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ABSTRACT 

 

A STUDY of NITROGEN, ORGANIC MATERIAL, and PHOSPHORUS 

REMOVAL from DOMESTIC WASTEWATER ACROSS PARALLEL COLD-

CLIMATE HYBRID SUBSURFACE FLOW CONSTRUCTED WETLANDS under 

CONTROLLED CONDITIONS 

 

 

Jedediah Inman Rode Advisors:  

University of Guelph, 2013 Dr. Richard Zytner 

 Mr. Christopher Kinsley 

A one year cold-climate investigation was completed on parallel hybrid subsurface flow 

constructed wetlands under multiple flow regimes, both with and without a recycle 

stream, to evaluate the removal of typical wastewater parameters of concern: nitrogen, 

organic material, suspended solids and phosphorus from domestic wastewater.  The 

hybrid wetlands, composed of horizontal and vertical subsurface flow constructed 

wetland components, included an integrated blast-furnace slag filter component for 

phosphorus removal.   

The parameter removal results were used to compare previously successful treatment 

models and to determine wastewater removal rate constants that may aid in the design of 

future hybrid constructed wetlands. 

The horizontal components effectively removed organic material during the winter and 

summer seasons, however, seasonal effects were observed.  The blast-furnace slag filter 

did not achieve the phosphorus removal goals.  The vertical components efficiently 

reduced organic material content during winter and summer, and nitrification rates were 

different, though successful, between the two seasons.
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Chapter 1. INTRODUCTION 

“The convenience of waterborne waste disposal in rural households and the difficulty of 

providing adequate sewage systems for the large populations migrating to urban 

areas…led to widespread use of septic tanks systems in North America” (Viraraghavan & 

Warnock, 1976).  Despite an increasingly urban population, 24.1% of all Americans 

(U.S. Census Bureau, 2011) and 14% of Canadians (Statistics Canada, 2011) continue to 

rely on decentralized onsite septic systems to treat domestic wastewater.  These numbers 

do not include secondary residences, such as cottages, which often depend on septic 

systems as well. 

Conventional septic system design includes a septic/settling tank followed by a leaching 

bed (Canada Mortgage and Housing Corporation, 2005).  The septic tank removes 

floating and settleable solids from the wastewater while providing some anaerobic 

breakdown of organic matter, and the leaching bed facilitates infiltration of the effluent 

into the soil where wastewater parameters may be removed through natural processes 

(Collick et al., 2006).  When installed and maintained properly, conventional septic 

systems may effectively remove organic material and ammonia (Collick et al., 2006; 

Meile et al., 2010), but conventional systems often fail and do not offer significant 

reduction of other parameters of concern, such as total nitrogen or phosphorus, from 

domestic wastewater.  Therefore, a need has arisen for the development of 

alternative/novel onsite treatment systems. 

As of 1999, an estimated 30% of household (onsite) septic systems in Ontario are failing 

(Ontario Soil and Crop Improvement Association, 1999).  Increased attention to leaching 
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of nitrate to groundwater and phosphorus migration to surface waters has led to the 

development of new onsite wastewater standards (i.e., CAN/BNQ 3680-600, and NSF 

245) and increasingly stringent government regulation.  As well, North American 

governments have come to the realization that onsite systems will never be fully replaced 

by regional sewer networks (Wallace & Knight, 2006).  Given these conditions, the 

renewed interest in alternative onsite treatment technology is unsurprising.  Subsurface 

flow constructed wetlands (SSFCW) represent one alternative technology which may 

address more stringent nutrient removal standards while providing relatively low 

maintenance requirements and capital and operating costs. 

Käthe Seidel of the Max Planck Institute in Plön, Germany is credited with the initial 

development of SSFCWs during the early 1950s (Rousseau, 2005; Vymazal, 2010).  

Since that time, constructed wetlands continue to be used for a multitude of wastewater 

treatment applications including, but not limited to, landfill leachate, mine drainage, 

industrial wastewaters, agricultural wastewaters and municipal and domestic wastewater 

(Vymazal, 2009). 

There are two general types of constructed wetland; free water surface flow and the 

aforementioned subsurface flow (Vymazal, 2010).  Free water surface flow constructed 

wetlands are similar to settling ponds or lagoons in that water flows slowly but freely 

over an impermeable base.  Wastewater in SSFCWs does not stand freely but rather 

flows below grade through a porous media which is typically sand or gravel.  SSFCWs 

are recommended over free water surface wetlands for domestic wastewater applications 

because they require less surface area for equivalent treatment and there is less risk of 
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human exposure to pathogens (Wallace & Knight, 2006); for this reason and others, the 

cold-climate application of SSFCWs is the focus of this study. 

SSFCW systems used for single family home domestic wastewater treatment are 

prevalent in the U.S., especially in the southern states with 4000 in operation in Kentucky 

alone, but they have no reporting requirements, they are subject to prescriptive design 

specifications, and very few produce data that may be used to further the technology’s 

development (Wallace & Knight, 2006).  

In Canada, SSFCW technology is questioned based on perceived operating and 

performance issues associated with cold-climate operation (Werker et al., 2002).  

However, multiple U.S. and European studies illustrate SSFCW systems for domestic 

wastewater treatment continued to perform at sub-zero ambient temperatures when 

proper design considerations were made (Axler et al., 2001; Maehlum et al., 1995; 

Maehlum & Stålnacke, 1999; Wallace et al., 2001).  Despite promising international 

cold-climate results, very little data is available for small-scale Canadian domestic 

wastewater wetland treatment systems; of 1640 small-scale SSFCW data sets studied by 

Wallace & Knight (2006), only 8 were Canadian compared to 497 from the U.S and 1054 

from Europe. 

SSFCW may be divided in to two distinct forms; horizontal subsurface flow constructed 

wetlands (HWs) and vertical subsurface flow constructed wetlands (VWs).  The direction 

of wastewater flow influences the water column environment and how wastewater 

treatment is achieved.  Wastewater flows horizontally through saturated media in HWs, 

while wastewater trickles vertically through an unsaturated media in VWs.  Vymazal 
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(2010) describes the environmental conditions within HWs and VWs as anaerobic/anoxic 

and aerobic, respectively.  Assuming no mechanical aeration, the fixed-level water 

column of a HW has low oxygen flux rates resulting in anaerobic or anoxic conditions.  

On the other hand, aerobic conditions persist in VWs because of intermittent loading; 

between loading cycles, water percolates from the wetland surface drawing in air and 

oxygen.  VWs may become oxygen deficient if the media becomes saturated due to 

overloading or when oxygen flux from the surface is restricted through the build-up of 

cover material. 

1.1 SSFCW Wastewater Parameter Removal Design Considerations 

With proper design considerations, SSFCWs have the potential to remove many 

wastewater parameters, including organic material, suspended solids, nitrogen, 

phosphorus and pathogens (USEPA, 1999).  For general constructed wetland design 

criteria, methods, parameters and considerations, an in-depth discussion of many 

wastewater parameter removal mechanisms and every other constructed wetland topic, 

the reader is invited to read the works of Kadlec & Wallace (2009).   

The design of the two SSFCWs evaluated in this study was completed by Kinsley & 

Crolla (2012), and a full physical description of the SSFCWs is provided in 0.  The 

SSFCW design considerations discussed below pertain specifically to the SSFCW 

systems used in this study as they relate to the removal of organic material, nitrogen, and 

phosphorus. 
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1.1.1 Organic Material Removal 

Aggregate organic material is commonly measured as the oxygen demand exerted on a 

wastewater stream as mg-Oxygen/L; two common analytical tests are 5-day 

carbonaceous biological oxygen demand (cBOD5) and chemical oxygen demand (COD) 

(Wallace & Knight, 2006).  cBOD5 is the oxygen required to biologically remove readily 

degradable organic material from a wastewater, while COD measures the oxygen 

equivalent of all oxidizable material including readily degradable, slowly degradable, and 

non-biodegradable organic fractions (Metcalf & Eddy, 2003). 

Few special cold-climate considerations are required for organic material removal in 

SSFCWs.  Most studies indicate effective organic material removal is independent of 

SSFCW design and season (Gikas et al., 2011; Maehlum & Stålnacke, 1999; Brix & 

Arias, 2005; Gikas & Tsihrintzis, 2012; Vymazal, 2010), see Table 1. 

Table 1: Typical cold-climate removal of organic material (BOD) from domestic wastewater across 

on-site SSFCW 

Wetland 

Type 

Season Removal 

[%] 

HRT 

[d] 

Location
 

Source 

HW Summer 76 24 U.S. (Axler et al., 2001) 

HW Winter 49 24 U.S. (Axler et al., 2001) 

HW Summer 84 8.75
a 

U.S. (Dahab & Surampalli, 2001) 

HW Winter 80 8.75
a 

U.S. (Dahab & Surampalli, 2001) 

HW Combined 80 14
 

Europe (Maehlum & Stålnacke, 1999) 

HW Combined 85 -
 

U.S. (Steer et al., 2002) 

HW Combined 94 4.5 Europe (Merlin et al., 2002) 

HW Combined 87
c
 -

 
Europe (Vymazal, 1999) 

VW Combined 92 - Europe (Brix & Arias, 2005) 

VW Combined 89 - Europe (Brix & Arias, 2005) 

VW Combined 99 - Europe (Langergraber et al., 2009) 

VW Summer 96 - Asia (Wu et al., 2011) 

VW Winter 95 - Asia (Wu et al., 2011) 
a 
HRT calculated using given wetland dimensions and an assumed porosity of 0.35 

b
 Average from 20 identical systems treating domestic wastewater for 2 – 7 people. Removal efficiency 

reported as 10% less in winter than summer, but no exact figures were supplied. 
c
 Average removal from 33 HW in the Czech Republic 
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Historically, effective organic material removal from domestic wastewater is achieved so 

long as certain surface area requirements are met: 5 m
2
 per person for HWs (Gikas & 

Tsihrintzis, 2010; Vymazal, 2010) and 3-4 m
2
 per person for VWs (Brix & Arias, 2005; 

Langergraber et al., 2009). 

However, policy makers now recognize nitrogen and phosphorus in conventional septic 

system effluent as potential threats to the health of both surface and ground water bodies 

(Ontario Ministry of the Environment, 2008), which has led to active and proposed 

regulatory changes for required nitrogen and phosphorus treatment (Ontario Ministry of 

Municipal Affairs and Housing, 2011; Ontario Ministry of the Environment, 2009).  

System designers are now challenged to ensure efficient nutrient removal across 

SSFCWs, which requires special design considerations. 

1.1.2 Nitrogen Removal 

Designing SSFCWs for nitrogen removal should include understanding of the traditional 

biological nitrification/denitrification pathway (Cooper et al., 2010; Lee et al., 2009; 

Palmer et al., 2009; Tuncsiper, 2009) as illustrated in Figure 1.  In practice, improper 

consideration of biological nitrification/denitrification pathways has resulted in 

inconsistent nitrogen removal results across cold-climate SSFCWs, see Table 2.  
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Figure 1: Typical Nitrogen cycle in a SSFCW 

Where NH4
+
-N = ammoniacal nitrogen and NO3

-
-N = nitrate nitrogen. 

(Adapted from Wang et al. (2009)) 

Table 2: Typical cold-climate Nitrogen and Nitrogen constituent removal from domestic wastewater 

in on-site SSFCW 

Wetland 

Type 

Season Component Removal 

[%] 

HRT 

[days] 

Location
 

Source 

HW Summer NH4
+
-N 30 8.75

a 
U.S. (Dahab & Surampalli, 

2001) 

HW Winter NH4
+
-N 14 8.75

a 
U.S. (Dahab & Surampalli, 

2001) 

HW Combined NH4
+
-N 61

b
 -

 
U.S. (Steer et al., 2002) 

HW Combined TKN 57 4.5 Europe (Merlin et al., 2002) 

VW Combined NH4
+
-N >89 - Europe (Langergraber et al., 2009) 

VW Summer NH4
+
-N 90 - Asia (Wu et al., 2011) 

VW Winter NH4
+
-N 85 - Asia (Wu et al., 2011) 

HW Summer TN 20 24 U.S. (Axler et al., 2001) 

HW Winter TN 21 24 U.S. (Axler et al., 2001) 

HW Combined TN 45 14
 

Europe (Maehlum & Stålnacke, 

1999) 

VW Combined TN 43 - Europe (Brix & Arias, 2005) 

VW Combined TN 23 - Europe (Brix & Arias, 2005) 
a
 HRT calculated using given wetland dimensions and an assumed porosity of 0.35 

b
 Average from 20 identical systems treating domestic wastewater for 2 – 7 people. Removal efficiency 

reported as 10% less in winter than summer, but no exact figures were supplied. 

Typically, raw domestic wastewater contains only organic-nitrogen and NH4
+
-N nitrogen 

components (Metcalf & Eddy, 2003).  To provide efficient nitrogen removal in a SSFCW 

system, both aerobic and anaerobic/anoxic conditions must be provided (Tuncsiper, 
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2009) to promote both nitrification and denitrification which are aerobic and 

anaerobic/anoxic processes, respectively (Metcalf & Eddy, 2003). 

Hybrid-SSFCWs, defined as a combination of HWs and VWs constructed in series, 

provide both aerobic and anaerobic/anoxic conditions and have been shown to provide 

effective treatment of nitrogen (Cooper et al., 2010; Tuncsiper, 2009; Vymazal, 2007; 

Vymazal & Kröpfelová, 2011).  Cooper et al. (2010) report effective nitrogen removal 

from domestic wastewater across a hybrid-SSFCW, similar to those investigated in this 

study, built with a HW preceding a VW; NH4
+
-N is nitrified in the VW and a portion of 

the VW-effluent is recycled to the denitrifying HW component.  This and other 

considerations required in the design of an effective hybrid-SSFCW for nitrogen removal 

are further discussed in 0. 

1.1.3 Phosphorus 

Without special SSFCW design considerations for removal of total-phosphorus from 

domestic wastewater, effluent concentrations do not usually meet the typical Ontario 

treatment goal of <1.0 mg-Phosphorus/L (Ontario Ministry of the Environment, 2008).   

In SSFCWs, the major removal mechanisms are adsorption and precipitation, but 

commonly used SSFCW bed media, like limestone gravel, provide very low adsorption 

and precipitation capacity (Drizo et al., 1999; Korkusuz et al., 2005; Vymazal, 2010). A 

small amount of phosphorus is seasonally sequestered by plant and biomass assimilation 

during growth, but even with harvesting of plants prior to senescence, total phosphorus 

removal is insignificant (USEPA, 1999).   
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To provide effective phosphorus removal in SSFCWs, considerable care must be made to 

choose viable and economical filter media that provide extensive phosphorus adsorption 

and precipitation without negatively impacting the treatment of other wastewater 

parameters.  A decade of research suggests blast-furnace slag (BFS) could provide 

effective removal of phosphorus from domestic wastewater (Claveau-Mallet et al., 2012; 

Hedström, 2006; Johansson & Gustafsson, 2000; Kinsley et al., 2002).  See Section 5.3.2 

for further discussion of the potential of blast-furnace slag as SSFCW bed media for 

phosphorus removal as well as other essential SSFCW design considerations that must be 

made for its successful application. 

1.2 SSFCW Design Considerations Specific to Cold-Climate Applications 

Despite proven performance at ambient/water temperatures <5 
o
C for the removal of 

organic material and nitrogen from domestic wastewater, see Table 1 and Table 2, there 

is continued resistance to SSFCW technology in Canada based on perceived operating 

and performance issues associated with cold-climate operation (Werker et al., 2002). 

The largest obstacle is water column freezing and the accompanying performance and 

flow issues.  The use of free water surface wetlands in cold-climates is not recommended 

because of the significant energy loss from the exposed water body surface (Wallace et 

al., 2001; Werker et al., 2002).  SSFCWs are naturally better suited for winter 

application: the porous media restricts heat loss to the atmosphere; heat is gained from 

the surrounding earth below the frostline; and snow, plant detritus, and added natural or 

artificial insulating materials may all help to prevent heat loss and water column freezing 

(Kadlec & Reddy, 2001; Smith et al., 1997; Wallace et al., 2001).  Snow cover may be 
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included in SSFCW design as an insulation layer to prevent hydraulic failure during cold 

winters, but designers must consider the implications of low snowfall years or mid-

season thaws (Wallace et al., 2001; Wallace & Knight, 2006).  With proper design, 

SSFCWs may perform efficiently in cold-climates where the ambient temperature 

remains below -20 
o
C for weeks on end (Maehlum et al., 1995).   

Proper design of cold-climate SSFCWs has led to effective winter wastewater parameter 

removal; however, seasonal performance variations must also be considered.  Seasonal 

performance variations may be linked to more than temperature: plant growth/decay 

rates, wastewater characteristics, precipitation, transpiration rates, evapotranspiration 

rates, among others may all be seasonally dependent and only indirectly related to 

temperature (Kadlec & Reddy, 2001; Kadlec & Wallace, 2009).   

In North America, especially in Canada, there have been a limited number of studies 

investigating SSFCW cold-climate performance.  Table 3 illustrates the current state of 

the research for cold-climate constructed wetlands in Canada.  Despite a lack of Canadian 

studies supporting the use of SSFCW technology for on-site treatment of domestic 

wastewater in cold-climate, many U.S. and Northern European studies exist, see Table 1 

and Table 2 for typical organic material and nitrogen cold-climate SSFCW removal 

performance. 
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Table 3: Recent Canadian SSFCW studies 

Wetland Type Wastewater Type Source 

VW
a
 Fish farm (Chazarenc et al., 2007) 

Hybrid-SSFCW
b
  Domestic (Kinsley & Crolla, 2012) 

HW Municipal lagoon effluent (McCarey et al., 2004) 

HW
c 

Fish farm (Ouellet-Plamondon et al., 2006) 

VW
d,e 

Municipal lagoon effluent (Smith et al., 1997) 

Hybrid-SSFCW Landfill Leachate (Speer et al., 2012) 
a
 Operated July to October only. 

b
 A previous two year study of the parallel hybrid-SSFCWs investigated in thesis. 

c
 these wetlands were installed in a greenhouse and protected from the elements. 

d
 not an investigation of SSFCW treatment performance, but thermal gradient instead.. 

e
 A thermal gradient investigation rather than treatment performance. 

Accompanying the lack of Canadian SSFCW domestic water treatment studies is a 

limited number of Canadian and international studies looking at the advantages of hybrid-

SSFCW systems.  Werker et al. (2002) provide a review of SSFCWs for treatment of 

domestic wastewater in the cold Canadian climate.  The review included factors that must 

be addressed before acceptance of the technology will be achieved; again, the 

performance advantages of hybrid constructed wetlands were not discussed. 

1.3 SSFCW Performance Modeling 

As computer modeling becomes faster and easier to implement, the number of models in 

development for improving SSFCW wastewater parameter removal prediction and for 

aiding in SSFCW design increases.  Both empirical and mechanistic models have been 

attempted with varying degrees of success, but critical reviewers suggest the traditional 

first-order plug flow models continue to be the best design tools (Rousseau et al., 2004; 

Langergraber et al., 2009; USEPA, 1999).   
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Kadlec and Knight (1996) and Reed et al. (1995) separately developed relatively simple 

first-order plug flow empirical models for the design of HWs which quickly became the 

standard for SSFCW design manuals (DLWC, 1998; USEPA, 1993; AENV, 2000).  

Today, Kadlec and Wallace (2009) indicate the plug-flow model is often an acceptable 

interpolator of existing data sets, but it does not provide good extrapolation from one HW 

configuration to the next.   

There are a number of arguments against the use of first-order plug-flow models.  Ideal 

plug-flow hydrodynamics assumes all the fluid particles have a uniform hydraulic 

retention time (τ), however, dispersive processes occur because of pore friction, medium 

non-uniformities, and preferential paths (Garcia et al., 2004).  Also, first-order plug-flow 

models do not explicitly account for the many complex natural reactions that occur 

within a SSFCW; instead, all reactions associated with a single wastewater parameter are 

lumped in to one biological rate constant (USEPA, 1999).  Finally, many tracer studies 

indicate HWs do not exhibit ideal plug-flow response (Chen et al., 1999; Garcia et al., 

2004; King et al., 1997; Marsteiner, 1997) further supporting the case against the use of 

plug-flow models. 

Currently, there are mechanistic models which attempt to explicitly describe the kinetics 

of known natural processes in HWs (Langergraber, 2008; Rousseau, 2005; Wynn & 

Liehr, 2001).  The accuracy of the mechanistic models in describing the performance of a 

constructed wetland is often superb.  However, mechanistic modeling is often ruled out 

by designers as the complexity of the required parameters may be too severe.  Currently, 

first-order kinetic models are still accepted as state-of-the-art (Kadlec & Wallace, 2009; 

Rousseau et al., 2004). 
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Since plug-flow hydraulic models typically fail to accommodate dispersive processes 

within HWs, the Tanks-In-Series (TIS) model is often recommended as a first-order 

kinetic alternative because it better describes non-ideal hydraulics such as mixing and 

preferential flow paths for a wide range of hydraulic efficiencies (Chen et al., 1999; 

Kadlec & Wallace, 2009; Kusin et al., 2010; USEPA, 1999; Wallace & Knight, 2006).   

The TIS model accounts for dispersion effects by splitting the HW in to a number of 

hypothetical continuous-stir-tank reactors in series (N) (Kadlec & Wallace, 2009; 

Wallace & Knight, 2006).  As N is increased, the degree of dispersion decreases.  The 

degree of dispersion, N, for a given SSFCW is typically determined through tracer 

studies, see 0.   

