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Abstract

Recirculating Sand Filters (RSFs) provide a compact method of secondary
treatment to septic systems and lagoons, are relatively easy to operate and require little
maintenance. Together, these characteristics render RSFs particularly appropriate for
small communities and municipalities, as they offer a number of economic and
operational advantages over conventional technologies. A preliminary study investigating
RSF effluent quality, conducted jointly by McMaster University, the Great Lakes
Sustainability Fund (GLSF) and the Ontario Ministry of the Environment (MOE) in
1999-2001, conducted pilot-scale experiments and demonstrated that municipal sewage
can be successfully treated year-round by RSFs. The results of the preliminary study
recommended that further work be conducted to investigate the selection of media size,

dosing frequency, recycle ratio, and hydraulic loading rate.

The primary objective of this study was to develop design and operating
conditions under Ontario climatic conditions with respect to media size, dosing
frequency, recycle ratio and hydraulic loading rate by conducting further pilot-scale
studies. Three pilot-scale RSFs, operating in parallel, were loaded intermittently with
septic tank effluent to evaluate the above mentioned operating parameters on the removal
of total suspended solids (TSS), 5-day carbonaceous biochemical oxygen demand
(cBODs), total ammonia-nitrogen (TAN) and total nitrogen (TN). The addition of alum
was also implemented to evaluate the removal of total phosphorus (TP). The effluent
objectives for this study were based on the MOE general secondary treatment level
requirements of monthly averages based on a minimum of four weekly samples. The
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four-phase experimental program began in April, 2004 and ended in June, 2005. Three
media sizes were investigated, with dio of 2.6, 5 and 7.7 mm. The applied hydraulic
loading rates were 0.2 and 0.4 m/day. Dosing frequencies of 24 and 48 times/day were

observed. Recycle ratios of 300% and 500% were also evaluated.

It was found that the RSF operating with 2.6 mm media, 500% recycle ratio and
24 times/day dosing frequency under a hydraulic loading rate of 0.2 m/day produced the
best quality effluent, and achieved the effluent objectives required by the MOE. These
operating criteria, however, must still be investigated under cold weather conditions to
ensure acceptable year-round performance in Ontario. With proper addition of alum, the

TP effluent objective was achieved under the optimum operating conditions.
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Chapter 1

Introduction

1.1 Background

Lagoon treatment systems (conventional facultative lagoons) are employed
throughout Ontario to treat sewage; these lagoons are subject to significant seasonal
effects; which often result in poor effluent quality (Eastwood, 1996). Additionally,
approximately 20% of Ontario’s population live in small communities and use private
septic tanks/tile beds for sewage disposal (Robertson, 2002). Many of these systems are
aging or have not been maintained properly, resulting in system failure and
contamination of both surface and groundwater. Both lagoon systems and septic tanks/tile
beds require a substantial area, which increases the consumption of arable land as

population and industrialization increases.

Recirculating Sand Filters (RSFs) provide an appropriate secondary treatment
process that can significantly upgrade effluent quality from septic tank and lagoon
systems. Additionally, these systems require little maintenance. Between 1999 and 2001,
McMaster University completed a study for the Ontario Ministry of the Environment
(MOE) and the Great Lakes Sustainability Fund (GLSF) to assess the application of
recirculating intermittent sand filters to improve septic tank effluent quality (Robertson,
2002). The study was developed under the conditions shown in Table 1-1, and generated
a good quality effluent. However, due to problems experienced with flow measurement

and control devices, as well as pump over-sizing throughout the study, the hydraulic

1



M.A.Sc. Thesis in Civil Engineering Y. Weng

loading rates to the filters and the recycle ratios could not be controlled or measured
accurately. Further work was recommended to determine the appropriate selection of
media size, dosing frequency, recycle ratio and hydraulic loading rate. As well,

investigation of total phosphorus (TP) removal was recommended.

Table 1-1.  Experimental design (Roberston, 2002).

Parameter Range
Media d;¢ (mm) 0.1-2.6
Sewage hydraulic loading rate (HLR) (m/day) 02-04
RSFs effluent recycle ratio 2:1-4:1
Total suspended solids (TSS) or carbonaceous 5-day 40-80
biochemical oxygen demand (¢cBODs) loading (g/mz‘day)

Application frequency (hours) 03-24
Operating temperature (°C) 5-20

1.2 Objective
In 2004 — 2005, McMaster University and the National Water Research Institute

(NWRI) were commissioned to carry out the recommendations from the 1990 — 2001
study with funding from the GLSF and the MOE. The objective of the present study is to
determine the optimum design and operational parameters for RSFs to meet the effluent
criteria set by the MOE, and presented in Table 1-2. The experimental plan includes an
investigation of filter media size, an evaluation of the impact of effluent recycle ratio and
dosing frequency, a demonstration of cold weather operation, the selection of the

hydraulic loading rate, and the investigation of a metallic coagulant application for
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phosphorus removal. The results of this study will be employed to develop the design and

operational guidelines, to be published by the MOE for RSFs in Ontario.

Table 1-2. Effluent criteria.

Parameter Objective

Carbonaceous biological oxygen demand, 5 day (cBODs) | 15 mg/L

Total suspended solids (TSS) 15 mg/L
Total phosphorus (TP) 1.0 mg P/L
Total ammonia nitrogen (TAN ) 5mgN/L
Total nitrogen” (TN) 10 mg N/L

* Objective is stated as a monthly average based on a minimum of four weekly samples.

+ This objective is only applicable in groundwater discharge situations.

This thesis contains five additional chapters: a review of RSF history, operating
parameters and treatment efficacy is given in Chapter 2; Chapter 3 describes the
experimental materials, methods and design employed in this work; Chapter 4 presents
the results and discusses the implications of these results; and Chapter 5 lists the

conclusions and recommendations for future work.
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Chapter 2

Literature Review

In this chapter, existing literature on RSFs is reviewed, including an introduction
to RSFs and their history, their advantages and disadvantages, several typical designs that
have been for RSFs, the effect of various operating parameters (i.e., media size, hydraulic
loading rate, recycle ratio and dosing frequency) on treatment efficacy, the effect of

temperature on effluent quality, nitrogen and phosphorus removal.

2.1 Introduction

RSFs were developed in the late 1960s and early 1970s in Illinois (Hines and
Favreau, 1974) as a method of providing secondary treatment, beyond septic tanks and
prior to surface water discharge. RSFs provide a simple, compact method of delivering
improved treatment with relatively little maintenance; these qualities are particularly
important and appropriate for small communities and municipalities. Complex
biochemical and physical mechanisms function as the sewage filters through the media in
RSFs providing secondary treatment by straining, adsorption and biochemical oxidation

(Michels, 1996).

RSFs have been proven to offer several economic and operational advantages
over conventional technologies as follows (Solomon, 1998; Owen, 1994; Robertson,

2002):
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* they provide an excellent effluent quality with over 95% removal of BOD and

TSS;

» they are easily monitored and require little maintenance;

= they are capable of denitrification under proper operating conditions;

= they can minimize or eliminate odors;

= they require 1/5 ofthe area of single-pass sand filters; and

» the cost of a septic tank/RSF combination is approximately two thirds that of a
lagoon/ intermittent sand filter (ISF) combination.
In spite of these advantages, there are also some disadvantages associated with

RSFs, including (Solomon, 1998):

= high costs when media is not available locally;

* some degree of maintenance is required with respect to the media, pumps and
controls, and

»  cold temperatures (below 0 °C) must be considered when setting the operational

conditions.

2.2 Typical RSF Design

2.2.1 Conventional Recirculating Sand Filters

Conventional recirculating sand filters were originally developed to improve the
quality of septic tank effluent for surface water discharge (Hines and Favreau 1974). The
nitrified effluent from sand filters is recycled to the recirculating tank and mixed with the

septic tank effluent. Denitrification occurs in the recirculating tank with the septic tank
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effluent providing the required carbon source. Several studies, such as Loudon (1984)
and Piluk (2001), employing conventional RSFs have demonstrated some degree (40% to
70%) of nitrogen removal. A diagram of this type of recirculating sand filter is illustrated

in Figure 2-1.

Flow Splitting
Device

—j 7 Effluent

Septic Tank Recirculation Tank Sand Filter

Recyled Flow

Figure 2-1.  Schematic of the conventional recirculating sand filter process.

2.2.2 Sequential Upflow Filter/Sand Filter or Secondary Septic tank/Sand
Filter System

Venhuizen (1996) employed a system in the Washington Island project using an
anaerobic upflow filter (vertical flow rock bed anoxic reactor) in series with a sand filter
aiming to provide a better anoxic environment to increase the degree of denitrification.
This type of RSF demonstrated 60-90% nitrogen removal. Influent TKN ranged from
37.9 mg/L to 130 mg/L and effluent total nitrogen concentrations were generally less than
15 mg/L in all of the Washington Island systems when proper operating conditions were

maintained. The process flow diagram is illustrated in Figure 2-2.
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Optional E(\ecwculatlon Loops Discharge
- Reeirculation Feed Line
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Filter |
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Figure 2-2. Schematic of a typical upflow filter/sand filter system.

It was found that excessive clogging of the upflow filters was a potential
maintenance problem in the Washington Island systems, and the upflow filter did not
reduce the organic as expected. These results urged the abandonment of the upflow filter,
leading to the modified conventional recirculaing sand filter concept with a secondary

septic tank, which is illustrated in Figure 2-3.

Discharge
Recirculation Feed Line
Raw

Sewage Dosin }
Primary Secondary 9 Sand Filter |
Septic Tank | Septic Tank m Tank ﬁ 1
i I ‘

Effluent

Tank

Figure 2-3. Schematic of secondary septic/sand filter System.
The Anne Arundel County project reported by Piluk and Peters (1994) employed

the secondary septic tank/sand filter concept and demonstrated that with proper system
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design, little nitrogen removal efficiency is lost with the elimination of the upflow filter.
These systems yielded an average of 64% TN removal, with effluent TN concentration

averaging 20 mg/L.

2.2.3 Ruck System
Laak (1981) developed the RUCK system (Figure 2-4). The blackwater

(bathroom sewage) is treated using a septic tank followed by a sand filter; while the
greywater (kitchen and laundry waste water) is treated by a separate septic tank. The two
treated effluents flow to a rock-filled tank where denitrification occurs. This study
concluded that greywater provides effective carbon and energy sources for

denitrification, and resulted in 81% nitrogen removal.

Blackwater Septic ] ‘ Sand
Tank ! Filter
]
Greywater FHMSep;t-icuj { Rock Discharge
' Tank ! l Tank J

Figure 2-4. Schematic of the RUCK system.
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2.3 Operating Parameters

2.3.1 Media Size

The selection of media size is an important factor in the treatment of sewage by
RSFs. Pilot plant studies conducted by Bishop (1997) in northemn Utah employed two
different sizes of media in ISFs which were located downstream of an aerated lagoon.
The first type of media had a dio (grain diameter corresponding to 10% undersize
product) of 0.17 mm and a uniformity coefficient (UC) of 9.73, and the second type of
media had a djp of 0.4 mm and UC of 4.78. The hydraulic loading ranged from 0.23
m/day to 0.94 m/day. They found that media size had a profound effect on the effluent
quality, with the smaller media size providing more complete treatment with respect to
BODs and TSS removal. In addition, the media size was found to have an effect on the
amount of time, it took for the filter to clog, with the smaller media size plugging more

rapidly.

Darby (1996) also evaluated the effect of media size on ISF treatment efficiency.
Her experimental parameters are presented in Table 2-1. Filters 8, 9 and 10 were used to
investigate the effect of media size. The results demonstrated almost no differences in
removal efficiencies for TSS, BODs, and COD. Slightly higher removal of turbidity by
the finest media was the only statistically significant difference between the three media
sizes. She believed that the similarities in removal efficiencies were due to the moderate
hydraulic loading rate and the high dosing frequency. This combination resulted in a very

low flowrate applied to the filter at each dosing. Loudon (1995) stated that the media



M.A.Sc. Thesis in Civil Engineering Y. Weng

chosen for stronger sewage should be coarser than that used for domestic sewage;

however he does not specify any media sizes for either sewage strength.

Table 2-1.  Experimental parameters for Darby (1996) ISFs investigation.

Filter Effective Uniformity Hydraulic Loading | Dosing Frequency,
Number | Size, mm Coefficient Rate, m/day Times/day
1 0.29 4.52 0.041 4
2 0.29 4.52 0.081 24
3 0.29 4.52 0.326 24
4 0.29 4.52 0.652 24
5 0.29 4.52 0.163 24
6 0.29 4.52 0.163 4
7 0.29 4,52 0.163 12
8 0.33 1.42 0.163 24
9 0.54 1.32 0.163 24
10 0.93 1.29 0.163 24
11 0.93 1.29 0.163 4
12 0.93 1.29 0.163 12

Venhuizen (1994) employed coarse gravel media with dio’s ranging from 6 to 9.5
mm in the Washington Island project, which provided good performance. However,
slightly lower effluent BODs and TSS levels are generally obtained with smaller media
(Venhuizen, 1996). The operating conditions and experimental results for the Washington

Island project are presented in Table 2-2.

10
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Table 2-2.  Venhuizen (1994) Washington Island Project operating

conditions and results.

Hydraulic Filter Bl Filter

Media Loading Effluent] BOD TSS |Effluent| TN

Size, dio Rate Recycle; BOD |Removal| TSS (Removalf TN |Removal
System (mm) (m/day) |ratio (%)| (mg/L) (%) (mg/L) (%) |(Nmg/L)| (%)
Johnson 6 0.19 773 14.4 95.6 7.4 93.7 39.8 4.9
Briesemeister 1.5 N/A N/A 12.4 94.0 12.6 89.3 15.7 59.0
Boniface 6-9.5 0.14 780 3.8 98.8 4.7 97.1 16.8 80.3

Top 6-9.5

Mann Store |Bottom 1.5 0.10 910 10.3 98.6 5.9 96.2 13.7 89.3
Richter 1.5 mm 0.15 480 8.6 95.7 5.8 99.0 174 59.1

In summary, smaller media provide a higher degree of treatment efficiency,
however plugging does occur more quickly. Although coarser media do not typically
provide the same degree of treatment as finer media, it typically allows for a higher
hydraulic loading rate. The major advantage of coarse media is that it requires less
maintenance than fine media (Venhuizen, 1997). The United States Environmental
Protection Agency (US EPA) (2002) recommends media with a d,p ranging from 1 — 5
mm for sand and 3.0 — 20.0 mm for gravel. The SBD (Safety and Buildings of
Department of Commerce of State of Wisconsin, 1999) suggests that the most effective

grain size has a d;o between 1 and 2.5 mm.

2.3.2 Hydraulic loading rate
The recommended hydraulic loading rate given by the US EPA (2002) ranges

from 0.1m/day ~ 0.2m/day for sand and 0.4 ~ 0.6 m/day for gravel based on forward flow
for RSFs located downstream of a septic tank. Loudon (1995) also recommended loading

11
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rates in the range of 0.1m/day~0.2m/day for domestic strength influents. Ball (1991)
recommended loading rates as high as 0.4m/day for media with dygof 2.5 — 4.0 mm (UC
= 2 — 2.5) and recycle ratio of 500%. However, he did not give an effective dosing
frequency. Venhuizen (1996) suggest a hydraulic loading rate of 0.2 ~ 0.4 m/day for
RSFs with larger media (i.e. gravel), frequent dosing and high recycle ratio, as a result of

the Washington Island Project (Table 2-2).

Darby (1996) evaluated the effect of the hydraulic loading rate on the
performance of ISFs at dosing frequencies of four and twenty four times/day. The details
of the experiment conditions are presented in Table 2-1. It was found that increasing the
hydraulic loading rate from 0.081 to 0.163 m/day had little effect on COD removal at a
dosing frequency of 24 times/day; however, the removal rates of COD, BODs, TSS, NH;3-
N and Organic-N were significantly lower at a hydraulic loading rate of 0.326 m/day than
0.163 m/day. At a dosing frequency of 4 times/day, the COD removal in the filter dosed
at 0.163 m/day was slightly, but consistently, less than the filter dosed at 0.041 m/day. A
hydraulic loading rate between 0.163 m/day and 0.326 m/day was the maximum
sustainable loading for this study; beyond this, clogging occurred in less than three

months of operation.

2.3.3 Recycle Ratio

It has been stated that the treatment obtained by both ISFs and RSFs is
independent of hydraulic loading rate, but is correlated to the filter influent TSS or BOD:s

concentration (Robertson, 2002). Some references state that, in order to preclude

12
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premature clogging, it is expected that the organic loading rate should be limited to less
than 260 g BODs/m*/day (Anderson, 1985). The purpose of recirculating the treated
effluent is to dilute the influent sewage, thereby reducing the concentration of the influent
sewage. With a fixed influent, plus the recycled effluent from the filter, recirculation will
increase contact time between the microorganisms providing the treatment and the
organic matter within the sewage (Risgaard, 1996). Moreover, the noxious odors can be
eliminated through recirculation, which increases the oxygen content in the effluent that
is distributed on the filter bed (Solomon, 1998). Together, these qualities result in

superior treatment through recirculation.

The recycle ratio is defined as the ratio of the total flow onto the filter bed to the
forward flow rate [(recirculation flow + forward flow)/forward flow]. The US EPA
(2002) recommends a recycle ratio from 300% to 500%; although no studies have
actually been conducted examining the relationship between treatment efficacy and
recycle ratio. Risgaard (1996) suggests that during start-up the recycle ratio should be
500%. As the treatment efficiency increases and the operator gains experience the recycle
ratio can be decreased to 400%, 300%, or 200% to save energy costs on pumping. As a
result of the Washington Island project, Venhuizen (1997) concluded that a recycle ratio

0f 300% is a good compromise when treating domestic sewage.

Increasing the recycle ratio results in a lower C to N ratio in the recirculation tank,
which may result in insufficient carbon thereby limiting denitrification. Gold (1992)
encountered poor denitrification in a sand filter when the nitrified effluent was

recirculated through a septic tank with a recycle ratio of 400% to 500%. Lower recycle

13
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ratios, however, decreases the effluent quality due to the higher organic loading on the
sand filter surface. In the actual operation of RSFs, the corresponding recycle ratio is a

parameter highly related to the concentration of the influent sewage.

2.3.4 Dosing Frequency

Darby (1996) examined the effect of dosing frequency on the performance of
ISFs. The detailed experimental parameters are presented in Table 2-1. It was found that
increasing the dosing frequency from 4 to 24 times/day generally improved the
performance of the filters. However, the improvements were more dramatic for the coarse
sand filters than for the finer sand filters. For both fine and coarse sand, increasing the
dosing frequency from 4 to 12 times/day resulted in a statistically significant increase in
removal of turbidity, COD, and organic-N. For both media types, increasing the dosing
frequency from 4 to 12 times/day had a greater effect than increasing it from 12 to 24

times/day.

Darby (1996) explained the excellent performance at high dosing frequencies by
discussing fhe manner of sewage flow through the media. At higher dosing frequencies a
smaller volume of sewage is directed to the filter. If the application rate does not exceed
the water holding capacity of the media, the applied sewage flows over the media grains
in a thin film allowing maximum oxygen diffusion and maximum contact between
organic matter in the water and the microbial growth attached to the media. The thin film
allows longer contact time between a given portion of the sewage and attached microbes

than would occur under higher flows due to lower dosing frequencies.

14
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The US EPA (2002) recommends 48 times/day or higher for the dosing
frequency. Loudon (1995) concluded that the best treatment is obtained when the dosing
frequency results in correspondingly low flow from each orifice in the dosing pipe with
each dose. Dosing 24 — 48 times/day has worked well in his experiments. Using this
cycle length results in a dose of less than 0.011 m’ per orifice and a minimum of 24
minutes between cycles for the sewage to move though the media. With these loading
rates, experience has shown that the solids are biologically decomposed as fast as they
are filtered out with no appreciable build-up of organic material within the media. To the
knowledge of this author, no studies have been conducted to examine the effect of dosing

frequency on larger media (i.e., gravel) or dosing frequencies higher than 48 times/day.

2.4 Temperature Effect

The temperature of sewage is a very important parameter because of its effect on
chemical reactions and reaction rates, aquatic life, and bacterial activity (Metcalf and
Eddy, 2003). These mechanisms will all be hindered by cold temperatures. On the other
hand, biochemical reactions are also hindered when the oxygen concentration decreases,
and oxygen is less soluble in warm water than in cold water. Therefore, in North
America, the summer months are associated with an increase in the rate of biochemical
reactions, combined with a decrease in oxygen concentrations. Optimum temperatures for
bacterial activity are in the range of 25 to 35 °C. Aerobic digestion and nitrification cease
when the temperature rises above 50 °C. When the temperature drops to about 15 °C,
methane-producing bacteria become relatively inactive, and the autotrophic nitrifying
bacteria practically cease functioning at about 5 °C (Metcalf and Eddy, 2003). Harris
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(1977) found that the rate of nitrification decreased at temperatures less than 5 °C and did
not recover until temperatures increased to 10 °C. At 2°C, even the chemoheterotrophic

bacteria acting on carbonaceous material become essentially dormant (Metcalf and Eddy,

2003).

Past operating experiences indicate that RSFs operate very well under cold
weather conditions (Loudon, 1984; Owen, 1994; Michels, 1996). Owen (1994) studied
winter operation and performance of RSFs and found that nitrification can be consistently
achieved during winter months with sewage temperatures as low as 2 to 3 °C. Their
observations suggest that the denitrification rate increased with both time and

temperature.

Loudon (1984) experienced extremely cold weather in Michigan in January, 1984,
when the average air temperature was -10.9 °C and the average filter temperature was 2
°C. Even in these cold temperatures, the filter continued to produce a high-quality
effluent. BODs and TSS concentrations in the final effluent were generally below 10
mg/L, and fecal coliform levels were generally less than 200 per 100 mL. Nitrogen
removal through two parallel RSFs averaged between 40 to 60%. The operating

conditions are presented in Table 2-3.
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Table 2-3.  Operating conditions in Loudon (1984) RSFs study.

Media Size Hydraulic Loading Dosing Frequency | Recycle ratio (%)
(mm) (m/day) (times/day)
0.3 (UC=4.0) 0.11 Dosing once each 500

hour at daytime, and

dosing twice at night

Loudon (1984) measured air temperature, media temperatures at varying depths,
and water temperature in the septic tank, the dosing tank, and the filter drain. He found
that although the cold weather lowered the soil temperatures to below freezing at a depth
of 18 inches, the water was able to pass through the media without freezing and be
treated. He concluded that RSFs should be able to function well throughout any winter,

likely to occur in mid-Michigan.

Michels (1996) reported that removal efficiency in terms of BOD and TSS was
apparently not affected by the harsh winter weather of south central Wisconsin where the
air temperature drops below -10 °C. Although ice forms regularly on the surface of the
filter, the sewage flows over and under the ice and is apparently distributed adequately

throughout the filter to produce effluent with consistent BODs and TSS levels.

2.5 Eutrophication, Nitrogen and Phosphorus Removal

2.5.1 Eutrophicaton

Eutrophicaton in the aquatic system is a natural evolutionary process. However,

human activities, including agriculture, domestic use of fertilizers and the modification of
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buffer zones near surface water increase the amount of nutrients reaching the water.
Elemental nitrogen and phosphorus, essential to the growth of microorganisms, plants
and animals are known are known as nutrients (Metcalf and Eddy, 2003). The increased
load of nutrients stimulates algae growth, decreasing the clarity of the water. As the algae

decompose they take up oxygen, which affects the supply for fish and other aquatic life.

2.5.2 Nitrogen

The control of nitrogen in the aquatic environment may be required for several
reasons in addition to its role as an algal nutrient (Chowdhry, 1979). The discharge of
effluents containing TAN exerts environmental stress in receiving waters (Jenkins, 1969).
It has been demonstrated that the oxygen demand exerted during the oxidation of NH,4" is
at least as large as that of carbon (Jenkins, 1969). By decreasing the dissolved oxygen
concentration, nitrification process inhibits aquatic metabolisms (Jones, 1964). In fact,
ammonia has been found to be toxic to trout fry and rainbow trout at concentrations as
low as 0.3 mg N/L, therefore, some types of fish may be adversely affected by the

presence of 0.5 mg/L. of ammonia due to the nitrification process (McKee, 1963).

When the effluent from septic tanks or ISFs is discharged into the ground, the
converted nitrogen from ammonia to nitrate will move readily through soils and may
reach ground water. Nitrate contamination in groundwater is exemplified in Maryland,
where nitrates above the background levels appear to be more widespread than any other
known contaminants (Maryland, 1986). Water with high levels of nitrates when

consumed by infants or pregnant women may affect the hemoglobin in the blood,
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preventing it from carrying oxygen creating a condition known as methmoglobinaemia or
“blue baby” syndrome (Bosch, 1950). Consequently, both the U.S. Environmental
Protection Agency and the World Health Organization specify the maximum nitrate
concentration in drinking water to be 10 mg/L as nitrate-N (Sayre, 1988). Additionally,
nitrates in groundwater may contribute to the eutrophication of surface water (Walker,

1973)

2.5.3 Phosphorus

The presence of phosphorus in lakes has been stated to be a limiting factor for
aquatic growth (Metcalf and Eddy, 2003). Because of noxious algal blooms that occur in
surface waters, there is presently much interest in controlling phosphorus compounds that
enter surface waters through domestic and industrial waste discharges and natural runoff.
Municipal sewage, for example, may contain from 4 to 15 mg/L of phosphorus as P. The

effluent design objective given by MOE is 1.0 mg/L TP (OWRA, 1990).

2.5.4 Nitrogen Removal

One of the main advantages of RSFs employed in series with septic tank is their
ability to remove nitrogen. When the recirculated nitrified sand filter effluents mix with
septic tank effluent in the recirculating tank, denitrification occurs; with the septic tank

effluent providing the required carbon source.

There are two mechanisms for nitrogen removal via biological process. First, a
small amount of nitrogen is removed due to the new biomass growth. Second, nitrogen is

removed through nitrification and denitrification.
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The nitrification/denitrification process is a two step process that requires an
acrobic environment followed by an anoxic environment (Metcalf and Eddy, 2003). The.
first step of nitrification/denitrification is the biological process where ammonia is
oxidized to nitrite and then nitrate through nitrifying bacteria in the presence of oxygen.
Nitrifying bacteria, however, are very sensitive organisms. Ammonia concentrations,
temperature, pH, alkalinity, and dissolved oxygen concentration all affect the rate of
growth and nitrification. An optimal pH range for nitrifying bacteria is between 6.5 and
8.0 (Endter, 1996). Nitrification is reported to occur at temperatures ranging from
approximately 4 to 45 °C (Endter, 1996). It is must be maintained at DO levels above 2
mg/L and alkalinity above 40 mg/L (Sandy, 1987). For nitrification, a 7:1 alkalinity/
TKN (total kjeldahl nitrogen) ratio is recommended (Laal, 1981). Nitrification in sand
filter generally improves at lower ratios of BODs to TKN, which produce higher

populations of nitrifiers resulting in higher nitrification rates (Piluk, 2001).

