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I. SOLAR PASTEURIZATION: A SUSTAINABLE TECHNOLOGY TO
DISINFECT DRINKING WATER

The availability of safe drinking water for every person on this earth continues to be one
of the most urgent humanitarian needs today. This situation is especially apparent in
developing countries where more than 1 billion people still do not receive a continuous
supply of clean. safe water piped directly into their home (I). Under these conditions,
people must rely on any feasible means to obtain drinking and household water, ranging
from the use of streams, ponds, wells, lakes, or rivers to the use of roofs to collect
rainwater. These sources of water are usually contaminated but for many people there are
no feasible or affordable means to treat or disinfect the water. The use of unprotected and
untreated drinking water is a major reason for the approximately nine hundred million
cases of diarrheal diseases reported each year (2). Many of these populations live in
remote areas where electrical power and modern technology for water disinfection are not
available. For these populations, there is a need for a simple, low-cost, and sustainable
technology for water disinfection.

Solar radiation is a sustainable energy source which is present throughout the world and
is more abundant in the tropical areas of the world, where most of the people who lack
safe drinking water live. To take advantage of this natural source of energy, several
companies have developed solar pasteurization units, which use sunlight to heat water
and use the well known principle of high heat "pasteurization" to disinfect pathogens in
the water. The process of water pasteurization is to heat water to >60°C for 30 minutes.
This is a proven approach to disinfect pathogens present in clear as well as turbid water.
The two major limitations of solar pasteurization units are the relative small volumes of
water which can be disinfected per unit and the reliability of the system in achieving the
necessary temperature and dwell time to disinfect the water. In Honolulu, solar
pasteurization units were developed to disinfect water for individual families by Mr.
Grandinetti of Grand Solar Inc. Our laboratory previously evaluated a prototype system
for this unit and determined that the unit could effectively disinfect various sources of
water under normal sunlight conditions in Hawaii. Our final evaluative report describes
the treatment effectiveness of the Grand Solar Water Heater systems in disinfecting all
the relevant groups of health related microorganisms in water (3). These units are now
being sold primarily outside the US in countries such as El Salvador, Guatemala, India,
Philippines, Malaysia and Tanzania by Safe Water Systems. The advantage of this system
is that it requires few moving components, no electricity and therefore simplifies the
operation and maintenance of this water disinfection unit.

Safe Water Systems is currently selling a solar powered water disinfection system called
the Family Sol*Saver. This unit was designed to use durable, lightweight and ultraviolet
resistant materials to maximize.the capture of the heat-producing rays of sunlight and to
retain the heat within the unit. This solar pasteurization unit works well during sustained
sunny days but cannot be relied upon during cloudy days when sunlight is limited and the
necessary pasteurization temperatures cannot be achieved. In summary, the current design
of the Family SoI*Saver uses the radiation of sunlight to heat the water. However, several
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studies (4,5,6,7,8) have reported that some wavelengths of sunlight will directly
inactivate microorganisms in a mechanism separate from elevated temperature or the well
described pasteurization mechanism. Based on this new information, it is theoretically
possible to devise a solar disinfecting unit which uses the two independent mechanisms
of sunlight (heat, direct radiation) to improve its disinfecting capacity. To address this
possibility Mr. John Grandinetti has modified the design of his Family Sol·Saver for
experimental evaluation. The first modification was to use sunlight reflectors to increase
the available amount of sunlight to heat the water. The second modification was to use an
UV transmittable plastic cover sheet rather than an UV resistant material to enable more
wavelengths of sunlight to enter and treat the water by direct irradiation. The identified
need was to field test the modified designs of the Family Sol" Saver systems unit and to
obtain scientific data to quantitate the effectiveness of these experimental designs.

D. PROJECT GOAL

The goal of this study was to determine the effectiveness of the following four design
variations of the Family Sol*Saver System to disinfect various types of health-related
microorganisms in drinking water sources:

1. System A. Original design, heating by sunlight only.
2. System B. Modified by use of UV transmissible cover to allow direct

irradiation of sunlight in addition to the heating effect ofsunlight.
3. System C. Original design A plus four heat reflectors to increase heating

effect.
4. System D. Design B plus two heat reflectors to increase heating effect and to

allow direct irradiation of sunlight on water sample.

III. EXPERIMENTAI... DESIGN.

A. Selection of Water Sources. The experimental design of this study was to
initially select the following three types of drinking water sources which are known to be
contaminated and should be disinfected.

1. Rainwater catchment water. Rainwater is a source of water used by many
hoines for their household uses, including drinking, especially when water is not provided
by a public community system. In this system, rainwater running off the roof is collected
by gutters and funneled into a reservoir or storage tank called a cistern. The quality of
water collected in the cistern tanks vary for each household unit and is dependent on the
cleanliness of the water collection system and implementation of any water cleansing or
treatment process. These systems are used in limited areas of developed countries where
the public water utility ,does not provide water, such as the Tantalus area of Honolulu,
Hawaii. However, in many developing countries .and islands, this kind of system is
extensively used to obtain water.
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2. Stream water. Stream water represents the many types of surface waters
including rivers, and lakes which are convenient sources of drinking water used by many
countries. The quality of these kinds of surface waters may range from good to poor but
these sources of water are generally contaminated to some degree by physical, chemical
and microbial components and therefore, should be treated. In developed countries, these
sources of water generally undergo physical and chemical treatment followed by
disinfection before it is used as a drinking water source. However, in some parts of
developed countries and many parts of developing countries this source of water is used
without further treatment for all household uses including drinking.

3. Sewa&e-contaminated water. In many developing countries, sewage collection
and treatment systems are not available. Therefore, drinking water sources, which may be
streams, rivers or shallow wells, are often contaminated with sewage and sewage borne
pathogens. To simulate this type of contaminated water, primary treated sewage was
diluted into tap water.

B. Selection of Microorganisms for Disinfection Efficiency. To assess the
disinfection efficiency of the modified pasteurization units, the untreated and treated
water samples were monitored for the following six groups of microorganisms. These six
groups of microorganisms were selected because they represent most of the structural and
genetic classes ofsewage borne pathogens. Thus, these six groups of microorganisms are
reliable surrogates to assess the disinfection of different classes of pathogens in sewage
contaminated water.