Despite a large degree of support, Langergraber et al. (2009) suggest the TIS type model, 

though a better representation of internal SSFCW hydrology, is limited by assuming flow 

can be reduced to one-dimensional behaviour.  TIS models also share a limitation with 

first-order plug-flow models in that complex natural reactions are typically lumped in to 

one biological rate constant. 

Vertical subsurface flow constructed wetlands, in which wastewater is cyclically pulse 

loaded, are difficult to model because of the saturation variability and complicated 

hydrogeology, where a high degree of internal mixing, especially at unsaturated 

conditions, is expected (Saeed & Sun, 2011a).  Complex mechanistic computer models 

have been developed to provide accurate hydrology information as well as wastewater 

parameter removal predictions for VWs (Langergraber, 2008).   
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Verification of complex models has yet to show improved performance over some 

simpler models requiring fewer parameter inputs (Rousseau et al., 2004; Sklarz et al., 

2010).  Saeed and Sun (2011a) and Sklarz et al. (2010) suggest the high degree of internal 

mixing at unsaturated conditions allow VW systems to be modelled as a single 

continuous-stir-tank-reactor (CSTR).  Their studies also suggest wastewater parameter 

removal is better correlated with Monod kinetics compared to traditional first-order 

kinetics. 

1.4 Research Objectives 

This thesis is presented in manuscript format with the goals of evaluating the design of 

two hybrid-SSFCWs for the decentralized treatment of domestic wastewater through 

performance testing, to demonstrate hybrid-SSFCW technology as a capable alternative 

to traditional septic tank/leaching bed technologies for cold-climate application and to 

determine first-order and Monod removal kinetic constants for various wastewater 

parameters of concern.   

The goals may be broken down in to 4 research objectives involving the study of 7 

typical wastewater parameters of concern in domestic wastewater treatment: 

 Evaluate cBOD5, COD and TSS removal across parallel hybrid-SSFCWs as a 

function of season (temperature), hydraulic loading rate, and recycle ratio. 

 Evaluate Nitrogen (NH4
+
-N, TKN, and NO3

-
-N) removal across parallel hybrid-

SSFCWs as a function of season (temperature), hydraulic loading rate, and 

recycle ratio. 
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 Use the results of the cBOD5, COD, TSS and Nitrogen removal evaluations to 

determine kinetic removal constants for each wastewater parameter across the 

HW and VW treatment components using accepted SSFCW models. 

 Evaluate the applicability of blast-furnace slag filters for long-term removal of 

phosphorus from domestic wastewater in cold-climate as part of hybrid-SSFCW 

systems. 
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Chapter 2. MATERIALS AND METHODS 

In 2009, two parallel pilot scale hybrid subsurface flow constructed wetlands (hybrid-

SSFCWs) were installed at the Ontario Rural Wastewater Centre in Alfred, Ontario 

Canada (Latitude 45
o
33`23.74” N, Longitude 75

o
52`38.88” W), located between Ottawa, 

ON and Montreal, QC, to demonstrate the ability of decentralized hybrid-SSFCW 

technology to treat domestic wastewater to tertiary quality (cBOD5 <10 mg/L, TP <1.0 

mg/L, and 70% removal of total nitrogen) under cold Canadian climatic conditions 

(Kinsley & Crolla, 2012).   

The identical hybrid-SSFCWs were each designed to treat a maximum wastewater 

hydraulic load of 2.8 m
3
/d (Kinsley & Crolla, 2009) or the wastewater equivalent of 8-9 

people at 0.32 m
3
-wastewater/d per person (Environment Canada, 2010).  The hybrid-

SSFCW design included three treatment components: a conventional septic tank, a 

horizontal subsurface flow constructed wetland (HW), and a vertical subsurface flow 

constructed wetland (VW).  The hybrid-SSFCW layout is presented in Figure 2. 
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Figure 2: Hybrid Constructed Wetland Side and Plan View (Not to scale) 

 

2.1 Hybrid-SSFCW Operating History 

Operation of both the northernmost hybrid-SSFCW (CW(1)) and southernmost hybrid-

SSFCW (CW(2)) commenced in December 2009.  Until June 2011, the hydraulic loading 

set-point for both hybrid-SSFCWs was 2.8 m
3
/d domestic wastewater with no recycle; 

however, wastewater delivery was not continuous due to occasional technical difficulties.  

CW(1) and CW(2) treatment performance for the first two years of operation is 

summarized in Kinsley & Crolla (2012). 
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From June 2011 to November 2011, a preliminary investigation was conducted where 

both hybrid-SSFCWs were subject to a variety of hydraulic loading conditions for the 

purpose of determining organic and nitrogen treatment limits, see Table 4 and Table 5.   

Table 4: CW(1) preliminary wastewater treatment results; June to November, 2011 

Run Period Flow Regime 
 

cBOD5 
  

NH4
+-N 

 
NO3

--N 

     [mg/L]   [mg/L]  [mg/L] 

Start End Qa Rb STE HW VW STE HW VW VW 

Jun-01 Jun-30 1 0 200 20 2 33 22 0 24 

Jul-03 Aug-05 1 1 237 7 2 33 13 0 16 

Aug-09 Aug-31 1 3 70 2 2 32 7 0 5 

Sep-01 Oct-03 2 1 100 6 2 27 14 2 8 

Oct-04 Nov-01 1 2 138 6 2 26 13 3 7 

Nov-02 Nov-20 1 3 112 5 2 27 8 2 5 
a 
Q = influent domestic wastewater flowrate = 2.8 m

3
/day 

b
 R = Recycle ratio 

Table 5: CW(2) preliminary wastewater treatment results; June to November, 2011 

Run Period Flow 
Regime 

 cBOD5 

  
NH4

+-N 
 

NO3
--N 

   [mg/L]   [mg/L]  [mg/L] 

Start End Qa STE HW VW STE HW VW VW 

Jun-01 Jun-22 0.5 89 6 2 28 15 0 13 

Jun-23 Jul-04 1 120 8 2 29 16 0 30 

Jul-05 Aug-05 2 148 15 2 29 21 0 22 

Aug-11 Sep-01 3 136 13 2 24 27 1 18 

Sep-02 Sep-29 4 112 16 4 26 22 14 4 

Sep-30 Nov-01 2 163 12 2 25 25 1 19 

Nov-02 Nov-20 3 121 23 4 24 25 11 10 
a 
Q = influent domestic wastewater flowrate = 2.8 m

3
/day 

During the preliminary investigation, cBOD5 was consistently treated to below 10 mg/L, 

and complete removal of ammonia was achieved for all but the highest hydraulic loading 

rates investigated.  However, short-circuiting was observed across the surface of the HWs 

at hydraulic loading rates greater than ~11.5 m
3
/d.  For the preliminary flow regimes 
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tested, the hybrid-SSFCWs were hydraulically limited before treatment performance 

suffered.  This preliminary data was used in the experimental design of this study (See 

Section 2.5). 

2.2 Hybrid-SSFCW Design and Construction 

The following subsections outline the design of each treatment component within the 

parallel hybrid subsurface flow constructed wetlands.  See Figure 2 for a plan view of the 

hybrid-SSFCWs. 

2.2.1 Conventional Septic Tank 

Conventional septic tanks provided the first stage of domestic wastewater treatment to the 

hybrid-SSFCW systems.  With the aid of a baffle wall and high retention times, the septic 

tanks provided pre-treatment of the wastewater through solid-liquid separation of oil and 

grease as well as settleable solids.  Each septic tank had an internal working volume of 

5.6 m
3
.  The volume was chosen to provide an internal hydraulic retention time of 2 days 

at the 2.8 m
3
/d hybrid-SSFCW design hydraulic loading rate.  However, wastewater 

hydraulic loading peaked at approximately 8.4 m
3
/d for CW(2) during the main portion of 

this study and 11.2 m
3
/d during the preliminary investigation which reduced the septic 

tank hydraulic retention time to a minimum of 16 hr and 12 hr, respectively (See Section 

2.5 for the study’s main experimental hydraulic loading rates for CW(1) and CW(2)). 

2.2.2 Horizontal Subsurface Flow Constructed Wetland 

The HWs were sized for cBOD5 treatment at 5 
o
C using plug-flow reaction kinetics as 

described in Young et al. (1998) (Kinsley & Crolla, 2009). 
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Each HW measured 5 m wide by 11.5 m long with a total bed depth of 0.7 m and an 

operating depth of 0.6 m.  A 30-mil High-density Polyethylene (HDPE) liner protected 

against infiltration or exfiltration from the system.  The HW media consisted of 9 m of 

coarse washed limestone gravel (20-25 mm diameter) followed by a 1.5 m phosphorus 

filter composed of screened and washed blast-furnace slag (25-70 mm diameter) from the 

IVACO rolling mill in L’Orignal, ON, Canada.  The expected media porosity used in 

designing the HWs was 0.5 (Kinsley & Crolla, 2009).  However tracer studies from this 

study indicate a lower porosity of 0.35, see 0. 

An influent header made of 11 cm perforated polyvinyl chloride (PVC) pipe was placed 

in a gravel berm at the inlet to the HW to facilitate distribution of the influent wastewater 

stream across the width of the wetland.  Sampling piezometers (11 cm diameter PVC) 

were installed within the gravel at 5 m (P1) and 9 m (P2) from the influent header and on 

top of the HW footer (P3); see Figure 2 for approximate piezometer locations.  Each P1 

and P2 piezometer extended from at least 60 cm above grade to the HDPE liner at the 

base of the wetlands, while each P3 rested on top of the HW footers.  The piezometers 

were perforated over the entire operating depth of each HW to avoid potential vertical 

water column stratification (Schmid et al., 2004; Wallace & Knight, 2006).  The outlet 

footer (11 cm diameter perforated PVC) was installed at the end of the phosphorus filter 

and placed horizontally across the base of the HWs.  The footer was fitted with a 

standpipe to maintain a constant operating water column depth of 0.6 m within the HWs. 

The gravel was the only planted section of the HWs.  Following the inlet berm, reeds 

(Phragmites australis) were planted across the first 6 m.  The reeds were planted in a 

density of 9 seedlings/m
2
 in 2009 (Chris Kinsley, personal communications, September 
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2012).  By September 2012, the stem density had increased to an approximate 851 

stems/m
2 
within the planted region (See Appendix A for stem density calculation 

procedures and data).  At 6.5 m from the influent headers, a single row of Hybrid 

Sandbar Willows were planted at one cutting/m
2
, current willow stem density was not 

recorded.  See Figure 2 for approximate plant distribution across the HWs. 

Selection of IVACO blast-furnace slag for the unplanted phosphorus filters was based on 

previous research which indicated phosphorus adsorption capacity >3 g-P/kg-slag 

(Kinsley et al., 2001; Kinsley et al., 2002).  The phosphorus filters showed a high 

capacity for phosphorus removal during the first two years of wetland operations as they 

consistently reduced O-PO4
3-

-P to <1.0 mg/L (Kinsley & Crolla, 2012).  The 

consequences of effective phosphorus removal included high effluent pH (pH >10), high 

levels of dissolved calcium, and high potential for precipitation and hardening of P as 

hydroxyapatite and other low solubility calcium-phosphate complexes (Claveau-Mallet et 

al., 2012; Kinsley et al., 2002). 

2.2.3 Vertical Subsurface Flow Constructed Wetland 

Nitrification of ammonia (NH4
+
-N) was the major concern in the design of the vertical 

subsurface flow constructed wetlands (VWs).  The VWs’ dimensions were determined 

using the oxygen transfer rate for nitrifying within tertiary treatment VWs from Cooper 

(2005) and single pass sand filter design methods from Metcalfe and Eddy (2003) 

(Kinsley & Crolla, 2012). 

The VWs measured 3 m x 3 m (9 m
2
) with a depth of 0.8 m and was lined with 30-mil 

HDPE.  The VWs had three media layers; 0.2 m of sphagnum peat, 0.4 m of 1-5 mm 
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washed sand, and 0.2 m of 13-20 mm washed gravel, listed from top to bottom.  The sand 

layer was conceived to act as the main nitrifying layer, and the gravel layer was a porous 

region for the collection of the effluent.  The peat was planted with reeds (Phragmites 

australis) at a density of 9 seedling/m
2
 in 2009 (Chris Kinsley, personal communications, 

September 2012); by September 2012 reed stem density was 321 stems/m
2 
(See 

Appendix A for stem density calculation procedures and results).  Reeds were expected to 

provide insulating mulch, trap snow during the winter, stabilize the hydraulic 

conductivity, and prevent surface clogging (Axler et al., 2001; Brix, 1994).  See Figure 2 

for a side view of the VW layout. 

Though it provides an excellent rooting material, the main reason for including the 

sphagnum peat layer, based on the recommendations of Kinsley et al. (2001), was to 

neutralize the high pH effluent from the phosphorus filters and to filter precipitated 

calcium carbonate and calcium phosphate particulate.  Peat is effective at reducing pH of 

alkaline wastewaters following phosphorus filters (Mayes et al., 2009), but it is also 

expected to reduce phosphorus concentrations to some extent through sorption, 

sedimentation and combination of complex compounds (Vohla et al., 2011).  The first 

two years of operation indicated the peat layer was capable of consistently reducing pH to 

7.5 (Kinsley & Crolla, 2012).  The slow infiltration rate of the peat also helped to prevent 

channeling and encouraged even distribution of wastewater over the wetland surface. 

A dosing array built from 6 parallel lines of 38 mm diameter PVC perforated pipe 

distributed wastewater over the surface of each VW.  The lines of the array were spaced 

0.5 m apart and perforated every 0.5 m with 7.5 mm orifices based on sizing guidelines 

for a single pass sand filter (Metcalf & Eddy, 2003).  A collection array consisting of 3 
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lines of perforated 11 cm diameter PVC pipes was installed within the washed gravel 

layer.  Effluent from VW(1) could be recycled to ST-Effluent(1).  Treated wastewater 

was returned to the village of Alfred’s sanitary sewer. 

2.2.4 Pump Chambers 

The Ontario Rural Wastewater Centre’s hybrid-SSFCW systems were built at grade on 

level ground; for this reason gravity was not sufficient to transfer wastewater between 

treatment components.  Wastewater transfer was accomplished through pump chambers 

installed below grade at the effluent of each of the septic tanks, horizontal subsurface 

flow constructed wetlands, and vertical subsurface flow constructed wetlands, see Figure 

2.   

Each pump chamber consisted of a plastic holding tank (~1 m
3
) with manhole access to 

the surface.  Within each pump chamber was a float activated Myers SRM4PC-1 

Submersible Pump for transference of wastewater to the proceeding treatment component 

(or to the sanitary sewer as in the case of the pump chamber following the VWs). The 

pump chamber following VW(1) had a second submersible pump, a Red Lion RL160U, 

for recycling effluent to the pump chamber following ST(1). 

Each pump chamber also contained a tipping bucket for measuring effluent flow rates 

from the preceding treatment component and a thermocouple for monitoring wastewater 

temperature.  The tipping buckets were calibrated in May/June 2011 and again in June 

2012 (See Appendix B for the tipping bucket calibration procedure and data), but tip 

counts were attributed a 10% margin of error.   
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2.3 Wastewater Supply, Transfer, and Recycle 

The wastewater used during this study was sourced from the village of Alfred’s sanitary 

sewer.  Based on the characteristics of Alfred’s raw wastewater, it could be described as 

“medium strength untreated domestic wastewater” as defined by Metcalf & Eddy (2003). 

The domestic wastewater was pumped to and stored in a 10 m
3
 continuously stirred tank.  

Two submersible pumps (Zoeller 254 “Waste-Mate” submersible sewage pumps) 

provided wastewater to each of the hybrid-SSFCW septic tanks.  The pumps responded to 

a Chrontrol XT
®
 programmable timer; to supply the desired daily hydraulic loading rates, 

the programmable timer was set to run the pumps for 12 to 30 seconds every 15 or 20 

minutes depending on the desired hydraulic raw wastewater loading rate (See 0 for a 

standard operating procedure including the Chrontrol XT
® 

programming method). 

As described in Section 2.2.4, wastewater was transferred between the three hybrid-

SSFCW treatment components through the use of float-controlled submersible pumps 

located within each of the pump chambers.  Treated VW effluent was returned to the 

Alfred sanitary sewer. 

CW(1) included a recycle stream that returned a portion of VW(1) effluent to the pump 

chamber preceding HW(1).  The rate of recycle was set using a Grozone Control CY1 

Timer that controlled the on/off cycle of the submersible recycle pump located within 

VW-Effluent(1).  The on/off cycle, set to provide a defined recycle ratio, was determined 

based on the measured full-pipe flowrate provided by the recycle pump. 

For the hybrid-SSFCW systems’ operating procedures, including timer programming, 

flowrate measurement, and system maintenance see 0. 
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2.4 Digital Systems Monitoring and Sampling Procedures 

2.4.1 Digital Systems Monitoring 

Digital systems were used to monitor hybrid-SSFCW internal wastewater temperatures 

and hydraulic loading rates.  Each pump chamber had a tipping bucket flowmeter to 

measure flow from the preceding treatment component (See section 2.2.4).  Tip counts 

were digitally recorded every 30 minutes using LabView
®
 Software or manually recorded 

using OMRON H7EC-N-B Total Counters when LabView
®
 was not operational.  

Occasionally, there were mechanical malfunctions with the tipping buckets themselves 

which contributed to data gaps.  Tip counts were attributed a 10% margin of error. 

LabView
®
 also recorded wastewater temperatures every 30 minutes.  A thermocouple 

submersed within each pump chamber relayed effluent wastewater temperatures from 

each treatment component of the hybrid-SSFCW systems to LabView
®
.  Temperature 

data were also collected in situ whenever a wastewater sample was collected. 

2.4.2 Wastewater Sampling Procedures 

Wastewater samples were collected from 6 locations within each hybrid-SSFCW; septic 

tank effluent pump chamber (ST-Effluent), each piezometer (P1, P2, and P3), horizontal 

subsurface flow constructed wetland effluent pump chamber (HW-Effluent), and the 

vertical subsurface flow constructed wetland effluent pump chamber (VW-Effluent) from 

December 2011 to October 2012.  All samples were taken as grab samples and analyzed 

following Standard Methods (APHA, 2005) at the Environmental Quality Laboratory at 

the Université de Guelph-Campus d’Alfred (See section 2.5.3 for analytic methods).  In-

situ conductivity [mV], dissolved oxygen content [mg/L], oxidation reduction potential 
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[mV], pH, and water temperatures [
o
C] were recorded for each grab sample taken using 

an YSI 556 MPS portable multimeter. 

Pump chamber sampling was achieved by lowering a 2 L rectangular bucket below the 

tipping bucket to catch the effluent from a ‘tip’.  Each pump chamber was assigned its 

own 2 L bucket which was washed and rinsed between sampling events. 

The piezometers were sampled using a peristaltic pump and tubing attached to a cordless 

drill.  Between piezometers, the peristaltic pump and tubing was rinsed with tap water 

and then water from the next piezometer to prevent cross-contaminating samples. 

A complete guide to sampling the hybrid-SSFCW systems is provided as a standard 

operating procedure in Appendix D. 

2.5 Experimental Design 

The hybrid-SSFCWs were designed for the removal of organic material (cBOD5 and 

COD), nitrogen (TKN, NH4
+
-N, and NO3

-
-N) and phosphorus (TP and O-PO4

3-
-P) from 

domestic wastewater.  The hybrid-SSFCWs were sized to treat a maximum hydraulic 

load of 2.8 m
3
/d.  However, the monitoring of treatment performance from June 2011 to 

November 2011 at hydraulic loading rates up to 11 m
3
/d revealed the hybrid-SSFCWs 

were capable of treating domestic wastewater to tertiary levels for organic material and 

ammonia nitrogen at hydraulic loadings much greater than 2.8 m
3
/d.  See Table 4 and 

Table 5 for the preliminary treatment results for the two hybrid-SSFCWs.  The initial 

loading tests also revealed short-circuiting in the HWs when hydraulic loading exceeded 

~11.5 m
3
/day.  The data collected during the summer and fall of 2011 were used as the 
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basis for the experimental conditions (hydraulic loading and recycle rates) evaluated 

during this study. 

2.5.1 Hydraulic Loading and Recycle Rate Regime 

The hybrid-SSFCW systems were tested under 6 experimental hydraulic loading 

conditions or flow regimes.  Three of the flow regimes included recycle and were tested 

on CW(1) only, while the other three no-recycle regimes were tested on CW(2).  See  

Table 6 for a hydraulic description of each experimental flow regime.  The flow regimes 

for both wetlands were chosen based on preliminary results obtained during the summer 

and fall of 2011.  From June to November 2011, a variety of flow regimes were tested on 

3-4 week cycles in an attempt to determine the treatment limits of the hydrid-SSFCWs, 

see Table 4 and Table 5.   

Table 6: Experimental hydraulic loading conditions and recycle ratios 

Run Period 
Experimental Hydraulic Loading Condition 

CW(1)a CW(2) 

Dec 1 - 23, 2011 R = 200% 2Q 

Jan 6 -30, 2012 R = 100% 1Q 

Feb 1 - Mar 2, 2012 R = 300% 3Q 

Mar 3 - Apr 3, 2012 R = 200% 2Q 

Apr 3 – Jun 5, 2012 R = 100% 1Q 

Jun 5 - Jul 5, 2012 R = 200% 2Q 

Jul 6 - Aug 7, 2012 R = 300% 3Q 

Aug 8 - Sep 4, 2012 R = 100% 1Q 

Sep 5 - Oct 2, 2012 R = 200% 2Q 
Where Q = design hydraulic loading rate, 2.8 m3/d and R = recycle rate, 2.8m3/d 
a The influent wastewater flowrate of CW(1) was maintained at 2.8m3/d. 