The second step is denitrification, in which facultative heterotrophic bacteria use
nitrite and nitrate as a substitute for oxygen in their respiratory processes in anoxic
environments. The denitrifiers convert the nitrate to nitrogen oxides (N,O) and nitrogen
gas (N,) which are released into the atmosphere. For denitrification to occur, an electron
donor or carbon source is required as an energy source. Unlike nitrification,
denitrification produces alkalinity. In this step, about half of the alkalinity used up in the

nitrification process is recovered (Metcalf and Eddy, 2003).

Loudon (1984) found a 40% - 60% reduction of nitrogen in his experiments

conducted with RSFs. Lamb (1990) found that denitrification was achieved when the
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sand filter effluent was mixed with three different carbon sources (methanol, ethanol, and
septic tank effluent) prior to entering a buried rock tank. With septic tank effluent
providing the only carbon source, only 25% denitrification occurred, whereas the
addition of methanol and ethanol produced a mean denitrification of 99%. Silora (1977)
investigated the denitrification of nitrified septic tank effluent containing 40 to 50 mg/L
NOs-N in RSFs under both laboratory and field conditions with methanol addition. They
concluded that the system worked well, but that the use of an external carbon source can
be too complicated and costly. Laak (1981) developed the RUCK system, a modification
of a conventional septic system that employs the organic matter in greywater (kitchen and
laundry waste) septic tank effluent as the carbon source for the denitrification of nitrified
blackwater (bathroom sewage). He and subsequent investigators (Lamb, 1987) found that
greywater is an effective carbon and energy source for denitrification. Healy and Rodgers
(2004) studied RSFs for the treatment of synthetic dairy parlor washings without an
external carbon source, and found that RSFs reduced total nitrogen (TN) in the sewage by

83.2% over the 170 day study duration.

2.5.5 Phosphorus Removal

Phosphorus can be removed through a biomass synthesizing process,
physical/chemical processes, or biological process (Metcalf and Eddy, 2003). Some
phosphorus is required to produce new heterotrophic biomass; the amount of phosphorus
taken up for this purpose is typically about 1/5 of the nitrogen required for new biomass

synthesis. The following paragraphs will describe the mechanisms of phosphorus
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removal, and present the results of various studies examining phosphorus removal by

RSFs.

For physical/chemical processes, the addition of certain chemicals (e.g. alum,
sodium aluminate, ferric chloride or sulfate and lime) to wastewater produces insoluble
or low-solubility salts when combined with phosphate. These low-solubility salts
precipitate, thereby removing the phosphorus. The advantages of chemical/physical
processes are that they are stable and easy to implement. The disadvantages include the

sludge produced by the precipitate and costs associated with the purchase of chemicals.

Chemicals can be added at several points in the treatment process including: (1)
raw sewage; (2) the effluent from the primary sedimentation facilities, the mixed liquor
(in the activated-sludge process), or biological treatment process prior to secondary
sedimentation; or (3) the effluent from secondary sedimentation facilities. For RSFs, the
chemical is typically added to the raw sewage or the sand filter effluent. The advantages
and disadvantages of the removal of phosphorus by the addition of chemicals at various

points in a treatment process are summarized in Table 2-4.
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Table 2-4.  Advantages and disadvantages of chemical addition for

phosphorus removal at various points in the treatment process.

Level of treatment | Advantages Disadvantages

Primary Applicable to most plants; Least efficient use of metal;
increased BOD and suspended | polymer may be required for
solids removal; lime recovery | flocculation; sludge more

demonstrated difficult to dewater than
primary sludge
Secondary Lowest cost; lower chemical Overdose of metal may cause
dosage than primary; improved | low pH toxicity; with low-
stability of activated sludge; alkalinity sewage, a pH control
polymer not required system may be necessary;

cannot use lime because of
excessive pH; inert solids added
to activated-sludge mixed
liquor, reducing the percentage
of volatile solids

Advanced- Most effective for phosphorus | Highest capital cost; highest
precipitation removal; most efficient metal | metal leakage in discharge
use; lime recovery
demonstrated
Advanced-single and | Low cost can be combined Length of filter run may be
two-stage filtration | with the removal of residual reduced with single-stage
suspended solids filtration. Additional expense

with two-stage filtration process

Adapted from Metcalf and Eddy (2003).

Biological phosphorus removal is a complicated process requiring both aerobic
and anaerobic environments (Metcalf and Eddy, 2003). The process is dependent on the
presence of facultative bacteria referred as phosphorus accumulating organisms (PAOs)
which are cycled between anaerobic (no oxygen or nitrate present) and aerobic
conditions. In the anaerobic zone, PAOs take up the volatile fatty acids (VFAs), releasing
of phosphorus to the liquid phase via polyphosphate cleavage, which provides energy for
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VFA transport. Glycogen is utilized to provide enough reducing power to drive the
transformation of VFAs into polyhydroxybutyrate (PHB). At the end of the anaerobic
period, no VFAs remain, and there is high phosphorus concentration in the liquid phase.
In the aerobic zone, PAOs use stored PHB to generate new PAQO biomass, to replenish
the glycogen and polyphosphate pools and to aid in the uptake of phosphorus. The
amount of phosphorus taken up in the aerobic phase is larger than amount of phosphorus
released in the anaerobic phase, and therefore there is a net phosphorus removal from the
liquid phase. At the end of aerobic period, the PHB content is low, the PAO population is
large, the glycogen and polyphosphate contents are relatively high, and the soluble
phosphorus concentration is very low (even zero). As a portion of the biomass is wasted,
stored phosphorus is removed from the biotreatment reactor for ultimate disposal with the
waste sludge. Biological phosphorus removal can only be accomplished successfully

when the proper environment is maintained for phosphorus uptake.

For on-site sewage treatment, the physical/chemical method of phosphorus
removal is preferable due the process’ reliability and ease of implementation. The extra
treatment units are required for biological phosphorus removal, and the operation of this

process, is much more complicated.

In the RSF process, phosphorous removal can be accomplished through microbial
uptake, chemical reactions and adsorption to the media (Risgaard, 1996). Sauer and
Boyle (1978) reported that substantial phosphorus attenuation can occur in sand filters
during the initial start up period (6 months to 2 years) due to adsorption or precipitation

on media surfaces. The cold climate study performed by Loudon (1984) found some
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phosphorus removal initially, but removal rates dropped to zero after 1.5 years. Gold
(1992) reported that the phosphorus removal rate during his first year of RSF operation
was 75%, and annual phosphorus removal was 31.9% for the next two years of the three-

year study periods with no significant seasonal trends.

Pell and Nyberg (1989) examined the ability of a pilot-scale sand filter system to
reduce both organic matter and phosphorus. Early in the experiment, phosphorus rapidly
adsorbed to the sand particles, however adsorption became less effective over the course
of the study. The efficiency with which the newly started, conventionally constructed
sand-filter system removed phosphorus was 91%. By the end of the 78 day experiment,
the removal efficiency reduced to 70%. Pell and Nyberg (1989) also found that the
adsorption rate of PO,>-P under partially anaerobic conditions in a column was higher
than under the acrobic conditions in the pilot-scale sand filter. They also found that it was
more difficult to control phosphorus levels than to control COD in their sand-filter

system.

Overall, from the existing literature, RSFs have been demonstrated be an
appropriate technology for the small communities and municipalities, providing the
secondary wastewater treatment. The optimization of RSF’s operating conditions under
Ontario climatic conditions is a necessary step to implement this methodology in Ontario,
which has never been conducted in previous research. Further work is required to
investigate the optimum operating conditions for RSFs under Ontario climatic conditions

to develop the design and operating guidelines of RSFs in Ontario.
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Chapter 3
Materials and Methods

3.1 Pilot Plant Description ‘

The pilot plant is located in Clifford, Ontario. The map showing the location of
Clifford is presented in Figure 3-1. A plan view of the pilot plant schematic diagram is
presented in Figure 3-2, and the process flow diagram is illustrated in Figure 3-3. There
are four sand filters operating in parallel in the pilot plant, three of which were employed
in these experiments. The fourth sand filter is a commercial Orenco unit, and was not

included in the experimental plan, as it is configured quite differently and would

therefore present difficulties in comparing results.
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Figure 3-1. Map of Clifford location.
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Figure 3-2.  Schematic diagram of the Clifford Pilot Plant layout.
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Figure 3-3.  Clifford recirculating sand filters process.
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Raw sewage is pumped from the main wet well to a primary septic tank, and from
there into a secondary septic tank. The treated effluent from the primary septic tank
(PST) is mixed with the recycled effluent from the sand filter in the secondary septic tank
(SST). Denitrification occurrs in the secondary septic tank under anoxic conditions, with

the primary effluent providing the required carbon and energy sources and the previously
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nitrified recirculated sand filter effluent acting as the electron acceptor. The recycle also
serves to dilute the primary effluent organic load on the sand filters, resulting in
denitrified and diluted primary effluent flowing by gravity from the secondary tank to the
dosing tank, at which point it is dosed onto the surface of the sand filters intermittently.
Complex biochemical and physical mechanisms function within the sand filters, where
the majority of the organics and solids are removed, and nitrification occurs to some
degree. The sand filter effluent is collected in a network of underdrains, and flows to a
splitter at which point a predetermined fraction is recycled to the secondary septic tank
and the rest flows to a wet well and from there returned to the main wet well. The raw
sewage at the Clifford wastewater treatment plant is not significantly diluted by the
recycle process due the forward flow through the pilot plant represents less than 5% of

the total flow from the Clifford village.

3.2 Pilot Plant Facilities

The pilot facilities were constructed at Clifford in 1999. Figure 3-4 shows a
photograph of the site. The primary septic tank, pump tank, secondary septic tanks and
dosing tanks are fabricated from precast concrete. The sand filter units are constructed

with plywood walls and covered with vinyl rubber liner.
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Figure 3-4.  Clifford pilot plant site.

In 2003 and 2004, new instrumentation was installed and adjustments were
implemented by NWRI to adapt the pilot plant to fill the requirements of the current
study. Genericlot RTD temperature transmitters were installed in every filter in 2003. The
24 v DC temperature transmitters ranged from -40 to +40 °C. Magnetic flow meters were
installed in the late summer of 2003 in the individual secondary septic tank influent and
sand filter dosing pipelines. Analog outputs from the temperature transmitters and the
flowmeters are transmitted to the SCADAPack™ programmable logic controller (PLC).
An on-site computer was used to store and retrieve online data and facilitate remote
access to either the SCADAPack ™ or the Orenco PLC to modify operating conditions. A
25 mm diaphragm valve was installed to throttle the filter dose flow to a value less than
60 L/minute in every dosing tank. In August 2004, an autosampler was installed for 24
hour composite sampling in the main wet well. In November 2004, the underdrains

servicing filters 2 and 4 were modified from a single pipe to three pipes. A pump was
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installed for alum addition to raw sewage on the line prior to the primary septic tank.

Scale details of the pilot plant units are presented in Table 3-1. A plan view and cross-

section of the filter unit are presented in Figure 3-5.

Table 3-1.  Clifford pilot plant process units scale.
. Experimental Stream
Component Detail
L 2 4
Main pump well Pump Grundfos EF150  After Mar 20,05  ABS S182W
Primary Septic Tank  {Operating Volume, L 11300
Operating Volume, L 1800
Pump Tank
Pump Grundfos EF33E
Secondary Septic Tank{Operating Volume, L 3900 3900 3900
Operating Volume, L 1100 1100 1100
Dosing Tanks
Pump Grundfos EF33E | Grundfos EF33E | Grundfos EF33E
Surface Area, m° 3x4 3x4 3x4
Depth, mm 510 510 510
No. of Laterals per Cell 2 2 2
Diameter of Laterals, mm 32 32 32
. Distance between laterals,
Sand Filters
mm 1500 1500 1500
No. of orifices 16 16 16
Orifice location side side Side
Orifice diameter, mm 6 6 6
Orifice spacing, mm 1000 1000 1000
1 1
Number 4|(3 in Phase 3 and 4)| (3 in Phase 3 and 4)
Depth of 5.05 mm gravel
Underdrains over underdrain pipe,mm 150 150 150
Diameter of underdrains,
mm 100 100 100
Vents per filter 1 1 1
Recirculation device  {Type Splitter basin Splitter basin Splitter basin
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Note: In Phase 1 and 2, each filter was instalied only one underdrain pipe,
In Phase 3 and 4, Filter 2 and 4 underdrain was modified by including two additional
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Figure 3-5. Plan view and cross-section of the filter unit.
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3.3 Experimental Design

3.3.1 Operating Conditions

The technical steering committee for this investigation, with members from
Environment Canada, the MOE, the NWRI and McMaster University, set the initial
experimental plan and made periodic adjustments according to the progress of the study.
The detailed plan is presented in Table 3-2. Each phase lasted approximately thirteen
weeks, including three weeks for acclimation and ten weeks for monitoring. Different
operating conditions were applied in each RSF in each phase of the study. Since the three
RSFs have the same hydraulic design and equipment specifications, performance
variation can be ascribed to the different operating conditions such as media size,
hydraulic loading rate, recycle ratio and dosing frequency. Figure 3-6, 3-7 and 3-8 show

photographs of sand filters with 2.6, 5, 7.7 mm (do) diameter media respectively.
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Table 3-2.  Experimental plan.
Phase RSF |Media Size dio (mm)|Influent Loading (m/day)| Recle Ratio |Dosing frequency (times/day)
1 1 2.6 0.2 300% 48
(April 2004 to 2 2.6 0.2 500% 48
July 2004) 4 7.7 0.2 500% 48
2 1 2.6 0.4 500% 24
(August 2004 to 2 2.6 0.4 500% 48
November 2004) 4 7.7 0.4 500% 48
3 1 2.6 0.4 500% 24
(December 2004 2 5 0.4 500% 24
to March 2005) 4 7.7 04 500% 24
4 1 2.6 0.4 500% 24
(April 2004 to 2 5 0.4 500% 24
June 2004) 4 7.7 0.4 500% 24
Comparisons

RSF 1 and RSF 2 (April 2004 — July 2004) — Effect of recycle ratio
RSF 2 and RSF 4 (April 2004 — July 2004) — Effect of media size

RSF 1 and RSF 2 (August 2004 — November 2004) — Effect of dosing frequency

RSF 2 (April 2004 — July 2004) and RSF 2 (August 2004 — November 2004) — Effect of forward loading rate
RSF 4 (April 2004 — July 2004) and RSF 4 (August 2004 — November 2004) — Effect of forward loading rate
RSF 1 (August 2004 — November 2004) and RSF 1 (December 2004 — March 2005) — Effect of temperature

RSF 1 (December 2004 - March 2005) and RSF 1 (April 2004 — June 2005) — Effect of temperature

RSF 1 (August 2004 — November 2004) and RSF 1 (April 2004 — June 2005) — Replication of temperature results
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Figure 3-6.  Filter 1 with a 2.6 mm d;¢ media.

Figure 3-7. Filter 2 with 5 mm d;o media.
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Figure 3-8.  Filter 4 with 7.7 mm d;( media.

3.3.2 Coagulation Study
Previous research (Eastwood and Murphy 1991; Narasiah, 1994) has found that

the removal of filterable phosphorus from sewage is not stoichiometric. Eastwood and
Murphy (1996) performed jar tests to study the effect of alum on phosphorus removal,

and fit a non-linear regression using an exponential decay function as follows:

(P./R)=0.92%exp[-1.15%(4!/F,)]+0.083 (3-1)
where:
P, = the residual concentration of filterable total phosphorus (TPf) (mg P/L),
P, = the initial concentration of TPf (mg P/L)

Al = the aluminum dosage (mg Al/L)
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This function demonstrates that an alum dosage of four times the initial soluble
phosphorus concentration will remove approximately 90% of the soluble phosphorus,

regardless of the initial filterable phosphorus concentration.

A bench scale coagulation study was conducted to determine the optimal
coagulant dose required for the filter influent to achieve the target concentration of TP
less than 1 mg/L. Additionally, this study served to evaluate the validity of the function
presented in (3-1). Raw sewage from Clifford pilot plant was collected on October 19,
2005 and October 26, 2005 to perform jar tests. 26 experiments were conducted to

analyze the concentration of TP, TPf, and TSS in the sewage with the addition of alum.

3.4 Sampling Techniques and Analytical Techniques

3.4.1 Sampling Techniques

Sampling consisted of weekly grab samples collected from the main wet well, the
septic tank outlet and the filter effluent. Composite (24 hour) sampling was applied to
collect influent raw sewage from the main wet well on a weekly basis in Phases 2 and 4.
Each grab sample was collected during a dosing event, which lasted from 6 to 18 minutes

and occurred once or twice per hour.

Flow and filter temperature data were logged for the entire period the study. Air
temperature was taken from the Mount Forest weather station which is located 20
kilometer east of Clifford. Dissolved oxygen (DO), and temperatures were measured on
site as part of each weekly sample event. Samples were analyzed for COD, TP, TSS,

TAN, NOs-N, NO,-N, SO42', pH, conductivity and alkalinity at the McMaster University
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laboratory within 24 hours of sample collection. Samples were stored at 4 °C from the

time of collection to the time of analysis. Samples were analyzed for cBODs and E.Coli

by the MOE laboratory. A sampling matrix is presented in Table 3-3. Duplicate samples

were collected and sent to the MOE lab for analysis of TP, TSS, NH;-N, TKN, NOs-N,

NO;-N, alkalinity, and conductivity as a QA/QC measure for the McMaster University

Laboratory. All samples sent to the MOE laboratory were packed in a cooler before they

were transported.

Table 3-3.  Sampling activity and sampling location.
Sampling
Activity Point Sampling Location Analytes
Raw sewage: cBODs, COD, TP, TSS, NHs-N, TN, NOx-N,
Phase 1 1 Main wet well NO,-N
Primary effluent: cBODs, COD, TP, TSS, NHs-N, TN, NOs-N,
2 Pumping tank NO.,-N
Secondary septic tank 1 cBOD;, COD, TP, TSS, NH3-N, TN, NOs-N,
effiuent: NO,-N, SO42', pH, conductivity, alkalinity,
Phase 2 3 Dosing tank 1 E.coli
Secondary septic tank 2 cBODs, COD, TP, TSS, NH3-N, TN, NOs-N,
effluent: NO,-N, S04%, pH, conductivity, alkalinity,
4 Dosing tank 2 E.coli
Secondary septic tank 4 cBODg, COD, TP, TSS, NHs-N, TN, NOs-N,
effluent: NO,-N, SO4%, pH, conductivity, alkalinity,
Phase 3 6 Dosing tank 4 E.coli
cBOD;, COD, TP, TSS, NHa-N, TN, NOz-N,
Filter 1 effluent: NO,-N, SO47, pH, conductivity, alkalinity,
7 Sampling basin 1 E.coli
cBODs, COD, TP, TSS, NHzs-N, TN, NOs-N,
Filter 2 effluent: NO,-N, S047, pH, conductivity, alkalinity,
Phase 4 8 Sampling basin E.coli
cBODs, COD, TP, TSS, NH3-N, TN, NOz-N,
Filter 4 effluent: NO,-N, SO4%, pH, Conductivity, Alkalinity,
10  [Sampling basin E.coli
Coagulation Raw sewage:
Study 1 Main wet well TSS, TP, TPf
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3.4.2 Analytical Techniques

Filter temperature and flow data were remotely transferred from the on-site
computer using PC Anywhere 10.5 (Symantec). Analytical techniques for the other
parameters conducted by the McMaster University Environmental Systems Laboratory

and the MOE Laboratory are presented in Table 3-4 and Table 3-5 respectively.

Table 3-4.  University laboratory analytical techniques.

Parameter Method Instrument Filtered
DO Onsite 'YSI Model 57 oxygen meter N/A
Temperature Onsite YSI Model 57 oxygen meter N/A
COD Standard Methods (1992), Hach DL/2000 sperctrophotometer No

method 5220 D

Standard Methods (1998),
TSS Mettler HL 52 balance Yes
imethod 2540 D

TAN Hach Method 8038 Hach DL/2000 sperctrophotometer Yes

CD25 conductivity detector,
Standard Methods (1998), IONPAC® AS12A analytical
Nitrate Yes
method 4110 B icolumn, Prostar 410 autosampler,

Prostar 230 solvent delivery module

IStandard Methods (1998),

Nitrite method 4110 B; Hach Method |Hach DL/2000 sperctrophotometer Yes
8038 (After Dec 7, 2004)
TN Hach Method 10071 Hach DL/2000 sperctrophotometer No
TP Hach Method 8190 Hach DL/2000 sperctrophotometer No
Standard Methods (1998),
pH Accumet Model 915 pH Meter No
method 4500-H+
Standard Methods (1998),
Alkalinity IAccumet Model 915 pH Meter No
method 2320
Standard Methods (1998), .
Conductivity Hach Condutivity/TDS meter No
method 2510
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Parameter Method

cBODs BODC 3182

TSS SIGN 3188
TAN DISNUT 3366
Nitrate DISNUT 3366
Nitrite DISNUT 3366
TKN TOTNUT 3368
TP TOTNUT 3368
pH PHALCO 3218
Alkalinity PHALCO 3218
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Chapter 4
Pilot Plant Performance and Discussion

4.1 Influent Sewage Characteristic

Historic Clifford wastewater treatment plant data, from 1997 to 2002, are
tabulated and reported in Table 4-1. These values represent averages of twice monthly
raw sewage grab samples collected by the plant operator. These values demonstrate that

the influent sewage used in this study was typical municipal sewage.

Table 4-1.  Analysis of influent sewage characteristic of Clifford wastewater

treatment plant.
Flow cBOD; TSS TKN TAN TP
Year (m3/d) (mg/L) (mg/L) | (mgN/L) | (mgN/L) | (mgP/L)
1997 136.6 142 165 32 26 4.8
1998 128.4 192 197 42 36 5.5
1999 132.4 147 175 44 37 5.6
2000 181.1 157 210 28 24 4.4
2001 2224 161.3 233.1 24.2 22.6 4.7
2002 211.6 144.7 240.9 289 24.7 4.7
Minimum 109 81 107 12.5 10.5 1.69
Maximum | 595.6 482 1020 58.3 52.5 8.8
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4.2 Pilot Plant Performance

4.2.1 Phase 1 Performance

In phase 1, the forward flow hydraulic loading rate was 0.2 m/day and the dosing
frequency was 48 times/day for all RSFs. The recycle ratio was 300% for RSF 1 and
500% for RSFs 2 and 4. The media had a d;p of 2.6 mm for RSFs 1 and 2 and 7.7 mm for
RSF 4 (See Table 3-2). The purpose of this phase was to evaluate the effects of media
size and recycle ratio on treatment efficiency. Phase 1 started on April 1, 2004 and ended
on July 26, 2004. The first sampling event was on April 7, 2004 and the last sampling
occasion was on July 20, 2004. Prior to April 1, 2004, RSFs 1, 2 and 4 had been
operating since November, 2003, however, they experienced several days of downtime
due to maintenance. Therefore, the period prior to April 1, 2004 can be considered an

acclimation phase.

4.2.1.1 Phase 1 Ambient Temperature, Online Filter Temperatures and Flow

The ambient temperature and online filter temperatures are presented in Figure
4-1 and 4-2 respectively. In this phase, the minimum of ambient temperature was -8.3 °C,
and the maximum of ambient temperature was 29.7 °C, with 8 days of records missing in
June, 2004. The online filter bed temperature data show an average increase of 13 °C

over the experimental period.
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The daily RSF forward and total hydraulic loading rates are presented in Figure 4-
3. The recycle ratios are presented in Figure 4-4. The total hydraulic loading is defined
as the forward flow plus the recycled effluent flow from the filter. The recycle ratio is as
the total flow applied to the filter expressed as a percentage of the forward flow, as
defined by the US EPA. The total hydraulic loading from the dose tank was 0.6 m/day for
filter 1 and 1.0 m/day for filters 2 and 4. On April 1, 2004 and April 14, 2004, all flows
were interrupted due to maintenance on the raw sewage feed pump. The mean recycle
ratios for RSFs 1, 2 and 4 were 284%, 550% and 502% respectively. Occasionally, those

exceptionally high recycle ratios for RSFs were due to debris fouling the pumps.

s RSF 1 Forward

- —s— RSF 2 Forward
- RSF 4 Forward |
—e— RSF 1 Total

j—“— RSF 2 Total
E‘ R§F ‘4 Total

1.00 ———=mm| | PO e dupim

0.00 - e : —— :
24-Mar-  13-Apr-  3-May- 23-May- 12-Jun-  2-Ju-  22-Ju-  11-Aug-
2004 2004 2004 2004 2004 2004 2004 2004

Date

Forward and Total Hydraulic Loading (m/d)
o
o
o

R S R

Figure 4-3.  Phase 1: Summary of actual hydraulic loadings for RSFs 1, 2 and 4.
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Figure 4-4. Phase 1: Actual recycle ratios for RSFs 1, 2 and 4.