1. Gram n~ative fecal indicator bacteria: The most traditional fecal indicator.
The coliform group of bacteria which include total coliform, fecal coliform, and E. coli
are normally present in high concentrations in feces and are called fecal indicator
bacteria. These bacteria are physically characterized as being gram-negative rod-shaped
bacteria. The presence or absence of these two groups of bacteria in water have been
used to assess the hygienic quality of water. Thus, the presence of these bacteria in water
is taken as evidence of fecal contamination and the absence of these bacteria after a
disinfection process is used as a measure of the effectiveness by which the water has been
disinfected. As a result, the established public health organizations such as USEPA and
WHO have established drinking water quality standards based on the concentrations of
these gram negative fecal indicator bacteria The most common drinking water quality
standard used by the US and most other countries is water which can be shown to contain
less than 1 CFU/lOO m1 of these gram-negative, fecal indicator bacteria

2. Gram positive fecal indicator bacteria. Enterococci represent another group of
bacteria which are normally found in high concentrations in feces and are called
alternative fecal indicators. This group ofbacteria is characterized as being gram positive,
cocci-shaped bacteria and bas been shown to be.more resistant to disinfection than
coliform bacteria and closer in resistance to pathogens. As a result, this group of fecal
indicator bacteria has been used by USEPA to establish recreational water quality .
standards, especially in ocean waters. Moreover, recent evidence indicates that
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monitoring water for this group of bacteria may be more reliable in predicting the
disinfection of the variouspathogens, whichmay be present in water.

3. Spore founin~ fecal indicatorbacteria Clostridium perfringens is a species of
bacteria which is naturally found in the feces ofhumans and mostwarm-blooded animals.
It is another alternative fecal indicator. This bacterium is characterized by gram positive,
rod-shaped vegetative cells, which form very resistant spores. The spores of this sewage
borne bacteria are known to be highly resistant to disinfection and their conceritrations in
water canbe used as a conservative surrogate for the presenceof resistant, sewage borne
pathogens such as human pathogenic viruses and protozoans such as Giardia and
Cryptosporidium.

4. Fecal indicator bacteria whjch produce H1£...(H1S Producin~ bacteria). This
group of hydrogen sulfide (H2S) producing bacteria was selected for monitoring because
the concentration of this group of bacteria in polluted water correlates well with the
concentrations of coliform bacteria and this is the only method which can be completed
by homeowners without the need for laboratory facilities (eg. incubators) and skilled
personnel.

S. Fecal indicator viruses. Coliphages or male specific RNA viruses (F RNA
coliphage) were selected because this group of bacterial viruses is considered the best
surrogate for pathogenic human enteric viruses. FRNA coliphages have the same shape
and size as human enteric viruses and are normally found in high concentrations in
sewage. Significantly, this group of coliphage can be measured by a relatively simple
method.

6. Total heterotrophic bacteria. This group of total viable bacteria present in the
sample was selected because this group of bacteria is always present in highest
concentrations of all microorganisms in all water samples. Thus, measurement for this
group of bacteria can provide two kinds of information. First, the concentration of total
heterotrophic bacteria in a given water source is used as a relative water quality index.
Second, because these bacteria are always present at maximum concentration in all
natural water sources, they can beused to reliably determine thedegree ofdisinfection by
the pasteurizing unit which may not be possible for other groups of microorganisms that
are present in low concentrations. It must be cautioned however, that definitive
interpretations of total heterotrophic bacteriadata are difficult to make because the assay
measures for all groups of bacteria, and the specific group of bacteria being measured is
notknown.

Other relevant water quality parameters such as turbidity, temperature and UV radiation
and visual assessment of the sunlight conditions for each experimental day were also
recorded.

C. Description of Family Sol*Saver System. Mr. John Grandinetti of Grand
Solar, Inc. provided and installed all of the different designs of the Family Sol·Saver
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water pasteurization units with the necessary attachments to make the units operational at
the testing site on the campus of the University of Hawaii. The small, single household
Family Sol*Saver used in this study weighs only 14 pounds (6.4 kilograms) with
dimensions of 20" x 48" x 3" (51cm x 122cm x 8cm). The water storage or water
collector system is made up of high density; double-walled black polyethylene material
that is blow molded and is resistant to high temperatures. The cover of this water
collector system is the side which faces the sun. This cover material is made of an
insulating twin-walled, transparent acrylic which allows the sun's rays to enter the water
storage chamber, while at the same time minimizing heat loss. This system is equipped
with a visual indicator (temperature gauge), which shows when pasteurization
temperature is reached. Under good conditions of clear, direct, midday sunlight, this
Family Sol*Saver unit has been shown to produce 3.5 gallons (13 liters) of disinfected
drinking water within 2~ to 3 hours. The four design variationsof this pasteurization unit
are shown in Figure 1 and can be further described below:

1. System A (Heat): Collector cover sheet made of non-UV transmittable double
layer plastic.

2. System B (Heat + UV): Collector cover sheet made of UV transmittable
single-layer plastic.

3. System C (Heat + 4 Reflector): Collector cover sheet made of non-UV
transmittable double-layer plastic with 4 side reflectors to concentrate sunlight
radiations.

4. System D (Heat + UV + 2 Reflector): Collector cover sheet made of UV
transmittable single-layer plastic with 2 side reflectors to concentrate sunlight
radiations.

The capacity of the two collector cover sheets made of non-UV transmittable and with
UV transmittable plastic to absorb the .UV rays of sunlight was determined by measuring
the amount of solar light intensity using radiation sensors for UVA, UVB, and uve
(UVP Inc.) for direct sunlight and after the sunlight had passed through these two plastic
sheets. The results are summarized in Table 1 and show that the direct solar radiation
intensity (mWsec/sq.cm) measurement ranged between 0.04-0.05 for uve, 0.25-0.44 for
UVB, 0.79-1.04 for UVA. After passing through the non-UV transmittable, double-layer
plastic cover sheet, the solar radiation intensity (mWsec/sq.cm) was reduced to 0.01 for
uve, 0.13 for UVB, 0.46 for UVA. In contrast, after passing through the UV
transmittable, single-layer plastic cover sheet, the mean solar radiation intensity
(mWsec/sq .cm) was reduced to 0.04 for uve, 0.25 for UVB, 0.73 for UVA. These
results show that the single-layer plastic cover was able to transmit >90010 of sunlight
radiation while the double layer plastic transmitted only 20-4Q0/t of solar UV radiation.
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Table 1. The solar light intensity absorbance measurement (mWsec/cm2
) transmitted

through two different plastic cover sheets using radiation sensors for UVA, UVB, and
uve (UVP Inc.)

UVA (335-38Onm)
UVB (280-340 om)
UVC (250-29Onm)

Single layer Plastic

0.73 (0.79)
0.25 (0.25)
0.04 (0.04)

Double-layer Plastic

0.46 (1.04)
0.13 (0.44)
0.01 (0.05)

Note: ( ) data in parenthesis represent readings directly under natural sunlight

D. Description or Water Samples. The water samples used in this study are
described as follows:

1. Cistern water. Water samples were obtained from a household rainwater
cistern source belonging to a resident in the Round Top area ofHonolulu.

