe use of
wastewater, excreta and greywater. However, in
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comparison with the WHO reference level (1073 of
waterborne disease from drinking water, the annual diar-
rhea risks in our study were much greater (WHO 2006a).

Our study did not measure the association between the
health risks and the use of personal protective measures
while participating in activities exposed to wastewater.
However, the study on the practices of farmers in some
agriculture activities in the Ha Nam province of Vietnam
showed that inadequate use of protective measures, and
lack of washing hands with soap were associated with
increased risks of diarrhea (Phuc 2012). While appropriate
treatment methods of biogas effluent are not yet available
in Vietnam, improving the use of personal protective
measures might be a suitable solution for protecting the
health of the exposed population. It was also unfortunate
that our study did not measure the temperature of biogas
digester to link with pathogen die-off, which needs to be
considered in future studies.

In conclusion, E. coli, G. lamblia, and C. parvum
remained at high concentrations in the biogas wastewater.
The single and annual risks of diarrhea caused by these
pathogens in the exposed activities were relatively high.
These facts suggest that further actions to improve the
biogas effluent quality are required to reduce health risk
due to the exposure to biogas wastewater. This study pro-
vides evidences to enhance the awareness of people when
handling biogas wastewater, and hence promoting practices
of using personal protective measures. Results in this study
could be taken into consideration to understand the health
risks associated with exposure to biogas wastewater
through different activities in other areas of Vietnam as
well as in other developing countries with a similar context
of applying biogas plants.
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