4.2.1.2 Phase 1 Performance Results

Performance results for this phase are summarized in Table 4-2. The data
presented represent the weekly sampling results averaged over the entire phase. The RSF
effluent parameters based on monthly averages of weekly samples are shown in Table
4-3. The following paragraphs discuss each effluent parameter individually, and offer

explanations for the differences observed between the three RSFs.
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Table 4-2.  Phase 1 RSFs performance results (April, 2004 ~ July, 2004).
RAW PST SST 1 8ST 2 SST 4 RSF 1 RSF 2 RSF 4
ITEM SEWAGE| EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT
MEDIA SIZE (mm) 2.6 2.6 7.7
SEWAGE DESIGN; 0.6 0.6 0.6 1 1 0.2 0.2 0.2
FLOWRATE (m/day)ACTUAL| 0.64 0.64 0.57 1.00 1.02 0.22 0.20 0.21
RECYCLE RATIO |DESIGN 300 500 500
(%) ACTUAL | 284 550 502
Dosing Frequency (times/day) 48 48 48
TEMP (°C) 12.42 12.11 11.87
DO (mg/L Oy) 53 1.0 1.3 1.6 1.1 2.3 24 1.4
cBODs (mg/L) 84.4 90.4 33.6 13.9 25.3 21 0.7 8.7
COD (mg/L) 294.0 258.3 115.1 73.7 99.0 32.8 244 61.6
TSS (mg/L) 155.4 48.7 26.5 20.8 22.9 6.6 5.8 135
TAN (mg N/L) 13.84 13.83 8.15 4.78 10.42 1.38 0.67 9.33
NO," (mg N/L) 0.005 0.001 0.076 0.123 0.032 0.041 0.070 0.027
NO3™ (mg N/L) 0.076 0.056 0.292 0.930 0.288 7.226 6.870 0.924
TN (mg N/L) 28.7 24.0 13.3 10.1 16.9 9.5 7.9 156.0
TP (mg P/L) 5.1 4.51 4.23 3.90 4.30 3.89 3.90 4.14
S0 (mglL) 142.5 81.2 83.9 91.7 67.1 95.5 93.2 57.8
pH 7.04 7.09 7.24 7.20 7.19 7.39
CONDUCTIVITY ( us/cm) 1707 1713 1720 1707 1660 1763
ALKALINITY (mg CaCO4/L) 352.6 324.3 382.3 288.9 283.8 3784
E.coli (103cfu/100mL) 1612.5 1270.0 1765.0 26.5 74 952.0
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Table 4-3.  Phase 1: RSF effluent parameters.

cBOD; TSS TAN TN TP
RSF Month (mg/L) | (mglL) (mg NIL) (mg NIL) (mg P/L)
April, 2004 (2)* 3.9 0.93 9.5 3.13
May, 2004 (4)* 3.6 9.5 2.64 . 89 3.94
RSF 1
June, 2004 (5)* 1.5 7.4 0.34 7.3 3.94
July, 2004 (3)* 2.8 34 1.09 9.0 L 405
April, 2004 (2)* 5.1 1.23 10.1 803
May, 2004 (4)* 1.1 6.7 0.28 8.5 419
RSF 2
June, 2004 (5)* 0.6 6.3 0.37 6.5 = A0
July, 2004 (3)* 2.8 43 1.33 7.9 3.88
April, 2004 (2)* 12.8 3.37 09 3.48
May, 2004 (4)* & 13 - 10. &
RSF 4 ay, 2004 (4) 8 3.6 6.31 10.7 4.54
June, 2004 (5)* 8.6 14.2 - 12.18 - 184 4.16
July, 2004 (3)* 9.0 12.6 1257 17.8 4.00

Note: 1. The effluent concentrations presented represent a monthly average based on weekly
samples.

2. The shaded areas indicate effluent concentrations exceeding the MOE objective.

* This number indicates the number of sampling events incorporated into the average.

In phase 1, the cBODs was not examined until May 25, 2004 due to the fact that
the MOE sampling bottles were not ready. The phase 1 effluent cBODs and overall
removals of cBODs for all RSFs are presented in Figure 4-5. RSFs 1 and 2 demonstrated
excellent removal of organic matter, with effluent concentrations consistently falling
below 2 mg/L and 4 mg/L respectively. The overall average removal of cBODs, based on
the raw sewage concentration, for RSFs 1 and 2 was 97.1% and 99.2% respectively. The

effluent cBOD;s for RSF 4 was much higher than that of RSFs 1 and 2, with the overall

average removal of cBODs being 89.4%. In spite of this, the maximum cBODs
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concentration never exceeded 15 mg/L, which is the objective cBODs effluent criterion.
This experimental phase demonstrates that RSFs have excellent capability for organic
removal. Even with media as coarse as 7.7 mm, the ¢cBODs still meets the MOE’s
effluent criterion. The reason that RSFs perform better with smaller media is that the
smaller media provide a larger surface area which can accumulate more microbes to treat
organic in the influent. Alternatively, a higher recycle ratio can dilute the organic
concentration in the forward flow, and increase the total hydraulic loading thereby

increasing the contact time between the microorganisms and organic matter.

Effluent cBODs (mg/L)
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Figure4-5.  Phase 1: Effluent cBOD;s concentration and overall cBODs removal by RSFs.

Figure 4-6 shows the effluent TSS concentrations from RSFs 1, 2 and 4, as well
as the overall TSS removal for each RSF in Phase 1. There was one occasion, May 11,
2004, when raw sewage was not collected due to the fact that the sampling location was

locked. RSFs 1 and 2 produced similar effluent TSS concentrations and removals. RSF 2,
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however, performed more consistently than RSF 1, which exceeded the 15 mg/L TSS
effluent criterion on one occasion. This exceedence, however, may be due to the method
employed to collect the sample, as grab samples represent a single sampling event, and
maybe be collected at a time when the effluent concentration is high. The effluent quality
for TSS was much worse for RSF 4 than the other two RSFs, producing an effluent with
more than double the TSS concentrations of RSFs 1 and 2. The overall average removals
for RSFs 1, 2 and 4 were 95.4%, 95.7% and 90.0% respectively. All three RSFs did,
however, achieve the effluent TSS criterion under their respective operating conditions.
Higher TSS removal rates by smaller media are due to the smaller pore space between the
grains which can strain more solids out. Again, the higher recycle ratio acts to reduce the

TSS concentration in the filter loading leading to lower effluent TSS concentrations.
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Figure 4-6.  Phase 1: Effluent TSS concentration and overall TSS removal by RSFs.
The transformation of nitrogen throughout this phase is presented in Figure 4-7 .

The effluent concentrations of TN and TAN are presented in Figure 4-8 and Figure 4-9
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respectively. In phase 1, RSFs 1 and 2 experienced significant nitrification, whereas the
degree of nitrification by RSF 4 was respectively low. This was demonstrated through
alkalinity measurements in the RSF effluent. In the nitrification phase, with the TAN
being oxidized to nitrate, alkalinity is consumed by the H' which is product of
nitrification. Therefore, more alkalinity is consumed with a higher degree of nitrification.
RSF 2 had the lowest alkalinity followed by RSF 1; RSF 4 had a much higher alkalinity
(Table 4-2). Because the Clifford wastewater treatment plant’s sewage is rich in
alkalinity, nitrification was not inhibited in the RSFs. The TKN removal rates were
92.4%, 96.6% and 50.9% for RSFs 1, 2, and 4 respectively. As presented in Table 4-3,
both RSFs 1 and 2 achieved the total nitrogen effluent objective of 10 mg N/L, although
RSF 2 did exceed the target on one occasion and RSF 1 exceeded the target on 5
occasions. The reason for RSF 2’s higher TN treatment efficiency is the higher recycle
ratio diluting the forward flow concentration. The higher recycle ratio also acts to
increase the total hydraulic loading, thereby increasing microbial contact time in the
filter. RSF 4 effluent was, on average, 50% higher than the 10 mg N/L effluent criterion.
The effluent TAN concentrations from RSFs 1 and 2 were consistently lower than the
criterion of 5 mg N/L, whereas the effluent from RSF 4 exceeded the criterion. The lower
TAN and TN concentrations from the RSFs with djg 2.6 mm media are due to the fact
that the smaller media provide a larger surface area on which to accumulate more
nitrifying bacteria. Therefore, they can remove more TAN in the effluent, thereby more
nitrates, which are then denitrified in the secondary septic tank leading to lower TN

concentrations in the RSF effluent.
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Figure 4-7. Phase 1: Form of N throughout the treatment expressed as a

percentage of TN in the raw sewage.
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Figure 4-8. Phase 1: TN concentrations in the RSF effluent.
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Figure 4-9. Phase 1: TAN concentrations in the RSF effluent.

All three RSFs demonstrated similar treatment results for TP in Phase 1 with
approximately 20% TP removal, however, the TP concentration in the effluent from all
three RSFs exceeded the effluent criterion which indicates that they cannot achieve the
target without coagulant addition. Figure 4-10 shows that the effluent TP and overall TP
removal of RSFs was very similar by the RSFs 1, 2 and 4, however RSFs 1 and 2
performed slightly better than RSF 4. The reason for the slightly better removals
experienced by RSFs 1 and 2 is the smaller media size employed in these filters, which
provides a larger surface area for adsorption. On one occasion, June 29, 2004, the overall
TP removal was negative, which was, again, likely due to the grab sampling

methodology.
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Figure 4-10. Phase 1: Effluent TP concentration and overall TP removal by RSFs.
E.coli testing commenced on May 25, 2005, however, samples were not tested on
several occasions due to delays in the delivery to the MOE Lab. Generally, RSF 2 had the
best E.coli removal followed by RSF 1. RSF 4 had much higher E.coli concentrations in
its effluent, by nearly two orders of magnitude. The effluent E.coli concentrations from
phase 1 are presented in Figure 4-11. Higher treatment efficiency for the RSFs with
smaller media is once again due to the fact that the small media provide a larger surface
area, which accumulates more microbes to decompose the microorganisms in the influent
sewage. The higher recycle ratio diluting the E.coli concentration in the forward flow
also results in lower effluent E.coli concentrations, due to the reasons discussed

previously.
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Figure 4-11. Phase 1: Effluent E.coli Concentrations from RSFs 1, 2 and 4.

In summary, the RSF with the smallest media (d;o=2.6 mm), which provided a
larger surface area, allowing larger contact area between the microbes and pollutants in
the sewage. Additionally, the higher recycle ratio acts to dilute the primary effluent,
thereby providing a longer contact time between microbes and pollutants. Therefore, RSF
2, with the 500% recycle ratio and d;o=2.6 mm media, produce the highest effluent
quality followed by RSF 1 with a 300% recycle ratio and d;¢=2.6 mm media. The effluent
characteristics of RSF 4 were worse than those of RSFs 1 and 2, with the exception of TP,

for which all RSF effluent qualities were similar.

4.2.2 Phase 2 Performance
The forward flow hydraulic loading rate was set to 0.4 m/day for all RSFs

throughout this phase and the recycle ratio was set to 500%. The dosing frequency was

set to 24 times/day for RSF 1, while RSFs 2 and 4 remained at a dosing frequency of 48
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times/day. The media were not changed from Phase 1 (See Table 3-2). The purpose of
this phase was to evaluate the effects of dosing frequency and hydraulic loading. Phase 2
started on August 16, 2004 and ended on November 8, 2004. The first sampling event
was on August 17, 2004, and the last sampling event was on November 2, 2004. 24 hour

composite samples of the raw sewage were collected weekly beginning on September 20,

2004.

4.2.2.1 Phase 2 Ambient Temperature, Online Filter Temperatures and Flow

The ambient temperatures and online filter temperatures measured throughout
Phase 2 are presented in Figures 4-12 and 4-13 respectively. Throughout this phase, the
minimum ambient temperature was -6.3 °C and the maximum ambient temperature was
27.9 °C. The online filter bed temperature data show an average decrease of

approximately 8 °C, from 18 °C to 10 °C, over the course of this experimental phase.
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Figure 4-12. Phase 2: Ambient temperature.
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Figure 4-13. Phase 2: Online filter temperatures.

The actual daily RSF forward flow and total hydraulic loading data, as measured
by the flow meters, are presented in Figure 4-14. The forward flow was shut down for
maintenance on several occasions; these data were excluded. The mean recycle ratios for
RSFs 1, 2 and 4 were 525%, 587% and 481% respectively. Occasionally, those

exceptionally high recycle ratios were due to debris fouling the pump.
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Figure 4-14. Phase 2: Summary of actual hydraulic loadings for RSFs 1,2 and 4.
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Figure 4-15. Phase 2: Actual recycle ratios for RSFs 1, 2 and 4.
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4.2.2.2 Phase 2 Performance Results

Table 4-4 summarizes the performance results from Phase 2. The data presented
represent the average of all samples measurements collected throughout this phase. The
RSF effluent parameters are presented as monthly averages of weekly samples in Table
4-5. The following paragraphs discuss each effluent parameter individually, and offer

explanations for the differences observed between the three RSFs.
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Table 4-4. Phase 2 RSFs performance results (August, 2004 ~ November, 2004).
RAW
SEWAGE PST SST 1 SST 2 SST 4 RSF 1 RSF 2 RSF 4
(TEM INFLUENT |EFFLUENT| EFFLUENT |EFFLUENT| EFFLUENT [EFFLUENT | EFFLUENT | EFFLUENT
MEDIA SIZE (mm) 26 26 7.7
SEWAGE DESIGN 1.2 1.2 2 2 2 0.4 04 0.4
FLOWRATE
{m/day) ACTUAL 1.13 1.13 1.82 1.96 1.89 0.38 0.35 0.40
RECYCLE RATIO ) DESIGN 500 500 500
(%) ACTUAL 525 587 481
Dosing Frequency (times/day) 24 48 48
TEMP (°C) 14.6 14.0 15.3 15.0 15.3 14.5 14.3 14.5
DO (mg/L Oy) 33 16 23 2.2 2.1 2.1 19 22
cBODs (mg/L) 192.3 67.7 17.1 28.5 30.7 2.9 5.0 12.4
COD (mglL) 604.1 207 .1 85.6 109.5 109.5 30.5 46.7 85.0
TSS (mg/L) 299.7 57.0 25.8 31.0 34.6 52 10.3 18.9
TAN (mg N/L) 15.28 16.80 6.50 12.48 12.95 2.62 9.30 11.14
NO, (mg N/L) 0.014 0.000 0.272 0.000 0.000 0.219 0.204 0.044
NOj3 (mg N/L) 0.129 0.167 2.030 0.180 0.202 5.642 1.520 1.015
TN (mg N/L) 317 25.1 12.0 17.9 18.7 8.9 14.7 16.2
TP (mg P/L) 6.23 3.86 345 3.85 3.49 3.13 3.89 3.33
8042' (mg/L) 148.741 104.750 114.352 87.825 94.901 116.544 83.898 92.501
pH 7.01 7.05 7.20 7.16 7.16 7.35
CONDUCTIVITY ( us/cm) 1818 1874 1857 1779 1817 1834
ALKALINITY (mg CaCO3/L) 317 362 360 287 346 348
E.coli (1 0° cfu/1 00mL) 947 1863 2169 11 341 1093
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Table 4-5.  Phase 2: RSF effluent parameters.
cBOD; TSS TAN TN TP
RSF Month (mg/L) (mg/L) (mg N/L) (mg N/L) (mg P/L)
RSF1 | Aug, 2004 (2)* | 255 4.9 3.41 8.3 3.60
Sept, 2004 (4)* 3.3 5.6 2.58 8.2 . 3.15
Oct, 2004 (4)* 3.0 4.9 2.;13 9.5 2.96
Nov, 2004 (1)* 2.0 4.9 1.98 11.0 2.75
RSF 2 Aug, 2004 (2)* 4.9 10.2 6.35 13.9 4.18
Sept, 2004 (4)* 45 8.3 BB | o8 4.00
Oct, 2004 (4)" | 56 131 | dmis | iis L o 5]
Nov, 2004 (17" | 44 78 | 880 [ @B’ " 280
RSF 4 Aug, 2004 (2)* 13.7 211 983 . 144 = 3.58
Sept, 2004 (4| 144 209 | 4o 176 3.33
Oct, 2004 (4 | 11.1 172 | 1315 165 330
Nov, 2004 (1)* 8.8 13.6 : 830 13.1 2.95

samples.

Note: 1. The effluent concentrations presented represent a monthly average based on weekly

2. The shaded areas indicate effluent concentrations exceeding the MOE objective.

* This number indicates the number of sampling events incorporated into the average.

The phase 2 effluent cBODs concentrations and overall removals of cBODs for all

RSFs are presented in Figure 4-16. The cBODs data from the sampling event on

September 14, 2004 are missing. On all occasions, the RSF 1 and 2 effluent cBODs were

lower than 10 mg/L, which is significantly lower than the MOE objective of 15 mg/L.

The average overall removals of ¢cBODs for RSFs 1 and 2 were 97.8% and 96.2%

respectively. Although the average cBODs concentration in the RSF 4 effluent was lower

than the effluent objective, there were 3 sampling events when the cBODs concentration

exceeded the MOE effluent target of 15 mg/L. The average removal of cBODs for RSF 4
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was 90.1%. Overall, all three RSFs performed well in terms of organic removal, even at

the higher hydraulic loading rate, achieving the MOE effluent criterion.
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Figure 4-16. Phase 2: Effluent cBODs concentration and overall cBODs; Removal of RSFs.

The Phase 2 effluent TSS concentrations and overall TSS removal from all three

RSFs are presented in Figure 4-17. Again, RSF 1 performed best, with the effluent TSS

being lower than 10 mg/L throughout the entire phase. The average TSS removal by RSF

1 was 97.1%. As presented in Table 4-5, the effluent TSS concentration from RSF 2 was

less than the MOE effluent target of 15 mg/L, however, there was one occasion in which

it exceeded the target. The average TSS removal by RSF 2 was 95.0%. RSF 4 had the

worst performance in terms of TSS removal, only achieved the MOE effluent objective in

November 2004 when there was just one sampling occasion. The average TSS removal

by RSF 4 was 90.5%.
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Figure 4-17. Phase 2 effluent TSS concentration and overall TSS removal by RSFs.

The effluent nitrate and TAN concentrations from Phase 2 are presented in Figure
4-18. The sewage was well nitrified by RSF 1; the effluent TAN concentration remained
under the effluent objective of 5 mg N/L throughout the entire phase. RSFs 2 and 4
however, consistently exceeded the objective. The nitrification performance achieved by
RSF 2 was similar to that of RSF 4 since September 21, 2004. NWRI (2005) reported that
RSF 2 took 40 minutes to completely drain. Slow drainage likely minimized the amount
of air percolating through the filter; which may attribute to the poor nitrification

performance as nitrification requires and aerobic environment.

The Phase 2 effluent TN concentrations and overall TN removals are presented in
Figure 4-19. RSF 1 performed well in terms of nitrification and denitrification. On most
occasions, the effluent TN from RSF 1 was below the effluent objective of 10 mg N/L
until the last month of this phase; exceedences in this last month were likely due to the

decline in temperature. The average TN reduction achieved by RSF 1 was 69.8%. The
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effluent TN from RSFs 2 and 4, however, consistently exceeded the effluent objective.

The average TN reduction achieved by RSFs 2 and 4 were 504% and 44.3%

respectively.
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Figure 4-18. Phase 2: Nitrate and TAN concentration from RSFs 1, 2 and 4.
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Figure 4-19. Phase 2: Effluent TN concentration and overall TN removal by RSFs
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The effluent TP concentrations and overall TP removal achieved in this phase for
all RSFs are shown in Figure 4-20. The TP reduction was similar to that achieved in
Phase 1. The effluent TP was consistently higher than the effluent objective of 1.0 mg
P/L. The average TP removal efficiency for all three RSFs was between 20% and 30%.
Without coagulant addition, the RSFs do not have the ability to achieve the effluent
objective. On several occasions, the TP effluent concentrations were higher than the raw
sewage concentrations may be attributed to the grab sampling methodology, as it
represents only a single event, and the TP concentration in the raw sewage is not
consistent. On those occasions when the TP removal was high, it is more likely due to a

very high TP concentration in the raw sewage.
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Figure 4-20. Phase 2: Effluent TP concentration and overall TP removal by RSFs.

The phase 2 effluent E.coli concentrations are presented in Figure 4-21. Data from
sampling event on September 14, 2004 is missing due to the fact that E. coli tests were

not conducted. RSF 1 had the best performance in terms of E. coli removal followed by

63



M.A.Sc. Thesis in Civil Engineering Y. Weng

RSFs 2 and 4. The various performances of E. coli removal from each RSF can be
attributed to dosing frequencies and media size. RSFs with a dosing frequency of 48
times/day require take 40 minutes to completely drain. Slow drainage likely minimizes
the amount of air percolating through the filter. This may attribute to less E.coli being
oxidized resulting in less E.coli removal for RSF 2 than that for RSF 1. Additionally,
RSF 2 has smaller media, and therefore a larger surface area than RSF 4 with which

grows more microbes, resulting superior performance.
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Figure 4-21. Phase 2: Effluent E.coli concentrations from RSFs 1, 2 and 4.

In summary, RSF 1 achieved the best treatment performance at all parameters
followed by RSFs 2 and then 4. The results of this phase demonstrate that superior RSF
performance is achieved with a dosing frequency of 24 times/day over 48 times/day. It
was observed, RSF with a dosing frequency of 48 times/day required longer time to
completely drain; this slow drainage likely minimized the amount of air percolating

through the filter, which may attribute to the poorer performance than RSF with a dosing
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frequency of 24 times/day. Better performance was achieved by the RSF with smaller
media under the higher hydraulic loading (0.4 m/day). Again, it is due to the fact of that
the smaller media provide a larger surface that accumulates more microbes for sewage

treatment.

4.2.3 Phase 3 Performance

The Phase 2 performance demonstrated that a dosing frequency of 24 times/day
provided superior performance to a dosing frequency of 48 times/day. Therefore, in
Phase 3, all three RSFs were operated under a dosing frequency of 24 times/day to
evaluate the effect of temperature on RSF performance. The media in RSF 2 was
replaced with d;p=5 mm gravel to evaluate the performance of this media size. The 7.7
mm (d;o) media in filter 4 was washed and return into the tank, and the media in filter 1
remained untouched from Phase 2 (See Table 3-2). NWRI (2005) observed that filters 2
and 4 did not drain well, which may have lead to anaerobic conditions in the filters
during Phase 2. To mitigate this issue, NWRI modified the underdrain systems in filters 2
and 4 to incorporate three collection pipes prior to Phase 3. As a result of their
observation of that some media were not accumulating biomass, NWRI also replaced the
distribution pipes for RSF 2 with a distribution system having more pipes with downward
facing orifices. Unfortunately, this modification resulted in freezing of the orifices due to
drips sticking to the orifices and sewage pooling in the end of the pipe. As a result, the
original distribution pipeline was reinstalled. The Grab sample methodology for
collecting raw sewage samples was reinstated since the autosampler pump was frequently
blocked with debris during cold weather.
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The forward hydraulic loading and recycle ratio remained at 0.4 m/day and 500%
respectively, for all RSFs. Alum addition was commenced to achieve the objective TP
effluent criterion of less than 1 mg P/L. Alum was added to the raw sewage pipe in the
main wet well using a peristaltic pump and a static mixer when the raw sewage pump was
on. Phase 3 started on November 26, 2004 and ended on April 2, 2005. The purpose of
Phase 3 was to assess the performance of the RSFs under cold weather condition, as well
as the performance of 5 mm (d;o) media. This phase also assessed the removal of

phosphorus with the addition of alum.

4.2.3.1 Phase 3 Ambient Temperature, Online Filter Temperatures and Flow

Clifford experienced an extremely cold winter in 2004. The Phase 3 ambient
temperature and online filter temperatures are presented in Figure 4-22 and 4-23. In this
period, the minimum ambient temperature was -31.1 °C, and the average monthly
ambient temperature for December, January, February and March were -5.5 °C, -8.8 °C, -
6.7 °C, -4.8 °C respectively. The online filter bed temperature data show an average

decrease of approximately 7 °C from 9.8 °C to 2.7 °C, over this experimental period.
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Figure 4-23. Phase 3: Online filter temperatures.
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The daily RSF forward and total hydraulic loading rates are presented in Figure 4-
24. The recycle ratios of RSFs 1, 2 and 4 are presented in Figure 4-25. The target
influent hydraulic loading rate for RSFs was 0.4 m/day, however, the actual mean values
were 0.4 m/day, 0.42 m/day and 0.41 m/day respectively. On several dates the influent
flow was shut down for maintenances, these day flows were exclu‘ded. The target recycle
ratio for all three RSFs was 500%, however, the actual recycle ratio for RSFs 1, 2 and 4
were 486%, 473% and 481%. Occasionally, those exceptionally high recycle ratios were

due to debris fouling the pump.
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Figure 4-24. Phase 3: Summary of actual hydraulic loadings for RSFs 1, 2 and 4.
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Figure 4-25. Phase 3: Actual recycle ratios for RSFs 1, 2 and 4.

4.2.3.2 Phase 3 Performance Results

Figure 4-26 shows operation of RSFs in winter.

Table 4-6 summarizes performance results from Phase 3. The data represent the
average of all results collected throughout this phase. The RSF effluent parameters are
presented as monthly averages of weekly samples in Table 4-7. The following paragraphs
discuss each effluent parameter individually, and offer explanations for the differences

observed between the three RSFs.
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Figure 4-26. Snow and ice cover on the filters surface in during Phase 3.
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Phase 3 RSFs performance results (November, 2004 ~ March, 2005).

Table 4-6.
RAW
SEWAGE PST SST1 SST 2 SST 4 RSF 1 RSF 2 RSF 4
ITEM INFLUENT | EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT
MEDIA SIZE (mm) 26 5 7.7
SEWAGE DESIGN 1.2 1.2 2 2 2 0.4 0.4 0.4
FLOWRATE
(m/dayay) ACTUAL 1.23 1.23 1.94 1.92 1.93 0.40 0.42 0.41
RECYCLE DESIGN " 500 500 500
RATIO (%) ACTUAL 486 474 481
Dosing Frequency (times/day) 48 48 48
TEMP (°C) 8.5 8.0 5.9 6.7 6.3 5.3 6.3 5.5
DO (mg/L O,) 3.8 33 3.0 2.9 3.0 32 3.2 35
cBODs (mg/L) 90.5 51.2 12.1 27.2 228 6.0 18.4 15.2
COD (mg/L) 3146 146.1 63.6 102.2 88.7 354 81.9 70.8
TSS (mg/L) 194.9 49.5 21.1 38.8 35.5 14.5 376 32.1
TAN (mg NI/L) 12.74 16.73 8.57 15.84 14.13 6.18 15.80 12.97
NO, (mg N/L) 0.054 0.047 0.357 0.058 0.095 0.490 0.080 0.142
NO; (mg N/L) 0.444 0.545 3.810 0.506 1.235 5.910 0.630 2.141
TN (mg N/L) 215 24.4 14.9 20.5 19.0 13.6 20.6 18.1
TP (mg P/L) 3.60 2.17 1.27 1.56 1.49 1.05 1.41 1.27
SO (mg/L) 141.969 96.508 97.126 97.555 97.252 97.197 95.617 96.706
pH 6.69 6.83 6.86 6.82 7.01 7.07
CONDUCTIVITY ( us/cm) 1993 2021 1999 1924 1992 1949
ALKALINITY (mg CaCOga/L) 284 320 308 268 315 300
E.coli (10%cfu/100mL) 206 459 380 172 377 336
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Table 4-7.  Phase 3: RSF effluent parameters.
cBOD; TSS TAN N TP
RSF Month (mg/L) (mg/L) (mg NIL) (mg NIL) (mg P/L)
RSF1 |Nov, 2004 (1)*| 35 12.7 2.98 135 1.50
Dec, 2004 (4| 52 136 452 52 | 160
Jan, 2005 (3)" | 4.3 12.0 543 182 0.65
Feb, 2005 (4| 6.2 138 "85 | 158 0.85
Mar, 2005 (3)" | 8.4 186 849 14.0 0.91
RSF2 |Nov,2004 (1)] 176 | 192 14.90 18.6 1.10
Dec, 2004 (4| 215 | 59.0 17.03 213 2.20
Jan, 2005 3) | 153 | 15.87 202 0.97
Feb, 2005 (4)° | 16.4 L a1 of 1.18
Mar, 2005 (3)° | 20,6 T e 119
RSF4 [Nov,2004 (1)*] 100 | TR | T 0.90
Dec, 2004 (4) | 188 | n 0 W T
Jan, 2005 B) | 114 (8 | 0.90
Feb, 2005 (4)" |  12.9 12.88 187 0.98
Mar, 2005 (3)" | 183 | 183 13.18 18.9 1.25

samples.