2. Stream water. Water samples were obtained from Manoa Stream near the
University ofHawaii.

3. Sewa~e contaminated water. A total of 500 ml of primary treated sewage
obtained from Sand Island Sewage Treatment Plant was added to 5 gallons of
tap water to simulate sewage contaminated water. This would simulate a (1:
40) dilution ofsewage or freshwater contaminated with sewage.

E. Experimental Procedure. The following general procedure was used in the
evaluation of the solar pasteurization units: .

1. All of the pasteurization units were set up on the roof of Snyder Hall and daily
weather and temperature conditions were recorded.

2. Twenty gallons of test water were collected and equally distributed by pouring
5 gallons into each system through the fill port.

3. The thermal indicator and a thermometer were inserted and read periodically.
4. The units were exposed to sunlight to simulate actual use conditions.
5. Water samples were collected periodically and assayed for the various

microorganisms within 6 hours ofcollection.

6



Fig. 1 Four Modified Family Sol*SaverSystems Onthe Roofof SnyderHaIl

F. Assay Methods. Most of the methods used are described in Standard Methods
for Examination of Water and Wastewater (9) and include the membrane filtration
method for fecal coliform on mFC agar, E. coli on mTEC agar, and total heterotrophic
count on mHPC agar. Clostridium perfringens was assayed for using the method of
Bisson & Cabelli (10) and male specific RNA coliphage by the method of Debartolomeis
and Cabelli (II). Hydrogen sulfide producing bacteria were assayed for by the H2S strip
test which we previously evaluated and reported to be a reliable, simple, alternative test
for water quality (12, 13). The H2S presence/absence test is currently being sold as
PathoScreen by Hach Company (Loveland, CO.) and is the only test method which can
be conducted without the need for an incubator and other laboratory equipment. The
turbidity of water samples was measured as NTU using the Model 2100A turbidimeter
(Hach. Loveland, CO.), while temperature was measured using digital thermometer
(DeltaTRAK Scientific, CA). The solar light intensity absorbance using radiation sensors
for UVA, UVB, and UVC (UVP Inc.) was recorded hourly from early morningto sunset.

. The Performance of Family Sol*Saver Systems was evaluated by comparing the
concentrations of the.six groups of microorganisms in the water before and after each
exposure treatment At approximately hourly intervals over the 4-5 hr of solar exposure,
water samples were collected from each system and were analyzed for the six groups of
indicator microorganisms (fecal coliform, E. coli, enterococci, C. perfringens, total
heterotrophic bacteria, H2S producing bacteriaand F RNAphages).
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IV. RESULTS AND DISCUSSION

The effectiveness of the four modified designs of Family Sol*Saver systems was
evaluated by conducting six experiments on six different days. As stated earlier, the
objectives for the four designs were to determine the inactivating effect of increasing the
temperature of the water by exposure primarily to the visible wavelengths of sunlight and
to measure for the synergistic effect of direct UV radiations of sunlight. During each
experimental day, all of the four units were used and two basic measurements weremade.
First, hourly measurements of the water temperature in each of the units. In this regard,
the goal was to determine whether the water reached the idealized pasteurizing
temperature of 6Ooe. However, with time (> 1 hr) lower temperatures exceeding sooe
will also disinfect microorganisms. Thus, with time (>1 hr), ssoe was established as a
minimum desirable temperature. Second, hourly measurements were made of the
concentrations of each of the various groups ofmicroorganisms in each of these units to
determine their degree of inactivation. In this regard, an effective disinfectant should be
able to inactivate at least 99.9% of the population of microorganisms in that water
sample. Therefore, 99.9% inactivation was established as the desirable degree of
inactivation. In these experiments, it was recognized that the amount of solar energy
produced by sunlight varies by the hour on each experimental day. For each day, the
amount of sunlight radiations responsible for heating the water and for directly
inactivating microorganisms will vary. Thus, the experimental conditions from day to day
will vary and results from different experimental days cannot be simply averaged.
Interpretations should be made for each experimental -condition and generalized based on
the observed availability of sunlight However, it is recognized that even visual
assessment of sunlight does not indicate the intensity of the different wavelengths of
sunlight. In summary, the results of each experimental day will represent different
sunlight conditions. The results of these experiments are summarized in Figures 1-8.

Experiment 1. Condition: Sunny Day. Water: Manoa Stream. This day was
characterized by very sunny conditions. Manoa Stream water was used as representing
surface water sources contaminated with microorganisms. This water was added to the
four pasteurizing units, exposed to sunlight and the results summarized in Figure 1.1 
1.6.

1. Heatine the water. The effectof sunny day condition on heatingand retaining
the temperature of Manoa stream water (1.4 NTU turbidity) in the four designs of the
solar pasteurization units were evaluated by comparing the temperature profile of the
water in each of the units after 1,2,3,4,5, and 24 hour (overnight) time periods. After
the first hour of exposure to sunlight, the temperature of the Manoa stream water rose
from its initial ire to 35°C in all systems except in System B (heat+UV) where the
temperature increased to only 33.SoC. Maximum water temperature was reached during
the secondand third hours ofexposure to-SUnlight.. The water-temperature increased at the --
fastest rate, reaching a maximum temperature of 74°C after 3 hours in System C (Heat +
4 Reflectors). The temperature profiles ofSystem A (Heat) and System D (UV + Heat+
2 reflectors) increased in a similar manner and reached a maximum of 64-6SOC after 3
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hours. The temperature profile of SystemB (UV + Heat) increased at the slowest rate,
reaching a maximum temperature of only 56°C after 3 hours. The lowest water
temperature in System B was due to the use of the UV penetrating cover (single-layer)
which allows the penetration of UV light but also allows heat to dissipate and therefore is
less efficient in retaining heat. In summary, on this sunny day, the water temperature
reached the pasteurization temperature of >60°C in Systems A, C and D but not in
System B. However, the water temperature in System B did exceed the minimally
desirable temperatureof 55°C.