In the case of CW(2), within which the recycle rate (R) was set to zero, equivalent 

reduction of cBOD5 and NH4
+
-N at hydraulic loading rates ranging from design (Q = 2.8 
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m
3
/d) to ~11 m

3
/d was observed during the preliminary investigation.  Treatment was 

successful at hydraulic loading rates up to ~11.5 m
3
/d, above which hydraulic short-

circuiting across HW(2)’s surface was observed. 

Within CW(1), the design hydraulic loading rate (Q) was chosen as the influent raw 

wastewater loading rate; recycle was varied from 100% to 300%.  As within CW(2), 

CW(1) had similar treatment for cBOD5 and NH4
+
-N at internal hydraulic loading rates 

up to ~11 m
3
/day during the preliminary investigation.  Again, when internal hydraulic 

loading rates exceeded ~11.5 m
3
/day, short-circuiting was observed across the surface of 

HW(1). 

The 6 main experimental hydraulic loading conditions were repeated (winter and 

summer) to evaluate seasonal performance variations within the two hybrid-SSFCWs.  

Experimental flow regimes 2Q and R = 200% were repeated at the beginning and end of 

winter and summer to investigate treatment performance repeatability, see  

Table 6 for the experimental hydraulic loading condition schedule.  Each experimental 

hydraulic loading condition was maintained for approximately 5 weeks to provide time 

for the hybrid-SSFCWs to reach steady-state following a flow regime change.  

2.5.2 Sampling Regime 

Grab samples were taken once or twice weekly at all sampling locations from December 

1
st
, 2011 to October 2

nd
, 2012 following the standard operating procedure described in 

Appendix D.  Sampling days were typically Monday or Tuesday and Thursday or Friday 

such that there was no less than 3 full days between sampling events.  Sampling 

schedules were modified to accommodate holidays and laboratory scheduling issues.  See 
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0 for a complete sampling schedule as well as the analyses performed on each grab 

sample. 

Samples collected during the final two weeks of each run period, see  

Table 6, were used to evaluate system performance at the corresponding experimental 

hydraulic loading condition.  The first few weeks of each run period were allotted to 

allow a minimum of 3 HRTs for the hybrid-SSFCWs to reach a steady-state condition 

following a change in hydraulic loading rate. 

The collected samples were analyzed for various wastewater parameters of concern to 

help evaluate the hybrid-SSFCWs’ treatment performance; performance results for 

organic matter removal, nitrogen removal and phosphorus removal are discussed in detail 

in Chapter 4, Chapter 5, and Chapter 6, respectively. 

2.5.3 Analytical Methods 

All regularly required analyses were performed at the Environmental Quality Laboratory 

– Campus d’Alfred-Université de Guelph using the following methods: 

Ammonia (as NH4
+
-N + NH3-N): Wastewater samples analyzed using the Ammonia-

Selective Electrode Method outlined in Standard Methods for the Examination of Water 

and Wastewater (Eaton et al., 2005)(SM No. 4500-NH3 D., pages 4-106 to 4-107).  This 

methodology’s minimum detection limit (MDL) = 0.05 mg/L. 

5-Day Carbonaceous Biochemical Oxygen Demand (cBOD5): Wastewater samples 

analyzed using the 5-Day Carbonaceous BOD Test outlined in Standard Methods for the 
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Examination of Water and Wastewater (Eaton et al., 2005)(SM No. 5210 B., pages 5-3 to 

5-6).  This methodology’s MDL = 2 mg/L. 

Chemical Oxygen Demand (COD): COD was determined using the Standard Methods 

for the Examination of Water and Wastewater (Eaton et al., 2005) (5220 D. Closed 

Reflux, Colorimetric Method.).  This methodology’s MDL = 10 mg/L. 

Nitrate (as N-NO3
-
):  Wastewater samples analyzed using the Nitrate Electrode Method 

outlined in Standard Methods for the Examination of Water and Wastewater (Eaton et al., 

2005)(SM No. 4500-NO3
-
 D., page 4-116).  This methodology’s MDL = 1 mg/L. 

Ortho-Phosphates (as O-PO4
3-

):  Ortho-phosphate was analyzed at the Campus 

d’Alfred wet chemistry laboratory.  The wastewater samples were analyzed using the 

Ascorbic Acid Method outlined in Standard Methods for the Examination of Water and 

Wastewater (Eaton et al., 2005) (SM No. 4500-P E., 4-146 to 4-147).  This 

methodology’s MDL= 0.03 mg/L. 

Total Kjeldahl Nitrogen (TKN): The wastewater samples were analyzed using the 

Macro Kjeldahl Method outlined in Standard Methods for the Examination of Water and 

Wastewater (Eaton et al., 2005)(SM No. 4500 Norg B., pages 4-124 to 4-125).  This 

methodology has an MDL = 2 mg/L. 

Total Phosphorus (TP): The wastewater samples were analyzed using the Persulfate 

Digestion Method followed by The Ascorbic Acid Method as outlined in Standard 

Methods for the Examination of Water and Wastewater (Eaton et al., 2005)(SM No. 

4500-P B. 5, pages 4-143 to 4-144).  This methodology has a MDL = 0.03 mg/L. 
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Total Suspended Solids (TSS): The wastewater samples were analyzed using the Total 

Suspended Solids Dried at 103-105
 o
C Method outlined in Standard Methods for the 

Examination of Water and Wastewater (Eaton et al., 2005)(SM No. 2540 D., pages 2-57 

to 2-58).  This methodology has a MDL = 2 mg/L. 
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Chapter 3. WINTER and SUMMER KBr TRACER 
STUDIES PERFORMED on a HORIZONTAL SUBSURFACE 
FLOW CONSTRUCTED WETLAND 

The completion of tracer studies help to define hydraulic properties which improve 

horizontal subsurface flow constructed wetland (HW) design (Garcia et al., 2004).  By 

studying how a tracer moves through a constructed wetland, the effective hydraulic 

retention time (τ) and effective wetland media porosity (ε) may be determined for 

comparison with theoretical values without the discrete knowledge of biofilm thickness, 

dead zones, plant root density, etc. within an HW’s water column.  Tracer studies also 

indicate the degree to which the flow pattern fits the traditional plug-flow (no dispersion) 

hydraulic model.  N, a hypothetical number of continuous-stir-tank-reactors (CSTRs) in 

series, is used in some Tanks-In-Series (TIS) models as a measure of the degree of 

dispersion in a HW; ideal plug-flow hydraulics is approached as N approaches infinity.  

This tracer study determined N, τ and ε for the HW treatment components of parallel 

hybrid-SSFCWs.  N was also necessary to solve for first-order cBOD5, COD, NH3
+
-N, 

TKN and TSS removal rate constants for the same HW treatment components, see 0 and 

0. 

3.1 Materials and Methods 

See 0 for a full physical description of the parallel hybrid-SSFCWs at the Ontario Rural 

Wastewater Centre.   

Two tracer studies were performed on the HW treatment component of CW(2).  CW(1) 

was not studied as the recycle stream would have confounded the results.  The first study 
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was performed during February 2012 at high-flow (Hydraulic load = 8.4 m
3
/d) while the 

second was completed in August 2012 at low-flow (Hydraulic load = 2.8 m
3
/d). 

Design of the HW tracer study experiments followed examples given by Marsteiner 

(1997) while drawing on the collective tracer knowledge review within Kadlec & 

Wallace (2009). 

Potassium Bromide (KBr) salt was chosen as the tracer because of its positive 

characteristics and ease of use.  Aqueous Bromide (    
 ) is used regularly in wetland 

tracer studies for determining hydraulics (Garcia et al., 2004; Maloszewski et al., 2006; 

Sherman et al., 2009) because it is expected to be inert with respect to any submerged 

media within constructed wetlands (i.e., root mass, limestone, slag, biofilm, etc.).  In 

addition, aqueous Bromide usually has low background concentrations and is easy to 

analyze (Whitmer et al., 2000). 

A known mass of KBr was dissolved in the pump chamber preceding HW(2) (ST-

Effluent(2)).  The pump chamber was filled with approximately 0.52 m
3 

of septic tank 

effluent at which point a pump emptied the chamber in to HW(2).  Wastewater flow 

across the HWs was assumed to be continuous despite cyclic dosing from the pump 

chamber.  Equation (1) provided the mass of KBr required to create the desired 

concentration for the pulse tracer; 1000 mg-    
 /L was created with ~780±2 g-KBr.  The 

addition of KBr to the pump chamber indicated the start (0 hr) of each impulse tracer 

study. 
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(1) 

Where CBr = target     
  concentration, V = 0.52 m

3
 = pump chamber volume, MMBr  = 79.904 g/mol = Br 

molar mass, and MMKBr = 119.002 g/mol = KBr molar mass. 

Samples were collected at the HW-Effluent(2) using a programmable ISCO 6712 Full-

Size Portable Sampler.   100 mL grab samples were collected in 1000 mL HDPE bottles 

every hour during the high-flow tracer study and every 3 hrs during the low-flow tracer 

study.  However, there were issues with providing a continuous power source to the 

sampler, and, as a result, there were a number gaps in the data.  The sampler was cleaned 

and reset every 24 samples; the collected samples were transferred to 100 mL HDPE 

bottles and acidified for storage.  Each tracer study sample was analyzed for     
  using 

Accumet’s Bromide Combination Ion Selective Electrode (13-620-525) and the Manual 

Plotting Method as outlined in the instruction manual provided with the electrode (See 

Appendix F for the tracer sample     
  concentration distribution). 

The mass of tracer recovered (See Equation (2)) is a useful tool in determining the 

success of a tracer study.  However, system malfunctions like leaks or inaccurate 

measurements (hydraulic loading rates, concentration, etc.) may impact the accuracy of 

the calculation (Marsteiner, 1997).  To prevent tracer recovery overestimation, sample 

    
  concentrations were adjusted to exclude background concentrations. 

 
                 

∑      
 

    
      (2) 

Where Q = hydraulic loading rate [m
3
/d], C = adjusted     

  concentration [mg/L], and Δt = time interval 

between sampling events [hr]. 
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From Kadlec & Wallace (2009), the detention time distribution curve for a TIS modeled 

system (g(t)) may be described by a normalized gamma distribution of detention times 

characterized by N and τ, see Equation (3).  The gamma function, Γ(N), may be solved 

using Microsoft Excel
®

’s GAMMALN function.  An accepted method for the 

determination of N and τ involves minimization of the sum-of-squares-error (SSQE), 

Equation (4), between the TIS model detention time distribution curve and the 

normalized detention time distribution curve of the data (Data DTD(t), Equation (5)) 

(Kadlec & Wallace, 2009).  The τ and N which minimize SSQE may be determined using 

any mathematical root finding method; Microsoft Excel
®
’s SOLVER was employed in 

this study. 

 
 ( )   

 

  ( )
(
  

 
)
   

    (
   

 
) 

(3) 

Where: Γ(N) = gamma function of N [hr
-1

]. 

 
     ∑( ( )     ( )) 

 

   

 
(4) 

Where t = Elapsed tracer study duration [hr]. 

 
        ( )   

  

∫     
 

 

   
    

∑      
 

 
(5) 

 

τ is required to estimate ε using Equation (6).  For this study, the limestone and blast-

furnace slag porosities were lumped together as single effective porosity for the entire 

HW. 
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 (6) 

Where A = wetland surface area [m
2
], h = water column depth [m]. 

3.2 Results and Discussion of Tracer Studies 

Minimizing SSQE between the tracer Data DTD and the TIS model detention time 

distribution curve, g(t), resulted in Figure 3 and Figure 4, see Appendix F for sample 

calculations.  Table 7 shows the τ and N determined by Microsoft Excel
®
’s Solver to 

minimize SSQE.  The determined N was similar, between 5 and 6, for both tracer studies, 

and the true value was taken to be N = 6.  The different hydraulic loading rates were 

expected to affect the flow pattern because of increased fluid velocity and different 

seasons, but the effect was apparently minimal.  Similarly, the estimated porosity was 

near identical for both tracer studies, see Table 7.  The accepted value of N = 6 suggests a 

dispersion pattern which is neither plug-flow nor completely mixed.  A plug-flow pattern 

was expected, and the result supports the use of the TIS approach which better 

accommodates dispersion than plug-flow hydraulics. 
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Figure 3: Winter (Q=8.4 m

3
/d) tracer study data DTD and Gamma DTD response curves from a 

horizontal subsurface flow constructed wetland 

 

 
Figure 4: Summer (Q=2.8m

3
/d) tracer study data DTD and Gamma DTD response curves from a 

horizontal subsurface flow constructed wetland 

 

Table 7: Tracer Study Results 

Tracer Test 
Q τ N ε Recovery 

[m3/d] [d] [-] [-] [%] 

Winter (2012) 8.4 1.5 5.6 0.36 91 

Summer (2012) 2.8 4.2 5.2 0.34 84 
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The near identical hydraulic performance between the two seasons is surprising.  

Chazarenc et al. (2003) suggest increased evapotranspiration during hot periods should 

reduce dispersion and increase N, which was not apparent in this experiment.  Perhaps a 

longer hydraulic retention time during the summer allowed for increased dispersion that 

the increased evapotranspiration did not compensate for. The winter performance also 

indicated a slightly improved tendency towards plug-flow characteristics (Nwinter > 

Nsummer), but it was not possible to discern whether these affects are due to seasonal, 

hydraulic loading rate, or wetland ageing differences between the two tracer study 

experiments.  An increase in biomass development during the summer may have caused a 

porosity decrease, however the apparent porosity difference was negligible when 

sampling and calculation error are considered. 

Background      
  concentrations were more quickly achieved in the winter tracer study 

as compared to the summer study, see Figure 3 and Figure 4.  Less     
  was recovered in 

the summer study as compared to the winter.  Warm weather and longer τ may have 

allowed more     
  to diffuse in to dead zones, adsorb to wetland media, or be taken up 

by plant roots (Whitmer et al., 2000).  As water column     
  concentrations dropped as 

the tracer passed,     
  may have slowly diffused back from dead zones and other media, 

which could explain the higher trailing     
  concentrations seen in Figure 4.   

The HWs were designed using an effective porosity of 0.5 (Kinsley & Crolla, 2009), 

which was approximately 70% overestimated when compared to the tracer study results.  

This is equivalent to saying the design τ was approximately 30% greater than the 

determined value.  Many first-order HW treatment performance models require proper 
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calculation/estimation of τ and, therefore, ε.  Improper parameter estimation may lead to 

oversizing or under-sizing of future wetland designs, which could cause maintenance 

issues and potential treatment performance and longevity problems.  As the initial design 

supposed a greater τ than was determined through tracer studies, removal of wastewater 

parameters of concern such as organic matter, nitrogen components, and phosphorus 

could be less than expected as a result of reduced contact time. 

Kadlec & Wallace (2009) report the average effective porosity of 22 horizontal 

subsurface wetlands as 0.30 and N as 6.5 for HW with a surface area of 55±5 m
2
.  The 

literature values correspond well with those of this study.  Taken as average parameters 

for HWs of similar design, the tracer studies’ ε and N should be useful tools for designing 

future cold-climate HWs using the TIS approach. 

3.3 Conclusions 

The results of the winter high-flow and summer low-flow KBr tracer studies completed 

on one of the Ontario Rural Wastewater Centre’s two planted horizontal subsurface flow 

constructed wetland were coherent and showed good tracer recoveries.  The success of 

the tracer studies suggests the hydraulic parameters; ε and N, are independent of season 

and hydraulic loading rate. 

The measured ε was similar for both tracer studies; 0.36 and 0.34 in the high-flow and 

low-flow studies, respectively.  Since the measured ε was approximately 70% of the 

design ε, the design τ was approximately 30% greater than the measured value.  A lower 

τ than expected could result in less than expected removal of wastewater parameters of 

concern. 



 

40 

Using the TIS approach, N was found to lie between 5 and 6.  As expected, the value of 

N suggests the hydraulic flow pattern within the HWs does not fit to plug-flow or 

completely mixed profile but lies somewhere in between. 
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Chapter 4. Modeled cBOD5, COD and TSS REMOVAL 
PERFORMANCE across PILOT HYBRID SUBSURFACE 
FLOW COSTRUCTED WETLANDS TREATING DOMESTIC 
WASTEWATER in a COLD-CLIMATE 

Subsurface flow constructed wetlands (SSFCWs) have been investigated worldwide for 

treatment of many forms of domestic, commercial and industrial wastewater effluent 

(Vymazal, 2009).  However, in comparison with Europe, SSFCWs have seen limited 

application in North America (USEPA, 2004).   

The lack of a universally accepted model capable of capturing SSFCW complexities in an 

easy to use format applicable to both warm- and cold-climates may contribute to their 

limited application.  In the past, a select number of American authors have looked at 

organic matter removal from domestic wastewater across SSFCWs in cold-climates 

(Axler et al., 2001; Dahab et al., 2001; Steer et al., 2002; Wallace et al., 2001), but no 

known Canadian studies examined the performance of SSFCWs in cold-climates for the 

treatment of domestic wastewater in terms of fitting primary parameters to modeling 

predictors, i.e., oxygen demand, temperature, dissolved oxygen, surface area, hydraulic 

retention time, etc. 

The most widely accepted models, presented by Reed et al. (1995) and Kadlec and 

Knight (1996), were based on the assumption of plug-flow hydrodynamics with first-

order wastewater parameter removal kinetics.  First-order plug-flow models regularly 

appeared in SSFCW design manuals around the world (AENV, 2000; USEPA, 1988; 

Young et al., 1998).  Although literature continues to apply plug-flow models (Trang et 
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al., 2010), research now favours models capable of addressing various hydraulic 

efficiencies (Kadlec and Wallace, 2009). 

Many successful mechanistic models have been developed recently (Friere et al., 2009a; 

Liu et al., 2005; Sklarz et al., 2010; Wynn & Liehr, 2001), but the presence of numerous 

empirical parameters often leads to practical application difficulties (Rousseau et al., 

2004).  The same may be said for complex computer models (Langergraber et al., 2009).  

Verification of complex models has yet to show improved performance over some more 

simple empirical models requiring fewer calibration parameter inputs (Rousseau et al., 

2004; Sklarz et al., 2010). 

Although there is some doubt as to which hydraulic model is optimum, first-order 

kinetics continue to be used for fitting 5-day carbonaceous biological oxygen demand 

(cBOD5), chemical oxygen demand (COD) and total suspended solids (TSS) removal 

data for both horizontal subsurface flow constructed wetlands (HWs) (Trang et al., 2010) 

and vertical subsurface flow constructed wetlands (VWs) (Gikas et al., 2011).  For 

modelling HW hydraulic performance, the Tanks-In-Series (TIS) model is gaining 

recognition in the literature.  The TIS approach assumes an HW system may be 

approximated by a series of hypothetical completely mixed compartments (Chen et al., 

1999; Liu et al., 2005; Wallace & Knight, 2006).   

However, VWs, where wastewater is cyclically pulse loaded, are difficult to model 

because of media saturation variability and complicated hydrogeology, where a high 

degree of internal mixing is expected (Saeed & Sun, 2011a).  Current studies on VWs 

simulate pollutant removal using a Continuous-Stir-Tank-Reactor (CSTR) model with 
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either first-order or Monod kinetics (Friere et al., 2009; Sklarz et al., 2010; Saeed and 

Sun, 2011a, b). 

The completed study applied plug-flow, TIS and CSTR hydraulic models to back 

calculate first-order and Monod removal rate coefficients for cBOD5, COD and TSS 

removal using field data collected from two full-scale hybrid-SSFCW systems between 

December 2011 and October 2012.  The accuracy of the models was used to determine 

their applicability for use in future cold-climate wetland designs.  Removal of cBOD5, 

COD and TSS across the hybrid-SSFCWs was used to evaluate cold-climate treatment 

performance. 

4.1 Materials and Methods 

See Chapter 2 for a physical description of the hybrid-SSFCWs, the experimental design 

and the sampling methods and schedule. 

4.2 Kinetic Models 

This study employs simple but previously successful models to find rate constants (k) for 

the removal of cBOD5, COD and TSS across the parallel hybrid-SSFCWs.  Using models 

that require a limited number of calibration parameters facilitates their use as SSFCW 

design tools (Rousseau et al., 2004). 

To simplify the mass balance, a few general assumptions were made: first, the 

instantaneous concentration of cBOD5, COD and TSS at any sampling location within the 

hybrid-SSFCW systems was assumed to be a function of the wetland inlet wastewater 

parameter concentration (i.e., steady-state conditions); second, as is common practice, 
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temperature dependence in the hybrid-SSFCWs followed the Arrhenius relationship as 

described in Equation (7) (Kadlec & Wallace, 2009; Rousseau et al., 2004); third, uptake 

and release of cBOD5, COD and TSS from plant growth/decay was negligible; and 

fourth, water gain (infiltration and precipitation less evapo-transpiration and exfiltration) 

was negligible.  The tipping buckets used to monitor wastewater flow rates at the inlet 

and outlet of each treatment component were attributed an approximate 10% tip count 

margin of error, which made it impossible to accurately measure water gain. 

        
(    ) 

(7) 

Where kT = rate constant at temperature T, k20 = rate constant at 20
o
C, T = wastewater temperature [

o
C], 

  = modified Arrhenius temperature factor [unit-less]. 