Note: 1. The effluent concentrations presented represent a monthly average based on weekly

2. The shaded areas indicate effluent concentrations exceeding the MOE objective.

* This number indicates the number of sampling events incorporated into the average.

The overall ¢cBODs removal performance in Phase 3 was influenced by the

addition of alum to the raw sewage. The average primary septic tank effluent cBODs was

only 51.2 mg/L whereas in phases 1 and it was 90.4 mg/L and 67.7 mg/L respectively.

The Phase 3 effluent cBODs and overall removal of ¢cBODs for all RSFs is presented in

Figure 4-27. Generally, the effluent cBODs from RSF 1 was lower than 10 mg/L. RSF 2

exceeded the effluent target throughout the entire phase, with a mean value of 18.4 mg/L.

RSF 4 exceeded the effluent criteria on about half of the sampling occasions, with a mean
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value of 15.2 mg/L.. The average overall removal of ¢cBODs for RSFs 1, 2 and 4 was

93.2%, 79.1% and 82.7% respectively.
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Figure4-27. Phase 3: Effluent cBODs concentration and overall cBOD; removal of RSFs.
The Effluent TSS concentrations and overall TSS removals by the RSFs in Phase 3
are presented in Figure 4-28. RSF 1 performed the best of the three RSFs, with the
effluent TSS concentration meeting the objective in all months of this phase except for
March 2005. The overall average TSS removal by RSF 1 declined to 92.2% in this phase.
The effluent concentrations from RSFs 2 and 4 were consistently higher than the effluent
target throughout this entire phase, with mean concentrations of 37.6 mg/L and 32.1
mg/L respectively. The overall average removal of TSS for RSFs 2 and 4 was 78.1% and
82.0% respectively. There was one occasion, December 14, 2004, when the TSS effluent
concentrations from both RSF 2 and 4 were exceptionally high. On December 13, 2004,
NWRI replaced the new dosing pipeline for RSF 2 with the original dosing pipe due to

freezing of the orifices in the new dosing pipe. This resulted in some areas of filter 2 not

73




M.A.Sc. Thesis in Civil Engineering Y. Weng

being dosed and therefore freezing. This situation may have contributed to the scouring
of solids from a particular zone of the filter, thereby resulting in higher effluent TSS
concentrations in RSF 2. Adjustments to the filter 4 flow splitting tubes were also made
on December 13, 2004, which likely upset the flowrate in the underdrain system of filter
4, resulting in the release of some solids. This likely caused the elevated TSS

concentration in RSF 4.
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Figure 4-28. Phase 3: Effluent TSS concentration and overall TSS removal of RSFs.

The Phase 3 effluent nitrate and TAN concentrations from all RSFs are presented
in Figure 4-29. Figure 4-29, together with Figure 4-23, clearly shows that as the
temperature declined, the nitrification achieved by RSF 1 also declined. Since RSFs 2
and 4 only demonstrated weak nitrification throughout this phase, the temperature decline
in Phase 3 had little effect on the nitrification performance of these RSFs. None of the
three RSFs achieved the TAN effluent objective throughout Phase 3; however, RSF 1 did

achieve the effluent objective in the first two months of this phase.
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The average effluent TAN for RSFs 1, 2 and 4 were 6.18, 15.8 and 12.97 mg N/L
respectively. The Phase 3 effluent TN concentration and overall TN reduction are
presented in Figure 4-30. The effluent TN concentration from RSF 1, which ranged from
10 to 15 mg N/L (significantly higher than the previous two phases), demonstrates that
temperature has a significant influence on the nitrification/denitrification process. The
overall average TN removal by RSF 1 was 35.1 % in Phase 3, compared to 69.8% in
Phase 2. RSF 2 removed little TN, with an average overall removal of 3.6%. RSF 4

achieved an overall TN removal of 13.2%.
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Figure 4-29. Phase 3: Nitrate and TAN concentration from RSFs 1, 2 and 4.
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Figure 4-30. Phase 3: Effluent TN concentration and overall TN removal of RSFs.

The Phase 3 effluent TP concentration and overall TP removal from all three
RSFs are presented in Figure 4-31. In this phase, with the addition of alum, the effluent
TP concentration from all three RSFs was close to the effluent objective of 1.0 mg P/L.
Alum addition, by a peristaltic pump, was implemented on November 25, 2004. The
alum stock was a conventional 48% Al(SQOy); ¢ 14H,0 solution and the AP dosage was
approximately 7 mg AI’* per liter of raw sewage. The alum pump malfunctioned on the
next three sampling events, until it was replaced on December 26, 2004. Excluding data
from the three occasions when the pump malfunctioned, the average effluent TP
concentration for RSFs 1, 2 and 4 were 0.88, 1.13 and 1.0 mg P/L respectively. On March
1, 2005, the alum dosage was decreased to 5.3 mg A" per liter of raw sewage. At this
alum dosage, the average effluent TP concentration from RSFs 1, 2 and 4 were 0.83, 1.14
and 1.02 respectively. At the end of Phase 3, due to a mis-adjustment of the alum pump,

the alum flowrate decreased causing the RSF effluent TP concentrations to increase.
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Excluding the three pump malfunction occasions, and the mis-operation occasion, the
average effluent TP concentrations from RSFs 1, 2 and 4 were 0.87, 1.13 and 1.00 mg
P/L respectively, ax;d the overall average removals were 75.8%, 68.7% and 72.5%
respectively. RSFs 1 and 4 achieved the effluent criterion of 1.0 mg P/L, and RSF 2 is

close to the criterion with the addition of alum.
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Figure 4-31. Phase 3: Effluent TP Concentration and Overall TP Removal of RSFs.

The phase 3 effluent E.coli concentrations from all three RSFs are presented in
Figure 4-32. RSF 1 achieved the best performance in terms of E.coli removal. RSF 4
performed slightly better than RSF 2 due to the fact that the media in the filter 2 had not
been given a chance to acclimatize prior to this phase, and therefore had not grown a
consistent biofilm. The average effluent E.coli concentrations from RSFs 1, 2 and 4 were
172.4, 376.7 and 336.3x 10 cfu/100 mL respectively. The difference in E.coli removal
rates by the three RSFs was not as much as in previous phases, indicating that the various

media sizes has a smaller impact on E.coli under cold weather conditions.
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Figure 4-32. Phase 3: Effluent E.coli concentrations from RSFs 1, 2 and 4.

In summary, the results from this phase do not demonstrate adequate RSF
performance under cold weather conditions. This result, however, is likely due to the fact
that the media in two of the three filters was not properly acclimated prior to this phase.
RSF 1 achieved the best performance followed by RSFs 4 and 2. The performance of all
three RSFs was poorer throughout this phase than in previous phases, continued to
decline with the temperature. RSF 1 achieved the effluent target for cBODs and exceeded
the effluent criteria for all other parameters (TSS, TAN, TN and TP) measured in this
study for part of all of this phase. At the end of this phase, there was some ponding on the
surface of RSF 1, however, the ponding disappeared in 1 minute and the DO in the filter
effluent was over 3 mg/L, indicating that the ponding did not lead to anaerobic condition;
RSFs 2 and 4 failed to achieve all of the effluent criteria throughout the majority of Phase

3. RSF 4, however, with 7.7 mm (d;¢) media, achieved better performance than RSF 2
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with 5 mm (d;o) media (all other operating parameters were identical). This is counter
intuitive, however it may be attributed to the fact that although the media in filter 4 was
washed prior to Phase 3, some microbes remained on the surface of the grains, whereas
the 5 mm media in filter 2 were brand new. Under cold weather conditions, filter 2 was
not able to acclimatize a steady population of microbes on the surface of its media. With
the addition of alum, the effluent TP concentration met the effluent criteria in part of
Phase 3. The alkalinity in the effluents of filters was not significantly depleted by the

addition of alum since the sewage in this plant is high in alkalinity.

4.2.4 Phase 4 Performance

Because the biomass likely did not acclimate in filters 2 and 4 during Phase 3, all
RSFs continued running under the same operating conditions in Phase 4 as they did in
Phase 3 in order to further investigate the performance of the RSFs under these
conditions (See Table 3-2). Phase 4 started on April 3, 2005 and ended on June 28, 2005.
In this phase, the ponding on the surface of filter 1 became more serious. Although this
situation in filter 1 improved after raking the surface, the improvement only lasted for
two weeks. It was found that that the media in the filter 1 was infested with earth worms,
suggesting that a heavy build up of organic material within the filter caused the ponding.
RSF 1 ceased operation on June 7, 2005. NWRI dug out and washed the media, and
modified the underdrain system to match that of filters 2 and 4. Filter 1 did not resume
operation until the end of Phase 4. The 24 hour composite sampler was employed to

collect the raw sewage samples throughout this phase.
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4.2.4.1 Phase 4 Air Temperature, Online Filter Temperatures and Flow

The Phase 4 ambient temperature and online filter temperatures are presented in
Figure 4-33 and 4-34 respectively. The average ambient temperature was 12.16 °C, and
the online filter temperature data show an increase of approximately 15 °C, from 5 °C to

20 °C, over this experimental period.

Temperture (°C)

- Ambient Max
—%— Ambient Min
——————— —o—Ambient Mean |

29-Mar- 18-Apr- 8-May- 28-May- 17-Jun- 7-Jul-
2005 2005 2005 2005 2005 2005

Date

Figure 4-33. Phase 4: Ambient Temperature.
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Figure 4-34. Phase 4: Online Filter Temperatures.

The daily filter forward and total hydraulic loading rates are presented in Figure
4-35. The RSF recycle ratios are presented in Figure 4-36. The design influent hydraulic
loading rate for all RSFs was 0.4 m/day, and the actual average values were 0.42 m/day,
0.44 m/day and 0.45 m/day for RSFs 1, 2 and 4 respectively. On several dates the influent
flow was shut down for maintenance; these day flows were excluded. The average

recycle ratios for RSFs 1, 2 and 4 were 486%, 473% and 481%. Occasionally, those

exceptional high recycle ratios were due to the debris fouling the pump.
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Figure 4-35. Phase 4: Summary of the actual hydraulic loadings for RSFs 1, 2 and 4.
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Phase 4: Actual recycle ratios for RSFs 1, 2 and 4.
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4.2.4.2 Phase 4 Performance Results

Table 4-8 summarized the performance results from Phase 4. The data presented
represent the average of all samples collected throughout this phase. The effluent quality
parameters are presented as monthly averages of weekly samples in Table 4-9. The
following paragraphs discuss each effluent parameter individually, and offer explanations

for the differences observed between the three RSFs.
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Phase 4 RSFs performance results (April 2005 ~ June 2005).

Table 4-8.
RAW
SEWAGE PST SSsT 1 SST 2 SST 4 RSF 1 RSF 2 RSF 4
ITEM INFLUENT | EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT | EFFLUENT
MEDIA SIZE (mm) 2.6 5 7.7
SEWAGE DESIGN 1.2 1.2 2 2 2 0.4 0.4 04
FLOWRATE
(m/day) ACTUAL 1.31 1.31 1.80 1.87 1.82 0.42 0.44 0.45
RECYCLE DESIGN 500 500 500
RATIO (%) ACTUAL 461 446 418
Dosing Frequency (times/day) 48 48 48
TEMP (°C) 11.0 9.4 9.2 9.8 9.8 9.3 10.9 11.0
DO (mg/L O,) 5.6 3.0 27 2.0 2.0 3.8 3.7 3.7
cBOD; (mg/L) 71.9 52.7 13.9 20.0 19.5 4.0 10.4 9.8
COD (mg/L) 272.7 134.2 53.0 79.3 76.6 31.3 53.9 499
TSS (mgi/L) 127.3 36.1 17.8 29.3 24.9 9.9 20.2 16.4
TAN (mg N/L) 15.57 18.12 8.06 11.43 11.25 4.95 9.49 9.30
NO, (mg N/L) 0.093 0.062 0.250 0.199 0.179 0.351 0.227 0.186
NO3 (mg N/L) 0.292 0.278 2111 0.772 1.257 4,672 2.365 3.011
TN (mg N/L) 27.2 25.2 12.8 16.3 16.1 10.6 15.1 14.1
TP (mg P/L) 4.33 1.74 0.93 1.12 1.01 0.71 0.83 0.68
SO, (mg/L) 54.592 89.502 86.966 88.216 87.964 86.894 87.424 87.754
pH 7.07 7.20 7.22 7.20 7.34 7.37
CONDUCTIVITY ( us/cm) 1590 1710 1630 1530 1660 1580
ALKALINITY (mg CaCQa/L) 274 301 298 253 300 290
E.coli (10%cfu/100mL) 56 130 20 11 110 74
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Table 4-9.  Phase 4: RSF effluent parameters.
cBOD; TSS TAN ™ 13
RSF Month (mg/L) (mg/L) (mg N/L) (mg N/L) (mg PIL)
RSF1 | Apr, 2005 (4)" 44 9.4 5.83 12.1 0.66
May, 2005 (5)* 36 9.8 4.11 95 0.66
Jun, 2005 (1)* 45 126 | 565 | 97 1.12
RSF2 | Apr, 2005 (4)* 13.8 o 1295 | s | 108
May, 2005 (6) | 94 160 | 946 158 069
Jun, 2005 (4)* 9.1 we | 606 110 0.75
RSF4 | Apr, 2005 (4)° 11.1 190 11.10 16.5 0.77
May, 2005 (4)" | 9.9 960 |- 800 14.0 06
Jun, 2005 (4)* 8.9 140 | i7.8:1 1.9 0.63

Note: 1. The effluent concentrations presented represent a monthly average based on weekly

samples.

2. The shaded areas indicate effluent concentrations exceeding the MOE objective.

* This number indicates the number of sampling events incorporated into the average.

The phase 4 effluent cBODs concentrations and overall removals of cBODjs for all

RSFs are presented in Figure 4-37. As shown in Table 4-9, all three RSFs achieved the

effluent objective for cBODs throughout this experimental phase. The average cBODs

effluent concentrations were 4.0, 10.4 and 9.8 mg/L for RSFs 1, 2 and 4 respectively. All

RSFs achieved better performance with the higher filter temperature except RSF 1. This

may attributed to the ponding issue experienced by this filter. The performance of RSF 2

exceeded that of RSF 4 over time, indicating that the filter was continuing to develop a

mature biofilm over this period. The average overall removal of cBODs for RSFs 1, 2 and

4 was 93.2%, 84.0% and 84.3% respectively.
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Figure 4-37. Phase 4: Effluent cBOD; concentration and overall cBODs removal of RSFs

The effluent TSS concentration and overall TSS removal from all three RSFs in
Phase 4 are presented in Figure 4-38. RSF 1 achieved the best performance in terms of
TSS, meeting the effluent criteria with an average concentration of 9.9 mg/L. The
performance deteriorated towards the end of this phase due to the ponding issue. The
overall average TSS removal by RSF 1 was 91.3%. The effluent TSS concentration of
RSF 2 was much higher than that of RSF 4 at the beginning of this phase, but approach to
the performance of RSF 4 over time. As shown in Table 4-9, the RSF 2 effluent TSS
concentration did not meet the effluent criteria over the entire experimental period; RSF 4
also exceeded the effluent TSS criteria until the last month of the experimental period.
The effluent TSS concentrations from RSFs 2 and 4 were close to the effluent criteria in
May and June, 2005, indicating that the increase in temperature encouraged the microbes

to become more active, enabling these two RSFs to perform better in terms of TSS
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removal. The overall average TSS removal of RSF 2 and 4 was 82.9% and 86.2%

respectively.
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Figure 4-38. Phase 4: Effluent TSS concentration and overall TSS removal of RSFs.

The Phase 4 effluent nitrate and TAN concentrations from all three RSFs are
presented in Figure 4-39. As shown in Table 4-9, the effluent TAN concentration from
RSF 1 exceeded the effluent objective throughout this phase except in the second month,
due to the ponding problem which lead to a deterioration of the filter’s nitrification
capacity. Neither RSFs 2 nor 4 achieved the effluent target throughout this phase;
however, their performance approached the target as the temperature increased. As
shown in Table 4-9, RSF 2 did perform better than RSF 4 in terms of effluent TAN as the
temperature increased, which further demonstrates the fact that RSF 2 acclimated over
time in the warmer temperatures. The average effluent TAN concentrations from RSFs 1,

2 and 4 were 4.95, 9.49 and 9.3 mg N/L respectively.
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The Phase 4 effluent TN concentrations and overall TN reduction from all three
RSFs are presented in Figure 4-40. The average effluent TN concentrations from for
RSFs 1, 2 and 4 were 10.6, 15.1 and 14.1 mg N/L respectively. The effluent TN
concentration from RSF 1 exceeded the effluent objective in the first month of this phase,
but did achieve the objective in later months as the temperature increased. RSFs 2 and 4
did not achieve the TN effluent objective throughout this phase; however, they did
perform better as the temperature increased, and RSF 2 out performed RSF 4 by the end
of this phase. The overall average TN removal for RSFs 1, 2 and 4 was 56.2 %, 40.4%

and 43.7% respectively.
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Figure 4-39. Phase 4: Nitrate and TAN effluent concentration from RSFs 1,2 and 4.
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Figure 4-40. Phase 4: Effluent TN concentration and overall TN Removal of RSFs.
The Phase 4 effluent TP concentration and overall TP removal for all three RSFs
are presented in Figure 4-41. In phase 4, alum was added at a concentration of
approximately 7 mg A" per liter of raw sewage. With the addition of alum, as shown in
Table 4-9, the effluent TP concentration generally met the effluent objective for all three
RSFs, with the exception of the last month for RSF 1 and the first month for RSF 2. The
exceedences were likely due to the ponding issue for filter 1 and the acclimation issue for
filter 2. The average effluent TP concentration for RSFs 1, 2 and 4 was 0.71, 0.83 and
0.68 mg P/L respectively. The overall average TP removal for RSFs 1, 2 and 4 was

81.9%, 79.9% and 83.6% respectively.
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Figure 4-41. Phase 4: Effluent TP concentration and overall TP removal of RSFs.

The phase 4 effluent E.coli concentrations from all three RSFs are presented in
Figure 4-42. RSF 1 maintained the best performance in terms of E.coli removal in this
phase. The average effluent E.coli concentrations from RSFs 1, 2 and 4 were 43, 142 and
97x10° cfu/100mL respectively. The performance of RSF 2 was better than that of RSF 4
in terms of E.coli removal near the end of this phase, again likely due to the acclimation

of filter 2 over the course of this phase.
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Figure 4-42. Phase 4 Effluent E.coli concentrations from RSFs 1, 2 and 4.

In summary, RSF 1 satisfied the effluent criteria most of the time, although it
continued to experience a ponding problem throughout this phase. RSF 1 performed
worse in Phase 4 than it did in Phase 2, in which it was operating under similar conditions
and temperatures. This was likely due to the ponding issue. RSF 2 performed better than
RSF 4 over time and with increasing temperatures, demonstrating the steady acclimation
of biomass in filter 2. The alkalinity in the filter effluent was not significantly depleted
by nitrification or the addition of alum, as raw sewage in this pilot plant contains high

levels of alkalinity.

4.3 Coagulation Study

The purpose of this study was to optimize the coagulant application conditions for
the influent loading on the RSFs. Jar tests were conducted during Phase 2 to analyze the

concentration of total phosphorus (TP), total soluble phosphorus (TPf), and total
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suspended solids (TSS) in the sewage with the addition of alum. The raw sewage
employed for these tests was collected from the Clifford wastewater treatment plant on
October 19 and October 26, 2004. The results of these experiments are presented in Table

4-10.

Table 4-10. Jar test results.

Alum dosage TP TPf TSS
Date (mg AI**IL) (mg PIL) (mg PIL) (mglL)
0 35 1.85 120
1 2.25 1.7 34
2 1.9 1.45 29.9
3 1.8 1.05 26.2
4 13 0.78 23.6
October 19, 2004 5 0.86 0.68 21.8
6 0.82 0.44 20.2
7 0.66 0.42 18.3
8 0.6 0.4 17.2
9 0.47 0.37 16.4
10 0.42 0.36 15.6
0 3.45 2.35 108.4
3 22 1.38 25.8
35 1.82 1.1 23.9
4 1.52 0.9 214
45 1.48 0.72 23.8
5 1.18 0.66 18
October 26, 2004 5.5 1.08 0.62 17.1
6 0.86 0.62 13.4
6.5 0.84 0.45 12.1
7 0.69 0.45 14.2
75 0.59 0.38 12.2
8 0.46 0.39 11.8
8.5 0.5 0.39 14.1

A non-linear regression analysis was performed on the results of jar tests using an

exponential decay function, giving:
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TP /TP, =1.00*exp[-0.69* (AI** / TR,)] - 0.039 (4-1)

where: TP = the residual concentration of total phosphorus (mg P/L)
TP, = the initial concentration of total phosphorus (mg P/L)

AI’" = the aluminum dosage (mg AI/L)
and TPf/TPf, = 0.98* exp[—0.58* (A" / TPf;)] +0.080 (4-2)

where: TPf = the residual concentration of soluble phosphorus (mg P/L)
TPf = the initial concentration of soluble phosphorus (mg P/L)
AP’ = the aluminum dosage (mg Al/L)

The fitted models are presented in Figures 4-43 and 4-44. The historic data from
Clifford wastewater treatment plant indicated the TP concentration in the raw sewage is
about 5 mg P/L. To achieve the effluent TP concentration of 1.0 mg P/L, (4-1) indicates
that the addition of alum is approximately 10 mg/L per liter raw sewage. (4-2) predicts
that an AI** dosage of four times the initial soluble phosphorus concentration will remove
approximately 82% of the soluble phosphorus. Previous research (Eastwood and Murphy
1996) has shown that alum addition at a concentration of four times the initial soluble
phosphorus will remove approximately 90% of the soluble phosphorus. The current
results differ slightly from the previous research, however, coagulation is influenced by
factors such as pH, temperature, alkalinity, turbidity and agitation. Therefore, the results

of the present work are still reasonable.
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Figure 444. Residual concentration of soluble phosphorus with the addition of alum.
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4.4 Discussion

The Wilcoxon Rank-Sum test was employed to determine whether the results of
the various operating conditions from the three RSFs and four phases were statistically
different. This nonparametric method was chosen due to the small sample sizes and non-
normal distributions of the experimental results. 95% confidence levels were used for all

comparisons.

4.4.1 The Effect of Recycle Ratio on RSF Performance

The effect of recycle ratio was evaluated in Phase 1 for RSFs 1 and 2 with 2.6
mm (d;o) sand, a dosing frequency of 48 times/day and an influent hydraulic loading of
0.2 m/day. The recycle ratios were 300% and 500% for RSFs 1 and 2 respectively. The
effect of recycle ratio on performance is presented in Table 4-11. The cBODs, TAN and
TN concentrations were statistically significantly lower when the recycle ratio increased
from 300% to 500%. The TSS and TP concentrations in the effluent, however were not
statistically different, when recycle ratio was increased. It should be noted, however, that
both recycle ratios achieved the effluent targets for all parameters except TP. The
recirculation of the treated effluent acts to dilute the influent sewage, resulting in better

treatment efficiency (Venhuizen, 1997) as explained in Section 4.2.1.
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Table 4-11.  The effect of the recycle ratio on the RSFs treatment efficacy.

dio = 2.6 mm, Dosing=48 times/day, HLR = 0.2m/day

Effluent Concentration (mg/L) Overall removal (%)

RSF 1 RSF 2 RSF 1 RSF 2

Parameter 300% 500% 300% 500%
cBODs 2.1 ; o ‘97.1 99.2
TSS 66 58 95.4 95.7
TAN - N . 1ser. . B6C 90.2 95.3
TN-N s T e e 708
TP-P 3.89 I 390 | 205 211

Note: 1. The concentration is the average of all samples measurements collected throughout
corresponding phase.
2. Shading of adjacent columns indicates that results exhibit a statistically significant
difference.

3. * Effluent concentration achieves the MOE criterion.

4.4.2 The Effect of Dosing Frequency on RSF Performance

The effect of dosing frequency on RSFs performance was evaluated in Phase 2.
The RSFs 1 and 2 contained 2.6 mm (d;) sand and operated with a forward hydraulic
loading rate of 0.4 m/day and a recycle ratio of 500%. The dosing frequency ranged from
24 to 48 times/day. The experiment results showed that decreasing the dosing frequency
from 48 times/day to 24 times/day improved the RSF performance. The effluent quality
of the RSF with a dosing frequency of 24 times/day had a statistically significant higher
effluent quality in terms of cBODs, TSS, TAN and TN, but not in terms of TP. The
effluent objectives for cBODs, TSS, TAN and TN were achieved by the RSF with a
dosing frequency of 24 times/day (as shown in Table 4-5). The RSF with a dosing

frequency of 48 times/day only achieve the effluent targets for ¢cBODs and TSS
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concentrations consistently, but did not achieve the effluent targets for TN-N, TAN-N
and TP-P. The effect of dosing frequency on average effluent concentration and overall

removal of various effluent parameters is shown in Table 4-12.