2. Gram neiatiye and~ positive fecal bacteria: The traditional indicators. The
inactivation rates of the traditional fecal indicator bacteria which include the gram
negative(fecal coliform, E. colz) and grampositive (enterococci) were similar in all of the
four pasteurizing systems based on the inactivation of>99.901c» of these bacteria after 2 or
3 hours exposure to sunlight (see Fig 1.2-1.4). However, there were some differences in
the degreeof inactivation in the different pasteurization systems between 2 to 3 hours of
treatment. The most interesting observation was the complete inactivation of E. coli in
System B (UV + Heat) after 2 hours at water temperatures between 48 to 5~C, but the
requirement for 3 hours before this same affect was seen in System A (Heat) which had a
higher recorded water temperature ranging from 53 to 64°C. Since E. coli was inactivated
more effectively at lower temperature but in the presence of the UV rays of sunlight in
System B (UV + Heat), these results provide the first evidence that the two effects of
sunlight (productionof heat and direct radiation by sunlight) are working synergistically
to enhance the inactivation of E. coli bacteria. It should be noted that during this
experiment, this samesynergisticeffect was not observed with enterococci. However, this
can be explained by the fact that gram positive bacteria do not undergo stress conditions
as readily as gram negative bacteria and therefore the same conditions which affect E.
coli may not necessarily affect enterococci.

In summary, on this verysunny day, the maximum water temperature in three of the four
units exceeded the pasteurizing temperature of 60°C and ranged from a low of 56°C to a
high of 75°C. All four pasteurization units were successful in reducing the traditional
fecal indicator (fecal coliform and E. coli) levels to undetectable levels or <1 CFU/IOO ml
whichrepresented >99.9010 inactivation within 3 hours of sunlight exposure.

3. C. petfrini§ns and Total Heterotrophic Bacteria (THB). The spores of C.
perfringens are known to be resistant to heat inactivation. Thus, the slow inactivation rate
of the spores of C. perfringens in System A (Heat) which resulted in only 95% reduction
after 5 hours of heat treatment was expected. The observation that greater than 99%
inactivation of C. perfringens was observed after 3 hours treatment in the other three
pasteurization units (Systems B, C, and D) was surprising. These results suggest that use
of reflectors to increase the water temperature is effective. These results also suggest that
UV and heat are synergistically acting to inactivate C. perfringens sporesas well.
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The inactivation rates of THB was slow in all four units and resulted in 99.99% reduction
in Systems C and 0 and 99.9% in Systems A and B. As stated earlier, it is difficult to
definitively interpret the results of THB because the assay measures the growth of all the
mixtures of viable bacteria in the water sample. However, the results suggest that
fractions of the THB population are aerobic spores, which are known to be resistant to
heat inactivation. This explains why there is always a resistant population of bacteria
when THB is assayed for. In all of these samples, there was no dramatic increase in the
populations of bacteria after overnight (24 hours) storage showing that reactivation or re
growth of thesebacteria was not a factor.

Experiment 2. Condition: Cloudy DaylFreqaent Showen. Water: Manoa Stream.
This day was characterized by cloudy conditions with frequent rain showers. Manoa
Stream water was used to represent surface water naturally contaminated with bacteria.
This type of water was added to the four pasteurizing units. exposed to sunlight and the
results summarized in Figures 2.1-2.6.

1. HeatinK the water. The effect of cloudy day with showers conditions on heating
and retaining the temperature of Manoa Stream water (1.76 NTU) in the four designs of
the pasteurization units are summarized in Figure 2.1. As compared to Experiment I. this
cloudy/showery day condition resulted in the inadequateheating of the water resulting in
water temperatures that never reached sooe and a slower inactivation rates for all
microorganism. However, the relative shapes of the temperature curves in the four
systems were similar to those observed in Experiment 1. Thus. the slowest rate and
lowest temperature was observed in System B (UV + Heat) which recorded a maximum
'temperature ofonly 40.3°C after 3 hours of sunlightexposure. The fastest rate and highest
temperature was observed in System e (Heat + 4 reflectors) which recorded a maximum

.temperature of 47.5 to 48.9°e after 3-5 hours of sunlight exposure. These results show
that even reflectors are not as effective on cloudy day conditions. In summary, on this
cloudy/showery day, the water temperature in all units did not reach the minimal
desirable temperature of 55°C and never approached the pasteurization temperature of
>60°c.

2. Gram neKative and iJ1lID positive fecal bacteria: The traditional indicators.
During this cloudy/shower day, the rate of inactivation of gram negative bacteria was
negligible for fecal coliform after 3 hours of sunlight treatment but showed some
evidence of inactivation between the 3 and S hours of treatment, especially in System C
where the water temperature had increased to nearly 49°C (Fig. 2.2). Under these same
conditions, the population of E. coli was inactivated to a greater degree but not to the
desirable 99.9O,fo inactivation level. This limited inactivation can be explained by the
cloudy condition which prevented the water temperature in the units to reach the minimal

. SSoC and did not get close to the pasteurization temperature of 60°C. However, the
greater inactivation rate (99%) ofE. coli in System B (UV + Heat) which had the lowest
watertemperature (39.5°C) as compared to less than 50% inactivatio~ in System A (Heat)
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which had a higher water temperature (44.8°C), support the observations made m
Experiment 1 that UV and Heat are acting synergistically to inactivateE. coli.

During this cloudy/showery day, the inactivation rate of enterococci was gradual and
finally achieving nearly 99.9% level after 5 hours of exposure in systems B, C. and 0 but
achieving less than 99% in system A (Heat). Since the water temperature in system A
reached 44.goC which was higher than the temperature in system B (39.5°C) and in
system 0 (41.2°C), these results provide evidence that even enterococci are being
inactivated by long term (3-5 hours) exposure to the synergistic effect of heat and the UV
raysof sunlight.

In summary, the results show that during this cloudy/showery day, the water temperature
in all units did not even reach the minimal desirable temperature of 55°C. Hence, the
concentrations of traditional fecal indicator bacteria were not reduced to the minimum
concentration of <1 CFU/lOO ml in the four pasteurization units. Bacterial populations
were reduced but not by 99.90!cI and therefore, the water in all of the units was
insufficiently treated to meet drinking water standards. Despite this limitation,
considerable inactivation of fecal indicator bacteria was observed as a result of the
combination of extended exposure (5 hours) to the heat and UV effects ofsunlight.

3. C. perfrin~ens and IHB. On this cloudy/showery day, less than 9()01o

inactivation of the spores of C. perfringens was observed in Systems A, C, and D after 5
hours of exposure and but resulted in nearly 95% inactivation in System B (UV + heat).
Although this set of data is not very conclusive, it suggests that sunlight radiation and
heat can work synergistically to inactivate the spores of C. perfringens. Inactivation of
total heterotrophic bacteria also showed that under this same cloudy day condition,
inactivation of at least 99.9% of the bacterial population was not achieved.

Experiment 3. Condition: Sunny Day. Water: Cistern. This day was characterized as
sunny. Cistern water was used to represent rainwater catchment systems used for
drinking water sources. This source of water was added to the four pasteurization units,
exposed to sunlight and the results summarized in Fig. 3.1-3.5.