4.2.1 Horizontal Subsurface Flow Constructed Wetland Kinetic Models: 
First-order Plug-flow and First-order Relaxed-TIS 

Rousseau et al. (2004) determined first-order kinetic models assuming idealized plug-

flow conditions may be the best available design tool for HWs; one of the most well-

known is the ‘k-C
*’

 model (Kadlec & Knight, 1996), see Equation (8). However, minor 

amounts of short-circuiting create dispersion patterns that plug-flow based models cannot 

account for.  TIS and similar compartmental models are gaining increasing popularity in 

part because of their ability to better accommodate dispersion (Chen et al., 1999; Liu et 

al., 2005; Wynn & Liehr, 2001). 

    (    
 ) 

(       
   
 
)
          (8) 

Where Ci = influent wastewater parameter concentration [mg/L], Cx = wastewater parameter 

concentration at distance ‘x’ from the inlet [mg/L], C
*
 = wastewater parameter background 

concentration [mg/L], l = HW length [m], kkc_T = HW areal first-order rate constant [m/d], Q = 

hydraulic loading rate [m
3
/d], w = HW width [m], and x = longitudinal position [m]. 
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TIS type models place a hypothetical number of CSTR compartments in series (N) which 

helps account for dispersion patterns within HWs (Kadlec and Wallace, 2009).  N is 

typically determined through a tracer study.  If “P” is the apparent number of CSTR in 

series, P becomes an independent calibration parameter where P ≤ N.  The use of P in 

place of N may be referred to as the relaxed TIS concentration model (relaxed-TIS) 

(Kadlec & Wallace, 2009).  See Kadlec and Wallace (2009) for a full description of the 

relaxed-TIS model and its pros and cons. 

The steady-state wastewater parameter mass balance for the jth CSTR of the first-order 

relaxed-TIS model is represented by Equation (9) (Kadlec and Wallace, 2009).  This 

form of the relaxed-TIS model omits all potential wastewater parameter sources except 

the HW inlet.  Unlike plug-flow equivalents, relaxed-TIS type models only allow transect 

concentration wastewater parameter predictions at the ‘effluent’ of each apparent CSTR 

and the HW effluent. 

    
     

       
     

       
     

 
(9) 

Where A = SSFCW surface area [m
2
], Cj = wastewater parameter concentration in the jth CSTR [mg/L], 

kTIS_T = HW first-order removal rate constant at temperature T [m/d], and P = the apparent number 

of CSTR in the relaxed-TIS model. 

4.2.2 Vertical Subsurface Flow Constructed Wetland Kinetic Models: 
First-order and Monod CSTR 

Without specific knowledge of a VW’s hydraulic conductivity and the ability to 

determine the degree of media saturation, modeling VW systems is difficult.  Recently, 

some success has been achieved through modeling VWs as single CSTRs (Saeed & Sun, 
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2011a; Saeed & Sun, 2011b; Sklarz et al., 2010).  Saeed and Sun (2011a) used the CSTR 

model and compared application of first-order kinetics with Monod kinetics for organic 

material removal and found potential in both kinetic types.  This study continued the 

investigation of the two kinetic types as neither could be conclusively ruled out for 

organic material removal. 

Analogous to Equation (8), the first-order CSTR model is represented as a single tank 

from the relaxed-TIS model, see Equation (10).  Two forms of Monod kinetics were 

explored; single substrate and double substrate, refer to Equation (11) and (12), 

respectively.  See Saeed and Sun (2011a), for the development of the first-order CSTR, 

single substrate Monod and double substrate Monod CSTR models. 

First-Order CSTR: 

 
     

(     
 )

     
   

 
(10) 

Single-Substrate Monod CSTR: 

      
 

 

(        )(            
 )

    
     

(11) 

Double-Substrate Monod CSTR: 

     
 

 

(        )(            
 )

    
 
              

      
    

(12) 

Where Chalf = wastewater parameter half-saturation constant [mg/L], subscript DO = dissolved oxygen, 

ka_T = VW areal first-order rate constant [m/d], kb_T = VW single substrate Monod rate constant 

[g/m
2
/d], and kc_T = VW double substrate Monod rate constant [g/m

2
/d]. 

The half saturation constants required for Monod kinetics were taken from Saeed and Sun 

(2011a):             = 60 [mg/L] and         = 0.2 [mg/L].           was assumed 

equivalent to           .  
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4.2.3 Model Parameter Solving 

Model calibration required optimization of  , k20, and C* for each SSFCW, hydraulic 

model, kinetic type and wastewater parameter.  Calibration parameter optimization was 

performed in Microsoft Excel
®
 using Solver

®
.  Each calibration parameter was chosen to 

deliver the best coefficients of determination (R
2
) between field and modeled 

concentrations while providing a linear regression slope of 1±0.01.  Each calibration 

parameter was subject to constraints: 0.90 <   < 1.15 (Just below the lower 5% and above 

upper 95% of values reported for BOD by Kadlec & Wallace (2009)), k20  > 0, 0 ≤ C* ≤ 

lowest field concentration for the given wastewater parameter and 2 ≤ P ≤ N. 

4.2.4 Statistical Analysis for Significance  

To differentiate treatment performance between seasons and flow regimes, statistical 

analyses of group means and variance was performed.  ANOVA: Single Factor statistical 

analyses with α = 0.05 was completed using the Analysis Toolpak within Microsoft 

Excel
®
 for cBOD5, COD, and TSS in both summer and winter to determine whether: 

hydraulic loading rate (Q) for CW(2) or recycle rate (R) for CW(1) impacted wastewater 

parameter removal (%).  The null hypothesis: all Q or all R during a given season provide 

equivalent wastewater parameter removal (%), was rejected when pANOVA < 0.05.  The 

same ANOVA type analysis was employed to compare winter and summer removal of 

cBOD5, COD and TSS where the null hypothesis was removal across each hybrid-

SSFCW was equivalent between summer and winter.  The analyses were conducted for 

each hybrid-SSFCW as a whole, and repeated for each HW and VW treatment 

component. 



 

48 

4.3 Results and Discussion for Performance and Modeling 

Average ambient temperatures were -4.5
o
C and 17.8

o
C from December-March and June-

September, respectively (Environment Canada, 2013).  Average monthly wastewater 

temperatures within the hybrid-SSFCWs ranged from 2.2 to 19.7 
o
C, see Table 8 for the 

study’s average monthly wastewater temperatures within each treatment component. 

Table 8: Average±STD monthly wastewater temperatures within the hybrid-SSFCWs 

 
Treatment Component 

Month HW(1)a HW(2)a VW(1)b VW(2)b 

 
[oC] [oC] [oC] [oC] 

December, 2011 5.8 ±1.5 6.2 ±1.6 4.6 ±1.6 4.9 ±1.5 

January, 2012 2.9 ±0.8 3.2 ±0.8 2.2 ±0.3 2.5 ±0.4 

February, 2012 2.9 ±0.6 4.4 ±1.0 2.6 ±0.7 3.3 ±0.5 

March, 2012 4.9 ±2.4 5.3 ±2.4 4.2 ±2.4 4.5 ±1.8 

June, 2012 17.2 ±1.8 17.6 ±1.9 16.8 ±1.4 16.9 ±1.6 

July, 2012 19.4 ±0.7 19.5 ±0.7 19.4 ±0.6 19.4 ±0.5 

August, 2012 19.6 ±0.9 19.5 ±1.0 19.7 ±0.7 19.4 ±1.0 

September, 2012 16.0 ±1.7 16.2 ±1.6 15.8 ±1.8 15.5 ±1.6 
a monthly averages were calculated from all available in situ temperature measurements from P1, P2, P3, and HW-

Effluent. 
b monthly averages were calculated from all available in situ temperature measurements from VW-Effluent. 

4.3.1 Hybrid-SSFCW Treatment Performance 

Table 9 presents field results for each flow regime and wastewater parameter; the field 

concentrations are presented as an average from the samples collected during the steady-

state period of each flow regime/run period. 
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 Table 9: Experimental conditions and averaged field results 

Wetland Flow Run Period Wastewater Avg. Concentration ±std. dev. [mg/L] 

 
Regime   Component ST-Eff.c P1 P2 HW-Eff. VW-Eff. 

CW(1) R=200% a Dec 1 - 23, 2011 cBOD5 119±36 13±1 10±2 7±1 2±0 

CW(1) R=100% a Jan 6 -30, 2012 cBOD5 222±6 35±2 34±2 20±7 2±1 

CW(1) R=300% a Feb 1 - Mar 2, 2012 cBOD5 224±35 38±4 28±7 24±3 5±1 

CW(1) R=200% a Mar 3 - Apr 3, 2012 cBOD5 196±93 27±13 11±4 10±5 2±1 

CW(1) R=200% a Jun 5 - Jul 5, 2012 cBOD5 355±33 13±2 9±3 6±1 3±1 

CW(1) R=300% a Jul 6 - Aug 7, 2012 cBOD5 411±83 10±1 8±1 5±1 2±0 

CW(1) R=100% a Aug 8 - Sep 4, 2012 cBOD5 363±79 18±7 10±3 5±1 2±0 

CW(1) R=200% a Sep 5 - Oct 2, 2012 cBOD5 376±155 10±2 8±2 4±0 2±0 

CW(2) 2Qb Dec 1 - 23, 2011 cBOD5 218±88 50±42 30±2 21±3 5±2 

CW(2) 1Qb Jan 6 -30, 2012 cBOD5 196±14 32±2 25±5 20±5 2±0 

CW(2) 3Qb Feb 1 - Mar 2, 2012 cBOD5 146±29 58±9 64±24 43±13 9±2 

CW(2) 2Qb Mar 3 - Apr 3, 2012 cBOD5 166±33 44±20 24±3 19±5 3±1 

CW(2) 2Qb Jun 5 - Jul 5, 2012 cBOD5 303±44 37±7 21±5 13±2 2±1 

CW(2) 3Qb Jul 6 - Aug 7, 2012 cBOD5 291±90 34±4 17±4 12±1 2±1 

CW(2) 1Qb Aug 8 - Sep 4, 2012 cBOD5 450±110 28±13 18±4 10±2 2±0 

CW(2) 2Qb Sep 5 - Oct 2, 2012 cBOD5 325±38 29±5 18±3 9±2 2±0 

CW(1) R=200% a Dec 1 - 23, 2011 COD 174±45 33±3 33±2 27±6 21±1 

CW(1) R=100% a Jan 6 -30, 2012 COD 432±36 94±44 70±2 67±10 29±4 

CW(1) R=300% a Feb 1 - Mar 2, 2012 COD 384±50 85±15 75±35 57±8 32±4 

CW(1) R=200% a Mar 3 - Apr 3, 2012 COD 452±173 47±7 46±7 44±7 33±7 

CW(1) R=200% a Jun 5 - Jul 5, 2012 COD 618±140 54±7 44±6 42±4 30±3 

CW(1) R=300% a Jul 6 - Aug 7, 2012 COD 588±190 62±16 47±7 42±9 39±18 

CW(1) R=100% a Aug 8 - Sep 4, 2012 COD 688±177 68±9 50±5 42±4 38±10 

CW(1) R=200% a Sep 5 - Oct 2, 2012 COD 468±64 48±2 40±9 39±6 24±5 

CW(2) 2Qb Dec 1 - 23, 2011 COD 370±84 61±4 58±4 45±2 34±1 

CW(2) 1Qb Jan 6 -30, 2012 COD 354±14 73±4 71±5 61±3 29±5 

CW(2) 3Qb Feb 1 - Mar 2, 2012 COD 199±73 116±28 148±48 87±22 44±4 

CW(2) 2Qb Mar 3 - Apr 3, 2012 COD 349±91 81±26 76±11 64±5 36±6 

CW(2) 2Qb Jun 5 - Jul 5, 2012 COD 566±62 99±11 71±6 68±12 41±8 

CW(2) 3Qb Jul 6 - Aug 7, 2012 COD 461±208 84±12 73±10 62±6 41±2 

CW(2) 1Qb Aug 8 - Sep 4, 2012 COD 708±185 95±13 66±6 65±4 45±11 

CW(2) 2Qb Sep 5 - Oct 2, 2012 COD 451±86 101±23 62±8 55±2 27±3 

CW(1) R=200% a Dec 1 - 23, 2011 TSS 73±4 8±7 7±0 4±2 8±8 

CW(1) R=100% a Jan 6 -30, 2012 TSS 79±45 29±16 13±9 21±10 6±4 

CW(1) R=300% a Feb 1 - Mar 2, 2012 TSS 64±5 23±8 19±9 19±13 13±11 

CW(1) R=200% a Mar 3 - Apr 3, 2012 TSS 105±52 19±13 17±6 13±13 7±9 

CW(1) R=200% a Jun 5 - Jul 5, 2012 TSS 130±31 17±4 17±7 12±8 19±16 
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Wetland Flow Run Period Wastewater Avg. Concentration ±std. dev. [mg/L] 

 
Regime   Component ST-Eff.c P1 P2 HW-Eff. VW-Eff. 

CW(1) R=300% a Jul 6 - Aug 7, 2012 TSS 79±36 20±19 13±5 4±1 15±8 

CW(1) R=100% a Aug 8 - Sep 4, 2012 TSS 70±21 9±3 7±3 9±5 5±1 

CW(1) R=200% a Sep 5 - Oct 2, 2012 TSS 55±19 4±2 7±1 8±2 3±1 

CW(2) 2Qb Dec 1 - 23, 2011 TSS 29±12 2±0 9±9 14±13 47±45 

CW(2) 1Qb Jan 6 -30, 2012 TSS 48±17 23±14 27±10 20±13 11±3 

CW(2) 3Qb Feb 1 - Mar 2, 2012 TSS 50±17 30±13 29±4 15±8 14±10 

CW(2) 2Qb Mar 3 - Apr 3, 2012 TSS 117±47 46±24 21±9 19±13 12±7 

CW(2) 2Qb Jun 5 - Jul 5, 2012 TSS 126±18 53±32 36±26 15±9 12±5 

CW(2) 3Qb Jul 6 - Aug 7, 2012 TSS 63±31 20±5 11±6 13±4 11±4 

CW(2) 1Qb Aug 8 - Sep 4, 2012 TSS 86±25 29±2 14±5 22±16 42±68 

CW(2) 2Qb Sep 5 - Oct 2, 2012 TSS 71±18 22±14 7±5 7±2 6±2 
aThe influent flowrate for CW(1) was maintained at 2.8m3/d 

bQ=2.8m3/d 
c All CW(1) ST-Effluent concentrations are shown before dilution with the recycle stream;, diluted HW(1) influent 

concentrations used for model calibrations were calculated as Cin =  (                  (               )  

       ) (       ).  
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From the averaged field results summarized in Table 9, wastewater parameter removal 

efficiencies (%) were determined.  From Table 10, a summary of average wastewater 

parameter removal efficiencies from ST-Effluent to VW-Effluent for winter and summer 

at all flow regimes, cBOD5 removal was greatest with  98% average removal while TSS 

removal was less efficient,  93%, and much less consistent.  The table also includes p-

value statistical analyses results in support of the null hypothesis that wastewater 

parameter removal was equivalent across a hybrid-SSFCW at all three flow regimes 

during a given season. 

Table 10: Average wastewater parameter removal efficiencies (%) across the hybrid-SSFCWs (n = 3 

- 8) 

Note: removal efficiency was NOT equivalent between flow regimes when pANOVA = <0.05 

 
Flow cBOD5 ±std COD ±std TSS ±std 

 
Regime [%] [%] [%] 

C
W

(1
) 

W
in

te
r 

R=100% 99.0 ±0.2 93.3 ±0.4 87.8 ±11.9 

R=200% 98.5 ±0.5 90.0 ±3.9 92.3 ±7.7 

R=300% 98.0 ±0.4 91.7 ±0.7 80.0 ±15.1 

pANOVA <0.05
a 

>0.05 >0.05 

C
W

(1
) 

S
u
m

m
er

 R=100% 99.4 ±0.1 94.2 ±2.1 93.1 ±2.3 

R=200% 99.4 ±0.2 94.9 ±1.0 89.6 ±7.7 

R=300% 99.5 ±0.1 92.6 ±5.0 75.0 ±20.4 

pANOVA >0.05 >0.05 >0.05 

C
W

(2
) 

W
in

te
r 

1Q 99.0 ±0.1 91.8 ±1.7 76.9 ±6.4 

2Q 97.8 ±0.9 89.8 ±2.1 36.4 ±86.9 

3Q 93.5 ±1.3 75.3 ±11.7 75.6 ±15.4 

pANOVA <0.05
b 

<0.05
d 

>0.05 

C
W

(2
) 

S
u

m
m

er
 1Q 99.5 ±0.1 93.4 ±2.1 62.3 ±55.1 

2Q 99.3 ±0.2 93.3 ±1.0 90.5 ±3.6 

3Q 99.2 ±0.1 89.8 ±4.4 79.6 ±10.7 

pANOVA <0.05
c 

>0.05 >0.05 
a R = 100% had higher removal cBOD5 efficiency than R = 300%, but removal efficiency at R = 200% was equivalent 

to removal at R = 100% and R = 300%. 
b Removal efficiency of cBOD5 was different at all hydraulic loading rates, and it increased as Q was reduced. 
c Removal efficiency of cBOD5 was greatest at 1Q but equivalent at 2Q and 3Q. 
d Removal efficiency of COD was poorest at 3Q but equivalent at 1Q and 2Q. 



 

52 

Table 11 presents similar information pertaining to wastewater parameter removal (%) 

across the HW and VW treatment components of CW(2).  A similar table containing 

wastewater parameter removal (%) results across the treatment components of CW(1) 

was not included because the addition of the recycle stream confounded the results. 

Table 11: Average wastewater parameter removal across the HW(2) and VW(2) treatment 

components of CW(2) (n = 3 - 8) 

Note: removal efficiency was NOT equivalent at all flow regimes when pANOVA = <0.05 

 
Flow cBOD5 ±std COD ±std TSS ±std 

 
Regime [mg/L] [mg/L] [mg/L] 

H
W

(2
) 

%
 

R
em

o
va

l 

W
in

te
r 

1Q 90 ±2.6 82.9 ±0.6 57.4 ±29.9 

2Q 89.2 ±1.7 83.5 ±5.7 74.6 ±21.2 

3Q 70.1 ±8.8 51.4 ±25.3 67.2 ±19.5 

pANOVA <0.05a <0.05c >0.05 

H
W

(2
) 

%
 

R
em

o
va

l 

Su
m

m
er

 1Q 97.8 ±0.7 90.2 ±3.2 76.5 ±13 

2Q 96.4 ±0.8 87.7 ±2 89.3 ±5.4 

3Q 95.4 ±1.4 84.1 ±8 78 ±5.9 

pANOVA <0.05b >0.05 <0.05d 

V
W

(2
) 

%
 

R
em

o
va

l 

W
in

te
r 

1Q 89.2 ±2.6 52.1 ±8.3 33.5 ±30.8 

2Q 80.1 ±7.1 35.6 ±10.6 -92.9 ±154.6 

3Q 77.5 ±5 47.1 ±16.3 -30 ±140.3 

pANOVA <0.05b >0.05 >0.05 

V
W

(2
) 

%
 

R
em

o
va

l 

Su
m

m
er

 1Q 78.1 ±5 29.7 ±22.1 -41.5 ±163.9 

2Q 80 ±4.6 44.7 ±7.7 -52.8 ±171.1 

3Q 81.5 ±5.9 34 ±6.2 6.8 ±47.1 

pANOVA >0.05 >0.05 >0.05 
a Removal efficiency of cBOD5 was lowest at 3Q, but equivalent at 1Q and 2Q. 
b Removal efficiency of cBOD5 was highest at 1Q, but equivalent at 2Q and 3Q. 
c Removal efficiency of COD was lowest at 3Q, but equivalent at 1Q and 2Q. 
d Removal efficiency of TSS was highest at 2Q, but equivalent at 1Q and 3Q. 

Statistical analysis of total removal (%) of cBOD5, COD, and TSS was equivalent 

between flow regimes R = 100% and 1Q in both winter and summer, separately.  In 

general, the flow regimes repeated at the beginning and end of each season (R = 200% 

and 2Q) were found to produce seasonally repeatable wastewater parameter removal (%) 

across the hybrid-SSFCWs and their HW and VW treatment components, independently, 
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with a few exceptions: removal of cBOD5 across HW(2) at 2Q was 96% in June, 2012 

and 97% in September, 2012, COD removal across VW(1) and VW(2) at R = 200% and 

2Q, respectively, was not repeatable in either winter or summer, and removal of TSS 

across VW(2) at 2Q was less in December, 2012 than March, 2012. 

Comparing all cBOD5 and COD data between seasons showed significantly greater 

removal across the hybrid-SSFCWs in the summer over winter, as would be expected.  

However, ST-Effluent cBOD5 and COD concentrations were higher during the summer 

while the VW-Effluent concentrations remained relatively steady; this may have 

confounded the seasonal removal conclusions.  Also, no significant differences in TSS 

removal were observed between seasons, which suggest temperature was not a significant 

factor in solids removal.   

cBOD5 was consistently treated to tertiary levels (<10 mg/L (Ontario Ministry of 

Municipal Affairs and Housing, 2012)) even at three times the design hydraulic loading 

rate (3Q).  cBOD5 removal across the hybrid-SSFCW systems was hampered neither by 

season nor hydraulic loading rate showing ≥98% average removal except in CW(2) at 3Q 

during winter (94% average cBOD5 removal).  Although cBOD5 removal was 

consistently high, increasing Q had a negative impact on performance.   At the same time, 

cBOD5 removal was equivalent between 1Q and R = 100%, and increasing the rate of 

recycle did not impact cBOD5 removal except at R = 300% during winter; evidently, the 

addition of a recycle stream had no significant negative impact on cBOD5 removal. 