The US EPA (2002) recommends a dosing frequency of 48 times/day. Darby
(1996) studied dosing frequencies of 4, 12 and 24 times/day for intermittent sand filters
and found that increasing the dosing frequency generally improved the filter performance
of the filters. However, Darby did not study dosing frequencies as high as 48 times/day.
Darby explained that higher dosing frequencies result in smaller hydraulic loading rates
on the filter bed for each dosing event. The smaller flows applied to the filter enables the
sewage flow over the sand in a thin film, allowing maximum oxygen diffusion and
maximum contact between the organics in the waste flows and the microbial growth on
the media. In this study, it was found that RSF with a dosing frequency of 48 times/day
required almost 40 minutes for the underdrain flow to decrease to a trickle. The longer
drainage time lead to less air percolating through the filter, resulting in poorer

performance.
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Table 4-12. The effect of dosing frequency on the RSF treatment efficacy.
d4=2.6 mm, HLR=0.4m/day, Recycle ratio=500%
Effluent Concentration (mg/L) Overall removal (%)
RSF 1 RSF 2 RSF 1 RSF 2
Parameter 24 times/day 48 times/day 24 times/day 48 times/day
cBOD; 29 5.0° DTE. 96.2
TSS - == 10.3% 9t 95.0
TAN-N . =26 93 .l 845 46.3
TN-N | e T e 504
TP-P 3.1‘ 3.9 35.8 201

Note: 1. The concentration is the average of all samples measurements collected throughout

corresponding phase.
2. Shading of adjacent columns indicates that results exhibit a statistically significant
difference.

3. * Effluent concentration achieves the MOE criterion.

4.4.3 The Effect of Forward hydraulic Loading Rate on RSF Performance

The effect of the forward hydraulic loading rate on RSF performance was
evaluated for RSF 2 with 2.6 mm (d;o) media and RSF 4 with 7.7 mm (d,o) media at
dosing frequency of 48 times/day and a recycle ratio of 500%. The effect of the
increasing forward hydraulic loading rate on RSF performance is presented in Table
4-13. Increased forward flow loading rates had a significant effect on the RSF with 2.6
mm (d;o) media, and less of an effect on the RSF with the 7.7 mm (d;) media. For RSF 2,
with 2.6 mm diameter media, increasing the forward hydraulic loading rate from 0.2
m/day to 0.4 m/day caused a statistically significant decrease in RSF effluent quality and
overall removals of ¢cBODs, TSS, TAN and TN. There was, however, no statistically

significant change in RSF effluent concentrations of TP, and the overall removal of TSS
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and TP. For RSF 4, with 7.7 mm diameter media, increasing the hydraulic loading rate
only caused a statistically significant decrease in the RSF effluent quality with respect to
TSS and TP. Increasing the hydraulic loading rate had a larger effect on the RSF with
smaller media. The larger media have larger hydraulic conductivities and are therefore
able to handle higher hydraulic loading rates, however, they do not provide the same
degree of treatment as smaller media (Eastwood, 1995). Under a hydraulic loading rate of
0.2 m/day, RSF 2, with 2.6 mm diameter media, achieved the effluent objectives for all
parameters except TP, whereas when hydraulic loading rate was increased to 0.4 m/day,
the sewage was not well nitrified/denitrified and the effluent TN and TAN exceeded the
target concentrations. On the other hand, the coarser media did not achieve satisfactory

nitrification/denitrification at hydraulic loading rates of either 0.2 m/day or 0.4 m/day.
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Table 4-13.

The effect of the forward hydraulic loading rate on the RSF treatment efficacy

d4p=2.6 mm, Recycle ratio=500%, Dosing=48 times/day

d4=7.7 mm, Recycle ratio=500%, Dosing=48 times/day

Effluent Concentration (mg/L)

Overall removal (%)

Effluent Concentration (mg/L)

Overall removal (%)

RSF 2 RSF 2 RSF 2 RSF 2 RSF 4 RSF 4 RSF 4 RSF 4
Parameter 0.2 m/day 0.4 m/day 0.2 m/day 0.4 m/day 0.2 m/day 0.4 m/day 0.2 m/day 0.4 m/day
cBOD5 Pl 992 . %62 8.7* 12.4* 89.4 90.1
TSS 68" | D 957 950 [EEEE 189 90.0 905
NHs+NH, -N|  067* 555 T 033 11.14 35.9 348
TN-N =z 708 15.0 16.2 434 413
TP-P ~3.90 21.1 414 N 165 31.2

3. * Effluent concentration achieves the MOE criterion.

2. Shading of adjacent columns indicates that results exhibit a statistically significant

difference.

Note: 1. The concentration is the average of all samples measurements colleZ:ted throughout corresponding phase.
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4.4.4 Effect of Media Size on RSF Performance

The effect of media size on RSF performance was evaluated throughout the entire
study period. The results of comparisons are presented in Table 4-14. In Phase 1, the
effects of 2.6 and 7.7 mm diameter media were compared with a hydraulic loading rate of
0.2 m/day, a dosing frequency of 48 times/day and a recycle ratio of 500%. Statistically,
the performance of the RSF with 2.6 mm diameter media was significantly better than the
RSF with 7.7 mm media for all effluent parameters except TP. This can be explained by
the fact that smaller sized media has more surface area and therefore a larger microbial
population to treat the sewage, which leads to better performance as explained in Section
4.1.1. In Phase 2, the effect of 2.6 and 7.7 mm media sizes on RSF performance
continued to be evaluated, with all other operating conditions remaining the same as
Phase 1 except the hydraulic loading rate, which was adjusted to 0.4 m/day. Under these
conditions, only differences in the effluent cBODs and TSS concentrations and the
overall removal of cBODs were statistically significant. Under higher hydraulic loading
rates and dosing frequencies, the drainage from the underdrain system was slow leading
to less air percolating through the filter; this had larger effect on the smaller media since
the coarser media can handle higher hydraulic loading rate (Eastwood, 1995). The effect
of media size could not be compared under cold weather conditions (Phase 3), as the 5
and 7.7 mm diameter media were not well acclimated throughout this phase. The effects
of three media sizes, 2.6, 5 and 7.7 mm (d;p) were compared in Phase 4. As shown in
Table 4-14, with a hydraulic loading rate of 0.4 m/day, a recycle ratio of 500% and a

dosing frequency of 24 times/day, the performance of the 2.6 mm diameter media was
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statistically superior for all parameters except TP. There were, however, no statistically
significant differences between the 5 and 7.7 mm diameter media. The 2.6 mm media
achieved all the effluent objectives with the exception of TAN and TN, which were just

slightly higher than the target concentrations in some months.

Table 4-14. The effect of media size (d;o) on RSF treatment efficacy.

HLR=0.2m/day, Dosing=48 times/day, Recycle ratio=500% (Phase 1)

Effluent Concentration (mg/L) Overall removal (%)
RSF 2 RSF 4 RSF 2 RSF 4
Parameter 2.6 mm 7.7 mm 2.6 mm 7.7 mm
cBODs 07" Bl 99.2 89.4
TSS .- 90.0.
TAN - N . 350
TN-N - Ba
TP-P 165

HLR=0.4m/day, Dosing=48 times/day, Recycle ratio=500% (Phase 2)
Overall removal (%)

Effluent Concentration (mg/L)

RSF 2 RSF 4 RSF 2 RSF 4

Parameter 2.6 mm 7.7 mm 2.6 mm 7.7 mm
cBODs 5.0* 124F - 96.2 90.1
TSS 10.37 18.9 95.0 90.5
TAN - N 9.30 1.4 46.3 34.8
TN-N 14.7 16.2 50.4 443
TP-P 3.89 83 - 20.1 31.2

HLR=0.4m/day, Dosing=24 times/day, Recycle ratio=500% (Phase 4)

Effluent Concentration (mg/L)

Overall removal (%)

RSF 1 RSF 2 RSF 4 RSF 1 RSF 2 RSF 4

Parameter 2.6 mm 50mm | 7.7 mm 2.6 mm 5.0 mm 7.7 mm
cBOD5 a0 104 | 9.8 - ' 84.3
TSS gst o %02 | 164 862
TAN - N 495 9.49 9.30 38.6
TN-N 10.6 151 14.1 : : 43.7
TP -P 0.71* 0.83* 0.68* 81.9 79.9 83.6
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Note: 1. The concentration is the average of all samples measurements collected throughout
corresponding phase.

2. Shading of adjacent columns indicates that results exhibit a statistically significant
difference.

3. Underlining in the RSF 1 and RSF 4 columns indicate that these results exhibit a
statistically significant difference.

4. * Effluent concentration achieves the MOE criterion.

4.4.5 The Effect of Temperature on RSF Performance

The effect of temperature on RSF performance was investigated using RSF 1,
which was operated with 2.6 mm diameter media, a hydraulic loading rate of 0.2 m/day,
and a recycle ratio of 500% under Fall, Winter and Spring conditions; the Fall and Spring
were replications of the same experiment to compare results over time. Comparisons of
the winter and spring performance for RSF 2 with 5 mm (d;¢) media and RSF 4 with 7.7
(d1o) mm were not conducted due to the fact that the media was not well acclimated
during the winter months. The effect of temperature on RSF performance is presented in
Table 4-15. As shown in this Table 4-15, RSF 1 performed statistically better in the fall
than it did in the winter. Additionally, there were statistically significant differences in
the effluent concentrations of cBODs, TSS, and TN, but not TAN and TP, between the
Winter and Spring months. The superior RSF performance in the fall and spring months
can be attributed to temperature effects, which have a significant impact on microbial
activity (Metcalf & Eddy, 2003). The higher removal of TP in winter than in fall was due
to the addition of alum in Phase 3. Temperature did not have a statistically significant

impact on TP removal through a comparison of winter and spring performances.
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Although the fall and spring performances of RSF 1 were supposed to be similar,
the data show that they are actually statistically different. This can be attributed to the
growth of earthworms in the filter 1, which lead to clogging and ponding, causing the
filter to become anaerobic. Generally, in summer-fall and spring-summer, under a
hydraulic loading rate of 0.4 m/day, a dosing frequency of 24 times/day, a recycle ratio of
500%, and 2.6 mm (d,o) media, RSF should achieve the MOE effluent criteria if the
ponding problem is not an issue. In the winter months, however, these operating

conditions cannot achieve the objective for nitrogen removal.

Table 4-15. The effect of temperature on RSF treatment efficacy.

HLR=0.4m/day, Dosing=24times/day, Recycle ratio=500%, d1,=2.6 mm

Effluent Concentration (mg/L) Overall removal (%)
RSF 1 RSF 1 RSF 1 RSF 1 RSF 1 RSF 1
Parameter Fall Winter Spring Fall Winter Spring
cBODs 2@ 1 R a0 | O EgsE | 932
TSS 52 ["me oo 92 913
TAN-N 96 | 618 495 629 673
TN-N B9 186 . 106 354 . 56.2
TP-P 3.13 086* | 071" 71 | 819

Note: 1. The concentration is the average of all samples measurements collected throughout

corresponding phase.

2. Shading of adjacent columns indicate that results exhibit a statistically significant
difference.

3. Underlining in the Fall and Spring columns indicate that these results exhibit a
statistically significant difference.

4. TP concentration and overall removal in Winter were calculated after alum was added.

5. * Effluent concentration achieved the target.
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions

The overall goal of this research was to generate optimum design and operational
parameters for recirculating sand filters for the south-western Ontario climate. The study
involved evaluating the effect of media size, dosing frequency, recycle ratio, hydraulic
loading rate and temperature on effluent quality, as well as the removal of total
phosphorus by alum addition. The results of this research will be used by the MOE to

develop a guideline for the operation of recirculating sand filters in Ontario.
This study concludes that:

1. RSFs in series with septic tanks may produce a high quality effluent achieving the

effluent criteria set by the MOE.

2. To achieve the effluent objectives provided by the MOE, the optimum operating
conditions for RSFs are 2.6 mm (d;o) media, a 500% recycle ratio, a dosing

frequency of 24 times/day and a forward hydraulic loading rate of 0.2 m/day.

3. Under cold weather conditions and a hydraulic loading rate of 0.4 m/day, the RSF
with 2.6 mm (d;o) media, a 500% recycle ratio and a dosing frequency of 24
times/day, still performed well, achieving the effluent objectives for all effluent
criteria except the TN and TAN concentration due to the cold temperatures

affecting the nitrification/denitrification process. This fact showed that the RSFs
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were stressed in terms of TN and TAN removal under low operating temperatures

in combination with high hydraulic loading rates.

4. The RSFs, with coarser media (d;o= 5 and 7.7 mm) can achieve the effluent criteria
in terms of cBODs and TSS under optimum operating conditions, however, they
did not demonstrate the capability of achieving effluent criteria in terms of TN and

TAN.

5. In Phase 4 it was found that the media in filter 1 was infested with earth worms,
which heavily affected the RSF treatment efficiency. This phenomenon has never

been reported in existing literature.

6. With the proper addition of alum, the effluent total phosphorus was easily reduced

to the effluent objective of 1.0 mg/L.

5.2 Recommendations for future work

This study has demonstrated that the optimum operating conditions for RSFs in
Ontario is 2.6 mm (d;o) media, a 500% recycle ratio, a dosing frequency of 24 times/day
and a hydraulic loading rate of 0.2 m/day. However, it has not been proven that RSFs
with these operating conditions will achieve the effluent criteria in terms of TN and TAN
under cold weather conditions. Further work should be conducted to determine the
maximum hydraulic loading to achieve the effluent criterion in terms of TN under cold

weather conditions.

This study was negatively impacted by the lack of raw sewage screening and

degritting at the Clifford Wastewater Treatment Plant. The impeller on the raw sewage
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centrifugal pump was frequently fouled by concrete, plastic and wood debris, and those
debris passed through the septic tanks and fouled the dosing pumps, flow throttling
valves and dosing orifices. Although a grinder pump replaced the original raw sewage
pump, the situation was not significantly improved. A screening system should be
installed upstream of the raw sewage pump to reduce fouling in the pilot plant and to help

regulate the flowrate.

With the low levels of effluent TSS achieved in this work, a disinfection study
using UV lights should be conducted to evaluate the feasibility of UV disinfection to

further improve effluent quality, thereby permitting surface water discharge.
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Appendix A
Analytical Results

Table A-1. Phase 1 cBOD;s results.

PROJECTISAMPLING cBODs (mg/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE |Raw|PSTI[SST 1SST 2ISST 4fFilter 1fFilter 2Filter 4| PST [SST 1|SST 2|SST 4fFilter 1[Filter 2Fiiter 4 RSF 1 |RSF 2|RSF 4
Phase 1 | 04-07-04
Phase 1 | 04-27-04
Phase 1 | 05-11-04
Phase 1 | 05-14-04
Phase 1 | 05-18-04
Phase 1 ) 05-25-04 ]71.5168.9/62.311.5}15.2| 3.6 1.1 8.1 | 3.6 ] 96 8337799421904 ] 46.7 | 95.0 | 98,5 | 88.7
Phase 1 | 06-01-04 {137 (110| 53 | 13 | 35 | 0.7 13 | 144 1197 ]95.2/88.2|68.2| 86.8 | 90.0 | 589 | 99.5 | 99.1 | 89.5
Phase 1 | 06-08-04 ;112 |88.4|57.716.2{27.3| 2.2 02 {117 (211347 (81.7|69.1| 96.2 | 98.8 | 57.1 | 98.0 | 998 | 89.6
Phase 1 | 06-15-04 [68.4| 126 {354 6.4 {202} 2.3 0.3 4.2 |-842{719[94.9(84.0]| 935 | 953 | 79.2 | 96.6 | 99.6 | 93.9
Phase 1 | 06-22-04 |84.8195.8/40.1110.4|349| 0.7 11 | 101 }-13.0/58.1189.1 /636 98.3 | 89.4 | 711 | 99.2 | 98.7 | 88.1
Phase 1 | 06-29-04 {45.5|52.9|17.5| 6.3 112.2| 1.6 0.2 28 (-16.3166.9(88.1({76.9] 909 | 96.8 | 77.0 | 96.5 | 99.6 [ 93.8
Phase 1 | 07-06-04 {44.1[105[25.7 {16.1{33.5| 2.1 0.3 9.2 1-138.1{75.5{84.7(68.1| 918 | 98.1 | 725 | 95.2 | 99.3 | 791
Phase 1 | 07-13-04 | 11276.2| 24413131241 3.4 1 8.7 132.0/68.0/589(68.4) 86.1 | 96.8 | 63.9 | 97.0 | 991 | 92.2
Phase 1 | 07-20-04

Number 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
Mean 84.4190.4|336113.9/253| 2.1 0.7 87 |-21.9/60.0(836[720 922 | 945 | 65.8 | 97.1 | 99.2 | 89.4
Standard Deviation ;33.5/23.8/195| 8.0 | 89 | 1.1 0.5 3.8 [593]26.5(10.8) 6.8 | 4.3 39 | 11.2 | 1.7 0.5 4.7
Max 137.0126.0062.3(31.3|350| 3.6 13 | 144 132.0(952(949(84.0| 98.3 | 98.8 | 79.2 | 99.5 | 99.8 | 93.9

Min 4411529 53 | 6.3 [ 122 0.7 0.2 28 138.1] 96 [58.90{63.6( 86.1 | 894 | 46.7 | 95.0 | 985 { 79.1

Note: Overall removal is based on raw sewage concentration.
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Table A -2. Phase 1 TSS results.

Y. Weng

PROJECTSAMPLING TSS (mg/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE | DATE |Raw|PSTISST 1|SST 2SST 4Filter 1[Filter 2Filter 4PST|SST 1/SST 2SST 4fFilter 1[Filter 2Filter 4 RSF 1[RSF 2|RSF 4
Phase 1 | 04-07-04 [191.769.5/ 179318266 | 3.6 | 25 | 121 63.8/742154.261.7| 80.1 | 921 | 544 | 98.1 | 98.7 | 93.7
Phase 1 | 04-27-04 [103.938.3( 26.9 19.0 318 42 | 7.7 | 135 {63.2/29.8|504|168| 84.2 | 594 | 57.5 | 959 | 92.6 | 87.0
Phase 1 | 05-11-04 46.7/ 23.6 (21.3(188| 7.6 8.3 8.7 494 |544|59.7| 678 | 60.9 | 53.7
Phase 1 | 05-14-04 [194.536.8/ 25.3]15.1 1229 | 195 | 5.7 | 16.2 |81.1/31.3|59.0(376| 23.1 | 62.6 | 294 | 90.0 { 97.1 { 91.7
Phase 1 | 05-18-04 [172.840.1123.9116.5{23.1] 3.9 6.5 | 18.1 |[76.8(404159.0 425 839 { 608 | 215 | 978 { 96.3 | 89.5
Phase 1 | 05-25-04 (63.242.8 51.9|15.7|15.8| 6.9 6.6 | 11.5 [32.3[-21.3|63.4{63.2| 86.7 | 581 | 27.0 | 89.1 { 89.6 | 81.8
Phase 1 | 06-01-04 [187.562.0/ 13.0118.0 314 | 7.1 53 | 18.8 [67.0/79.0(70.9|49.2| 454 | 70.3 | 40.2 |} 96.2 | 97.1 | 90.0
Phase 1 | 06-08-04 [221.259.7| 31.7 (228 |26.0} 11.2 | 54 | 16.3 [73.0/46.9|61.8|56.4| 64.8 | 76.5 | 37.3 | 95.0 | 97.6 | 92.6
Phase 1 | 06-15-04 [132.0556.0(31.8(21.8|215| 85 | 7.3 | 13.1 [57.6/43.2|61.061.7| 73.3 | 66.5 | 389 | 93.6 | 94.5 | 90.1
Phase 1 | 06-22-04 [218.347.1|27.7|18.6 | 226 | 6.1 89 | 13.1 [784413]605(52.0| 77.9 | 524 | 42.0 | 97.2 | 95.9 | 94.0
Phase 1 | 06-29-04 |70.8(51.0{25.4|18.2|196| 43 | 47 | 95 [28.0150.2 644 |615| 828 | 744 | 51.5 | 93.9 | 934 | 86.6
Phase 1 { 07-06-04 [113.443.8/ 29.7 | 19.1|213| 39 | 2.1 | 16.7 61.4/32.156.3|51.3| 869 | 88.7 | 21.8 | 966 | 98.1 | 85.3
Phase 1 | 07-13-04 1235.052.1/23.6 | 294 (22.7 | 4.2 55 | 13.0 [77.854.7|43.6(56.4| 82.2 | 81.3 | 427 | 98.2 | 97.7 | 94.5
Phase 1 | 07-20-04 [116.6/36.3| 18.4 | 23.8 | 17.1| 2.1 54 8.2 168.9493|344|529| 886 | 77.3 | 52.0 | 98.2 | 954 | 93.0
Number 13 {14 14 | 14 | 14 14 14 14 113.0114.0|14.0|14.0| 140 { 14.0 | 14.0 | 13.0 | 13.0 | 13.0
Mean 155.448.7/ 26.5 | 20.8 (229 | 66 | 58 | 135 [63.8/429|56.7|51.6| 73.4 | 70.1 | 40.7 | 954 | 95.7 | 90.0
Standard Deviation [58.4|10.2/ 90 | 49 | 48 | 44 | 19 | 34 |16.6/234| 9.2 |125| 185 | 120 { 122 | 3.0 | 26 | 3.9
Max 35.069.5 519318318 195 89 | 188 |81.1/79.0|70.963.2| 88.6 | 92.1 | 575 | 982 | 98.7 | 945
Min 63.2/36.3 13.015.1 | 158 | 2.1 2.1 8.2 [28.0/-21.3|/34416.8| 231 | 524 | 215 | 89.1 | 89.6 | 81.8

Note: Overall removal is based on raw sewage concentration.
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Table A -3. Phase1 TAN results.

Y. Weng

PROJECTISAMPLING TAN (mg N/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE |Raw|PST |SST 1|SST 2/SST 4Filter 1[Filter 2Filter 4 PST|SST 1|SST 2SST 4fFilter 1[Filter 2Filter 4 RSF 1|RSF 2 | RSF 4
Phase 1 | 04-07-04 {8.35|5.75{2.8313.68| 46 { 0.56 | 0.85 { 2.65 {31.1{50.9{36.1{20.0| 80.2 | 769 | 424 | 93.3 | 89.8 | 68.3
Phase 1 | 04-27-04 {20.5/14.9{9.05,7.40!755| 1.3 16 | 4.08 {27.3/39.3(50.3|49.3| 856 | 784 | 46.0 | 93.7 | 922 | 80.1
Phase 1 | 05-11-04 124 76 |295| 65| 21 | 0.38 | 4.26 38.7)76.2|476 | 724 | 871 | 345
Phase 1 | 05-14-04 ({12.8(123|7.75|2.75|765) 25 | 024 | 442 (431367 |776(376| 67.7 | 913 | 422 | 805 | 98.1 | 655
Phase 1 | 05-18-04 { 8.1 |[12.6|7.45|2.55{10.5| 1.42 | 0.23 | 7.95 |-55.6(409(79.8{16.7 | 80.9 | 91.0 { 243 | 88,7 | 98.2 | 36.9
Phase 1 { 05-25-04 (8.95111.1{ 125280 | 9.9 | 454 | 027 | 8.6 [23.5-127|747 {104 635 | 904 | 13.1 | 589 | 976 | 222
Phase 1 | 06-01-04 |16.8]/16.6,2.75}4.50}123) 034 | 034 | 118 [ 1.2183.4|729]26.2| 87.6 | 924 | 4.1 98.0 | 98.0 | 30.1
Phase 1 | 06-08-04 {14.1|147|11.5|430|124}| 102 | 018 | 14 |-43|221{70.7(156) 91.1 | 958 |-129) 931 | 988 | 4.8
Phase 1 | 06-15-04 (18.7114.3|10.5{4.45(123| 162 { 0.25 { 11.8 123.5126.6 (68.9 143 ( 846 { 944 | 4.1 913 | 98.7 | 37.2
Phase 1 | 06-22-04 |10.8/15.8110.5}3.6512.7| 053 | 0.96 | 12.2 47.033.5|76.9{19.9| 95.0 | 73.7 | 3.6 96.6 | 93.9 | 228
Phase 1 | 06-29-04 | 16 |14.8| 79 |4.70|11.3]| 017 { 013 | 112 (751466682 |24.0| 978 | 972 | 04 98.9 | 99.2 | 30.0
Phase 1 | 07-06-04 [17.8(18.818.05|6.051144 | 123 | 03 | 136 |-5.6|57.2|67.8|23.4| 847 | 950 | 56 | 935 | 98.4 | 27.7
Phase 1 | 07-13-04 16.5| 16 { 745760123 0.71 | 199 | 13.7 |3.0|53.4|525({2311 905 { 73.8 | -114( 957 | 879 | 17.0
Phase 1 | 07-20-04 |10.6|13.7| 84 {955|11.7{ 1.34 |} 1.71 | 10.4 |-29.2/38.7|30.3 146 | 84.0 | 821 | 11.1 | 90.2 | 87.5 | 241
Number 13114 ] 14 | 14 | 14 14 14 4 |13} 14 | 14 | 14 14 14 14 13 13 13
Mean 13.84(13.83/ 8.15 | 4.78 |10.42] 1.38 | 0.67 | 9.33 |-5.2139.7(64.5(245( 83.3 | 87.1 | 14.8 | 90.2 | 953 | 35.9
Standard Deviation {4.21{3.08(2.78 |2.122.81{ 1.12 | 0.64 | 4.00 {27.0{21.2|159|12.1| 9.8 84 {198 | 105 | 44 | 221
Max 20.50118.80/12.45{ 9.55 114.40{ 4.54 | 1.99 [14.00|31.1/83.4!79.8/49.3| 97.8 | 97.2 | 46.0 | 98.9 | 99.2 | 80.1
Min 8.10|5.75|2.75|2.5514.60| 0.17 } 0.13 | 2.65 -55.6/-12.7|30.3 | 10.4| 63.5 | 73.7 | -129 | 58.9 | 875 | 4.8

Note: Overall removal is based on raw sewage or primary septic tank sewage concentration which ever is higher.
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Table A -4. Phase 1 TN results.