1. Heatioi the water. During this sunny day, the temperature of the cistern water
(0.6 NTU turbidity), increased steadily from an initial 25.4°C to a maximum after 4 hours
exposure to sun to 85.9°C in System C (Heat + 4 Reflectors), to 72.9°C in System D
(UV+Heat + 2 Reflector), to 69.I oC in System A (heat), and 65.6°C in System B
(UV+Heat). Thus, on this sunny day, the water temperature in all four units reached the
pasteurizing temperature of 60°C. It was significant to note that the two units with
reflectors (Systems C and D) effectively increased the water temperature to 60°C after
only1.5hours of sunlight exposure.

2. Gram oeiative and~ positive fecal bacteria: The traditional Indicators. On
this sunny day, >99.90!cI inactivation of gram negative fecal coliform was observed in all
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which used UV radiation but at a lower temperature (65.6°C) to inactivate E. coli. These
data provide additional evidence. These data also provide additional evidence that
sunlight radiation and heat work synergistically to inactivate E. coli bacteria. Only low
concentrations of enterococci (42 CFU/IOO ml) were initially present in the cistern water
and undetectable levels of enterorocci were recovered in all four pasteurization systems
after 0,5 to 1 hour, Based on these results, we can.only measure the inactivation of >99%
of the enterococci present in the four pasteurization units. However, it would be safe to
assume that >99.9%inactivation of enterococciwas achieved.

In summary, during this sunny day, the temperature of water in all four systems reached
the pasteurization temperature of >60°C and this resulted in reducing the concentrations
of traditional fecal indicator bacteria to <1 CFU/IOO mI. Thus, the waters in all 4 of the
pasteurizing units were sufficiently treated to meet current drinkingwaterstandards.

3. Total Heterotrophic Bacteria. The cistern water was determined to have low to
undetectable levels of C. perfringens and undetectable levels of FRNA viruses. Thus, the
degree to whichthese two microorganisms were disinfected could not be measured in this
cistern water sample. The absence of these two groups of bacteria from cistern water
indicates that this source of water is not contaminated with sewage and the major source
of fecal indicator bacteria is probably environmental (soil, plants). The populations of
total heterotrophic bacteria in all four units showed a gradual inactivation rate measuring
approximately 99.9010 after 4 hours in Systems C and D. These results suggests that the
bacterial population in cistern water is more resistant to heat and Sunlight inactivation
than fecalindicator bacteria. Although the populations of bacteria in cistern waters have
not been determined, the slow inactivation rate suggest that it is comprised of resistant
gram positive bacteria and aerobic spores which are known to be more resistant than
vegetative cells and are naturally present in soil. Significantly, no re-growth was
observed for all other fecal indicatorbacteria after 24 hours of incubation.

D. Experiment 4. Condition: Partly Sunny/Cloudy Day. Water: Cistern. This
day was best characterized as partly sunny and partly cloudy and included a few rain
showers. As with Experiment 3, cistern water was used to simulate rainwater catchment
systems as source of drinking water. This water was added to all four pasteurizing units,
exposed to sunlight and the results summarized in Fig. 4.1 to 4.5.

1. Heatini: the water. During this partly cloudy/sunny day, the temperature of the
cistern water (0.7 NTU) increased gradually from an initial 25°C to a maximum after 4
hours of exposure to sun to only 49.rc in System 0, to 46.~C in System A, to 43.8°C in
System B and to 43.8°C in System B. Thus, on this partly cloudy/sunny day, none of the
water samples in the four pasteurization units reached 50°C and none of the water
samples were even close to the minimal desired temperature of 5SoC and did not
approach the pasteurization temperature of »src. On this day, the reflectors were not
effective in significantly raising the temperature of the water.
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2. Gram neiatiye and iTaID positive fecal indicator: The Traditional Indicators. On
this partly cloudy/sunny day, >99.9% of the population of fecal coliform was inactivated
in all four systems after 4 hours of sunlight exposure. In System D (UV + Heat + 2
Reflectors), this >99.9% inactivation was observed after only 2 hours of exposure to
sunlight when the water temperature was measured at only 40.8°C. These results again
support the theory that the UV radiation of sunlight acts synergistically with heat to
inactivate gram negative bacteria. Similar results were observed in the inactivation of
gram-negative E. coli. As observed in an earlier experiment, the results in Fig 4.3 again
show that greater inactivation occurred in System B (UV + Heat) as compared to System
A (Heat). Moreover, greatest inactivation occurred in System D (UV + Heat + 2
Reflectors). Taken together, these results support the earlier conclusion that the UV
radiation of sunlight acts synergistically with heat to inactivate gram negative bacteria
Under the same conditions, the relative inactivation rates for the gram positive
enterococci were generally slower than gram negative bacteria but 99.9010 inactivation
was observed within 2-5 hours in the 4 pasteurizing units. The greater resistance to
inactivation of gram positive enterococci as compared to gram negative bacteria is most
probably due to the cell wall structure of gram positive bacteria which is known to be
much more resistant than the cell wall structure of gram negative bacteria to most
environmental factors temperature, salinity,as well as chlorination.

In summary, during this partly cloudy/sunny day, the water temperature in all four
pasteurizing units did not reach 50°C and did not reach the minimum desirable
temperature of 55°C. Despite this low temperature, the concentrations of all traditional
fecal indicator bacteriawere reduced to < 1 CFU/l00ml. These results demonstrate that
the partly cloudy/sunny conditions of this day provided sufficient treatment of water in
these four units to sufficientlytreat the water to meet the current drinking water standard.
These results point out the synergistic effects of the following three factors which play
significant role in the inactivation ofmicroorganisms in water treated by these solarwater
treatment units: (1) Extended period (2-5 hrs) of exposure. 2) Elevated temperatures. 3.
Direct sunlight radiation.

3. Heterotrophic Bacteria The levels of C. perfringens and FRNA coliphages in
this cistern water sample were so low that the degree of inactivation of these two groups
of microorganisms in cistern water could not be measured. The low concentrations of
these two groups of microorganisms in this cistern water indicate that this sourceof water
is not contaminated with sewage and that the major source of fecal indicator bacteria in
the water sample are from environmental sources (soil, plants). In this experiment, the
rate of inactivation of heterotrophic bacteria was relatively slow in all of the 4
pasteurization systems and .reached a maximum of only 95% after 4-hour exposure to
sunlight. These results are 'similar to those 'observed in Experiment 3 and support the
conclusion that the populations of bacteria in cistern water are resistant to heat and
sunlight inactivation and most likely are comprisedof gram positive bacteria and aerobic
sporeswhichare known to bemore resistant to heat inactivation.
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E. Experiment 5: Condition: Sunny Day. Water: Diluted Sewage. This day was
characterized as a sunny day. The water used was sewage diluted I:40 into tap water to
simulate freshwater sources contaminated with sewage. This water was added to the 4
pasteurization units, exposed to sunlight and the results summarized in Fig 5.1 to 5.7.