COD removal indicated some seasonal effects as average removal across both hybrid-

SSFCWs was typically greater in summer than winter.  Varying Q and R did not typically 
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impact COD removal, but data from Table 10 and Table 11 suggest increasing hydraulic 

(and mass) loading rates (Q) may negatively impact COD removal, especially across the 

HW(2) treatment component.   As with cBOD5 removal, the inclusion of a recycle stream 

did not negatively impact COD removal.  

TSS removal (%) was determined to be typically unaffected by changes in Q or R across 

the hybrid-SSFCWs and their HW and VW treatment components.  This result was not 

unexpected; TSS removal is largely a physical filtration process as opposed to a 

biological process that would be more significantly impacted by temperature and contact 

time.  Interestingly, comparison of total TSS removal at R = 100% with 1Q suggest the 

addition of a recycle stream did not benefit removal.  Evidently, the fluid velocities 

within the hybrid-SSFCWs at high hydraulic loading conditions were not enough to scour 

settled solids from within the HW treatment components.   Negative TSS removal was 

regularly observed at VW-Effluent(1) and VW-Effluent(2); this was likely a result of 

stabilized biofilm sloughing from the sand and gravel layers of the VW treatment 

components.  The measured field TSS at the VW-Effluents was mostly well degraded 

particulate because cBOD5 and COD results did not reflect the TSS concentration spikes.  

4.3.2 Horizontal Subsurface Flow Constructed Wetlands: k-C* and 
Relaxed-TIS Modeling 

In February and August 2012,     
  tracer studies were performed on HW(2) during the 

8.4 m
3
/d (3Q) and 2.8 m

3
/d (1Q) flow regimes, respectively.  The study was completed 

following the examples given by Marsteiner (1997) and Kadlec and Wallace (2009) for a 

TIS type model.  The tracers determined that N ≈ 6 for both winter and summer across 

the HW treatment components.  See 0 for complete tracer study results and analysis. 
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Using Microsoft Excel
®
 and Solver

®
, the calibration parameters were derived to produce 

k-C* and relaxed-TIS modeled transect wetland concentration profiles most closely 

matching the field wastewater parameter concentrations at P1, P2 and HW-Effluent.  

Table 12 and Table 13 contain the calibrated parameter results for the k-C* and relaxed-

TIS HW hydraulic models, respectively.  See Appendix G for the model predicted 

wastewater parameter concentrations.   

Table 12: Calibrated HW treatment component fitted parameter results for the k-C* model 

Contaminant          C* 

 [m/day] [-] [mg/L] 

cBOD5 1.51 1.14 2 

COD 0.34 1.08 1 

TSS 0.31 1.14 1 

 

Table 13: Calibrated HW treatment component fitted parameter results for the relaxed-TIS model 

Contaminant           C* P 

 [m/day] [-] [mg/L] [-] 

cBOD5 1.00 1.10 4 4 

COD 0.94 1.09 27 3 

TSS 0.20 1.05 1 5 

 

Kadlec and Wallace (2009) found 51 HWs with influent concentrations >200 mg-

cBOD5/L to have an average kHW_20  = 0.18 m/day with the upper 95% having kHW_20  > 

1.2 m/day; the predicted kkC_20 and kTIS_20 for cBOD5 and COD across the temperature 

range experienced in this study typically fell within this range.  But, kkC_20 

_cBOD5 fell above the upper limit of the given range. 
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The literature has not been able to conclude whether temperature has a positive, negative, 

or neutral impact on cBOD5 or COD treatment efficiencies in HW (Kadlec & Wallace, 

2009).  For all wastewater components studied, the Arrhenius factor was >1.0 which 

supports a positive influence on wastewater parameter removal with increasing 

temperatures.  HW-Effluent cBOD5 and COD concentrations were lower during the 

summer months, see Table 9, which supports temperature dependence.  However, 

seasonal temperature variations were mimicked by inlet concentrations (i.e., higher in 

summer than winter), and some of the effects of seasonal mass loading variations may 

have been absorbed in   since the first-order k-C* and relaxed-TIS models assume 

removal rate constants (kHW_20) are unaffected by influent mass loading rates (Kadlec & 

Reddy, 2001). 

 

Figure 5 and Figure 6 depict model predicted wastewater parameter concentrations 

plotted against the averaged field concentrations of cBOD5, COD, and TSS at P1, P2, and 

HW-Effluent from Table 9 for the k-C* and relaxed-TIS models, respectively.  The two 

models account for a large proportion of the variability in the cBOD5 data with R
2
 of 0.64 

and 0.75 for the k-C* and relaxed-TIS models, respectively.  However, from Figure 5, the 

k-C* model predicted background cBOD5 levels for a large set of data that were 

measured well above background in the field. The calibrated k-C* model found a high 

kkC_20_cBOD5 value and significant temperature influence (θkC_cBOD5 = 1.14) which resulted 

in over-prediction of cBOD5 removal during the summer months, see Figure 5; the 

relaxed-TIS model proved more capable at predicting cBOD5 removal across the HW 

treatment components year-round, see Figure 6. 
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Figure 5: First-order k-C

*
 modeled wastewater parameter concentrations correlated against 

averaged field wastewater parameter concentrations. 
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Figure 6: First-order relaxed-TIS modeled wastewater parameter concentrations correlated against 

averaged field wastewater parameter concentrations. 
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calibration parameters should be included to further account for field concentration 

variations and to improve fit.  Further characterizing COD as degradable and non-

degradable may also be beneficial. 

Splitting the relaxed-TIS COD modeled results by wetland resulted in an R
2
 of 0.49 for 

HW(1) data and only 0.14 for HW(2) data.  The difference in R
2
 may be related to the 

different COD characteristics between the hybrid-SSFCW with and without recycle; a 

large fraction of the COD crossing HW(1) was recycled from VW(1) (likely a non-

degradable COD fraction) while all COD crossing HW(2) was fresh from the septic tank. 

Secondly, a large portion of the error between the modelled and predicted COD 

concentrations occurred at P1.  The inlet COD could be represented by a higher 

particulate fraction than cBOD5 which suggests the need for a filtration/settling 

mechanism that is not included in the current COD removal models.   

The relaxed-TIS model predicted TSS concentrations with reasonable accuracy (R
2
 = 

0.54); like relaxed-TIS for COD prediction, the model would likely be improved with the 

addition of a filtration/settling mechanism. 

4.3.3 Vertical Subsurface Flow Constructed Wetlands: First-order and 
Monod CSTR Modeling  

Areal removal rate constants (ka_20, kb_20, and kc_20),  , and C* were calibrated for 

Equations (10), (11), and (12) using averaged HW-Effluent (Cin) and VW-Effluent (Cout) 

cBOD5 and COD concentrations from Table 9.  TSS modeling results were not included 

in this analysis because the three CSTR VW models could not explain the variability in 

the data (R
2
 < 0.15).   The model calibration parameters are listed in Table 14 while the 

model predicted concentrations may be found in Appendix G.  Unlike Gikas and 
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Tsihrintzis’ (2012) findings, treatment performance across the VWs was found to be 

temperature dependent (θ   1.0).  Unexpectedly, the calibrated Arrhenius factors (θ) 

suggest cBOD5 temperature dependence was the inverse of COD’s.  Since the influent 

wastewater strength differed between seasons, see Table 9, the COD characteristics may 

have changed thereby influencing removal across the VWs.  This effect could have been 

absorbed by θ resulting in the conflicting positive and negative temperature dependencies 

found for cBOD5 and COD removal, respectively. 

Table 14: Summary of the calibrated VW rate constants fitted to the single CSTR model using first-

order, single substrate Monod, and multiple substrate Monod kinetics. 

Coefficient Values   
C* 

[
o
C] 

Model Source 

            = 
9.95[m/d] 

0.6 [m/d] 

1.29
a
 [m/d] 

1.08 

1
b
 

- 

1.4 

- 

2.0 

First-Order 

This Study 

(Saeed and Sun, 2011a) 

(Kadlec and Wallace, 2009) 

          = 0.10 [m/d] 0.90 21 First-Order This Study 

            = 338 [g/m
2
/d] 

54.3[g/m
2
/d] 

1.04 

1
b
 

2 

- 
Single Monod 

This Study 

(Saeed and Sun, 2011a) 

          = 12.1[g/m
2
/d] 0.91 21 Single Monod This Study 

            = 355 [g/m
2
/d] 

65.7[g/m
2
/d] 

1.04 

1
b
 

2 

- 
Double Monod 

This Study 

(Saeed and Sun, 2011a) 

          = 12.4[g/m
2
/d] 0.91 21 Double Monod This Study 

a 0.5 Percentile first-order coefficient for Vertical Flow Subsurface Wetlands as reported by Kadlec and Wallace 

(2009). 
bSaeed and Sun (2011a) did not include temperature dependence. 

From Table 14, this study’s cBOD5 rate constants are greater than the literature values.  

Since cBOD5 was typically removed to near background levels across the VWs with only 

one point above 5 mg-cBOD5/L, there was little variation in the data to which the 

calibration curve was fitted.  Low data variation may allow for the apparently inflated 

cBOD5 VW removal rate constants found in this study.  Conversely, there was much 
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more variation in the field COD concentration data and the corresponding removal rate 

constants were much lower. 

Despite good agreement between the modeled and field cBOD5 VW-Effluent 

concentrations, see Figure 7, it is difficult to speculate on the accuracy of removal rate 

constant and   values.  There was limited variation in field cBOD5 VW-Effluent 

concentrations which allowed for some variation in the SOLVER generated cBOD5 

removal rate constant and   values without significant impact on model performance. 

 

  
Figure 7: Modeled VW-Effluent wastewater parameter concentrations correlated against averaged 

field wastewater parameter concentrations. 

 

In Figure 7, the VW R
2
 results suggest approximately equivalent performance for all 

three kinetic models for both cBOD5 and COD removal.  The application of dissolved 

oxygen content in double substrate Monod kinetics did not improve model fit over single 
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Monod kinetics.  Field dissolved oxygen concentrations at the VW-Effluent were 

typically much greater than the dissolved oxygen half saturation constant (0.2 mg-O2/L) 

which effectively removed any significant impact dissolved oxygen had on Monod model 

performance.  VW media saturation may have played a more significant role in 

maintaining oxygen transfer for biological activity than dissolved oxygen content of the 

wastewater.   

High cBOD5 rate constants coupled with reasonable fit to the field concentration data, 

suggest aerobic microbial activity was achieved year round.  Since VW influent cBOD5 

and COD concentrations were consistently lower than their corresponding half saturation 

constants, the Monod kinetic models were reduced to near first-order kinetics which is 

reflected in the near equivalent R
2
 values between the Monod and first-order models 

investigated. 

Hydraulic loading may play a minimal role in VW cBOD5 removal performance below 

some threshold value; Table 9 indicates that VW media saturation may increase 

drastically at R = 300% and 3Q during winter as removal drops at these conditions.  The 

threshold limit may be seasonal because of oxygen transfer limitations during winter due 

to frost, snow cover, and dormant plants. 

COD concentrations were not as well predicted by the single CSTR models as cBOD5 

removal, see Figure 7.  However, an adequate linear regression slope was achieved for 

both kinetic types, and the R
2
 were essentially equivalent.  The poor R

2
 suggests influent 

COD concentrations, temperature dependence and hydraulic loading rates were 
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insufficient as calibration parameters.  Further characterization of COD as easily 

degradable and non-degradable fractions may improve results. 

TSS removal across the VWs could not be modeled accurately because removal across 

the VWs was not significantly influenced by season, hydraulic loading rate or recycle 

rate. 

4.4 Conclusions 

The design of the Alfred hybrid-SSFCWs was assessed through evaluation of their ability 

to remove organic wastewater parameters of concern; cBOD5, COD and TSS.  cBOD5 

and COD removal across the hybrid-SSFCWs was typically improved during warmer 

summer months, but TSS removal did not differ significantly between seasons.  The 

calibrated Arrhenius factors from the prediction models were consistently determined as 

>1.0 for both the HW and VW treatment components which supports increased removal 

of all three wastewater parameters at warmer temperatures.   There was one exception, 

the Arrhenius factor for COD removal across the VWs was <1.0 for both first-order and 

Monod kinetics which suggests better removal at lower temperatures.  However, the 

Arrhenius factor may have absorbed the impact of other seasonal variations suggesting a 

need for calibration parameters that were not considered in the current CSTR models for 

COD removal across the VWs.  

Both the hybrid-SSFCW with recycle and without recycle were capable of significant 

cBOD5, COD and TSS removal, but the addition of recycle had no important negative 

impact on treatment performance as removal of each wastewater parameter was 

equivalent at R = 100% and 1Q.  Also, the rate of recycle did not significantly affect 
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wastewater parameter removal except at R = 300% during winter for cBOD5 where some 

significant decrease in removal efficiency was observed. 

Beyond performance, the wastewater parameter concentration data was applied to current 

SSFCW wastewater parameter removal models to assess their usefulness as HW and VW 

parameter removal predictors.  Of the two HW models investigated, the relaxed-TIS 

model provided better correlation between the field and predicted concentrations of 

cBOD5, COD and TSS than the traditional k-C* model.  Although both HW models 

adequately predicted cBOD5 concentrations, TSS removal could only be correlated well 

with the first-order relaxed-TIS model, and COD removal was not well predicted with 

either HW model. 

Across the VWs, both first-order and Monod kinetics provided near-equivalent removal 

prediction for cBOD5 and COD removal.  The result was not surprising as the VW 

influent wastewater parameter concentrations were typically less than the corresponding 

half saturation constants, which effectively reduced Monod kinetics to first-order.  

4.5 Recommendations 

The hybrid-SSFCWs in Alfred, ON were capable of successfully removing organic 

material at hydraulic loading rates well above their initial design rates in both winter and 

summer which suggests the wetlands were over-sized for this application.  However, 

longevity studies should continue to evaluate the working lifespan of these hybrid-

SSFCWs. 
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Chapter 5. NITROGEN REMOVAL PERFORMANCE in 
PARALLEL PILOT HYBRID SUBSURFACE FLOW 
CONSTRCUCTED WETLANDS TREATING DOMESTIC 
WASTEWATER in a COLD-CLIMATE 

For decades the potential for considerable groundwater and surface water contamination 

from domestic septic systems has been understood (Viraraghavan & Warnock, 1976).  

Traditional septic systems have been identified as potential sources of groundwater 

pollution through raised ammonia and nitrate levels in groundwater (Collick et al., 2006; 

Kropf et al., 2004; Meile et al., 2010; Viraraghavan & Warnock, 1976), which presents 

concern with regard to surface water eutrophication and fish poisoning (Lee et al., 2009; 

Viraraghavan & Warnock, 1976). The nitrogen pollution threat has created a need for 

alternative technologies to provide improved total-nitrogen removal in household 

decentralized sewage treatment. 

A number of subsurface flow constructed wetland (SSFCW) designs have been shown to 

provide efficient nitrogen removal (Dzakpasu et al., 2011; Gikas & Tsihrintzis, 2010; 

Saeed & Sun, 2011b; Ye & Li, 2009).  Typically, nitrogen removal from domestic 

wastewater is evaluated through the removal of one, many or all of the following water-

bound nitrogen components: ammoniacal nitrogen (NH4
+
-N), Total Kjeldahl nitrogen 

(Organic nitrogen + NH4
+
-N; TKN), nitrate nitrogen (NO3

-
-N), and/or total nitrogen 

(TKN + NO3
-
-N; TN).  General TN removal efficiency across SSFCWs ranges 

considerably from about 25 to 85% (Lee et al., 2009).  However, with proper design and 

optimization, greater than 90% TN removal efficiency can be achieved (Behrends et al., 

2007; Tuncsiper, 2009).   
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The design of SSFCWs for nitrogen removal requires understanding nitrification, 

denitrification, and the parameters that control their rates (Cooper et al., 2010; Lee et al., 

2009; Palmer et al., 2009).  Nitrification is the two stage biological oxidation of NH4
+
-N 

to nitrite nitrogen then to NO3
-
-N (Metcalf & Eddy, 2003) which occurs most favorably 

under aerobic conditions (Vymazal, 2001).  Denitrification is the biological reduction of 

NO3
-
-N to nitric oxide, nitrous oxide, and, finally, nitrogen gas, and the process requires 

oxygen limited conditions (Metcalf & Eddy, 2003).  In SSFCW design, nitrification must 

be coupled with denitrification to achieve efficient removal of TN from wastewater 

streams (Xu et al., 2009), which means providing both aerobic and anoxic or anaerobic 

conditions within the treatment chain. 

The necessary conditions for TN removal may be achieved in sequences of vertical-

SSFCWs (VWs), typically aerobic, and horizontal-SSFCWs (HWs), typically oxygen 

limited, known collectively as hybrid-SSFCWs (Vymazal, 2007).  The most obvious 

hybrid-SSFCW design for nitrogen removal would place a VW before a HW (i.e., 

nitrification followed by denitrification).  However, denitrification requires sufficient 

biodegradable organic content to proceed favourably (Metcalf & Eddy, 2003), but VWs 

are capable of degrading greater than 90% of the influent organic carbon in domestic 

wastewater (Liu et al., 2010).  In the VWHW hybrid-SSFCW arrangement, there may 

not be enough biodegradable organic material available for efficient denitrification in the 

HW. 

The reverse arrangement (HWVW) can ensure adequate biodegradable organic 

material for denitrification, but a recycle stream is required to provide TN removal 

(Cooper et al., 2010; Vymazal, 2007).  Cooper et al. (2010) report a significant 
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relationship between the recycle:influent ratio and TN removal across their hybrid-

SSFCW: 1:1 and 4:1 resulted in 50% and 80% TN removal, respectively.  Increasing the 

recycle ratio may significantly increase nitrogen removal, but it also increases the surface 

area requirement for the system (Cooper et al., 2010).  Despite many studies and 

worldwide application, optimization of SSFCW design parameters is not fully understood 

and North American application is not widespread (Wallace et al., 2001).  

Two popular HW treatment models, presented by Reed et al. (1995) and Kadlec and 

Knight (1996), are based on the assumption of plug-flow hydrodynamics with first-order 

wastewater parameter removal kinetics.  First-order plug-flow models regularly appeared 

in SSFCW design manuals around the world (AENV, 2000; USEPA, 1988; Young et al., 

1998).  Although plug-flow models, like the k-C* model originally proposed by Kadlec 

& Knight (1996), are still applied by researchers today (Trang et al., 2010), literature 

promotes first-order models capable of addressing various internal hydraulic efficiencies 

(Kadlec & Wallace, 2009). 

Tanks-In-Series (TIS) and similar compartmental system models are quickly gaining 

recognition in the literature (Chen et al., 1999; Liu et al., 2005; Wynn & Liehr, 2001).  

The TIS approach assumes a HW may be approximated as a series of theoretical fixed-

volume Continuous-Stirred-Tank-Reactors (CSTRs) (Kadlec & Wallace, 2009).  First-

order kinetic TIS models have been accurately applied to HW for nitrogen removal 

prediction (Liu et al., 2005).   

TIS type models do not typically apply to VWs, which are difficult to model because of 

their unsaturated nature and complicated hydrogeology (Saeed & Sun, 2011a).  An 
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expected high degree of internal mixing within VWs facilitates the use of single CSTR 

hydrogeological models with first-order or substrate limiting Monod kinetics to simulate 

wastewater parameter reduction (Friere et al., 2009a; Saeed & Sun, 2011a; Saeed & Sun, 

2011b; Sklarz et al., 2010). 

The goal of this study was to evaluate nitrogen removal from domestic wastewater across 

parallel full-scale hybrid-SSFCW (HWVW) systems for application in the cold 

Canadian climate.  To aid future cold-climate SSFCW design, field data was collected 

and removal rate constants for TKN, NH4
+
-N, and NO3

-
-N were back calculated to fit 

current plug-flow, TIS and CSTR models. 

5.1 Materials and Methods 

5.1.1 Hybrid-SSFCW Construction 

See Chapter 2, Section 2.2 and 2.3 for physical descriptions of the hybrid-SSFCWs and 

their treatment components and the wastewater source and supply networks. 

5.1.2 Experimental Design 

See Chapter 2, section 2.4 and 2.5 for a description of the data collection systems, 

sampling procedures, the duration of the experiment, and the experimental hydraulic 

loading regimes and schedule. 

5.2 Kinetic Models 

The presence of numerous empirical parameters in treatment models often leads to 

practical application difficulties and inhibits their use as SSFCW design tools (Rousseau 

et al., 2004).  Therefore, this study compares proven models, applying a limited number 
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of calibration parameters, to determine TKN, NH4
+
-N, and NO3

-
-N removal rate 

constants for the HWs and VWs of the parallel hybrid-SSFCWs.  

There are a number of specific challenges associated with cold-climate SSFCW design, 

but temperature control is at the top of the list (Wallace et al., 2001), especially when 

nitrogen removal is the main goal.  Bacterial growth and, consequently, denitrification 

and nitrification rates are temperature dependent (Mayo & Mutamba, 2005) and expected 

to be severely inhibited below 5 
o
C (Vymazal, 2007).   

Independent of model selection, the Arrhenius relationship is commonly used to account 

for the influence of temperature changes on wastewater parameter removal rates, see 

Equation (13)  (Dzakpasu et al., 2011; Friere et al., 2009a; Liu et al., 2010; Tuncsiper, 

2009). 