Y. Weng

PROJECT|SAMPLING TN (mg N/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE |Raw|PST|SST 1/SST 2[SST 4Filter 1|Filter 2|Filter 4/ PST|SST 1SST 2SST 4Filter 1[Filter 2Filter 4 RSF 1|RSF 2 RSF 4
Phase 1 | 04-07-04 |19.4(18.9| 13.1 | 14.2 | 158 9.8 11 124 12.6|30.7 249|164 | 252 | 225 | 215 | 495 | 43.3 | 36.1
Phase 1 | 04-27-04 34.218.6| 13.2 | 12.7 | 127} 9.2 9.2 9.4 |45.6/29.0(31.7131.7| 303 | 276 | 26.0 | 73.1 | 73.1 | 725
Phase 1 | 05-11-04 38.4| 11.2110.1{ 10 8.4 9.7 8.5 70.8|73.7174.0| 250 | 40 | 15.0
Phase 1 | 05-14-04 (29.8(19.8/ 11.3| 85 | 8 8.6 8.4 7.9 |336{429(57.1|596| 239 | 1.2 13 | 711 | 718 | 735
Phase 1 | 05-18-04 |38.221.6| 13.4 | 8.9 | 166 | 85 7.2 | 146 |43.5/38.0|58.8|23.1| 36.6 | 19.1 | 12.0 | 77.7 | 81.2 | 61.8
Phase 1 | 05-25-04 |18.2[20.9| 116 | 9.8 |142 | 102 | 8.8 | 11.8 [14.8/445|53.1(32.1| 121 | 10.2 | 16.9 | 440 | 51.6 | 35.2
Phase 1 | 06-01-04 |29.2]24.5| 8.3 | 7.5 |188| 7.3 6.3 18 |16.1|66.1 |69.4 1233 120 | 160 | 43 | 75.0 | 784 | 384
Phase 1 | 06-08-04 |28.623.2| 18.1| 7.8 {19.9| 11 72 | 179 |18.9/22.066.4 142} 392 | 7.7 | 101 | 615 | 748 | 374
Phase 1 | 06-15-04 |30.4{24.8| 159 | 7.5 [209| 104 | 6.2 | 19.3 [184(359]69.8 (157|346 | 173 | 7.7 | 658 | 79.6 | 36.5
Phase 1 | 06-22-04 | 36 [24.7| 17.8| 7.8 | 199 | 114 6 18.2 |131.4|279|68.41194| 36.0 | 23.1 | 85 | 68.3 | 83.3 | 494
Phase 1 | 06-29-04 |30.1|126.2] 14 | 9.1 |19.1 | 105 | 6.9 | 186 |13.0{46.6 (653 (27.1| 250 | 242 | 26 | 65.1 | 77.1 | 38.2
Phase 1 | 07-06-04 | 21 [25.3] 13 | 8.8 | 21.7 9 54 | 18.5 [20.5/48.6|65.2|14.2| 30.8 | 38,6 | 14.7 | 571 | 743 | 119
Phase 1 | 07-13-04 | 35 [25.7/ 12.8 1 14.6 | 204 | 9.7 9.1 18.8 [26.6|50.2143.2 (206 | 242 | 377 | 78 | 723 | 74.0 | 46.3
Phase 1 | 07-20-04 122.4{23.1| 12.6 | 14.7 | 179 | 84 9.3 | 16.2 |-3.1|455|36.4|225| 333 | 36.7 | 95 | 625 | 585 | 27.7

Number 1314 14 | 14 | 14 14 14 14 |13 | 14 | 14 | 14 14 14 14 13 13 13
Mean 28.7124.0/ 13.3 | 10.1 | 16.9| 95 7.9 | 15.0 |16.2({42.8{55.9|28.1| 27.7 | 204 | 11.3 | 64.9 | 70.8 | 43.4
Standard Deviation [6.6{4.9| 26 | 27 | 42 | 1.2 1.7 42 120.7|/139(158|176| 84 | 121 | 70 | 10.0 | 121 | 17.4
Max 38.2[38.4| 18.1 (147 |21.7 | 114 | 11.0 | 19.3 |456(70.8|73.7|740| 39.2 | 386 | 26.0 | 77.7 | 83.3 | 73.5

Min 18.2(186; 83 | 75 | 80 | 7.3 54 7.9 }20.522.0(24.9(14.2 120 | 1.2 1.3 | 440 | 433 | 11.9

Note: Overall removal is based on raw sewage concentration.
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Table A -5. Phase 1 TP results.

Y. Weng

PROJECT|SAMPLING| TP (mg P/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE [RawPST{SST 1/SST 2|SST 4Filter 1[Filter 2Filter 4PST|SST 1/SST 2SST 4Filter 1fFilter 2Filter 4 RSF 1|RSF 2|RSF 4
Phase 1 | 04-07-04 |3.814.25/3153.00| 36 | 235|225 | 26 1182592941153 ) 254 | 25,0 | 278 | 38.2 | 408 | 31.6
Phase 1 | 04-27-04 14.814.65 4.90(4.804.15| 3.9 38 (435 {31{-54(-3.2(108| 204 {208 | -48 | 188 | 208 | 94
Phase 1 | 05-11-04 43/410)3.801485) 365 | 39 | 3.95 47 |11.6|-128| 110 | -26 | 186
Phase 1 | 05-14-04 16.55/4.115.25(1.09 |465| 3.55 | 45 | 5.05 {37.4{-28.0|73.4 {-13.4| 324 |-3128] 8.6 | 45.8 | 31.3 | 229
Phase 1 | 05-18-04 |6.114.95 360|460445| 46 | 3.75 | 495 (18.9/273) 7.1 |101|-278| 185 | -11.2} 246 | 385 | 18.9
Phase 1 | 05-25-04 |55{ 4 455470 46 | 3.95 | 46 42 |(27.3{-13.8|-17.5(-15.0] 13.2 | 2.1 87 | 282 | 16.4 | 236
Phase 1 | 06-01-04 | 5 495 420|415)465| 425 | 435 | 49 |10}152|162| 6.1 | -12 | 48 | -54 | 150 | 13.0 | 2.0
Phase 1 | 06-08-04 5.95(3.7|3.85{3.804.25{ 325 { 3.75 [ 3.8 (37.8|-4.1|-27 (-149( 156 | 13 | 106 | 454 | 37.0 | 36.1
Phase 1 | 06-15-04 4.85/4.9)14.45]3.901455| 425 | 43 | 435 |-10] 92 |204| 71 | 45 {-103| 44 | 124 | 113 | 10.3
Phase 1 | 06-22-04 {494.85 3.95(3.90| 45 4 3.8 39 (101186196172 | 1.3 | 26 | 133 | 184 | 224 | 204
Phase 1 | 06-29-04 14.814.7|3.90|3.90 |4.45| 3.95 4 3853211701170 53 | 1.3 | -26 | 1356 | 17.7 | 16.7 | 19.8
Phase 1 | 07-06-04 |3.35.75 500460 43 | 48 | 445 ( 43 [742(13.0{20.0(25.2] 4.0 3.3 00 {-455|-34.8 | -30.3
Phase 1 | 07-13-04 16.85/4.3|4.75|4.85| 3.6 | 445 | 3.9 | 4.05 |37.2)-10.5/-128}16.3 ] 6.3 | 196 | -125] 35.0 | 43.1 | 409
Phase 1 | 07-20-04 | 4 13.7/360|3.45| 36 | 3.5 33 | 365 |75 27 |68 |27 | 28 4.3 -14 | 125 | 175 | 8.8

Number 13]14) 14 | 14 | 14 14 14 14 13) 14 | 14 | 14 14 14 14 13 13 13
Mean 5.114.51/ 423 13.90,4.30| 3.89 { 390 | 414 {66 51 |132|1 36 | 74 |-168| 3.8 | 205 | 211 | 165
Standard Deviation |1.06/0.56; 0.61 | 0.97 | 0.42 | 0.62 | 0.60 | 0.63 |29.5|16.0]22.0[12.8| 145 | 859 | 121 | 23.1 | 20.2 | 18.0
Max 6.85(5.75/5.25(4.85|4.85( 480 | 460 | 5.05 (37.8]27.3 7342521 324 | 250 | 27.8 | 458 | 43.1 | 409
Min 3.303.70, 3.15 1 1.09 | 3.60 ] 2.35 | 2.25 | 2.60 -74.2/-28.0]-17.5}-15.0| -27.8 {-312.8| -12.5 | -45.5 | -34.8 | -30.3

Note: Overall removal is based on raw sewage concentration.
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Table A - 6. Phase 1 E.coli results.

PROJECT SAMPLING E.coli (10° cfu/100mL) McMaster Lab data
PHASE DATE SST 1 SST 2 SST 4 Filter 1 Filter 2 Filter 4
Phase 1 04-07-04
Phase 1 04-27-04
Phase 1 05-11-04
Phase 1 05-14-04
Phase 1 05-18-04
Phase 1 05-25-04 670.0 890.0 45.0 2.8 260.0
Phase 1 06-01-04 750.0 1100.0 2800.0 49.0 7.3 1100.0
Phase 1 06-08-04
Phase 1 06-15-04
Phase 1 06-22-04 1500.0 750.0 1200.0 5.3 20.0 730.0
Phase 1 06-29-04
Phase 1 07-06-04 2300.0 1500.0 1900.0 6.4 38 1800.0
Phase 1 07-13-04 1900.0 1600.0 1600.0 27.0 3.1 870.0
Phase 1 07-20-04 2000.0 2200.0
Number 4 6 6 5 5 5
Mean 1612.5 1270.0 1765.0 26.5 74 952.0
Standard Deviation 661.3 520.4 691.5 20.6 7.3 564.8
Max 2300.0 2000.0 2800.0 49.0 20.0 1800.0
Min 750.0 670.0 890.0 5.3 2.8 260.0
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Table A -7. Phase 2 ¢cBOD; results.

Y. Weng

PROJECT|[SAMPLING ¢BOD; (mg/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE |Raw|PSTI|SST 1|SST 2SST 4fFilter 1Filter 2Filter 4PST|SST 1/SST 2iSST 4fFiiter 1Filter 2Filter 4 RSF 1|RSF 2| RSF 4
Phase 2 | 08-17-04 1112.070.90;17.90/25.10/27.90| 2.80 | 5.00 | 6.00 [36.7) 74.8 | 64.6 | 60.6| 844 | 801 | 785 ) 975 | 955 | 94.6
Phase 2 | 08-24-04 |88.094.00121.50|43.80)41.80| 2.30 | 4.70 |21.40]-6.8) 77.1153.4|555| 89.3 | 89.3 | 488 | 974 | 947 | 75.7
Phase 2 | 09-08-04 |83.454.50116.20/26.50/36.00{ 3.30 | 4.10 [14.10[34.7)70.3151.4 | 33.9| 796 | 84.5 ; 60.8 | 96.0 | 951 | 83.1
Phase 2 | 09-14-04
Phase 2 | 09-21-04 308.055.40/15.30/19.60]25.30| 3.00 | 4.20 | 8.80 |82.0172.4|64.6 |54.3| 80.4 | 78.6 | 65.2 | 99.0 | 98.6 | 97.1
Phase 2 | 09-28-04 1113.0184.10/21.90/32.80|33.50] 3.60 | 5.20 | 20.20 25.6{ 74.0 | 61.0 | 60.2| 83.6 | 84.1 | 39.7 | 96.8 | 954 | 82.1
Phase 2 | 10-05-04 158.069.30] 4.00 |{35.80/36.70| 2.60 ; 7.10 | 16.40 56.1)94.2 | 48.3 | 47.0| 35.0 } 80.2 | 55.3 | 98.4 | 95.5 | 89.6
Phase 2 | 10-12-04 (502.073.10{17.10{36.10/34.60| 3.90 | 5.50 | 11.10 85.4, 76.6 | 50.6 | 52.7 | 77.2 | 84.8 | 67.9 | 99.2 | 989 | 97.8
Phase 2 | 10-19-04 [103.051.20{29.30}30.60{33.70| 3.60 | 6.50 | 10.90 [50.3) 42.8 1 40.2 | 34.2| 87.7 | 788 | 67.7 | 96.5 | 93.7 | 894
Phase 2 | 10-26-04 {89.867.80{14.50)19.20({20.40} 2.00 | 3.40 | 5.80 |24.5/78.671.769.9| 86.2 | 823 | 71.6 | 97.8 | 96.2 | 935
Phase 2 | 11-02-04 366.057.10;12.90{15.20{17.40| 2.00 | 4.40 | 8.80 84.477.4|73.4|69.5| 845 7111 494 ) 995 | 988 | 97.6

Number 10 110 | 10 | 10 | 10 10 10 10 |10 10 { 10 | 10 10 10 10 10 10 10
Mean 192.367.7117.1{28.5{30.7| 2.9 50 | 124 47.373.8|579|538| 78.8 | 814 | 60.5 | 97.8 | 96.2 | 90.1
Standard Deviation {147.0,13.81 6.6 { 90 | 7.7 | 0.7 1.1 5.5 30.4{12.7 108|126 15.8 | 49 | 12.0 1.2 1.9 7.6
Max 502.0/94.0({29.3 (43.841.8( 3.9 71 | 214 8549427341699 893 { 89.3 | 785 | 995 | 98.9 | 97.8

Min 83.4151.2} 4.0 {16.2({174 2.0 3.4 58 {-6.8/42.840.2 1339|350 ; 711 | 39.7 | 96.0 | 93.7 | 75.7

Note: Overall removal is based on raw sewage concentration.
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Table A - 8. Phase 2 TSS results.

PROJECTSAMPLING TSS (mg/L) McMaster Lab data Removal (%) Overall Removal ("/i)J
PHASE DATE |Raw |PST|SST 1|SST 2[SST 4Filter 1|Filter 2|Filter 4PST/SST 1|SST 2|SST 4/Filter 1[Filter 2|Filter 4 RSF 1 | RSF 2 | RSF 4
Phase 2 | 08-17-04 [151.6/41.7| 216 | 27.3 | 27.5| 4.7 9.5 12.7 [725/48.2 1345|341 | 78.2 | 652 | 53.8 | 96.9 | 93.7 | 916
Phase 2 | 08-24-04 [172.0/60.8| 27.5 [ 44.7 | 456 | 5.2 108 | 294 164.7/54.8 | 26,5250 | 81.1 | 75.8 | 355 | 970 | 93.7 | 829
Phase 2 | 09-08-04 {152.2148.0| 26.7 | 35.5 {345 9.0 9.8 248 168.54441(26.01281| 663 | 724 { 28.1 | 941 | 936 | 83.7
Phase 2 | 09-14-04 {138.6/56.3; 40.4 [ 39.56 | 40.8| 6.2 124 | 234 [59.4/ 2821298 |275| 84.7 | 68.6 | 42.6 95..5 91.1 | 83.1
Phase 2 | 09-21-04 |595.6/60.5| 27.2 | 26.4 | 28.6 | 2.9 5.8 16.9 189.8/ 55.0 | 56.4 | 52.7 | 89.3 | 78.0 | 409 | 995 | 99.0 | 97.2
Phase 2 | 09-28-04 [149.4[74.7) 26.8 | 31.9 { 30.7 | 4.4 5.3 18.5 [50.0(64.1 [57.3 589 | 836 | 834 | 39.7 | 971 | 965 | 87.6
Phase 2 | 10-05-04 [216.8/59.4) 46 | 33.8|325| 2.0 10.7 | 13.0 [72.6/92.3 (43.1|45.3 | 56.5 | 68.3 | 60.0 | 99.1 | 951 | 94.0
Phase 2 { 10-12-04 |876.8/48.8| 19.5|19.2 (456 | 21 | 17.8 | 23.8 [94.4/60.0 (60.7| 6.6 | 89.2 | 73 | 478 | 99.8 | 98.0 | 97.3
Phase 2 | 10-19-04 |167.8/68.8/ 49.2 1 37.5| 394 | 8.6 11.8 | 16.8 [59.0,28.545.5|42.7 | 825 | 685 | 574 | 949 | 93.0 | 90.0
Phase 2 | 10-26-04 {162.0/56.0| 23.0 | 26.0 { 30.0| 7.0 120 | 15.0 |65.4/58.9 53.6 |464 | 69.6 | 538 | 50.0 | 95.7 | 926 | 90.7
Phase 2 | 11-02-04 [514.4[51.9] 17.3 | 19.0 [ 249 | 4.9 7.8 13.6 [89.9(66.7 | 634 (520 71.7 | 589 | 454 |{ 99.0 | 985 | 974

Number 11 111 1 11 11 11 11 11 [11.0011.0|11.0|11.0| 110 | 110 | 110 | 11.0 | 11.0 | 11.0
Mean 299.7|57.0( 258 | 31.0 | 346 | 52 | 103 | 189 (715546 |45.2|38.1| 77.5 | 63.7 | 456 | 97.1 | 95.0 | 90.5
Standard Deviation [248.7(9.5{116| 82 | 7.2 | 2.4 3.4 56 {144/ 18.0|14.11154 | 103 | 205 | 9.5 2.0 2.6 5.6
Max 876.8(74.7| 49.2 | 44.7 | 456 | 9.0 | 17.8 | 29.4 1944923634589 | 89.3 | 834 | 60.0 | 99.8 | 99.0 [ 974

Min 138.6/41.7| 4.6 | 19.0 | 249 | 2.0 53 | 127 [50.0/28.226.0| 66 | 56.5 | 7.3 | 281 | 94.1 | 911 | 829

Note: Overall removal is based on raw sewage concentration.
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Table A -9. Phase 2 TAN results.

Y. Weng

PROJECTISAMPLING TAN (mg N/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE |[Raw|PST [SST 1)SST 2SST 4Filter 1fFilter 2Filter 4 PST|SST 1/SST 2/SST 4fFilter 1[Filter 2Filter 4 RSF 1 |RSF 2| RSF 4
Phase 2 | 08-17-04 [16.90/15.50) 8.15 |10.25[{11.70] 4.30 | 560 | 9.40 | 8.3 14741339245 472 | 454 | 19.7 | 746 | 66.9 | 444
Phase 2 | 08-24-04 114.7015.90 7.75 |11.90{12.75; 2.52 | 7.10 | 10.25|-8.2|51.3{25.2 1198 | 675 | 40.3 | 196 | 84.2 } 553 | 355
Phase 2 | 09-08-04 (14.10/13.50 6.50 | 9.50 {12.60} 2.85 | 580 |10.30|4.3 519|296 | 6.7 | 56.2 | 389 | 183 | 79.8 ) 58.9 | 27.0
Phase 2 | 09-14-04 112.30/16.40 6.55 {10.50{11.05) 2.51 | 6.35 | 9.70 }-33.3]60.1 [ 36.0 | 32.6 | 61.7 | 39.5 | 12.2 | 84.7 | 61.3 | 40.9
Phase 2 | 09-21-04 14.30113.50] 6.30 } 9.10 [10.05| 2.14 | 6.15 | 8.95 1 56 53.3 (326256 66.0 | 324 | 109 | 850 | 570 | 374
Phase 2 | 09-28-04 16.20/17.40; 6.95 }13.70{15.00| 2.80 | 9.60 }13.00-7.4}60.1 |21.3|13.8) 69.7 | 26.9 | 13.3 | 83.9 | 448 | 253
Phase 2 | 10-05-04 |16.3017.60] 2.75 |13.60{15.10, 1.04 | 12.9013.90 {-8.0}84.4 | 22.7 | 142) 62.2 | 5.1 79 | 941 | 267 | 21.0
Phase 2 | 10-12-04 [19.1023.50] 8.70 |18.60(18.20| 3.26 | 14.00 | 15.40 -23.0/ 63.0 | 20.9 | 22.6 | 62.5 | 24.7 | 154 | 86.1 | 404 | 345
Phase 2 | 10-19-04 [15.30/17.90| 3.60 |13.40{11.90] 2.14 ;10.95|11.40 [-17.0/79.9 | 25.1 | 33.5| 406 | 183 | 4.2 | 88.0 | 38.8 | 36.3
Phase 2 | 10-26-04 [15.00/17.10] 8.30 |15.50}13.20] 3.26 | 14.90]11.90 -14.0/51.5| 94 | 228 | 60.7 | 3.9 | 9.8 | 80.9 | 129 | 304
Phase 2 | 11-02-04 [13.90[16.50] 5.95 ]11.20{10.90| 1.98 | 8.90 | 8.30 -18.7)63.9]32.1 133.9| 66.7 | 20.5 | 23.9 | 88.0 | 46.1 | 49.7
Number 1 T T e B T B O O 11 11 B T e e O I T B O I 11 11 11 11 11 11
Mean 15.28/16.80] 6.50 [12.48{12.95| 2.62 | 9.30 | 11.14 -10.1160.6 | 26.2 | 22.7 | 59.2 | 27.2 | 14.1 | 84.5 | 46.3 | 34.8
Standard Deviation {1.812.68| 1.88|2.85|2.36| 0.84 | 3.45 | 222 {128(120| 7.7 | 88 { 84 | 141 | 659 50 | 16.1 | 85
Max 19.1023.50( 8.70 (18.60{18.20| 4.30 {14.90 {1540 (8.3 {84.4 [ 36.0 {33.9| 67.5 | 454 | 23.9 | 94.1 | 66.9 | 49.7
Min 12.30/13.50, 2.75 | 9.10 {10.05) 1.04 | 560 | 8.30 -33.3/47.4| 94 | 6.7 | 406 | 3.9 | 42 | 746 | 129 | 21.0

Note: Overall removal is based on raw sewage or primary septic tank sewage concentration which ever is higher.

120




M.A.Sc. Thesis in Civil Engineering

Table A - 10. Phase 2 TN results.

Y. Weng

PROJECTISAMPLING TN (mg N/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE |[RawPSTISST 1[SST 2)SST 4‘Filter1Filter2 ilter 4 PSTSST 1SST 2iSST 4fFilter 1Filter 2Filter 4 RSF 1 | RSF 2 | RSF 4
Phase 2 | 08-17-04 |30.224.5/11.8|158{18.0| 9.1 | 125 | 10.4 |18.9|51.8|35.5|26.5| 229 | 209 | 422 | 69.9 | 58.6 | 65.6
Phase 2 | 08-24-04 26.226.6) 12.0|19.1 1209 | 74 | 153 | 183 [-1.5}549]28.2 /214 ) 38.3 | 19.9 | 124 | 71.8 | 416 | 30.2
Phase 2 | 09-08-04 [24.022.2/ 11.2(17.3(19.7| 84 | 115 | 195 [{75{495|221{11.3| 250 | 335 | 1.0 | 650 | 52.1 | 188
Phase 2 | 09-14-04 [20.8[27.3 11.8|17.8|19.8| 7.9 | 134 | 17.5 1-31.3 56.8 |34.8|27.5| 33.1 } 24.7 | 116 | 620 | 35.6 | 159
Phase 2 | 09-21-04 |44.023.2(11.3116.4 |19.1| 7.9 | 13.0 | 17.2 |47.3|561.3 293 |17.7| 30.1 | 207 | 99 | 820 | 70.5 | 60.9
Phase 2 | 09-28-04 |25.622.1) 10.9{16.5 (176 8.7 | 13.2 | 16.1 {13.7/50.7 |25.3 204 | 202 { 200 | 85 | 66.0 | 484 | 37.1
Phase 2 | 10-05-04 [26.2]23.7| 8.3 {18.6 (204 | 89 | 165 | 182 |95|650(215|139| -7.2 | 113 | 10.8 | 66.0 | 37.0 | 305
Phase 2 | 10-12-04 |55.6{30.8/ 11.3,20.3 |19.2| 8.6 | 176 | 16.8 |44.6/63.3 |34.1|37.7| 23.9 | 133 | 125 | 845 | 68.3 | 69.8
Phase 2 | 10-19-04 [29.6126.9) 15.4 | 19.4 | 17.3| 9.9 | 17.1 } 165 | 9.1]1428)27.9)135.7) 357 | 11.9 | 104 | 66.6 | 422 | 47.6
Phase 2 | 10-26-04 [27.824.9 14.6{20.7 | 18.6| 10.5 | 18.7 | 153 (10.4141.4|16.9(253 | 28.1 | 9.7 | 17.7 | 622 | 32.7 | 45.0
Phase 2 | 11-02-04 {38.423.5/13.5| 154 |15.1| 11.0 | 126 | 13.1 |38.8/426|345|35.7| 185 | 182 | 132 | 714 | 67.2 | 65.9
Number O T T T e B T e 11 11 1 111 1111 1 11 11 11 11 11 11
Mean 31.7(26.1112.0|17.9(18.7| 89 | 147 | 16.2 |152{51.8|28.2 (248 | 244 | 185 { 13.7 | 69.8 | 504 | 44.3
Standard Deviation |10.3|2.6} 1.9 | 1.8 | 16 | 1.1 25 | 26 |225/79 |63 (89 |122 | 69 | 103 | 74 | 139 | 194
Max 55.6/30.8) 15.4 ) 20.7 120.9| 11.0 | 18.7 | 19.5 |47.3/165.0 | 355)37.7| 383 | 335 | 422 | 845 | 70.5 | 69.8
Min 20.822.11 83 {154 151} 74 | 115 104 [-31.3141.4 169|113 | -72 | 97 { 1.0 | 62.0 | 327 | 159

Note: Overall removal is based on raw sewage concentration.
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Table A - 11. Phase 2 TP results.

Y. Weng

PROJECT|ISAMPLING TP (mg P/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE | DATE [Raw[PST|SST 1/SST 2SST 4Filter 1[Filter 2Filter 4PST[SST 1/SST 2/SST 4Filter 1[Filter 2Filter 4 RSF 1|RSF 2| RSF 4
Phase 2 | 08-17-04 |5.204.30,3.80 {3.70 (3.90 | 3.80 | 3.80 | 3.85 |17.3]11.6|14.0( 93 | 00 | 27 | 1.3 | 269 | 26.9 | 26.0
Phase 2 | 08-24-04 |4.304.00{ 4.15(4.30|4.00| 340 | 455 | 330 |70|-37|-75| 0.0 | 181 | -58 | 175 | 209 | -58 | 233
Phase 2 | 09-08-04 |3.60}4.05/ 3.60(3.95|3.70| 3.30 | 3.90 | 3.50 125111}/ 25 |86 | 83 | 1.3 | 54 83 | -83 | 28
Phase 2 | 09-14-04 |2.4514.00, 3.65{3.70 {3.50 | 3.10 | 3.80 | 3.40 63.3 88 { 7.5 |125} 1561 | 27 | 29 | -26.,5 | -55.1 | -38.8
Phase 2 | 09-21-04 |10.20/3.30| 3.25 (4.1513.30 | 3.05 | 425 | 295 |67.6| 1.5 |-268| 0.0 | 6.2 | -24 [ 106 | 70.1 | 58.3 | 71.1
Phase 2 | 09-28-04 |4.703.75/ 3.25 | 4.45|3.80 | 3.15 | 4.05 | 3.45 {20.2| 13.3 |-18.7{ -1.3 | 3.1 90 | 92 | 33.0 | 13.8 | 26.6
Phase 2 | 10-05-04 {5.204.00; 3.25{3.85[3.55| 3.20 | 405 | 3.75 (23.1/188| 3.8 {113 15 | -52 | -56 | 385 | 221 | 279
Phase 2 | 10-12-04 |12.20[3.70| 3.25{3.90{3.30| 295 | 3.95 | 3.05 |69.7|12.2| -564 (108 92 | -13 | 76 | 758 | 67.6 | 75.0
Phase 2 | 10-19-04 |4.60 [4.10] 3.30 | 3.50 | 3.15 | 2.50 | 3.50 | 3.05 |10.9] 19.5 | 14.6 | 232 | 242 | 0.0 | 3.2 | 45.7 | 23.9 | 33.7
Phase 2 | 10-26-04 |4.20(3.70; 3.20 (3.90 | 3.35| 3.20 | 4.15 | 3.35 |11.9{135|-54 | 95 | 0.0 | 64 | 0.0 | 238 | 1.2 | 20.2
Phase 2 { 11-02-04 {11.90(3.60( 3.20 |2.90 1 2.85| 2.75 | 2.80 | 2.95 |69.7| 11.1 | 19.4 [ 20.8 | 14.1 34 | -35 | 769 | 76.5 | 75.2

Number 11 (11 11 11 11 11 11 11 11| 11 1 11 11 11 11 11 11 11
Mean 6.2313.86/ 3.45|3.85(3.49| 3.13 | 3.89 | 3.33 (20.2(10.7|-0.1 | 95 | 9.1 12 | 44 358 | 201 | 31.2
Standard Deviation |3.460.28/ 0.31 | 0.42 |0.34| 0.34 | 045 | 0.31 (394 68 (14179 | 80 | 45 | 66 | 31.1 | 38.1 | 33.8
Max 12.2014.30[ 4.1514.45 | 4.00 | 3.80 | 455 | 3.85 {69.7{19.5|194 |23.2| 242 | 90 | 175 | 769 | 76.5 | 75.2
Min 2.453.30{3.20 (290 |285| 250 | 2.80 | 295 1-63.3] -3.7 |-2568{-13| 0.0 | -64 | -5.6 | -26.5 | -55.1 | -38.8

Note: Overall removal is based on raw sewage concentration.
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Table A - 12. Phase 2 E.coli results.