I. Heatioa the water. During this sunny day, the temperature of the diluted sewage
(2.5 NTU turbidity) increased rapidly from an initial 32°C to 5I-54.5°C within 2 hour
exposure in the two systems(C, D) with sunlight reflectorsand reached the pasteurization
temperature of >60°C after 3 hours of exposure. As shown previously, the reflectors
effectively increase the water temperature during sunny days. Thus, the water in all 4
pasteurizing units reached the minimum desirable temperature of 55°C and the water in
System B (UV + Heat) was the only unit which did not reached the pasteurization
temperature of >60°C.

2. Gram neaative and~ positive fecal bacteria: The Traditional Indicators. On
this sunny day, >99.9999010 of the population of fecal coliform and E. coli in diluted
sewage was inactivated in all 4 pasteurizing units within 2-3 hours exposure to sunlight.
These bacteria were inactivated at the fastest rate in the two systems (Systems C, D)
which used reflectors. As observed previously, despite a higher water temperature
(64.3°C) in System A (Heat), E. coli was inactivated at a faster rate in System B (UV +
Heat) at the lower temperature of 55.6°C. These results provide additional data that uv
and Heat act synergistically to inactivate bacteria. As previously observed, the
inactivation rates of gram positive enterococci in the 4 pasteurization units were slower
than that observed for the gram negative fecal coliform and E. coli. However, after 3-S
hours exposure to sunlight, >99.99 % of the enterococcipopulation had been inactivated.

In summary, during this sunnyday, the water in three of the four pasteurizing reached the
pasteurizing temperature of 60°C and the water in the fourth unit reached the minimum
desirable temperature of SSOC. All four units reduced the concentrations of traditional
fecal indicator to <I CFU/IOO ml and showed that >99.99% of these populations of
bacteria was inactivated. Thus, the sewage-contaminated water in all 4 of the
pasteurization units was sufficiently treated to meet current drinking water standards.

3. C. per:frin~ens. FRNA Phaae and Total Heterotrophic Bacteria. The spores of
C. perfringens are known to be resistant to heat and this was observed in systems A and
C where inactivation was limited to approximately 90%. However, it is significant to note
that undetectable levelsof C. perfringens were measuredafter 5 hours in System B (UV +
Heat) and after 24 hours in System 0 (UV + Heat + 2 Reflectors) providing evidence for
the synergisticeffect of the UV radiation of sunlight and heat to inactivate the spores of
C. perfringens. Since FRNA are naturally present in sewage, its concentrations couldalso.
be measured. In this regard, FRNA phage was reduced by less than 99% in Systems A
and B but was reducedby >99.90,10 in Systems C and D. The highest water temperature of
74.4°C was achieved in System C indicating that heat was the primary mechanism for
inactivation. However, the water temperature in System 0 reached 63.rC which was
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lower than System A (64.3°C). It should be noted that System A provides for only heat
while System 0 provides for heat and radiation from sunlight. These results indicate that
even FRNA phages are inactivated by the synergistic effect of elevated temperature and
direct radiation effect of sunlight. Only 99 to 99.9% of the total heterotrophic bacteria
population were inactivated in all four units after 5 hours of exposure to sunlight. Based
on these results, we conclude that some aerobic bacterial spores are present in this water
sample which are more resistant to the inactivating effect of UV and heat from sunlight
than C. perfringens.

Experiment 6. Condition: Sunny Day. Water: Diluted Sewage. This day was
. characterized as sunny. As with experiment 5, sewage diluted 1: 40 in tap water was used

to simulate the contamination of water by sewage. This water was added to the four
pasteurization units, exposed to sunlight and the results summarized in Fig 6.1 to 6.7.

1. Heatine the water. During this sunny day, the temperature in the diluted sewage
(1.8 NTU turbidity) in all four units reached the pasteurizing temperature of 60°C within
5 hours of sunlight exposure. However, the water temperature increased most rapidly in
the two units with reflectors (Systems C (Heat + 4 Reflectors), and System D (UV+Heat
+ 2 Reflector). In these two units the water temperature increased rapidly exceeding the
minimum desirable temperature of 55°C within 2 hours of sunlight exposure, and reached
the pasteurization temperature of>60°C within 3 and 4 hours of sunlight exposure. These
results show again that reflectors are effective. in increasing the water temperature during
sunny days.

2. Gram neeative and~ positive fecal indicators: The traditional indicators.
On this sunny day, >99.99010 of all populations of fecal coliform and E. coli in all 4
pasteurization units was inactivated within 2-3 hours of exposure to sunlight. The results
are similar to those observed in Experiment 5 and show that more rapid inactivation
occurred in the two Systems (C, D) with reflectors. Another similar observation was the
slower inactivation ofE. coli in System A as compared to System B providing additional
evidence for the synergistic effect of the UV radiation effect of sunlight and heal As
observed previously in Experiment 5, inactivation of gram positive enterococci was
slower than the inactivation of gram negative fecal coliform and E. co/i. However,
undetectable levels of enterococci were observed in Systems C and D after 3 hours
whereas undetectable levels of enterococci were observed in Systems A and B .after 5
hours of exposure to sunlight.

In summary, during this sunny day, the 4 solar p.asteunzmg units reduced the
concentrations of traditional fecal indicator bacteria to <1 CFU/IOO ml. Thus, the water in
all 4 solar pasteurizing units was sufficiently treated to meet the current drinking water
standards.

3. C. per/riniellS. FRNA phaee and total heterotrophic bacteria During this sunny
day, the observed inactivation rates of C. perfringens, and total heterotrophic bacteria in
the sewage contaminated water were observed to be very similar to that observed during
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the previous sunny day experiment (Experiment 5) in the 4 solar pasteurizing units.
Thus, the results obtained for C. perfringens and total heterotrophic bacteria from this
Experiment 6 support the same conclusion reached-in Experiment S. The only significant
observed difference during Experiment 6 was the inactivation to undetectable levels of
fecal viruses (F RNA phages) in all 4 of the solar pasteurizing units after 5 hrs of
exposure to sunlight. FRNA viruses in these samples were not recovered even when the
sensitive enrichment method was used. The difference in these results as compared to
Experiment 5 is the greater amount of sunlight available in Experiment 6 which resulted
in higher water temperatures in Experiment 6 and most likely higher intensity of the UV
radiations from sunlight.