        
(    ) (13) 

Where kT = rate constant at temperature T, k20 = rate constant at 20 
o
C, T = water temperature [

o
C],   = 

modified Arrhenius temperature factor [unit-less]. 

 

A few general assumptions were applied to simplify model development: first, the 

instantaneous concentration of TKN, NH4
+
-N, and NO3

-
-N at any sampling location 

within the hybrid-SSFCWs was assumed to be a function of HW or VW inlet 

concentration (i.e., steady-state conditions); second, wastewater parameter removal 

temperature dependence followed the Arrhenius relationship; third, water gain 

(infiltration and precipitation less exfiltration and evapo-transpiration) was negligible; 

and fourth, uptake and release of TKN, NH4
+
-N, and NO3

-
-N from plant growth/decay 

was negligible.  The tipping buckets used to monitor wastewater flow rates at the inlet 
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and outlet of each treatment component were attributed an approximate 10% tip count 

margin of error, which made it impossible to accurately measure water gain. 

5.2.1 HW First-order Kinetic Contaminant Removal Models: k-C* and 
Relaxed-TIS 

First-order kinetic models based on plug-flow conditions are still considered some of the 

best available design tools for HWs (Rousseau et al., 2004).  However, some degree of 

dispersion due to short-circuiting is inevitable, and TIS type models better accommodate 

dispersion than traditional plug-flow models (Kadlec & Wallace, 2009).  A TIS variation, 

known as the relaxed-TIS concentration model (relaxed-TIS), sets the number of CSTR 

to P where P ≤ N (Kadlec & Wallace, 2009).  P is an independent calibration parameter 

and N is the number of theoretical CSTR which provides optimal agreement with an inert 

tracer profile.  Both P and N describe the degree to which a HW’s hydraulic profile meets 

the plug-flow ideal.  See Kadlec & Wallace (2009) for a full description of the TIS model 

and its pros and cons.   

This study compares the accuracy of the first-order relaxed-TIS model with that of the 

classic k-C* first-order plug-flow model.  Both model types use rate constants which are 

lumped parameters combining TKN, NH4
+
-N, or NO3

—
N transformation mechanisms 

contributing to removal across HWs. See Equations (14) and (15), respectively, for the 

steady-state mass balance of the first-order k-C* model and the jth CSTR of the first-

order relaxed-TIS model. 

    (    
 ) 

(         
 
 
)
          (14) 

Where Ci = influent wastewater parameter concentration [mg/L], Co = effluent wastewater parameter 

concentration [mg/L], C
*
 = wastewater parameter background concentration [mg/L], l = HW 
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length [m], kkc_T = HW areal first-order rate constant [m/d], Q = hydraulic loading rate [m
3
/d], 

w=HW width [m], and x = longitudinal position within the HW [m]. 

 

    
     

       
     

       
     

 
(15) 

Where A = surface area of the jth CSTR [m
2
], Cj = wastewater parameter concentration in the jth CSTR 

[mg/L],  kTIS_T = HW first-order removal rate constant at temperature T [m/d]. 

 

5.2.2 Vertical Subsurface Flow Constructed Wetland Kinetic Models: 
First-order and Monod CSTR 

Recently, some success has been achieved through modeling VWs as single CSTRs  

(Saeed & Sun, 2011a; Sklarz et al., 2010).  Saeed & Sun (2011a) found a CSTR model 

with Monod kinetics more efficiently predicted NH4
+
-N removal compared to traditional 

first-order kinetics.  This study applies the same CSTR model with both first-order and 

Monod kinetics to corroborate the previous results. 

Analogous to Equation (15), the first-order CSTR model, see Equation (16), is 

represented as a single tank from the relaxed-TIS model.  Nitrification was expected to be 

rate limited by dissolved oxygen as well as water-born nitrogen concentrations, so both 

single substrate and double substrate Monod kinetics were investigated, refer to 

Equations (17) and (18), respectively.  For the development of the first-order, single-

substrate Monod, and double-substrate Monod CSTR models, see Saeed and Sun 

(2011a). 
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First-Order CSTR: 

 
     

(     
 )

     
   

 
(16) 

Single-Substrate Monod CSTR: 

      
 

 

(        )(            
 )

    
     

(17) 

Double-Substrate Monod CSTR: 

     
 

 

(        )(            
 )

    
 
              

      
    

(18) 

Where Chalf = wastewater parameter half-saturation constant [mg/L], subscript DO = dissolved oxygen, 

ka_T = VW areal first-order rate constant [m/d], kb_T = VW single substrate Monod rate constant 

[g/m
2
/d], and kc_T = VW double substrate Monod rate constant [g/m

2
/d]. 

 

The half saturation constants required for Monod kinetics were taken from Saeed and Sun 

(2011a):           =0.05 [mg/L],          =0.14 [mg/L] and         = 0.2 [mg/L].  

         was assumed equivalent to         .  

There is potential for nitrification and denitrification to occur simultaneously within VWs 

(Xu et al., 2009).  However, the rate of denitrification within the VWs could not be 

measured with the current methods as it was likely masked by the high rate of 

nitrification.  As a result, modeled NO3
-
-N concentrations at the VW-Effluents were 

calculated as: 

                                                                 (19) 

Where the HW-Effluent concentrations were averaged field concentrations and the VW-Effluent 

concentrations were those predicted by the CSTR models.  
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5.2.3 Model Parameter Solving 

Model calibration required optimization of  , k20, and C* for each SSFCW, hydraulic 

model and wastewater parameter.  Calibration parameter optimization was performed in 

Microsoft Excel
®
 2010 using Solver

®
.  Each calibration parameter was chosen to deliver 

the optimal coefficients of determination (R
2
) between field and predicted concentrations.  

Each calibration parameter was subject to constraints: 0.90 <   < 1.15 (Just below the 

lower 5% and above upper 95% of values reported for TKN and NH4
+
-N in Kadlec & 

Wallace (2009)), 0 < k20 ≤ 20, and 0 ≤ C* ≤ lowest field concentration for the given 

wastewater parameter, and 2 ≤ P ≤ N. 

5.2.4 Statistical Analysis for Significance  

To differentiate removal of TKN, NH4
+
-N, and TN between seasons and flow regimes, 

statistical ANOVA: Single Factor statistical analyses (α = 0.05) were performed using the 

Analysis Toolpak within Microsoft Excel
®
 2010.  The analyses helped draw conclusions 

about the impact of hydraulic loading rate (Q) and recycle rate (R) on denitrification and 

nitrification rates across the hybrid-SSFCWs.  The null hypothesis: all Q or all R during a 

given season provided equivalent nitrogen (TKN, NH4
+
-N, TN, or NO3

-
-N) removal (%), 

was rejected when pANOVA < 0.05.  The same analysis was employed to compare winter 

and summer nitrogen removal for a given flow regime, where the null hypothesis stated 

removal was not impacted by seasonal variations.  The analyses were completed for each 

hybrid-SSFCW as single units and repeated for each HW and VW treatment component, 

independently. 
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5.3 Results and Discussion for Nitrogen Removal and Modeling 

Average monthly water temperatures within the hybrid-SSFCWs ranged from 2.2 to 19.7 

o
C during this study, see Table 8, while average ambient temperatures averaged -4.5 

o
C 

and 17.8 
o
C from December, 2011-March, 2012 and June-September, 2012, respectively 

(Environment Canada, 2013). The NH4
+
-N, TKN and NO3

-
-N field concentration values 

in Table 15 are averages from the field samples collected during the final two weeks of 

each run period.  Average TN concentrations may be calculated as the sum of TKN and 

NO3
-
-N concentrations.   
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 Table 15: Field TKN, NH4
+
-N, and NO3

-
-N average field concentrations 

Wetland Condition Run Period  Contaminant 

Avg. Concentration ±std. dev. [mg/L] 

ST-

Eff.
c 

P1 P2 

HW-

Eff. 

VW-

Eff. 

CW(1) R=200%
a
 Dec 1 - 23, 2011 NH4

+
-N 23±4 10±1 11±1 10±1 3±0 

CW(1) R=100%
 a
 Jan 6 -30, 2012 NH4

+
-N 24±0 12±2 13±1 13±1 5±1 

CW(1) R=300%
 a
 Feb 1 - Mar 2, 2012 NH4

+
-N 26±1 14±2 13±1 12±1 8±0 

CW(1) R=200%
 a
 Mar 3 - Apr 3, 2012 NH4

+
-N 19±1 11±0 10±0 10±1 7±1 

CW(1) R=200%
 a
 Jun 5 - Jul 5, 2012 NH4

+
-N 28±2 14±1 12±3 10±1 5±1 

CW(1) R=300%
 a
 Jul 6 - Aug 7, 2012 NH4

+
-N 34±5 11±2 11±0 11±1 5±0 

CW(1) R=100%
 a
 Aug 8 - Sep 4, 2012 NH4

+
-N 40±2 20±5 17±1 16±2 1±0 

CW(1) R=200%
 a
 Sep 5 - Oct 2, 2012 NH4

+
-N 37±1 12±1 11±0 10±0 1±0 

CW(2) 2Q
b
 Dec 1 - 23, 2011 NH4

+
-N 19±6 22±7 22±6 22±7 16±1 

CW(2) 1Q
b
 Jan 6 -30, 2012 NH4

+
-N 24±3 29±1 30±2 28±1 14±1 

CW(2) 3Q
b
 Feb 1 - Mar 2, 2012 NH4

+
-N 27±2 27±1 27±1 25±3 19±5 

CW(2) 2Q
b
 Mar 3 - Apr 3, 2012 NH4

+
-N 18±1 23±1 22±0 22±1 16±0 

CW(2) 2Q
b
 Jun 5 - Jul 5, 2012 NH4

+
-N 30±1 36±1 35±2 28±3 15±1 

CW(2) 3Q
b
 Jul 6 - Aug 7, 2012 NH4

+
-N 30±4 37±2 37±3 34±3 14±7 

CW(2) 1Q
b
 Aug 8 - Sep 4, 2012 NH4

+
-N 36±2 42±3 40±4 37±2 1±0 

CW(2) 2Q
b
 Sep 5 - Oct 2, 2012 NH4

+
-N 28±1 32±3 28±2 30±2 1±0 

CW(1) R=200%
 a
 Dec 1 - 23, 2011 TKN 35±0 16±0 15±0 13±1 7±2 

CW(1) R=100%
 a
 Jan 6 -30, 2012 TKN 35±2 13±4 15±0 14±0 6±1 

CW(1) R=300%
 a
 Feb 1 - Mar 2, 2012 TKN 37±7 15±3 15±1 14±1 10±1 

CW(1) R=200%
 a
 Mar 3 - Apr 3, 2012 TKN 31±6 13±2 12±3 10±1 7±1 

CW(1) R=200%
 a
 Jun 5 - Jul 5, 2012 TKN 39±6 19±5 13±4 14±5 6±2 

CW(1) R=300%
 a
 Jul 6 - Aug 7, 2012 TKN 47±3 16±6 16±5 15±6 9±4 

CW(1) R=100%
 a
 Aug 8 - Sep 4, 2012 TKN 45±4 23±5 17±4 17±1 2±0 

CW(1) R=200%
 a
 Sep 5 - Oct 2, 2012 TKN 42±1 13±1 12±1 13±3 2±0 

CW(2) 2Q
b
 Dec 1 - 23, 2011 TKN 33±1 33±0 33±0 30±2 21±2 

CW(2) 1Q
b
 Jan 6 -30, 2012 TKN 33±4 34±3 32±0 31±3 16±0 

CW(2) 3Q
b
 Feb 1 - Mar 2, 2012 TKN 42±13 29±3 31±3 29±1 22±3 

CW(2) 2Q
b
 Mar 3 - Apr 3, 2012 TKN 30±4 27±4 24±4 24±1 16±2 

CW(2) 2Q
b
 Jun 5 - Jul 5, 2012 TKN 41±2 40±2 37±2 29±3 16±1 

CW(2) 3Q
b
 Jul 6 - Aug 7, 2012 TKN 43±5 40±2 41±1 37±3 15±6 

CW(2) 1Q
b
 Aug 8 - Sep 4, 2012 TKN 44±3 45±2 41±3 38±3 1±0 

CW(2) 2Q
b
 Sep 5 - Oct 2, 2012 TKN 36±2 34±2 31±1 29±1 3±2 

CW(1) R=200%
 a
 Dec 1 - 23, 2011 NO3

-
-N ≤1 ≤1 ≤1 ≤1 8±0 

CW(1) R=100%
 a
 Jan 6 -30, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 5±1 

CW(1) R=300%
 a
 Feb 1 - Mar 2, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 2±0 

CW(1) R=200%
 a
 Mar 3 - Apr 3, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 3±0 
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Wetland Condition Run Period  Contaminant 

Avg. Concentration ±std. dev. [mg/L] 

ST-

Eff.
c 

P1 P2 

HW-

Eff. 

VW-

Eff. 

CW(1) R=200%
 a
 Jun 5 - Jul 5, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 3±0 

CW(1) R=300%
 a
 Jul 6 - Aug 7, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 2±0 

CW(1) R=100%
 a
 Aug 8 - Sep 4, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 10±2 

CW(1) R=200%
 a
 Sep 5 - Oct 2, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 7±0 

CW(2) 2Q
b
 Dec 1 - 23, 2011 NO3

-
-N ≤1 ≤1 ≤1 ≤1 6±1 

CW(2) 1Q
b
 Jan 6 -30, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 12±0 

CW(2) 3Q
b
 Feb 1 - Mar 2, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 2±0 

CW(2) 2Q
b
 Mar 3 - Apr 3, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 5±0 

CW(2) 2Q
b
 Jun 5 - Jul 5, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 7±0 

CW(2) 3Q
b
 Jul 6 - Aug 7, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 7±2 

CW(2) 1Q
b
 Aug 8 - Sep 4, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 37±4 

CW(2) 2Q
b
 Sep 5 - Oct 2, 2012 NO3

-
-N ≤1 ≤1 ≤1 ≤1 27±0 

a The influent CW(1) hydraulic loading rate was maintained at 2. 8m3/d. 
b Q = 2.8m3/d  
c Field CW(1) ST-Effluent concentrations do not reflect dilution with the recycle stream; HW(1) influent concentrations 

used for model calibrations were calculated using (                  (               )         ) 

(       ). 
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Initial inspection of  Table 15 revealed the current hybrid-SSFCW design met the <3 

mg/L total ammonium surface discharge criterion issued to the municipal surface water 

wetland in the village of Alfred, ON (Cameron et al., 2003) only in August and 

September, 2012 at R=100%, R=200%, 1Q, and 2Q experimental flowrates.  TKN 

concentrations were similar to NH4
+
-N concentrations suggesting organic nitrogen 

represented only a small portion of field TKN.  NO3
-
-N was consistently present at levels 

below the method detection limits for all HW sampling locations.  As expected, 

nitrification was only observed across the aerobic VWs. 

5.3.1 Hybrid-SSFCW Performance Analysis 

The field results may be simplified as removal efficiency (%) of nitrogen components 

and broken down by flow regime, season and hybrid-SSFCW, seeTable 16.  Removal 

(%) across the hybrid-SSFCWs, HWs, and VWs was used as the basis to determine the 

impact of changing of recycle rates, hydraulic loading rates and seasons through ANOVA 

statistical analysis.  Unfortunately, removal of TKN, NH4
+
-N, TN, and NO3

-
-N across the 

hybrid-SSFCWs and VWs was typically statistically different between the first and last 

run period of each season despite equivalent flow regimes.  Data from the repeated flow 

regimes, R = 200% and 2Q, was therefore excluded from ANOVA performance analysis 

for the hybrid-SSFCWs as a single unit and the VWs.  
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 Table 16: Average nitrogen removal efficiencies (%) across the hybrid-SSFCWs (n = 3 - 

4) 

Note: removal efficiency was NOT equivalent between flow regimes when pANOVA <0.05 

 
Flow 

Regime 

TKN ±std 

[%] 
NH4

+
-N ±std 

[%] 
TN ±std 

[%] 
NO3

-
-N ±std 

[%] 

C
W

(1
) 

W
in

te
r 

R=100% 84 ±5 80 ±4 71 ±6 -374 ±100 

R=200% 78 ±5 75 ±13 65 ±6 -423 ±255 

R=300% 74 ±6 72 ±3 69 ±6 -93 ±27 

pANOVA >0.05 <0.05
 a
 >0.05 <0.05

c 

C
W

(1
) 

Su
m

m
er

 R=100% 96 ±1 97 ±1 74 ±4 -929 ±275 

R=200% 91 ±7 90 ±9 78 ±2 -433 ±224 

R=300% 80 ±10 85 ±3 76 ±10 -394 ±487 

pANOVA <0.05
a 

<0.05
 a
 >0.05 <0.05

c 

C
W

(2
) 

W
in

te
r 

1Q 52 ±5 41 ±11 19 ±11 -1089 ±92 

2Q 41 ±9 8 ±28 28 ±10 -456 ±155 

3Q 44 ±20 27 ±23 40 ±18 -128 ±76 

pANOVA >0.05 >0.05 >0.05 <0.05
 d
 

C
W

(2
) 

Su
m

m
er

 1Q 97 ±1 98 ±1 16 ±5 -3566 ±424 

2Q 77 ±17 71 ±25 32 ±15 -1599 ±1040 

3Q 66 ±14 54 ±21 52 ±18 -552 ±260 

pANOVA <0.05
b 

<0.05
 b
 <0.05

 b
 <0.05

 d
 

a Removal was statistically higher at R = 100% compared to R = 300%. 
b Removal was statistically higher at 1Q compared to 3Q. 
c NO3

--N production was statistically greater at R = 100% compared to R = 300%. 
d NO3

--N production was statistically greater at 1Q compared to 3Q%. 

Dissolved oxygen concentrations at the VW-Effluents were constantly changing 

throughout the study period.  From Figure 8, dissolved oxygen concentrations at the VW-

Effluents only recovered/increased at the lowest hydraulic loading rates (R = 100% and 

1Q) and maintained/decreased at all others.  VW-Effluent dissolved oxygen 

concentrations were typically higher during December, 2011 and September, 2012 

compared to March and June, 2012 which may explain the intra season nitrogen removal 

(%) differences observed during the repeated flow regimes (R = 200% and 2Q).  Looking 

back to Table 15, the highest average VW-Effluent NO3
-
-N concentrations corresponded 
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to periods of high dissolved oxygen content.  The availability of dissolved oxygen 

correlated with the observed nitrification rate across the VW treatment components. 

 
Figure 8: Dissolved oxygen field concentrations at the VW-Effluents 

 

Unlike across the hybrid-SSFCWs and VWs, removal of TKN and NH4
+
-N across the 

HW treatment components was statistically equivalent during the repeated beginning and 

end of season run periods; which allowed ANOVA analysis of HW treatment component 

performance to include all experimental flow regimes.  Since field concentrations were 

below method detection limits, NO3
-
-N removal could not be investigated across the HW 

treatment components. 

5.3.1.1 Intra Season Comparisons 

Intra seasonal TKN and NH4
+
-N removal across the hybrid-SSFCWs as a whole was 

typically optimal at the lowest hydraulic loading rate and recycle rate, see pANOVA in 

Table 16.  It follows that field NO3
-
-N concentrations typically increased at lower 

hydraulic loading rates and recycle rates.  The general exception was TN whose removal 

(%) was generally not impacted by recycle rates between 100% and 300% and appears to 

increase with increasing influent hydraulic loading rate (Q).    
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Higher nitrogen mass loading rates are associated with increased hydraulic loading rates 

(Q) within CW(2).  At higher mass loading rates, the rate of settling and filtration of 

nitrogen containing material likely outweighed the rate of nitrogen release through 

material decomposition resulting in apparent improved TN removal. 

A previous study suggested TN removal in a similar hybrid-SSFCW would improve with 

greater recycle rate (Cooper et al., 2010).  However, this study found increasing recycle 

rate had no significant impact on TN removal.  Though the NO3
-
-N concentrations were 

typically lower at VW-Effluent(1) for R = 300% than R = 100%, the effect was offset by 

the increased mass of NO3
-
-N returned to HW(1) for denitrification.  The expected effect 

of improved TN removal at higher recycle rates would likely be observed given VW 

treatment components with greater surface area capable of supporting nitrification at 

higher internal hydraulic loading rates. 

More specific inter season comparisons of TKN, NH4
+
-N, and NO3

-
-N removal (%) 

across the VW treatment components verified that nitrification was flow regime 

dependent as the lowest hydraulic loading rates (R = 100% and 1Q) had significantly 

higher removal of TKN and NH4
+
-N and production of NO3

-
-N than the highest rates (R 

= 300% and 3Q).  Again, the current VWs may be undersized and become saturated at 

high hydraulic loading rates thereby failing to provide sufficient oxygen transfer rates to 

support efficient nitrification.  This is understandable as all components of the hybrid-

SSFCWs were originally designed for a maximum hydraulic loading rate of 2.8 m
3
/d. 

TKN and NH4
+
-N removal efficiencies across the HWs were typically not significantly 

impacted by flow regime; except, NH4
+
-N removal was significantly less at R = 300% 
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than at R = 100% or 200% during the summer run.  Because of the anoxic/anaerobic 

conditions within the HWs, settling and filtration were likely the primary removal 

pathways for both TKN and NH4
+
-N. 