Y. Weng

PROJECT SAMPLING E.coli (10° c¢fu/100mL) McMaster Lab data

PHASE DATE SST1 SST 2 SST 4 Filter 1 Filter 2 Filter 4

Phase 2 08-17-04 1200.0 2000.0 2500.0 1.3 28.0 820.0
Phase 2 08-24-04 720.0 3400.0 2600.0 2.0 110.0 1800.0
Phase 2 09-08-04 670.0 860.0 2600.0 4.6 410 1100.0

Phase 2 09-14-04

Phase 2 09-21-04 730.0 900.0 1300.0 1.0 88.0 800.0
Phase 2 09-28-04 1800.0 2700.0 2300.0 55.0 150.0 1300.0
Phase 2 10-05-04 10.0 1600.0 2000.0 0.6 780.0 1200.0
Phase 2 10-12-04 1300.0 2800.0 3400.0 24.0 1000.0 2200.0

Phase 2 10-19-04 1400.0 2400.0 2700.0 17.0 570.0 800.0

Phase 2 10-26-04 1100.0 1400.0 1500.0 2.0 380.0 580.0

Phase 2 11-02-04 540.0 570.0 790.0 3.7 260.0 330.0

Number 10 10 10 10 10 10

Mean 947.0 1863.0 2169.0 1.1 340.7 1093.0

Standard Deviation 512.5 950.8 776.6 17.3 338.2 564.8
Max 1800.0 3400.0 3400.0 55.0 1000.0 2200.0

Min 10.0 570.0 790.0 0.6 28.0 330.0
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Table A - 13. Phase 3 cBODs results.

Y. Weng

PROJECTSAMPLING ¢cBOD; (mg/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE |Raw PST|SST 1/SST 2 SST 4(Filter 1/Filter 2|Filter 4PSTSST 1SST 2'SST 4Filter 1Filter 2Filter 4 RSF 1| RSF 2|RSF 4
Phase 3 | 11-30-04 | 86 (35.7{ 79 | 196 | 15 35 | 17.5 10 |[68.5/ 77.9 |45.1 |58.0 | 55.7 | 10.7 | 33.3 | 95.9 | 79.7 | 88.4
Phase 3 | 12-7-04 |86.7[57.3] 13 {353 (299 | 3.9 | 147 | 17.8 (33.9/ 773|384 478 | 700 | 584 | 405 | 955 | 83.0 | 795
Phase 3 | 12-14-04 |97.6 84.2| 12 |29.2 | 38.6 6 26.2 | 23.4 [13.7/85.7 (653 {542 | 50.0 | 10.3 | 394 | 939 { 73.2 | 76.0
Phase 3 | 12-21-04 |91.2166.2| 15 |40.3 52 | 274 | 19.7 [27.4 773 | 39.1 65.3 | 32.0 943 | 700 | 784
Phase 3 | 12-28-04 | 141 [55.2| 13 | 341|256 | 58 | 178 | 144 |60.9 764 |38.2 | 536 | 554 | 478 | 43.8 | 959 | 874 | 8938
Phase3 | 1-4-05 556348/ 85 |17.2 (136 35 | 121 | 8.7 (374 756|506 60.9| 58.8 | 29.7 | 36.0 | 93.7 | 78.2 | 844
Phase3 | 1-11-05 |{93.9[34.6| 10.2 | 22.6 {226 | 53 | 16.8 | 16.3 63.2/ 70.5[34.7 {347 | 48.0 | 257 | 279 | 944 | 821 | 826
Phase3 | 1-25-05 |95.7|31}102 (228 (235| 42 | 169 | 9.1 [67.6/67.1]1265|242| 588 | 259 | 613 | 956 | 82.3 | 90.5
Phase3 | 2-1-05 (81.3148.5 16.1 |36.4|253| 66 | 16.7 | 12.5 |40.3/66.8 (249|478 | 59.0 | 541 | 506 | 919 | 795 | 84.6
Phase3 | 2-8-05 |89.8141.8 126(23.1{171] 63 | 166 | 11.6 [53.5 69.9 [ 44.7 | 59.1 | 50.0 | 28.1 | 32.2 | 93.0 | 81.5 | 87.1
Phase 3 | 2-15-05 [99.4 (509} 8.2 | 186 |145| 59 | 144 | 11.7 |48.8/ 839635715 | 28.0 | 226 | 19.3 | 94.1 | 855 | 88.2
Phase 3 | 2-22-05 | 78 148.8/ 124 265|235 58 | 17.7 | 156 [37.4{ 746 |45.7 | 518 | 53.2 | 33.2 | 336 | 926 | 77.3 | 80.0
Phase 3 | 3-1-05 91 183.4| 16.2 {357 (2731 101 | 30.4 | 25.7 (8.4|806|57.2|67.3| 377 | 148 | 59 | 889 | 66.6 | 71.8
Phase3 | 3-8-05 |57.3(37.7/109 223 (17.7| 76 | 144 | 131 [342 711,408 531 | 303 | 354 | 26.0 | 86.7 | 749 | 771
Phase 3 | 3-15-05 {114 143.8/ 116 (239 (175 | 68 | 16.9 | 13.3 1616/ 73,5454 600 | 414 | 293 | 240 | 940 | 85.2 | 88.3
Phase 3 | 3-29-05 | 90 |65.8| 16.2 302} 8.9 20.9 [26.9 754 54.1 | 451 30.8 | 90.1 76.8

Number 16 | 16| 16 | 15 | 15 16 15 16 |[16] 16 | 15 | 15 16 15 15 16 15 16
Mean 90.551.2/ 1211272 228 | 6.0 | 184 | 15.2 |42.1/752 440 |53.2| 504 | 305 | 336 | 93.2 | 79.1 | 827
Standard Deviation |19.8{16.6| 28 | 74 | 70 | 1.8 5.3 51 {18.0 54 |11.7 {118 11.7 | 142 | 131 | 2.6 5.9 5.8
Max 141.084.2) 16.2 { 40.3 1 386 | 10.1 | 304 | 25.7 |67.6/ 857 {653 {71.5| 70.0 | 584 | 61.3 | 959 | 874 | 90.5

Min 556(31.00 79 [ 172|136 | 35 | 121 | 8.7 |8.4|66.8 249|242 280 | 103 | 59 | 86.7 | 66.6 | 71.8

Note: Overall removal is based on raw sewage concentration.
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Table A - 14. Phase 3 TSS results.

Y. Weng

PROJECTISAMPLING TSS (mg/L.) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE | Raw |PST|SST 1/SST 2|SST 4iFilter 1|Filter 2|Filter 4/ PST|SST 1{SST 2|SST 4{Filter 1|Filter 2|Filter 4, RSF 1{RSF 2|RSF 4
Phase 3 { 11-30-04 | 126 (35.3) 14.3 { 26.8 {209 | 127 { 192 | 19 {720/ 595|241 {408 | 11.2 ({ 284 { 91 | 89.9 | 84.8 { 84.9
Phase 3 | 12-7-04 [170.4/56.5{ 21.2 | 38.7 [ 36.5| 144 | 389 | 271 |66.8/ 625 | 31.5 [ 354 | 321 | -05 | 258 | 915 | 77.2 | 841
Phase 3 | 12-14-04 | 137 |47.7{ 20.7 | 41.7 | 33.4 | 148 [137.9| 944 (65.2| 56.6 | 12.6 | 30.0 | 28.5 {-230.7({-182.61 89.2 | -0.7 | 31.1
Phase 3 | 12-21-04 |199.8{43.3| 19.1 | 35.3 11.7 | 324 | 27.8 [78.3{ 55.9 | 18.5 38.7 | 82 941 | 83.8 | 86.1
Phase 3 | 12-28-04 1200.2{46.5| 20 |44.7 | 338 | 134 | 268 | 25.4 (768{ 570 | 3.9 | 27.3 | 33.0 | 400 | 249 | 93.3 | 86.6 | 87.3
Phase 3 1-4-05 |82.8(35.2 12.8 120.7 | 17.7 | 6.5 16.8 | 145 |57.5( 63.6 [ 41.2 | 49.7 | 492 | 188 | 18.1 | 921 | 79.7 | 82.5
Phase3 | 1-11-05 |274.4{ 45| 212} 37 | 379 | 14 305 | 285 836/ 529|178 | 1581 340 [ 176 | 248 | 949 | 88.9 | 89.6
Phase 3 | 1-25-05 |130.8/44.4| 21.9 | 40.1 [ 448 | 156 | 316 | 279 |66.1] 50.7 | 9.7 | -09 | 288 | 212 | 377 | 88.1 | 758 | 78.7
Phase3 | 2-1-05 |236.457.2| 21.1 [ 53.6 | 36.8| 15 373 | 309 (758 63.1| 6.3 |357| 289 | 304 | 16.0 | 93.7 | 84.2 | 86.9
Phase 3 | 2-8-05 [243.6|50.7; 19.4 | 345|272 | 104 | 279 | 223 |79.2| 61.7 | 32.0 | 464 | 464 | 19.1 | 18.0 | 95.7 | 88.5 | 90.8
Phase 3 | 2-15-05 |222.2|147.8| 23.2 | 45 | 30.2 | 155 | 304 | 252 |785/ 515 | 59 | 36.8 | 33.2 | 324 | 16.6 | 93.0 | 86.3 | 88.7
Phase 3 | 2-22-05 |247.250.9| 23.3 | 419 1409 | 141 | 335 | 325 (79.4| 542 | 17.7 | 196 | 395 | 20.0 | 205 | 94.3 | 86.4 | 86.9
Phase 3 | 3-1-05 |202.2|154.3| 27.1 {444 (449 | 17 | 313 | 33.8 |73.1/50.1 | 182 | 173 | 373 | 295 | 247 | 916 | 845 | 83.3
Phase 3| 3-8-05 (173.4{42| 19 | 37 |[371| 14 | 351 | 324 |758/ 548 | 119|117 ] 263 | 51 | 127 | 91.9 | 79.8 | 81.3
Phase 3 | 3-15-05 |246.6|56.2] 20.7 | 406 | 39.6 | 22,1 | 344 | 315 |{77.2| 63.2 [ 278 | 295 | 6.8 | 153 | 205 | 91.0 | 86.1 | 87.2
Phase 3 | 3-29-05 1225.4/79.2) 32.8 515 | 21.3 40.8 |64.9) 58.6 35.0 | 35.1 20.8 | 90.6 81.9
Number 16 | 16| 16 15 15 16 15 16 |16.0/ 16.0 | 150 | 15.0 | 16.0 | 150 | 15.0 | 16.0 | 15.0 | 16.0
Mean 194.9/49.5| 211 | 388 | 355 | 145 | 376 | 321 [73.1{ 57.2 | 186 | 28.7 | 31.0 | 3.7 7.2 92.2 | 78.1 | 82.0
Standard Deviation | 53.8|10.4| 46 | 78 | 90 | 3.7 | 284 | 17.7 {7.1| 47 | 109 | 138 132 [ 65.7 | 529 | 21 | 221 | 139
Max 274.4]79.2| 32.8 | 53.6 | 51.5 | 22.1 | 137.9| 94.4 183.6)| 63.6 | 41.2 1 49.7 | 49.2 | 40.0 | 37.7 | 95.7 | 889 | 90.8
Min 82.8 (35.2| 12.8 } 20.7 | 17.7} 6.5 | 16.8 | 14.5 |57.5/ 50.1 | 3.9 | -0.9 | -6.8 |-230.7|-182.6| 88.1 | -0.7 | 31.1

Note: Overall removal is based on raw sewage concentration.
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Table A - 15. Phase 3 TAN results.

Y. Weng

PROJECTISAMPLING TAN (mg N/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE |Raw|PST |SST 1|SST 2iSST 4fFilter 1|Filter 2[Filter 4PST|SST 1/SST 2/SST 4fFilter 1|Filter 2Filter 4/ RSF 1| RSF 2| RSF 4
Phase 3 | 11-30-04 |12.4|156| 7 |152]13.3| 298 | 149 | 129 [-125.8/55.1| 2.6 | 147|574 | 20 | 3.0 | 809 | 45 | 17.3
Phase 3 | 12-7-04 |13.7|186| 65 | 16.7 | 153 | 2.38 | 16.6 { 13.8 |-35.8/65.1 ( 10.2| 177|634 | 0.6 | 98 | 87.2 | 108 | 25.8
Phase 3 | 12-14-04 |174|17.1}{ 6.1 158 |13.8| 3.62 | 17.7 | 125 |17 |643| 76 | 19.3| 40.7 |-12.0| 94 | 79.2 | -1.7 | 282
Phase 3 | 12-21-04 |17.3]|16.9]7.55]|17.4 436 | 17 | 141 (23553 -3.0 423 | 2.3 748 | 1.7 | 185
Phase 3 | 12-28-04 {16.3|17.3|8.85|169 | 164 | 7.7 | 168 | 145 |(-6.1|488| 23 | 52 {13.0| 06 | 116 | 565 | 29 | 16.2
Phase3{ 1405 |85|149|63 | 14 | 11 | 535|146 | 94 |-753 57.7| 6.0 | 26.2| 151 | 43 | 145 | 641 | 2.0 | 36.9
Phase3 | 1-11-05 |11.8|16.2| 96 |166|149| 7.6 | 166 | 14 373 40.7|-25| 8.0 (208 | 0.0 | 6.0 | 531 | -25 | 13.6
Phase 3 | 1-25-05 |13.1|17.116.85|16.5|14.6| 3.35 | 164 | 121 1-30.5/599 | 3.5 | 146 | 51.1 | 06 | 171 | 804 | 4.1 | 29.2
Phase3 | 2-1-05 (12.5(18.6|105{169|152| 7.65 | 16.7 | 13.6 [-48.8/435| 9.1 183|271 | 1.2 | 105 | 589 | 10.2 ; 26.9
Phase3 | 2-8-05 |12.6|17.5|/985| 16 |14.3| 7.85 | 15.6 | 12.6 [-38.9/43.7| 86 | 18.3| 203 | 2.5 | 119 | 5561 | 109 | 28.0
Phase 3 | 2-15-05 | 11 |146]| 85 | 1562|136| 6.6 | 144 | 123 |-32.7/418| 41| 6.8 (224 | 53 | 96 | 548 | 14 | 158
Phase 3 | 2-22-05 |11.3{16.8]|7.75|15.1|13.7| 545 | 15 13 |48.7/53.9|10.1{18.5|29.7 1 0.7 | 5.1 | 676 | 10.7 | 22.6
Phase 3| 3-1-05 |10.7(17.1| 9.7 | 151113.7| 8.05 | 154 | 13.3 |-59.8/ 433 [11.7|199 (170 | 20 | 29 | 529 | 99 | 222
Phase3 | 3805 {91 | 16 {105|14813.6| 9.1 | 144 | 12.7 |-75.8/ 347 | 75 | 15.0 | 129 | 2.7 | 6.6 | 43.1 | 10.0 | 20.6
Phase 3 | 3-15-05 |13.6(17.5{114{154|142| 84 | 149 | 13 }-28.7/349|120]189| 263 | 3.2 | 85 | 520 | 149 | 257
Phase 3 | 3-29-05 |12.6{15.8|10.2 144 84 13.7 -25.4 35.4 8.9 | 176 49 | 468 13.3

Number 16 {16 | 16 | 15 | 15 16 15 16 |16 | 16 | 15 | 15 16 15 15 16 15 16
Mean 12.74/16.73( 8.57 |15.84(14.13| 6.18 |15.80(12.97-35.3/ 48.6 | 54 {154 298| 0.2 | 88 | 629 | 6.0 | 225
Standard Deviation (2.56(1.15|1.73 096 |1.20| 224 | 1.08 | 1.18 |23.3/10.3| 54 | 58 | 16.2| 41 | 41 | 13.7 | 53 6.6
Max 17.40(18.60(11.40(17.40{16.40| 9.10 {17.70[{14.50]/2.365.1|12.0126.2 | 634 | 53 | 171 | 87.2 | 149 | 36.9

Min 8.50 |14.60| 6.10 |14.00(11.00| 2.38 |14.40| 940 -75.8/34.7 | 41| 5.2 | 129 (-120| 29 | 43.1 | -25 | 133

Note: Overall removal is based on raw sewage or primary septic tank sewage concentration which ever is higher.
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Table A - 16. Phase 3 TN results.

Y. Weng

PROJECTISAMPLING TN (mg N/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE |RawPSTI|SST 1|SST 2SST 4 iiter 1[Filter 2|Fiiter 4PST|SST 1|SST 2[SST 4fFilter 1[Filter 2|Filter 4 RSF 1 | RSF 2| RSF 4
Phase 3 | 11-30-04 |19.720.9/ 13.8| 184 18 | 13.5| 18.6 | 17.1 |-6.1)34.0[12.0/13.9] 22 | 1.1 | 50 | 31.5 | 56 | 132
Phase3 | 12-7-04 |15.3| 18 |11.5{15.7|14.5| 109 | 15.4 ; 142 |-17.6/36.1 (128|194 52 | 19 | 21 | 288 | -0.7 | 7.2
Phase 3 | 12-14-04 [26.3)23.2(13.7 (2121196 129 | 26.1 | 19.6 {11.8/{409( 86 (155 58 [-23.1| 0.0 { 51.0 | 0.8 | 2565
Phase 3 | 12-21-04 26.423.6) 15.9 | 22.4 14.1 {225 | 19.3 |10.6|32.6 | 5.1 113 | -04 466 | 148 | 26.9
Phase 3 | 12-28-04 [28.824.3/ 15.7 | 223 | 19 | 14.8 | 21.2 | 184 |15.6|/ 354 | 82 |[218| 57 | 49 | 3.2 | 486 | 264 | 36.1
Phase 3| 1-4-05 ]14.9227/151/18.1]16.8] 12 | 18.4 ) 15,5 -52.333.5(/20.3/26.0{ 205 1.7 | 7.7 | 195 } -23.5 ] 4.0
Phase 3| 1-11-05 |23 25.6/16.3 | 21.8|20.5| 145 | 21.7 | 18.8 -11.3/36.3 (148|199 110 | 05 | 83 | 370 | 57 | 183
Phase 3 | 1-25-05 (21.525.1/15.4{20.5|19.4| 13.2 | 204 | 171 +16.7/38.6 |18.3 (227 | 143 | 0.5 {119 386 [ 51 | 205
Phase 3| 2-1-05 [21.627.2(15.9{22.7|20.7| 142 | 22 {195 259 415(165(239|107 | 31 | 58 | 343 | -1.9 | 97
Phase 3 | 2-8-05 [23.528.1/15.5(22.2{20.8( 14.6 | 22.2 | 18.9 |-19.6/44.8(21.0|26.0| 58 | 0.0 | 91 | 379 | 55 | 196
Phase 3| 2-15-05 {19.222.6/ 144 20 |18.9| 13.8 | 19.8 | 18.1 1-17.7/36.3 |115(164| 42 | 10 | 42 | 28.1 | -3.1 5.7
Phase 3 | 2-22-05 [21.2125.6| 14.4|216(19.21124 | 20.3 | 18.3 [-20.8/ 43.8|15.6|25.0| 139 | 60 | 47 | 415 | 42 | 137
Phase 3| 3-1-05 {21.927.8/15.3120.6]19.7) 13.9]21.2 | 18.7 1-26.9/ 45.0|259|29.1) 92 | 29| 51 | 365 | 3.2 | 146
Phase3 | 3-8-05 [17.3)26.8/15.3|19.9|19.6]| 149 | 19.8 | 18.8 [-54.9/ 429|257 269 26 | 05 | 41 | 139 | -145 | -87
Phase 3 | 3-15-05 [26.927.2/ 15.6 |20.2|19.2| 139|199 | 18.7 (-1.1|42.6{25.7(294 109 | 15 | 26 | 48.3 | 26.0 | 305
Phase 3 | 3-29-05 [16.422.1| 14.7 19.3] 13.2 19.2 1-34.8 33.5 12.7 | 10.2 0.5 | 195 -17.1
Number 16 (16| 16 | 15 | 156 | 16 15 16 (16| 16 | 15 | 15 16 15 15 16 15 16

Mean 21.524.4 14.9120.5|19.0} 136 | 206 | 18.1 -16.7/386|16.1 1219 | 90 | -06 | 49 | 3511 | 3.6 | 13.2
Standard Deviation [4.2|28! 12 | 19| 16 | 11 | 24 | 15 |204| 44 |66 | 54 | 49 | 66 | 3.2 | 111 | 129 | 143

Max 28.828.1) 16.3 [ 22.7 1 20.81 14.9 | 26.1 | 19.6 |15.6) 45.0 259|294 205 | 60 | 119 | 51.0 | 26.4 | 36.1

Min 14.9118.011.5| 15.7 | 14.5| 109 | 154 | 14.2 |[-54.9/326 | 5.1 |12.7| 2.2 {-231| 0.0 | 13.9 | -23.5 | -171

Note: Overall removal is based on raw sewage concentration.
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Table A - 17. Phase 3 TP results.

PROJECTSAMPLING TP (mg P/L) McMaster Lab data Removal (%) Overall Removal (%)

PHASE DATE [RawPST[SST 1)SST 2SST 4fFilter 1Filter 2|Filter 4 PST;SST 1/SST 2SST 4fFilter 1[Filter 2Filter 4 RSF 1} RSF 2 | RSF 4

Phase 3 | 11-30-04 |2.95/1.3} 1 (125|111 15 | 11 | 09 (6569|1231 3.8 |154|-50.0| 12.0 | 182 | 49.2 | 62.7 | 69.5

Phase 3 | 12-7-04 |3.35/3.8)1.55|2.35|2.65| 1.55 | 2.75 | 2.15 13.4/59.2 | 38.2{30.3| 0.0 [-17.0| 189 | 53.7 | 179 | 358

Phase 3 | 12-14-04 [3.65(3.4|2.25|215| 2.2 | 165 | 2.4 2 16.8|338|36.8|353|26.7 |-11.6} 91 | 548 | 342 | 45.2

Phase 3 | 12-21-04 |3.1| 3 | 2.15]| 2.7 18 | 23523532283 10.0 16.3 | 13.0 419 | 242 | 24.2

Phase 3 | 12-28-04 |14.1|15{1.45 18 |195} 14 | 13 | 1.35|63.4| 3.3 |-20.0(-30.0( 3.4 | 278 | 30.8 | 65.9 | 68.3 | 67.1

Phase3 | 1-4-05 |2.4|1.55 08 | 0.7 | 0.8 | 0.3 | 065 | 0.6 [354|48.4|548 484|625 71 |25.0| 87.5 | 729 | 75.0

Phase 3 | 1-11-05 [3.452.15/1.02|1.361.36 | 0.84 | 1.06 | 1.12 (37.7|52.6 | 36.7 | 36.7 | 176 | 221 | 176 | 75.7 | 69.3 | 67.5

Phase 3 | 1-25-05 |3.5{2.151.06 (1.34| 14 | 082 | 1.2 | 0.98 |38.6/50.7{37.7349| 226 | 104 | 30.0 | 76.6 | 657 { 72.0

Phase3 | 2-1-05 3.35/1.9( 1 16 |[1.22| 08 | 1.3 | 094 (43.3|47.4|158 (358|200 | 18.8 | 23.0 | 76.1 | 61.2 | 71.9

Phase3 | 2-8-05 |3.9(2.1]1.04|124|1.14} 0.86 | 0.96 1 [46.2|50.5{41.0|45.7| 173|226 (123 | 779 | 754 | 744

Phase 3 | 2-15-05 |4.1|1.5/1.181.36(|122{094 | 1.2 | 082 |634(21.3| 93 {18.7{203 | 118|328 | 77.1 | 70.7 | 80.0

Phase 3 | 2-22-05 3.952.06| 1 [1.58|1.36|0.78 | 1.26 | 1.16 (47.8{51.5(23.3|34.0| 22.0 | 203 | 14.7 | 80.3 | 68.1 | 70.6

Phase 3 | 3-1-05 (4.451.741.12/1.26(1.26| 0.56 { 1.3 | 1.06 {60.9| 35.6 | 27.6 | 276 50.0 | -3.2 | 15.9 | 874 | 70.8 | 76.2

Phase3 | 3-8-056 |3.3[2.08/1.02(152| 14 | 0.84 | 1.16 | 1.06 {37.0/51.0|26.9|32.7 | 17.6 | 23.7 | 243 | 745 | 648 | 67.9

Phase 3 | 3-15-05 |4.4|1.58/094(1.22| 11 | 0.82 | 1.12 | 0.98 |64.1/40.5|22.8|304 | 128 | 82 {109 | 814 | 745 | 77.7

Phase 3 | 3-29-05 [3.65(2.86| 1.78 22 1 14 1.88 |21.6|37.8 23.1| 213 145 | 61.6 48.5
Number 16|16 16 | 15 | 15 16 15 16 (16| 16 | 16 | 15 16 15 15 16 15 16
Mean 3.602.17/1.27 (156 | 1.49 | 1.05 | 1.41 | 1.27 |38.2139.7 | 243|279} 175 | 111 | 199 | 701 | 60.1 | 64.0
Standard Deviation [0.54/0.73) 0.44 | 0.51 10.52 | 0.43 | 0.59 | 0.52 (23.3;14.8 | 18.5(18.3} 236 |13.0| 7.5 | 13.9 | 186 | 164
Max 4.453.80)2.25 2,70 [265| 1.80 | 2.75 | 2.35 {64.1|59.2 | 54.8 | 484 | 62.56 | 27.8 | 32.8 | 87.6 | 754 | 80.0

Min 2.40(1.30| 0.80 | 0.70 | 0.80 § 0.30 | 0.65 | 0.60 [13.4| 3.3 {-20.01-30.0(-50.0 |-17.0| 9.1 | 419 | 17.9 | 242

Note: Overall removal is based on raw sewage concentration.
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Table A - 18. Phase 3 E.coli results.