F. Experiment 7 and 8. Condition: Sunny Days. Water: FRNA phage seeded
iJito tap water. In Experiments 5 and 6, we used diluted sewage water and measured the
inactivation of the indigenous population of sewage borne F RNA bacteriophage in the
four pasteurizing units. Results of those experiment indicated that the synergistic effect of
heat and direct radiation of sunlight were effective in inactivating FRNA phage.
Experiments 7 and .8 were conducted as special tests to determine whether heat alone or
the synergistic effect of the heat plus the UV radiation of sunlight are responsible for the
inactivation of FRNA phage. In Experiment 7 and 8 (conducted on separate but similarly
sunny days) a laboratory strain of FRNA virus (MS2) was seeded into tap water at a
concentration of 1.0 x 103 PFU/ml. In Experiment 7, this water sample was placed into
System A (Heat) and ink? System B (UV + Heat) and exposed to sunlight. In Experiment
8, the same experimental design was used but the experimentwas conducted in System C
(Heat + 4 Reflectors) and System D (UV+ Heat + 2 Reflectors).

1. Heatin~ the water. The sunny day conditions for Experiment 7 and 8 resulted in
rapid heating of the water to reach pasteurization temperatureof >60oC after 3-4 hours of
exposure to sunlight. Thus, the experimental conditions were ideal for the mechanism of
heat inactivation.

2. Inactivation of MS2 FRNA pha~e. The results obtained in Experiment 7 and 8
were similar and showed that complete inactivation of all MS2 virus was observed in all
4 pasteurization units after 4 hours of exposure to sunlight. It should be noted that no
FRNA phage was detected even after 24 hours by both direct plaque assay and
enrichment, showing that phage reactivation had not occurred (Fig. 7.1). These data
provide evidence that when all four systems are exposed for four hours on a sunny day, it
is sufficient to destroy FRNA phage seeded in tap water. However, since the waterwas
heated to and exceeded 60°C, all of the seeded MS2 virus was inactivated in the two
systems (A and C) which allowed only heat. Under these conditions, heat alone was
sufficient to completely inactivate the concentrations of MS2 virus. Since heat alone
inactivated the MS2 virus, we could not specifically determine the synergistic effect of _
temperature and UV radiation of sunlight in these experiments. To show the synergistic
effect of heat and the radiation of sunlight, sunlight conditions must be chosen so the
water temperature remains below 55°C.
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v. SUMMARY AND CONCLUSIONS

1. Under sunny and partly sunny conditions such as in Experiments 1,3,4,5,6,7,8,
all four pasteurization units can be expected to readily inactivate more than 99.9% of the
concentrations of traditional gram negative fecal indicator bacteria such as fecal coliform
and E. coli to undetectable levels of <1 CFU/loo ml within 2-5 hours exposure to
sunlight. Under current regulations, this level of treatment is sufficient to render the water
suitable for drinking.

2. Under sunny conditions, the water in the pasteurizing units could be heated to
or exceed 60°C. Under these conditions, evidence was obtained that heating was the
primary mechanism to inactivate the fecal indicator bacteria. It should be noted that time
plus temperature is required for the inactivation of the indicator bacteria. Reflectors were
very effective in raising the temperature of the water. However, the effectiveness of the
reflectors was clearly evident during very sunny days and not very evident during cloudy
days.

3. Under cloudy conditions, the water temperature in the pasteurizing units did not
reach the pasteurizing temperature of 60°C and often did not reach what we arbitrarily
stated was the minimal desirable temperature of 55°C. Even under these conditions,
effective inactivation of microorganisms was observed, especially when the UV radiation
of sunlight was also allowed to treat the water as in Systems B and D. Under these
conditions, strong evidence was obtained to show that UV radiation of sunlight plus heat
worked synergistically to enhance the inactivation of gram negative fecal indicator
bacteria, enterococci, C. perfringens and FRNA coliphage. This synergistic effect was
observed in water temperatures as low as 41-50°C. More experiments should be
conducted to determine the mechanism and the exact conditions which allow this
synergistic effect to become effective. It is also imperative to determine whether sewage
borne pathogens such as human enteric viruses and protozoa's are also susceptible to the
synergistic effect of heat and sunlight radiation.

4. Enterococci are gram-positive fecal indicator bacteria and were shown to be
more stable to inactivation in the 4 pasteurization units as compared to gram negative
fecal indicator bacteria. However, this resistance was not insurmountable and generally
only required another hour or two of sunlight exposure. Thus, in most cases, treatment of
the water for 3-5 hours was sufficient to inactivate enterococci. In this regard, the
monitoring for enterococci may more closely measure the inactivation of all sewage
borne pathogens.

5. Under cloudy conditions with frequent showers, none of the 4 pasteurization
systems could be relied on to reduce the concentrations of fecal indicator bacteria to
levels of <1 CFU/loo mI. Thus, a limitation for the effectiveness of these pasteurization
units is the available sunlight. Reflectors cannot be relied on to compensate for these low
level sunlight days.
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6. C. perfringens was expected to be resistant to heat inactivation but the results
showed that even the spores of this bacteria were susceptible to inactivation when
exposed to elevated temperature for long periods (3-4 hours) of time. Moreover, the
synergistic effect of the UV radiation of sunlight and heat was shown to enhance the
inactivation of C. perfringens. If this synergistic effect is effective in the inactivation of
sewage borne pathogens such as human enteric viruses and protozoa, monitoring for C.
perfringens would be a reliable way to monitor for the absence of sewage borne
pathogens. It should be noted that C. perfringens is naturally found in high concentrations
in sewage and sewage contaminated waters. It is generally not found in sufficient
concentrations in sources ofwater (eg. cistern) which are not contaminated with sewage.

7. FRNA phage was also shown to be slightly more resistant to sunlight and heat
inactivation than the traditional gram negative and gram positive fecal indicator bacteria
However, when the pasteurization temperatures reached 60°C. these bacterial viruses
were disinfected. Moreover. evidence was obtained that these viruses may be susceptible
to the synergistic effect of UV radiation of sunlight. Thus. monitoring for this group of
virus may be a good surrogate to determine when contaminating human enteric viruses in
watersare also inactivated.

.8. The total heterotrophicgroup of bacteria was shown to be unusually resistant to
inactivation in these pasteurization units. The most logical explanation is the presence of
populations of bacteria which are comprised of gram positive bacteria and aerobic
bacillus spores which are known to.be more resistant to environmental factors thangram
negative bacteria The data indicates that some of these aerobic spores are highly resistant
to heat and the effect of sunlight. These bacillus spores are commonly present in soil and
the environment and do not reflect the presence of sewage.