TKN saw an average 25% removal across the HWs while average NH4
+
-N removal was -

8% across HW(2).  TKN is composed of organic nitrogen and NH4
+
-N.  Ammonification 

of organic nitrogen, mobile or filtered/settled, could offset NH4
+
-N removal but would 

have no impact on TKN removal.  In HW(2) ammonification apparently proceeded at or 

above the rate of NH4
+
-N removal.  On the other hand, an average 22% removal of NH4

+
-

N was observed across HW(1).  The discrepancy was likely related to very different mass 

loading rates and, therefore, lower accumulation of deposited material for decomposition 

between HW(1) and HW(2) during the experimental period.  

5.3.1.2 Inter Season Comparisons 

Investigations of TKN and NH4
+
-N concentrations at the ST-Effluents and VW-Effluents 

indicated seasonal differences in TKN and NH4
+
-N removal (%) except at 3Q where 

NH4
+
-N removal (%) was not improved by warmer temperatures.  TN removal (%) across 

the hybrid-SSFCWs was not seasonally dependent.  Removal of TN across CW(2) with 

no recycle was not expected to increase with warmer temperatures as any extra TKN or 

NH4
+
-N removal was expected to result in an equivalent mass of NO3

-
-N production.   

However, increased TN removal across CW(1) was expected during summer as higher 

NO3
-
-N concentrations observed at VW-Effluent(1) was expected to result in more TN 

removal through denitrification across HW(1).  Higher temperatures may also have 

resulted in increased degradation of filtered/settled nitrogen containing materials 

releasing nitrogen which compensated for the greater TN removal rates. 
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Inter season comparisons of TKN, NH4
+
-N, and NO3

-
-N removal (%) across the VW 

treatment components at R = 100%, R = 300%, 1Q and 3Q support the notion that 

nitrification is temperature/seasonally dependent; however, TKN removal (%) was found 

to be insignificantly different between seasons at R = 300%. 

TKN and NH4
+
-N removal (%) across the HWs were not typically impacted by seasonal 

variations; however, NH4
+
-N removal was significantly higher in summer than winter 

under the R = 100% flow regime.  The HW oxygen limited environment did not support 

efficient TKN and NH4
+
-N nitrification, but denitrification was rapid during both seasons 

as recycled NO3
-
-N was recorded within HW(1) at levels below the method detection 

limit. 

5.3.1.3 Benefits of Recycle 

To achieve high removal of both TKN and NH4
+
-N in both summer and winter, a recycle 

stream was required, see Table 16.  As expected, the addition of a recycle stream greatly 

improved TN removal performance across the hybrid-SSFCW; over the course of this 

study, the inclusion of a recycle stream increased TN removal from 32% to 72%.   

Intra season comparisons of R = 100% and 1Q for TKN, NH4
+
-N and TN removal (%) 

suggest significant improvement with the inclusion of a recycle stream.  However, TKN 

and NH4
+
-N removal was not statistically improved with the addition of recycle during 

the summer season.  This result is somewhat misleading as both TKN and NH4
+
-N 

removal efficiencies approached 100% with and without recycle during the summer 

season.  Had the mass loading rate been higher, summer performance differences may 

have been observed. 
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5.3.2 Horizontal Subsurface Flow Constructed Wetlands: k-C* and First-
Order Relaxed-TIS Modeling 

In February and August, 2012,     
  tracer studies were performed on HW(2) during the 

8.4 m
3
/d (3Q) and 2.8m

3
/d (1Q) flow regimes, respectively.  The studies were completed 

following the examples given by Marsteiner (1997) and Kadlec and Wallace (2009) for a 

TIS type hydraulic model.  See 0 for full tracer study results and analysis.  The studies 

determined N = 6. 

The R
2
 optimization of the regression between HW inlet and outlet concentrations 

determined the first-order removal rates for TKN (kkc_20_TKN and kTIS_20_TKN ) and NH4
+
-N 

(kkc_20_NH4 and kTIS_20_NH4 ) are 0 m/day. Note the k-C* model was equivalent to the 

relaxed-TIS model when the rate constants were zero, at k = 0 m/day, the P and C* 

values did not influence model fit, and both first-order models were reduced to Cin = Cout.  

Denitrification rate constants for the HWs could not be calculated because the field NO3-

N concentration was always below method detection limits (≤1 mg-NO3
-
-N/L). 

The modeling results suggest the current calibration parameters k,  , and C* were 

insufficient to predict nitrogen removal across HWs.  Further characterization of the inlet 

stream, inclusion of a more complete water balance, and particle adsorption and decay 

may also improve model performance   Also, lumping TKN and NH4
+
-N removal in 

single first-order kinetic constants wasn’t practical.  Usually, nitrification would be the 

limiting TKN and NH4
+
-N removal process, but the oxygen limited conditions within the 

HWs restricted nitrification to a point where other removal processes that may not follow 

first-order kinetics must also be considered. 
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As previously suggested, much of any observed TKN or NH4
+
-N reduction may have 

been the result of physical, non-first-order, processes such as filtration, 

deposition/settling, assimilation or adsorption.  Some nitrification could be expected, but 

the rate of nitrification insignificant compared to the ammonification rate of organic 

nitrogen.  This would provide an explanation as to why the correlations from Figure 9 

suggest a reduction of TKN but near constant NH4
+
-N concentrations. 

A strong correlation was observed between field average inlet and outlet HW TKN and 

NH4
+
-N concentrations from Table 15, see Figure 9.  From the correlations, the HW 

treatment components may be expected to annually reduce TKN concentrations by about 

~30% while NH4
+
-N concentrations may be expected to reduce by ~2 mg/L, which relate 

nicely with the average field removals previously discussed. 

 

  

Figure 9: Comparison of the field HW inlet and HW-Effluent TKN and NH4
+
-N average field 

concentrations 
Where HW(1) inlet concentrations have been corrected to account for ST-Effluent mixing with the recycle stream. 
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5.3.3 Vertical Subsurface Flow Constructed Wetland Kinetic Models: 
First-order and Monod CSTR 

Areal removal rate constants were determined for TKN, and NH4
+
-N removal across the 

VWs using the CSTR model and three kinetic forms.  The averaged VW influent, HW-

Effluent, and effluent, VW-Effluent, concentrations from Table 15 were used to calibrate 

each model, with the calibrated parameters listed in Table 17.  The C* values were 

calibrated to 0 mg/L for both TKN and NH4
+
-N for all three kinetic models, but the value 

of C* was found to have insignificant influence on CSTR model performance within the 

constraints provided.   

This study’s nitrification Monod rate constants are comparable to those determined by 

Saeed and Sun (2011a) for similar VWs, but the first-order rate constants are greater than 

the literature values.  Complimentary to the statistical results previously discuss but 

contrary to the findings of Gikas and Tsihrintzis (2012), nitrification was temperature 

dependent within the VWs (  > 1.00).  Figure 10 compares the modeled and average 

field TKN, NH4
+
-N, and NO3

-
-N VW-Effluent concentrations from Table 15 and 

illustrates the precision of each kinetic model through R
2
.  
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Table 17: Summary of the calibrated VW fitting parameters fitted to a single CSTR model using 

first-order, single-substrate Monod, and double-substrate Monod kinetics. 

Coefficient Values Units   Model Source 

            =  1.81 m/day
 

1.07 First-Order This Research 

            =   2.92 

  0.9 
  0.09

a 

m/day 
m/day 
m/day

 

1.07 

1
b 

N/A 
First-Order 

This Research 
(Saeed and Sun, 2011a) 

(Kadlec and Wallace, 2009) 
            = 10.9 g/m

2
/day 1.07 Single Monod This Research 

            = 10.8 

  14.2 
g/m

2
/day 

g/m
2
/day 

1.08 

1
b Single Monod 

This Research 
(Saeed and Sun, 2011a) 

            = 11.6 g/m
2
/day 1.07 Multiple Monod This Research 

            =  11.4 

  12.1 
g/m

2
/day 

g/m
2
/day 

1.08 

1
b Multiple Monod 

This Research 
(Saeed and Sun, 2011a) 

a 0.5 Percentile first-order coefficient for Vertical Flow Subsurface Wetlands as reported by (Kadlec and Wallace, 

2009). 
bSaeed and Sun (2011a) did not include temperature dependence. 
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Figure 10: Single CSTR modeled VW-Effluent NH4

+
-N, TKN and NO3

-
-N concentrations correlated 

against averaged field wastewater parameter concentrations. 

 

The first-order and Monod kinetic CSTR models equivalently accounted for the variation 

in the TKN and NH4
+
-N concentration data (R

2
 value).  However, a linear regression 

through the results for each of the three kinetic models revealed Monod kinetics provided 

relationships that more accurately matched field concentrations with predicted 

concentrations (i.e. the slope of the regression was nearer to 1). 
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Since Monod kinetics provided a superior fit between field and predicted data, the rate of 

TKN and NH4
+
-N removal is a function of influent concentrations. The TKN CSTR 

model predicted concentrations fit the data more accurately than the NH4
+
-N modeled 

concentrations.  As with the HW models, inclusion of additional fitting parameters, such 

as ammonification of organic nitrogen, and a more detailed characterization of the 

wastewater stream could improve NH4
+
-N and TKN CSTR model performance. 

The inclusion of dissolved oxygen concentration in the double substrate Monod kinetics 

did not improve the CSTR model performance; the result was not surprising as dissolved 

oxygen field concentrations at the VW-Effluents were much greater than the half 

saturation constant (        = 0.2 mg-O2/L).  Perhaps another calibration parameter is 

more important in determining nitrification rates or the half saturation constant requires 

adjustment.  A manual investigation revealed the linear regression, both slope and R
2
, 

could be improved for both TKN and NH4
+
-N if the dissolved oxygen half saturation 

constant was set to a much higher value. 

The NO3
-
-N concentrations were not well predicted using Equation (19).  The result 

suggests more processes are at work than simply nitrification of TKN.  Plant uptake and 

release or accumulation and degradation of deposited nitrogen containing particulate may 

contribute or remove NO3
-
-N depending on season and the level of aerobic biological 

activity. 

5.4 Conclusions 

The hybrid-SSFCWs in this study were capable of efficiently removing TKN and NH4
+
-

N from domestic wastewater with or without the inclusion of a recycle stream during the 
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summer months, however, a recycle stream was required to ensure year-round removal 

>70% for both wastewater parameters.  The VW CSTR modeling results and the 

statistical performance analysis both found that TKN and NH4
+
-N removal typically 

improved with warmer weather across the VW treatment components.  TKN and NH4
+
-N 

removal across the HW treatment components was not significantly influenced by 

temperature or flow regime. 

TN removal was not efficient without the inclusion of a recycle stream (~32% average 

removal), but > 70% removal could be achieved, even during a cold Canadian winter, 

with recycle.  However, TN removal was not significantly impacted by recycle rate, 

hydraulic loading rate, or season.  The VW treatment components were undersized to 

provide efficient nitrification at the higher hydraulic loading rates experienced during this 

study. 

Both the k-C* and relaxed-TIS models for the prediction TKN and NH4
+
-N removal 

across the HW treatment components found no first-order removal (i.e., k = 0 m/d).  To 

improve performance, both models require modification and the addition of fitting 

parameters that consider other nitrogen transforming/removal processes.  Further 

characterization of the inlet stream, inclusion of a more complete water balance, and 

particle adsorption and decay may also improve model performance. 

The CSTR models for TKN and NH4
+
-N removal across the VW treatment components 

performed reasonably well.  For all three kinetic forms, the models more accurately 

predicted TKN concentrations than NH4
+
-N.  The Monod kinetic CSTR models both 

provided a correlation that more closely simulated wastewater parameter removal, but the 
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addition of dissolved oxygen as a fitting parameter in double substrate Monod kinetics 

had no bearing on model performance in this study. 

The VW treatment component TKN and NH4
+
-N Monod removal rate constants were 

very comparable to those provided by Saeed and Sun (2001a) for a VW of similar design 

and application. 

5.5 Recommendations 

The effective nitrogen removal across the hybrid-SSFCW suggests future efforts could be 

directed towards practical application for single and multiple family homes in cold-

climates.  Effective year-round NH4
+
-N and TKN removal using the current hybrid-

SSFCW design requires a recycle stream, but for seasonal applications (summer only), a 

recycle stream is not necessary.  For applications requiring >70% removal of TN, the VW 

treatment component should be resized to provide efficient nitrification at hydraulic 

loading rates greater than 5.4 m
3
/d. 

The rate constants determined herein should not be used for design but rather as reference 

for comparison to future cold-climate hybrid-SSFCWs of similar design. 
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Chapter 6. THIRD YEAR PHOSPORUS REMOVAL from 
DOMESTIC WASTEWATER in PARALLEL HYBRID 
SUBSURFACE FLOW CONSTRUCTED WETLANDS with 
BUILT-IN BLAST-FURNACE SLAG FILTERS 

Conventional septic tanks release 440g of ortho-phosphate phosphorus (O-PO4
3-

-P) per 

person per year (Drizo et al., 1999) which poses a threat to water body health and human 

quality of life (CCME, 2004).  Traditionally, phosphorus is precipitated from wastewater 

streams through the addition of coagulants (Kinsley et al., 2002).  However, Kinsley et al. 

(2001) found passive phosphorus adsorption filters to be more appropriate for residential 

septic systems because of simplified maintenance.  Many batch, column, and lab-scale 

studies suggest blast-furnace slags (BFS) as potential passive phosphorus adsorption filter 

media that is both high in adsorption capacity and inexpensive (Cameron, 2001; Drizo et 

al., 2006; Hedström, 2006; Johansson & Gustafsson, 2000; Kinsley et al., 2001; 

Sakadevan & Bavor, 1998; Xu et al., 2006; Zhang et al., 2010). 

BFS, calcium-aluminum silicate by-products of iron production, are rich in metal oxides 

like calcium (Ca), aluminum (Al), magnesium (Mg) and iron (Fe). Phosphorus removal 

by BFS occurs under alkaline conditions through two main mechanisms: specific 

adsorption onto metal hydroxides, and formation and subsequent precipitation of 

hydroxyapatite and other calcium phosphates (Drizo et al., 2006; Hedström, 2006; Zhang 

et al., 2010).  Only about 20% of phosphorus is removed through adsorption (Hedström, 

2006), and Grüneberg & Kern (2001) suggest the majority of adsorption occurs as loosely 

bound phosphorus associated with free Ca or Mg carbonates.  Although the importance of 

adsorption is suggested to increase with decreasing influent O-PO4
3-

-P concentrations 

(Kinsley et al., 2002), the formation of hydroxyapatite is expected to be the primary 
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phosphorus removal pathway (Chazarenc et al., 2007; Drizo et al., 2006; Johansson & 

Gustafsson, 2000).   

The formation of hydroxyapatite and other low solubility calcium-phosphate complexes 

contribute further to phosphorus removal through selective adsorption of O-PO4
3-

-P
 

species onto the complexes; a third phosphorus removal mechanism involves flocculation 

and co-precipitation of finely dispersed colloidal material (Maurer & Boller, 1999). 

Despite BFS’ potential for efficient phosphorus removal through adsorption and 

precipitation, there are a number of limitations requiring consideration before BFS are 

accepted for wide scale application as phosphorus filters: BFS produce high pH effluent 

that must be reduced to meet acceptable discharge levels (Claveau-Mallet et al., 2012; 

Kinsley et al., 2001); BFS’ phosphorus removal capacity is generally reduced with real 

wastewater compared to simulated wastewater because of competing ions, biofilm 

development, non-reactive phosphorus compounds, and lower pH (Hedström, 2006); and 

the effect seasonal variables on filter performance is not well studied (Chazarenc et al., 

2007). 

Claveau-Mallet et al. (2012) suggest a discrepancy in literature regarding the correlation 

between phosphorus removal efficiency and filter longevity; this study evaluates the 3
rd

 

year performance of two BFS phosphorus filters, including the use of peat for pH 

adjustment, installed as part of parallel full-scale hybrid subsurface flow constructed 

wetlands (hybrid-SSFCWs) for the cold-climate treatment of domestic wastewater. 
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6.1 Materials and Methods 

6.1.1 Hybrid-SSFCWs design 

See 0 for a description of the history, design, and workings of the parallel hybrid-

SSFCWs at the Ontario Rural Wastewater Centre in Alfred, ON.   

See Section 2.2.2 for a description of the phosphorus filter design. 

This study evaluates the continued performance of the two phosphorus filters from June 

2011 to October 2012. However, the experiment proceeded as a secondary goal alongside 

a nutrient removal study of the parallel hybrid-SSFCWs (See 0 and 0).   Consequently, 

the phosphorus removal study was subject to the hybrid-SSFCW flow regimes set out by 

the nutrient removal study, see Table 4, Table 5 and  

Table 6 for the flow regime schedules.  Note that CW(1) operated with a recycle stream 

while CW(2) operated without. 

6.1.2 Methods 

Wastewater samples were typically collected weekly from six sampling locations per 

hybrid-SSFCW (as per the sampling procedure presented in Appendix D) and analyzed 

for total phosphorus (TP) and ortho-phosphate (as per the sampling and analyses 

schedules presented in 0).  The sampling regime and data analysis were simplified by the 

assumption of steady-state conditions.  O-PO4
3-

-P and TP analysis were conducted 

following Standard Methods (APHA, 2005) at the Environmental Quality Laboratory at 

the Université de Guelph-Campus d’Alfred, see Section 2.5.3 for analysis methods. 
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6.1.3 Statistical Analysis for Significance 

To substantiate that TP and O-PO4
3-

-P concentrations were equivalent for a given sample, 

a two-tailed paired t-test analysis was performed on the two groups of data for all TP 

analyses performed and their same-date O-PO4
3-

-P analysis pairs.  The ‘two-tailed t-test: 

paired two sample for means’ analysis at α = 0.05 (95% confidence interval) was 

completed using the Analysis Toolpak within Microsoft Excel
®

 2010; the null hypothesis: 

TP and O-PO4
3-

-P were equivalent, was rejected when α > 0.05. 

6.2 Results and Discussion 

Previous results from Kinsley & Crolla (2012) suggest phosphorus is almost entirely 

present in the O-PO4
3-

-P form at all sampling locations across the hybrid-SSFCWs.  The 

paired t-test results, see Appendix I, also found that paired TP and O-PO4
3-

-P 

concentrations were equivalent at all sampling locations, except at ST-Effluent(1), ST-

Effluent(2), and P3(1).  In Appendix J, the correlation between TP and O-PO4
3-

-P is 

presented as plots of the TP and O-PO4
3-

-P concentrations for each sampling location 

over time.  Some portion of the TP detected at the ST-Effluents was likely associated 

with particulate matter that was removed through settling, filtration, or interception 

within the first few metres of the HW treatment components (Kadlec & Wallace, 2009) 

leaving only the dissolved portion (i.e., O-PO4
3-

-P) in solution.   

The t-test analysis found TP   O-PO4
3-

-P at P3(1), but if a single sampling event, where 

TP = 0.31 mg-P/mL and O-PO4
3-

-P = 0.05 mg-P/mL, is excluded then TP = O-PO4
3-

-P at 

P3(1).  The t-test results allowed O-PO4
3-

-P concentrations to be studied in place of TP 

concentrations for all sampling locations beyond the ST-Effluents. 
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As expected, ST-Effluent phosphorus concentrations showed seasonal variation with 

higher concentrations observed during the warmer months, see Figure 11 (Kadlec & 

Wallace, 2009).  The phosphorus peak observed in April, 2012 may have been a result of 

snow melt runoff infiltrating the wastewater source, the village of Alfred, ON’s sanitary 

sewer; snowmelt has been reported to carry a large portion of the annual phosphorus load 

(Oberts & Metropolitan Council, 1994).  The second peak in July and August, 2012 

corresponded with increases to other nutrients such as cBOD5 and COD, see Table 9, 

suggesting a general increase in wastewater strength during that period.   

 

 

Figure 11: Field ST-Effluent(1) and (2) phosphorus concentrations 

 

Figure 12 and Figure 13 indicate phosphorus concentrations were typically lower at the 

HW and VW treatment component effluents of CW(1) than CW(2).  Since CW(1) 

effluent phosphorus concentrations (VW-Effluent(1)) were consistently lower and 

showed lower variability when compared to CW(2), phosphorus mass loading rate had a 

greater impact on phosphorus removal than hydraulic loading rate/recycle rate.  However, 

the inclusion of a recycle stream may not benefit phosphorus removal as a paired t-test 
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comparing total removal (%) of O-PO4
3-

-P at flow regime 1Q with removal at R = 100% 

showed no significant difference.  However, lower O-PO4
3-

-P concentrations were 

observed at HW-Effluent(1) compared to HW-Effluent(2), see Figure 12, because of 

influent stream dilution caused by the mixing of ST-Effluent(1) with the treated recycle 

stream. 

 

 

Figure 12: HW treatment component effluent phosphorus field concentrations 

 

 

Figure 13: VW treatment component effluent phosphorus field
 
concentrations 
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Further evidence that total removal (%) of O-PO4
3-

-P is influenced by mass loading rate 

is the consistently positive removal across CW(1) and sporadic removal across CW(2), 

see Figure 14.  Also, the worst removal rates across CW(2) typically corresponded to the 

highest influent flowrate (3Q).  Seasonal variation in phosphorus removal is evident 

across CW(1), but the results appear to reflect seasonal influent ST-Effluent(1) 

phosphorus concentration patterns (Figure 11) rather than expected temperature patterns.   