Y. Weng

PROJECT SAMPLING E.coli (10° cfu/100mL) McMaster Lab data
PHASE DATE SST1 SS8T 2 SST 4 Filter 1 Filter 2 Filter 4
Phase 3 11-30-04 70 80 60 34 120 120
Phase 3 12-7-04 650 1500 1200 150 1300 970
Phase 3 12-14-04 470 970 1300 370 980 930
Phase 3 12-21-04 510 1000 350 970 750
Phase 3 12-28-04
Phase 3 1-4-05 11 8.3 6.1 5.3 9.5 1.4
Phase 3 1-11-05 110 230 220 840 160 160
Phase 3 1-25-05 190 390 330 87 210 260
Phase 3 2-1-05 170 270 260 120 190 170
Phase 3 2-8-05 90 220 190 68 180 170
Phase 3 2-15-05
Phase 3 2-22-05 130 340 220 66 380 270
Phase 3 3-1-05 40 220 200 27 8.1 21
Phase 3 3-8-05 96 210 230 52 270 160
Phase 3 3-15-05 140 530 340 96 120 390
Phase 3 3-29-05
Number 13 13 12 13 13 13
Mean 205.9 4591 379.7 172.4 376.7 336.3
Standard Deviation 202.0 435.2 418.0 231.9 421.4 330.9
Max 650.0 1500.0 1300.0 840.0 1300.0 970.0
Min 11.0 8.3 6.1 27 8.1 1.4
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Table A - 19. Phase 4 cBODjs results.

Y. Weng

Overall Removal

PROJECTSAMPLING cBOD;5 (mg/L) McMaster Lab data Removal (%) (%)
PHASE DATE |Raw [PST|SST 1|SST 2|SST 4Filter 1|Filter 2|Filter 4|PST|SST 1|SST 2|SST 4/Filter 1|Filter 2[Filter 4RSF 1|RSF 2|RSF 4
Phase4 | 4-5-05 |49.6[25.6| 6.8 | 158 | 11.1 3 106 | 11.2 |48.4|73.4|38.3 |56.6| 559 | 329 | -09 (940|786 (774
Phase 4 | 4-12-05
Phase4 | 4-19-05 |62.9}41.3| 13.2 | 256 |17.2| 55 | 14.6 | 10.5 {343/ 68.0 | 38.0| 584 | 58.3 | 43.0 | 39.0 | 91.3 | 76.8 | 83.3
Phase4 | 4-26-05 | 79 [40.2/ 105|271 (176 | 47 | 16.3 | 11.6 |49.1(73.9|32.6[56.2 | 65.2 | 399 | 34.1 | 941|794 | 85.3
Phase4 | 5-3-05 50 [78.6/ 26.2 | 154 {152 3.8 | 9.3 | 8.5 [-57.2/67.9(80.4[80.7| 84.9 | 39.6 | 44.1 | 924 181.4 | 83.0
Phase4 | 5-10-05 [67.2(60.8) 8.7 |212{11.5| 3.4 | 8.1 6.2 |[9.5(85.7(65.1(81.1]|60.9|61.8 | 46.1 1949|87.9|90.8
Phase4 | 5-17-05 [50.2|32.8/ 29.3 | 26.5|40.3 | 3.9 | 14.7 | 17.2 (34.7] 10.7 | 19.2 |-22.9| 86.7 | 44.5 | 57.3 | 92.2 | 70.7 | 65.7
Phase 4 | 5-23-05 (67.1[51.4/ 111|174 29 | 9.7 2341784 |66.1 739 | 44.3 95,7 | 85.5
Phase 4 | 5-31-05 [485141.2 93 | 109|148 3.9 54 75 |15.1|77.4{73.5(64.1| 58.1 | 50.5 | 49.3 | 92.088.9 ( 84.5
Phase4 | 6-7-05 |[55.7[34.9/ 114157162 | 45 | 8.2 | 84 |(37.3]67.3|55.0|53.6|60.5| 478 | 48.1 {91.9|853 | 84.9
Phase4 | 6-14-05 | 78 [67.3 12.7 | 15.7 59 | 6.7 |26.5 778|726 53.5 | 57.3 9241914
Phase 4 | 6-21-05 | 164 (85.9 21.8 | 18.6 103} 7.7 |476 746 {783 52.8 | 58.6 93.7 | 95.3
Phase 4 | 6-28-05 [90.2(82.6 296|364 11.8 | 127 |84 64.2 | 55.9 60.1 | 65.1 86.9 | 85.9

Number 12 (12§ 9 12 | 11 9 12 11 (12| 9 12 | 11 9 12 11 9 2 | 1
Mean 71.9(62.7) 13.9 | 200 | 19.5| 4.0 | 104 | 9.8 |23.1/67.0|57.1 |57.7| 66.0 | 47.5 | 453 | 93.2 | 84.0 | 84.3
Standard Deviation |32.020.5| 7.8 | 62 | 96 | 0.8 | 34 | 3.2 |29.1|1219|202 (288|125 | 86 [ 178 | 15| 68 | 7.8
Max 164.0(85.9( 29.3 1296 | 40.3 | 55 | 16.3 | 17.2 |49.1/85.7 {80.4 {81.1 | 86.7 | 61.8 | 65.1 | 95.7 | 93.7 | 95.3

Min 485256/ 6.8 {109 |11.1| 29 | 54 | 6.2 [-57.2110.7{19.2 -229| 55.2 | 329 | -0.9 {91.3|70.7 | 65.7

Note: Overall removal is based on raw sewage concentration.
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Table A - 20. Phase 4 TSS results.

Y. Weng

PROJECTISAMPLING

TSS (mg/L) McMaster Lab data

Removal (%)

Overall Removal (%)

PHASE DATE | Raw |PST{SST 1{SST 2{SST 4 {Filter 1|Filter 2|{Filter 4 PST{SST 1{SST 2|SST 4|Filter 1{Filter 2|Filter 4{ RSF 1| RSF 2 | RSF 4
Phase4 | 4-5-05 [90.8 (31.4| 118 | 28,6 [ 19.7 | 56 | 222 | 154 |654]| 624 | 89 | 373 | 525 | 224 | 21.8 | 93.8 | 756 | 83.0
Phase4 | 4-12-05 |86.6 |386| 17 | 321 | 233 | 6.2 | 249 | 185 |55.4| 56.0 | 16.8 | 396 | 635 | 224 | 206 | 928 | 71.2 | 78.6
Phase 4 | 4-19-05 [110.2{49.7| 21.8 | 42.2 | 30.3 | 16.3 | 34.1 | 22.2 |54.9{ 56.1 | 15.1 | 3.0 | 25.2 | 19.2 | 26.7 | 85.2 | 69.1 | 79.9
Phase 4 | 4-26-05 | 133 {41.6| 152 | 37.7 | 251 97 31 20 |68.7{ 635 | 94 | 39.7 ) 362 | 178 | 203 | 92.7 | 76.7 | 85.0
Phase4 | 5-3-05 |101.8{35.3| 14 | 254 | 21 9.2 17.7 | 16.8 1656.3} 60.3 | 28.0 | 405 343 | 30.3 | 20.0 | 910 | 826 | 83.5
Phase 4 | 5-10-05 1125.6}40.8) 20.8 | 30.3 | 204 | 12.9 | 152 | 13.8 |67.5| 49.0 | 25.7 | 60.0 | 38.0 | 49.8 | 32.4 | 89.7 | 87.9 ) 89.0
Phase 4 | 5-17-05 [128.8{34.8| 17.3 | 25.7 { 26.1 11 17.9 | 17.8 |73.0/ 50.3 | 26.1 | 25.0 | 364 | 30.4 | 318 | 9156 | 86.1 | 86.2
Phase 4 | 5-23-05 ({112.6{34.1] 14 22 6.6 15.2 69.7| 58.9 | 35.5 52.9 | 30.9 94.1 | 86.5
Phase 4 | 5-31-05 }119.8(42.9| 223 | 26.7 | 276 { 9.3 14 164 (64.2) 48.0 | 378 | 357 | 583 | 476 | 406 | 92.2 | 88.3 | 86.3
Phase4 | 6-7-05 ([122.4|329| 24 | 285 | 315 | 126 17 145 (731|271 | 134 | 43 | 475 | 404 | 54.0 | 89.7 | 86.1 | 88.2
Phase 4 | 6-14-05 | 163 |25.8 18.2 | 204 13.6 | 12.8 |84.2 29.5 | 20.9 253 | 373 91.7 | 921
Phase 4 | 6-21-05 [210.4|23.2 259 | 186 149 | 11.3 180.0 -116| 19.8 425 | 39.2 929 | 946
Phase 4 | 6-28-05 )149.4(37.8 38.2 | 351 247 | 17.2 |7A7 111 741 353 | 51.0 83.5 | 885
Number 13 |13 ] 10 13 12 10 13 12 |13.0f 10.0 ; 13.0 | 12.0 | 10.0 | 13.0 { 12.0 | 100 | 13.0 | 12.0
Mean 127.3{136.1| 17.8 | 203 | 249 | 99 | 20.2 | 16.4 |69.6( 53.2 | 180 { 29.9 | 445 | 319 | 33.0 { 91.3 | 829 | 86.2
Standard Deviation {328 {7.1| 42 | 68 | 5.3 3.4 6.7 31 (971107 {144 | 1431} 122 | 106 | 118 | 26 7.6 4.7
Max 210.4{49.7| 240 | 422 | 351 | 16.3 | 34.1 | 22.2 [89.0| 63.5 | 37.8 | 50.0 | 63.5 | 49.8 | 54.0 | 941 | 929 | 946
Min 86.6 |23.2) 118 | 182 | 186 | 56 136 | 11.3 |549| 271 (116 | 43 | 2562 | 178 | 200 | 85.2 | 69.1 | 78.6

Note: Overall removal is based on raw sewage concentration.
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Table A -~ 21. Phase 4 TAN results

Y. Weng

PROJECT]
PHASE

SAMPLING
DATE

TAN (mg N/L) McMaster Lab data

Removal (%)

Overall Removal (%)

Raw

PST

SST 1

SST 2

SST 4

Filter 1

Filter 2

Filter 4|

PST

ST 1

SST 2

SST 4

Filter 1

Filter 2

Filter 4

RSF 1

RSF 2

RSF 4

Phase 4

4-5-05

13.20

12.90

6.20

12.30

10.40

3.95

11.50

9.50

2.3

51.9

4.7

194

36.3

6.5

8.7

701

12.9

28.0

Phase 4

4-12-05

14.80

17.40

8.65

13.30

12.30

6.50

13.20

12.00

-17.6

50.3

23.6

29.3

24.9

0.8

24

56.1

10.8

18.9

Phase 4

4-19-05

15.70

17.80

11.40

14.60

12.90

8.05

13.80

12.20

+13.4

36.0

18.0

27.5

29.4

5.5

5.4

48.7

12.1

22.3

Phase 4

4-26-05

14.90

16.10

6.70

14.40

12.40

4.80

13.30

10.70

-8.1

58.4

10.6

23.0

284

7.6

13.7

67.8

10.7

28.2

Phase 4

5-3-05

15.90

16.30

8.05

12.60

11.20

3.90

9.50

10.20

-2.5

50.6

22.7

31.3

51.6

246

8.9

75.5

40.3

35.8

Phase 4

5-10-05

16.60

22.00

4.40

14.50

11.60

1.80

12.90

9.20

-32.5

80.0

34.1

47.3

59.1

11.0

20.7

89.2

223

44.6

Phase 4

5-17-05

15.50

19.40

9.00

11.50

11.60

3.80

7.10

8.60

-25.2

53.6

40.7

40.2

57.8

38.3

25.9

75.5

54.2

445

Phase 4

5-23-05

18.50

18.40

9.50

12.70

5.20

9.50

0.5

48.4

31.0

45.3

25.2

71.9

48.6

Phase 4

5-31-05

14.70

21.40

8.50

9.60

10.80

5.85

8.30

7.95

-45.6)

60.3

55.1

49.5

31.2

13.5

26.4

60.2

43.5

45.9

Phase 4

6-7-05

13.40

16.90

8.15

8.65

9.90

5.65

6.75

7.90

-26.1

51.8

48.8

41.4

30.7

22.0

20.2

57.8

49.6

41.0

Phase 4

6-14-05

13.50

17.00

7.00

10.20

5.20

7.55

-25.9

58.8

40.0

25.7

26.0

61.5

441

Phase 4

6-21-05

14.10

14.10

8.65

9.10

6.50

6.90

0.0

38.7

35.5

24.9

242

53.9

51.1

Phase 4

6-28-05

21.60

25.90

8.75

12.60

5.80

8.90

-19.9

66.2

51.4

33.7

294

731

58.8

Number

13

13

10

13

12

10

13

12

13

10

13

12

10

13

12

10

13

12

Mean

15.57

18.12

8.06

11.43

11.25

4.95

9.49

9.30

-16.5

54.1

34.8

36.3

39.4

18.4

17.7

67.3

38.0

38.6

Standard

Deviation

2.32

3.44

1.93

2.60

1.19

1.72

3.14

1.70

14.6

11.2

18.9

104

12.9

1.7

94

11.8

216

121

Max

21.60

25.90

11.40

14.60

12.90

8.05

13.80

12.20

23

80.0

66.2

514

59.1

38.3

294

89.2

73.1

58.8

Min

13.20

12.90

4.40

7.00

9.10

1.80

5.20

6.90

-45.6

36.0

4.7

19.4

24.9

0.8

2.4

48.7

10.7

18.9

Note: Overall removal is based on raw sewage or primary septic tank sewage concentration which ever is higher.
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Table A - 22. Phase 4 TN Results.

Y. Weng

PROJECTISAMPLING TN (mg N/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE DATE [Raw[PST|SST 1|SST 2|SST 4|Filter 1|Filter 2|Filter 4{PST|SST 1|SST 2|SST 4fFilter 1|Filter 2|Filter 4 RSF 1| RSF 2| RSF 4
Phase 4 | 4-5-05 |27.121.8/ 11.8|17.8 158 10.2 | 17.2 | 154 {196/459|183 275} 136 | 34 | 25 | 624 | 365 | 43.2
Phase 4 | 4-12-05 |21.424.7{ 14.0 | 185 174 | 126 | 182 | 171 {154/ 433 251|296 100 ( 1.6 | 1.7 | 411 | 150 | 201
Phase 4 | 4-19-05 |24.8[26.5( 1651209 (189 | 146 | 198 | 176 {-6.9(37.7(21.1|28.7| 115 | 53 | 6.9 | 411 | 202 | 29.0
Phase 4 | 4-26-05 |22.7[24.5/ 119 |19.0 | 170} 110 | 184 | 159 |-79|514224)|306| 76 | 3.2 | 65 | 51.56 | 189 | 30.0
Phase4 | 5-3-05 (22.6242( 11.1|16.3 156 94 | 152 | 140 (-7.1{54.1 {326 (355 1563 ( 6.7 | 10.3 | 584 | 32.7 | 381
Phase 4 | 5-10-05 |26.2{29.6 10.5 | 19.7 | 171 8.1 | 17.7 | 141 |-113.0 6453344221229 (102 [ 175 | 69.1 | 324 | 46.2
Phase 4 | 5-17-05 |24.1{25.6/ 12.5| 159|151 | 92 | 143 | 133 |-6.2|51.2]37.9|41.0| 264 | 10.1 | 119 | 61.8 | 40.7 | 44.8
Phase 4 | 5-23-05 [29.2)25.0] 15.1 | 19.4 11.4 | 18.3 14.4| 39.6 | 22.4 245 | 57 61.0 | 37.3
Phase 4 | 5-31-05 [23.2[27.8| 11.7 | 142 {1565 | 96 | 13.6 | 14.7 |-19.8/57.9 489442179 | 42 | 52 | 686 | 414 | 36.6
Phase 4 | 6-7-05 [22.422.7) 125135} 15.1| 9.7 | 122 | 12.7 |-1.3|449,40.5|33.5| 224 | 96 | 169 56.7 | 455 | 43.3
Phase 4 | 6-14-05 |22.5]21.5 10.5 ] 134 93 | 111 |44 51.2|37.7 114 1 17.2 58.7 | 50.7
Phase 4 | 6-21-05 {52.0[18.1 13.0 | 12.7 11.3 | 10.8 {65.2 282129.8 13.1 | 156.0 78.3 | 79.2
Phase 4 | 6-28-05 35.2|35.0 134 | 191 112 1 13.0 |06 61.7 | 45.4 164 | 31.9 68.2 | 63.1
Number 13113} 10 | 13 | 12 10 13 12 (13 ] 10 | 13 | 12 | 10 13 12 10 13 12
Mean 27.2125.2{ 12.8 | 16.3 | 16.1( 106 { 15.1 | 14.1 [{2.049.1 (341 (355|172 | 7.8 | 11.9 | 56.2 | 404 | 43.7
Standard Deviation |83|42| 19 { 32 | 20 { 19 | 34 | 21 220/ 84 |133| 65 | 66 | 44 | 84 [ 91 | 188 | 158
Max 52.0/35.0| 16,5 | 209 | 19.1 | 146 | 198 | 17.6 |652]645|61.7 454 | 264 | 164 {319 | 69.1 | 78.3 | 79.2
Min 21.4/18.1/ 10.5 | 10.5 | 12.7 | 8.1 9.3 | 10.8 -19.837.7(1831275| 76 | 16 | 1.7 | 411 | 150 | 201

Note: Overall removal is based on raw sewage concentration.
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Table A - 23. Phase 4 TP results.

Y. Weng

PROJECTISAMPLING TP (mg P/L) McMaster Lab data Removal (%) Overall Removal (%)
PHASE | DATE [Raw|PST|SST 1|SST 2|SST 4Filter 1|Filter 2|Filter 4 PST|SST 1|SST 2|SST 4fFilter 1|Filter 2|Filter 4| RSF 1 | RSF 2| RSF 4
Phase4 | 4-5-05 |3.10[1.54/ 0.84 | 1.20 | 1.00 | 0.66 | 1.04 | 0.74 50.3{ 45.5 [ 22.1 | 35.1| 214 | 13.3 | 26.0 | 78.7 | 66.5 | 76.1
Phase 4 | 4-12-05 |3.20[2.16{ 0.92 | 1.32 | 1.02 | 0.54 | 1.02 | 0.72 [32.5/57.4 | 389 | 528 | 413 | 22.7 | 294 | 83.1 | 68.1 | 775
Phase 4 | 4-19-05 {4.9012.12{ 128 | 152|134 089 | 1.15 | 0.85 {56.7,39.6 | 28.3 | 36.8 | 30.5 | 24.3 | 36.6 | 818 | 76,5 | 827
Phase 4 | 4-26-05 [4.002.12/ 0.86 | 1.66 | 1.18 | 0.54 | 1.12 | 0.75 |47.0, 59.4 | 21.7 | 443 | 372 | 325 | 364 | 86.5 | 72.0 | 81.3
Phase 4 | 5-3-05 {4.20/1.80/ 0.88 | 1.10 | 0.94 | 0.60 | 0.73 | 0.70 |57.1/51.1 {38.9 |47.8| 31.8 | 336 | 255 | 85.7 | 82.6 | 83.3
Phase 4 | 5-10-05 |4.70(1.92| 0.96 | 1.30 | 0.98 | 0.63 | 0.76 | 0.64 [59.11 50.0 1| 32.3 |49.0| 344 | 415 | 34.7 | 86.6 | 83.8 | 86.4
Phase 4 | 5-17-05 (3.95[1.62| 0.76 | 0.94 | 0.91 | 0.63 | 0.66 | 0.59 |59.0| 53.1 | 42.0 | 438 | 17.1 [ 29.8 | 35.2 | 841 | 83.3 | 85.1
Phase 4 | 5-23-05 {4.05|1.52 0.74 | 0.83 0.61 | 0.63 62.5 51.3 | 45.4 17.6 | 24.1 849 | 844
Phase 4 | 5-31-05 (3.80|1.64/ 0.99 | 0.96 | 0.98 | 0.84 | 0.67 | 0.65 [56.8(39.6 [41.5[40.2| 152 | 30.2 | 33.7 | 779 | 824 | 829
Phase4 | 6-7-05 |3.65/1.82| 1.10|0.93 /098 | 1.12 | 0.70 | 0.63 [50.1/ 39.6 (48.9 |46.2 | -1.8 | 24.7 | 35.7 | 69.3 | 80.8 | 82.7
Phase 4 | 6-14-05 {4.10|1.46 0.71 | 0.69 0.52 | 0.52 644 514527 268 | 246 873 | 87.3
Phase 4 | 6-21-05 {7.10/0.94 0.93 | 0.74 0.77 | 0.55 [86.8 11 213 17.2 | 25.7 89.2 | 92.3
Phase 4 | 6-28-05 (5.50(1.90 119 1.34 0.99 | 0.81 |65.5 374|295 16.8 | 39.6 82.0 | 85.3
Number 13|13 10 | 13 | 12 10 13 12 |13 10 | 13 | 12 | 10 13 12 10 13 12
Mean 433(1.74/ 093 | 112 1.01]| 0.71 | 0.83 | 0.68 |57.5/48.7 | 346|416 245 | 26.0 | 319 | 81.9 | 79.9 | 83.6
Standard Deviation |1.06(0.34] 0.16 | 0.28 | 0.20 | 0.19 { 0.21 | 0.10 [124| 7.3 |13.7| 95 | 13.0| 7.7 5.3 5.4 71 4.3
Max 7.10]2.16| 1.28.{1.66 | 1.34 | 1.12 | 1.15 | 0.85 |86.8/ 594 | 514 {528 | 41.3 | 415 | 396 | 86.6 | 89.2 | 923
Min 3.10{0.94/ 0.74 | 0.71 | 0.69 | 0.54 | 0.52 | 0.52 [32.5/39.6 | 1.1 (213 | -1.8 | 133 | 246 | 69.3 | 66.5 | 76.1

Note: Overall removal is based on raw sewage concentration.
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Table A - 24. Phase 4 E.coli results.

Y. Weng

PROJECT SAMPLING E.coli (10° cfu/100mL) McMaster Lab data
PHASE DATE SST 1 SST 2 SST 4 RSF 1 RSF 2 RSF 4
Phase 4 4-5-05 56 130 90 11 110 74
Phase 4 4-12-05 120 350 170 56 360 130
Phase 4 4-19-05 110 210 130 98 290 74
Phase 4 4-26-05 73 300 190 59 240 120
Phase 4 5-3-05 90 140 100 44 110 83
Phase 4 5-10-05 61 150 76 17 28
Phase 4 5-17-05 70 100 95 33 56 53
Phase 4 5-23-05 56 80 9 52
Phase 4 5-31-05 110 76 80 57 41 48
Phase 4 6-7-05 180 210 270 49 56 79
Phase 4 6-14-05 51 62 16 27
Phase 4 6-21-05 240 160 130 75
Phase 4 6-28-05 310 500 240 370
Number 10 13 12 10 12 12
Mean 93 181 160 43 142 97
Standard Deviation 39 98 123 27 113 92
Max 180 350 500 o8 360 370
Min 56 51 62 9 16 27
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Appendix B
Comparison of analytical results with MOE Lab

To compare the agreement of analytical results between McMaster Lab and MOE
Lab, nonparametric method Wilcoxon Rank-Sum test was employed due to non-normal

distribution of test results. Confidence levels used in all comparisons were 95%.
B.1 Total Suspended Solids

There are not statistically significant difference between McMaster Lab results
and MOE Lab results. As shown in Figure B-!, the McMaster Lab results have a good

agreement with the MOE Lab results.
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Figure B - 1. Total Suspended Solids Comparison.
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B.2 Nitrate

For Nitrate examination results, the McMaster Lab is statistically significant
different from the MOE Lab. But as presented in Figure B-2, the McMaster values were

just slightly higher than MOE values.

12
10 y = 1.0536x
R?=0.7974 *
yd
s v
2 . . /
1] 6 ® P
e .
g ‘P . .
S 4 L
= . 3 S
. TS
2 < > L/
£33 T
0 | hd
0 2 4 6 8 10
MOE DATA

Figure B - 2. Nitrate Comparison.

B.3 TAN

For the TAN examination, the McMaster results were also statistically significant

different from the MOE Lab results. The comparison is presented in Figure B-3; the
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MOE values were higher than the McMaster values. Actually, the collected samples were
examined by the McMaster Lab in 24 hours, whereas the MOE Lab performed the
examinations in 48 hours. The later examination resulted in organic nitrogen being

decomposed to TAN which may attribute the higher TAN value in MOE Lab results.
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Figure B - 3. TAN Comparison.

B.4 Total Nitrogen

The examination results of Total Nitrogen between the McMaster Lab and the
MOE Lab were not statistically significant different. As shown in Figure B-4, the

McMaster values were close to those obtained by the MOE Lab.

138



M.A.Sc. Thesis in Civil Engineering Y. Weng

60
09L59 ¢
= U. X
50 o 7
R* = 0.9008 7
<
= 40
Et e
[
E 30 : 3
* p ®
S Y
0 20 *
= L 4
10 hd
0
0 10 20 30 40 50 60
MOE DATA

Figure B - 4. Total Nitrogen Comparison.

B.5 Total Phosphorus

There are statistically significant difference between the McMaster Lab and the
MOE Lab for total phosphorus examination results. But as shown in Figure B-5, the

values of McMaster Lab were just slightly higher than those obtained by MOE Lab.
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Figure B - 5. Total Phosphorus.

B.6 Alkalinity
The analytical results of Alkalinity between McMaster Lab and MOE Lab were

not statistically significant different. They have a good agreement which can be seen

from the Figure B-6.
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Figure B - 6. Alkalinity Comparison.

B.7 Conductivity

For analytical results of conductivity, there are not statistically significant
difference between McMaster Lab and MOE Lab. As shown in, the McMaster Lab

results have a good agreement with the MOE Lab results.
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Figure B - 7. Conductivity Comparison.
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