9. Although quantitative data was not shown. hydrogen sulfide bacteria was
readily inactivated in these pasteurization units. Since this test can be done without
laboratory equipment, this test can be used by the water treatment operator with
minimum training. Thus, the water treatment operator can sample water at the end of the
day by adding L1}e treated water sample to the tube or bottle containing the dried paper
strip containingall the reagents for the hydrogen sulfide test. This water sample is held at
room temperature (22-3SoC) overnight and the sample is observed for blackening of the
paper strip which is a positive test that the hydrogen sulfide bacteriawas not inactivated.
If the paper strip does not blacken, all the hydrogen sulfide producing bacteria were killed
by the water treatment process. Thus, this monitoring results will be available the
following day to determine whether the water was adequately treated and is safe for
drinkingor whether it should undergo further treatment.

VI. RECOMMENDATIONS

~ These systems should include some modification in ·its design to allow for
periodic cleaningofthe inside ofwater collection chamber.
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> More accurate and durable temperature sensors shouldbe provided.
> The simple H2S tests should be used as a direct measurement of the treated

water by the operator.
> These experiments were based on materials that are new. In this regard, the

durability of plastic over time needs to be tested.
> The double layer plastic units may not be durable due to bloating of the

plastic seen during the test period.
> A brochure on safe handling of the treated water should be included with the

units.

VII. GUIDELINES FOR THE USE OF Family Sol*Slver System

• Suitable Users: Due to small volumeofwater treated(3.5 gallons), the system
is most suitable for small families living in remote region with poor quality
sourcewater and no practical means to disinfect it.

• Suitable Environment: Reliable performance of the Family Sol·Saver System
will be directly determined by the availability of sunlight and therefore can be
expected to be effective in some areas of the world and not effective in other
areas of the world. For countries in the tropical regions of the world, this
system may be very useful. However, one can also expect some days with
cloudyperiods and rain.

• SuitableMonitorin~ MeanS:

Heat Sensors- The Family Sol·Saver is suppliedwith a visual indicator,which
shows when pasteurization is complete as indicated by the melting of the wax
when the temperature reaches pasteurizing conditions (145~). It would be
desirable to have two visual temperature detectors one at 131"F (55°C) and
otherat 145~ (63°C).

Test the Quality of Water- Use of H2S strip test (12,13) to determine
disinfection performance of FamilySol·Saver is encouraged.

• Availability ofFamily Sol-SaVer:

Safe Water Systems
2800 Woodlawn Drive, Suite 131
Honolulu, Hawaii 96822
Telephone: 808-539-3937
Fax: 808-539-3935
e-mail: info@safewatmystems.com
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Water Soun:e: Diluted Sewage

75 Fig.5.1
• Q' ••• a.

.-.
65

J3 •••
~•-~ 55
!

i 45

! 3S

2S 0 , 2 3 • 5

....... A.... W C15 ." 5U IlIJ IU 21.2

-6-9'WtHIII 32 G.7 ... 5Z.J 5U 55.1 2U...~.~ 32 1IJ1 K5 172 "" 7U 25J
• 6- ....~r 311 ... 5U IlIJ IU 111 25.2

nmc (br)

Experiment 1# 5: SunDy Day
Water Souree: Diluted Sewage

Fig.5.2

0 ,
ellIOO 120000 2IlO 0.1 I., 0.1
ellIOO 22DO «10 0.1 0.1 0.1
ellIOO 1/1JOO 0.' 1.1 '" 0.'
ellIOO 11110 0.' I., l1 .1.,

nme(U)

1000000

· 100000

10000

1000

100

10

1

0.1 +---""T"""--""T"""-f!k---r--II_......-.-.-~-a.---.

e-c &==-=c_w_
-~-c.,
~~c.,

33



Elperimeat , S: SUDDy Day
Water Source: Diluted Sew.

Fig. 5.l

0 1

35t333 21_ ., U 1.1 0.1

35t333 ., • U 1.1 0.1

3S833S 3IIlIO 0.1 1.1 1.1 OJ

35t333 • 1.1 I., 1.1 0.1

Time (U)

1000000
100000

1 10000

:::Ii 1000
8:;: 100

1r,j;S
~ 10

I
0.1 +---......---......----....-~--.....-...-....-----.

- 6· HIIt+

0 Z

5100 ~ eJI 151 0.1 0.1
5100 • • Z 0.1 0.1
5IlIlI 3M! 23IlI 1.1 1.1 0.1
5IlIlI 1710 3IZ 1.1 1.1 0.1

Ti-.e(U)

0.1 +----.-----.----.....- -or-4---..,~......___,

Elperimeat II S: SUDDy Day
WIter Sou rte: Diluted Sew.

FiJ. 5.4
10000

'S i 1000
Oewe 100e-
!~Clr. 10r.1tJ

1

• 6· DoW+Hllt+2RdIdor

34



10000

1000
11

100.r~
~::::: 10
l~
U U

1

-6- ....

Experiment t# S: SUDDy Day
Water Soun:e: Diluted Sewage

Fic. 50S

0 1 2 S,. ..c2 .. GI 1as 10,. 171 MI 11 1.1 0.1,. 720 aD 172 a •,. sa 10 7 5 0.1

Time(hr)

Experimeat t# 5: SuDDy Day
Water Soun:e: Diluted Sew.

Fig. 506
10000 j
1000

100
i-• E
.t:I=
1.=-<- 10 -, ' ~

Z;;l , '
l:lCr:. , '

A. "fA, 1 .-..
....
"0.1 - -0 1 2 S "f a

-,-A-ttIIt 3lI5O • 250 130 a 100

-.....BoWtHNt 3lI5O 1700 • 2lI a 17'0

- El- C>MIItt~ RiIIIIdDr 3lI5O 12110 300 2lI 1.1 0.1

- 6 - OOW+....2RIIedDr 3lI5O 1700 • 10 1.1 0.1

Tuae~r)

35



100000000

10000000

i 1000000
=8 100000
r:~,. 10000

tJ
1000

100

Elperiment 1# S: Sunny Day
Water Source: Diluted Sew.

Fig. 5.7

~
....

"~

~ " . I~....b-.... .... ..
. . ·-i: .... ....

'0

0 , 5 U

2C30000 leoooo 25800II 70400
2C30000 12llOOO 1«lOOO MOOO
2433llClllO lO000O 2llOOO ..
2433llClllO 100000 11IlOO eIOlI

TIme (br)

36

§LEllQil ij 'Maw_ •



Elperiment II 6: SUDDy Day
Water Source: Diluted Sewage
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Elperiment 1# 6: Sunny Day
Water Source: DilutedSew.
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[xperimeat II 6: Sunny Day
Water Source; Diluted Sewage
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Experiment ## 6: SUDDy Day
Water Source: Diluted Sewage
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Seeded MS2in Tap Water
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