 

 

Figure 14: Total removal of phosphorus across the parallel hybrid-SSFCWs 

 

During the experimental period CW(1)  and CW(2) averaged 57% and 37% total removal 

of O-PO4
3-

-P, respectively compared to >91% during the first two years of wetland 
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3-

-P removal was 
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Figure 16, Figure 17, Figure 18, and Figure 19 examine O-PO4
3-

-P removal between each 
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months, Figure 15 and Figure 16 support the literature with typically neutral or negative 

phosphorus removal across the limestone gravel section of both HW treatment 

components.  However, with the advent of warmer weather increased instances of 

phosphorus removal were observed across the gravel components of CW(1), while 

phosphorus removal across CW(2) remained neutral or negative.  

 
Figure 15: Phosphorus

 
removal from the ST-Effluents to the P1s within the HW treatment 

components 
Note: For the illustrative purposes, ST-Effluent(1) concentrations used in this figure were adjusted to account for 

dilution by the recycle stream. 

 

 
Figure 16: Phosphorus removal from the P1s to the P2s within the HW treatment components 

Note: Two points not shown: CW(2) (16/08/12, -142%) and CW(2) (21/08/12, -72%) 
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Figure 17: Phosphorus

 
removal from the P2s to the HW-Effluents within the HW treatment 

components 

 

 
Figure 18: Phosphorus

 
removal from the P2s to the P3s within the HW treatment components 

 

 
Figure 19: Phosphorus

 
removal across the VW treatment components 

Note: One point not shown: CW(2) (24/07/12, -165%). 
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Natural phosphorus uptake and release cycles of biofilm, plant roots and settled/filtered 

material, and changes in internal flow patterns may have caused the sporadic phosphorus 

removal results across the gravel portions of the HWs.  Plant growth and increased 

biofilm assimilation rates associated with warm weather likely caused increased O-PO4
3-

-

P removal within CW(1) while increased decomposition rates resulted in O-PO4
3-

-P 

increases across the gravel component of CW(2); CW(2) received much higher mass 

loading rates than CW(1) which likely resulted in a greater mass of particulate matter to 

decay and release O-PO4
3-

-P. 

Figure 17 illustrates how O-PO4
3-

-P removal efficiencies varied with time across the 

phosphorus filters of the hybrid-SSFCWs .  The figure illustrates that phosphorus filter 

performance was seasonally dependent; improved warm weather removal was likely 

related to improved adsorption driving forces associated with increased wastewater 

temperatures and higher influent O-PO4
3-

-P concentrations. 

IVACO BFS was previously shown to remove >90% O-PO4
3-

-P (Cameron, 2001; 

Kinsley et al., 2002; Kinsley et al., 2001).  This study’s phosphorus filters’ performance 

was expected to deteriorate with time, but, despite improved removal during warmer 

months, this study only averaged 13% and 22% O-PO4
3-

-P annual removal across the 

phosphorus filter portions of CW(1) and CW(2), respectively. The meager O-PO4
3-

-P 

removals observed in this study are in stark contrast to the phosphorus filters’ 

performance during the first two years of the hybrid-SSFCWs’ operations which had 77% 

and 86% O-PO4
3-

-P removal across the HW treatment components of CW(1) and CW(2), 

respectively (Kinsley & Crolla, 2012).  Note that CW(1) did not have a recycle stream in 

the previous study.   
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The first two years of the hybrid-SSFCW operation had the phosphorus filters 

consistently reducing O-PO4
3-

-P concentrations to <1.0 mg-P/L (Kinsley & Crolla, 2012).  

Figure 12 indicates O-PO4
3-

-P concentrations at the HW-Effluents remained >1.0 mg-P/L 

for the majority this study and showed a positive trend towards increasing O-PO4
3-

-P 

concentrations with time. 

The reduction of phosphorus filter performance may also be associated with wastewater 

pH at the HW-Effluents as O-PO4
3-

-P removal in IVACO BFS was most efficient at pH > 

10 (Cameron, 2001; Kinsley et al., 2002).  Throughout this study, the HW-Effluents’ pH 

was typically < 9.0 and trended towards neutral as time passed, see Figure 20.  In 

calcium-rich BFS filters, high pH reduces the supersaturation concentration of calcium 

precipitates which ensures efficient phosphorus removal through the formation of stable 

hydroxyapatite crystals (Claveau-Mallet et al., 2012) whose solubility also decrease with 

increasing pH (Maurer & Boller, 1999).  This study’s phosphorus filters’ potential to 

increase pH and precipitate phosphorus was either approaching exhaustion or being 

increasingly blocked.  

 
Figure 20: Field pH measured at the effluent of the BFS filters (HW-Effluent) 
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Dissolution of calcium from BFS drives pH change (Claveau-Mallet et al., 2012), but 

Liira et al. (2009) found non-porous calcite can form on the surface of phosphorus 

adsorption media thereby inhibiting calcium dissolution.  As pH drops within the 

phosphorus filters the sorption equilibrium also shifts potentially resulting in desorption 

of loosely bound phosphorus (Grüneberg & Kern, 2001).  High fluid velocity across the 

HW treatment components may also wash calcium phosphate precipitates through BFS 

filters (Claveau-Mallet et al., 2012); Cameron (2001) identified precipitate leaching from 

IVACO BFS columns that was subsequently filtered from solution in order to maintain 

high O-PO4
3-

-P removal efficiencies. 

As mentioned, the decreasing O-PO4
3-

-P removal efficiencies observed in Figure 17 

suggest the phosphorus filters of the hybrid-SSFCWs were approaching saturation, but 

the results in Figure 18 suggest a portion of the phosphorus filters were underutilized.  An 

examination of O-PO4
3-

-P removal (%) between the P2s and P3s (See Figure 18) 

indicates improved results over removal from the P2s to HW-Effluents despite the P3s’ 

location directly above the HW footers.  Most likely, dead zones had developed above the 

HW footer in both hybrid-SSFCWs; the BFS in these zones were not approaching 

saturation because they were outside the preferential flow path of the wastewater.   

The VW treatment components often contributed significant O-PO4
3-

-P removal, see 

Figure 19.  Peat contains cellulose, hemicellulose, lignin, humus, and many active 

functional groups like carboxyls, phenolic hydroxyls, and alcoholic extract hydroxyls 

which may contribute to O-PO4
3-

-P removal through adsorption, ion-exchange, and 

chelation (Kõiv et al., 2009; Vohla et al., 2011; Zhang et al., 2011).  Assuming calcium 

phosphate precipitates leached from the phosphorus filters in the HW treatment 
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components, the peat layer of the VW treatment components may have also acted to filter 

the precipitates from solution. 

Phosphorus removal across the VW treatment components was typically highest at the 

lowest hydraulic loading rates and during warmer months, see Figure 19.  High hydraulic 

loading rates, snow cover and ice formation may reduce oxygen diffusion which creates 

more anaerobic conditions within the VWs, which may decrease phosphorus adsorption 

and calcium precipitate complexing potential (Kõiv et al., 2009; Vohla et al., 2011).  The 

results in Figure 19 corroborates this statement as phosphorus removal was typically 

improved at lower hydraulic loading rates and during the summer months.   

Literature suggest aerobic conditions within peat favor phosphorus removal while sudden 

changes towards anaerobic conditions contribute to remobilization of loosely bound 

phosphorus (Kjaergaard et al., 2012; Korkusuz et al., 2005; Stepniewska et al., 2006).  

Also, loosely bound phosphorus could be released when influent phosphorus 

concentrations were low (i.e., diluted with rainwater) resulting in a solubility equilibrium 

shift towards desorption.  During this study, significant rain events (>10 mm) apparently 

freed loosely bound phosphorus as O-PO4
3-

-P concentrations increased across both VW 

treatment components on 11/06/12 (11 mm rainfall) and 24/07/12 (35 mm rainfall).  This 

type of phosphorus release event was only observed in samples taken within 24 hr of 

major rainfall events.   

Despite apparent O-PO4
3-

-P
 
removal potential, pH moderation was the primary function 

of the peat layers as pH of the wastewater from the phosphorus filters was expected to 

exceed 10.  From Figure 21, the peat effectively maintained an effluent pH between 6.5 
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and 8.0 over the entire study.  Interestingly, the pH pattern at the HW-Effluents is not 

reflected in the pH of the VW-Effluents, see Figure 20 and Figure 21, respectively.  pH at 

the VW-Effluent was more a function of season with higher pH observed during the 

winter months; the effect was more pronounced during the summer of 2011 than 2012. 

 

 
Figure 21: Field pH measured at the effluent of the vertical subsurface flow constructed wetlands 

(VW-Effluent) 

 

6.3 Conclusions 

During their third year of operation, the parallel hybrid-SSFCWs were unable to reduce 

phosphorus levels within domestic wastewater to <1.0 mg-P/L.  The average annual O-

PO4
3-

-P removal was reduced to 57% across the hybrid-SSFCW with recycle and 37% 

across the hybrid-SSFCW without down from >91% during the first two years of wetland 

operations.  This study indicated the ability of the phosphorus filter to sequester O-PO4
3-

-

P decreased with time, but dead zones within the filters maintained a high potential for 

phosphorus removal. 

5

5.5

6

6.5

7

7.5

8

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

p
H

 

Date [dd/mm/yy] 

VW-Eff.(1)

VW-Eff.(2)



 

105 

The addition of a recycle stream did not significantly impact phosphorus removal across 

the hybrid-SSFCWs.  However, hydraulic loading rate did have an impact on phosphorus 

removal.  Within CW(1), phosphorus removal was most significantly influenced by 

seasonal effects, but phosphorus removal across CW(2) responded to mass loading as the 

worst overall removal (%) corresponded to the highest influent hydraulic loading rate 

(3Q). 

The VW treatment components contributed to O-PO4
3-

-P removal in both hybrid-

SSFCWs.  Phosphorus removal within the VWs was likely a result of particulate filtration 

and phosphorus adsorption equilibrium within the sphagnum peat layer.  The sphagnum 

peat within the VW treatment components continued to successfully moderate the pH of 

the phosphorus filter effluent throughout the study.  However, VW-Effluent pH appeared 

to be a function of season. 

6.4 Recommendations 

After the third year of operation, the blast-furnace slag phosphorus filters in the parallel 

hybrid-SSFCWs at the Ontario Rural Wastewater Centre were no longer capable of 

treating domestic wastewater phosphorus concentrations to <1.0 mg-P/L.  The result 

suggests the lifespan of the blast-furnace slag filter is less than 3 years.   

With the current design, replacement of the blast-furnace slag within the HW treatment 

components would not be easily accomplished without damage to the HDPE liner and the 

PVC footer structure.  In future, it would be beneficial to build the blast-furnace slag 

phosphorus filter as a standalone treatment component.  As a standalone unit, controlling 
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preferential flow patterns would be easier and could prevent deadzone formation thereby 

extending the lifespan of the phosphorus filter. 

. 
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Chapter 7. CONCLUSIONS 

As outlined in Chapter 1, subsurface flow constructed wetlands show great potential as 

replacements for the outdated conventional septic system design currently used by 

millions of Canadians and Americans.  Policy makers are pushing for alternative 

technologies that provide efficient removal of target nutrients from domestic wastewater 

streams before discharge.  SSFCWs have the potential to provide such treatment, but 

there has been little investigation in to their applicability to domestic wastewater 

treatment in Canada. 

There is a preconception that Canada`s cold-climate will stifle the proven performance 

benefits observed in SSFCW built in warmer climates.  However, international literature 

has provided proof-of-concept for the use of SSFCW for cold-climate domestic 

wastewater treatment.  Yet, Canadians have not embraced the technology for domestic 

wastewater treatment as there are few Canadian SSFCW studies on the topic. 

The hybrid-SSFCWs at the Ontario Rural Wastewater Centre in Alfred, ON were 

designed to demonstrate efficient cold-climate removal of typical domestic wastewater 

parameters of concern; cBOD5, COD, TSS, NH4
+
-N, TKN, NO3

-
-N, and TN.  The 

analyses in 0 and 0 searched for the hybrid-SSFCW performance limits and a 

determination of the cold-climate wastewater parameter removal rates.   

Phosphorus, another wastewater parameter of concern, was evaluated not on its rate of 

removal, but rather the performance of the blast-furnace slag phosphorus filter 

components of the hybrid-SSFCWs during their third year of operation.  Chapter 6 

discusses the specific phosphorus removal performance of the parallel hybrid-SSFCWs, 
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the known potential of blast-furnace slag filters for phosphorus removal and the lack of 

knowledge supporting their long-term effectiveness. 

With the efficiency of the parallel hybrid-SSFCWs demonstrated, there was hope to 

provide calibrated model parameters to support future work with Canadian cold-climate 

SSFCWs.  Currently, wastewater parameter removal modeling is at a bit of an impasse 

where there is still support for traditional lumped-parameter first-order plug-flow type 

models, but there has been a shift towards models which more accurately mimic real 

internal mixing processes. In support of the shift towards updated models, this thesis 

sought to validate current models on their ability to accurately fit predicted cBOD5, COD, 

TSS, NH4
+
-N, TKN, and NO3

-
-N concentrations to analytic field concentrations from 

across the hybrid-SSFCWs.  To model removal across horizontal subsurface flow 

constructed wetlands, model performance for a traditional plug-flow model with first-

order kinetics was compared with a newer compartmental CSTR model with first-order 

kinetics.  Wastewater parameter removal across the vertical subsurface flow constructed 

wetlands was simulated using a single CSTR hydraulic model with either first-order or 

Monod kinetics.  Instead of the base vertical subsurface flow constructed wetland 

hydraulic model, the wastewater parameter removal accuracy provided by each of two 

kinetic types were compared. 

The major contributions of this thesis are: 

 Proof of concept for cold-climate Canadian application; including the impact of 

season, hydraulic loading/mass loading rate and recycle rate on nutrient removal 

across the studied hybrid-SSFCWs. 
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 Support for relaxed-TIS modeling over traditional plug-flow k-C* models 

concerning nutrient removal across horizontal subsurface flow constructed 

wetlands and for Monod kinetic CSTR models over first-order CSTR models for 

nutrient removal within vertical subsurface flow constructed wetlands. 

 Indications that blast-furnace slag filters for the removal of phosphorus from 

domestic wastewaters show signs of significant performance efficiency reduction 

after two years of operation. 

7.1 Hybrid-SSFCW Performance 

Having investigated wastewater parameter removal across the two hybrid-SSFCWs at 

hydraulic loading rates up to 3x the hybrid-SSFCWs’ design, with and without a recycle 

stream and over the course of a cold Canadian winter and warm summer, the robustness 

of the hybrid-SSFCW design was thoroughly illustrated. 

Wastewater parameter removal across the hybrid-SSFCWs as a whole often followed the 

expected pattern: cBOD5, COD, NH4
+
-N and TKN removal and NO3

-
-N production were 

typically improved during the warmer months of summer; TN removal improved with 

increasing mass loading/hydraulic loading rates; removal of cBOD5, NH4
+
-N and TKN 

and production of NO3
-
-N was typically lower at higher hydraulic loading rates; and the 

inclusion of a recycle stream typically improved overall wastewater parameter removal 

(except for COD and phosphorus).  There were instances when treatment did not follow 

the expected trend: TSS removal was seasonally independent and was typically 

equivalent at all hydraulic loading rates and COD was not statistically improved by 

increasing recycle rates or decreasing influent hydraulic loading rates. 
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Overall, the hybrid-SSFCWs at the Ontario Rural Wastewater Centre in Alfred, ON 

demonstrated an excellent applicability of SSFCW for domestic wastewater treatment in 

Canada.  The hybrid-SSFCWs were able to support significant cBOD5 and COD removal 

at hydraulic loading rates well above their design capacity.  Removal of cBOD5 and COD 

were not negatively impacted by the addition of a recycle stream or increases in the rate 

of recycle. 

However, nitrification typically decreased with increasing recycle rate which suggested 

the oxygen transfer rate in the VWs was insufficient to support efficient nitrification at 

such high internal hydraulic loading rates.  Interestingly, increasing the rate of recycle did 

not significantly impact overall TN removal. 

As expected, TKN and NH4
+
-N removal was largely an aerobic process as removal across 

the HWs was very low.  VW-Effluent(1) NO3
-
-N concentrations were typically lower at 

lower recycle rates (internal wetland hydraulic loading rates) which leads to the 

conclusion the VWs were unable to support nitrification above some threshold hydraulic 

limit.  The conjecture was supported by the results within the VW without recycle as 

effluent NO3
-
-N concentrations were typically shown to decrease with increasing 

hydraulic load.  TN removal was not negatively impacted by increased recycle rates, but 

TN removal increases were observed across the hybrid-SSFCW with no recycle when the 

influent hydraulic loading rate was increased (Highest observed TN removal across the 

hybrid-SSFCW without recycle was attained at 3Q).   

Somehow, TN removal remained stable as recycle rates increased while TKN effluent 

concentrations increased and NO3
-
-N concentrations decreased.  Nitrification rates were 
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lower at higher recycling rates, but despite lower NO3
-
-N concentrations at the hybrid-

SSFCW effluent the mass of NO3
-
-N in the recycle stream (i.e. the mass of nitrogen 

denitrified within the HW) apparently remained stable thereby balancing overall TN 

removal.  Across the hybrid-SSFCW with no recycle, TN removal increased with 

increasing influent hydraulic loading rate/mass loading rate.  Likely, the rate of nitrogen 

deposition increased with increasing influent hydraulic loading rate (Q) while the rate of 

nitrogen release through decay remained relatively constant.  Despite the unexpected 

performance results, the inclusion of a recycle stream resulted in an average 72% year 

round removal of TN across the hybrid-SSFCW compared to 31% removal across the 

hybrid-SSFCW without a recycle stream.   

The blast-furnace slag filters significantly underperformed in comparison with the first 

two years of hybrid-SSFCW operation.  The Phosphorus removal efficiency was 

significantly reduced compared to the first two years of study.  Phosphorus was expected 

to be reduced to < 1.0 mg-P/L, but this effluent concentration was not achieved within the 

3
rd

 year of hybrid-SSFCW operation period.  Calcium dissolution from the blast-furnace 

slag was inhibited and could no longer promote efficient phosphorus removal.  Whether 

through pore clogging or media saturation, this conjecture was supported by an observed 

wastewater pH shift with time towards neutrality at the effluent of the blast-furnace slag 

filters. 

Though the blast-furnace slag filters did not perform as expected, there was evidence that 

increased mass loading (higher influent flowrate) resulted in lower phosphorus removal 

efficiencies and the inclusion of a recycle stream did not improve phosphorus removal. 
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The sphagnum peat layer within the VWs also continued to moderate blast-furnace filter 

effluent pH levels while providing some additional phosphorus removal. 

The failure of the blast-furnace slag filters during their third year of operation indicated 

some limitations not seen in lab-scale tests, but the technology still bears potential if 

design changes are considered based on the results of this study. 

7.2 SSFCW nutrient removal prediction model evaluations 

The first-order and Monod kinetic models used to predict removal of organic material 

and nitrogen across the hybrid-SSFCWs showed varying degrees of success.  The k-C* 

and relaxed-TIS models applied to the HWs effectively predicted cBOD5 removal but 

could not account for the variation in COD field data.  As expected, the relaxed-TIS 

model was more efficient than the traditional plug-flow k-C* model for all wastewater 

parameters of concern investigated herein.  However, the relaxed-TIS model accounted 

for data variability better than the k-C* model in all cases, but that is not to say the model 

successfully predicted wastewater parameter concentrations for all cases. 

In terms of NH4
+
-N and TKN removal, the calibrated k-C* and relaxed-TIS models found 

removal rate constants of 0 m/d despite varying degrees of observed NH4
+
-N and TKN 

removal in the field data.  The result suggests the models did not accurately consider the 

complexities of nitrogen transformation in anaerobic/anoxic environments; future 

incarnations of the models must investigate the use of additional calibration parameters to 

help characterize NH4
+
-N and TKN removal. 

COD, cBOD5, TKN, and NH4
+
N removal across the VWs was most effectively modeled 

using Monod kinetics with the CSTR model.  Field TSS VW-Effluent concentrations 
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could not be accurately modeled with any of the CSTR kinetic models.  Hydraulic 

loading rate, water temperature, and influent wastewater parameter concentrations were 

sufficient to predict COD, cBOD5, and TKN effluent concentrations during both winter 

and summer.  There was significant variation in the CSTR model predictions for NH4
+
-N 

removal across the VW; in future ammonification rates should be considered in the 

model to improve results. 
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Appendix A Plant Stem Density Calculation Method and 
Results 

Equipment: 

 A circular ring cut from the top of a 5-gallon plastic pail (diameter = 29.2 cm) 

 Paper 

 Pencil 

Stem count procedure: 

i. 5 locations within the reed (Phragmites Australis) containing region of each 

horizontal subsurface flow constructed wetlands (HW) and 3 locations within 

each vertical flow constructed wetlands are chosen (VW).  The sampling locations 

must provide a representative sampling of the entire planted regions within the 

constructed wetlands; some degree of randomness is maintained by tossing the 

circular ring into a desired area and counting the stems where the ring lands. 

ii. Once the circular ring has been tossed, it is maneuvered to ground level.  Be sure 

to guide the reeds through the circular ring as it is maneuvered to ground level 

careful not to break reed stems. 

iii. Count all reed stems within the confines of the ring. 

iv. Record the number and repeat from step one until reed stems at each location 

have been counted 

Stem density calculation: 

             [
     

  
]  

          

    
 

          

  (
             

 
  

 )

  

 

Reed stem density results for the hybrid subsurface constructed wetlands at the Ontario 

Rural Wastewater Centre (September, 2012): 

Table A.1: Reed stem counts from the hybrid subsurface flow constructed wetlands at the Ontario 

Rural Wastewater Centre 

Wetland 
Stem Counts 

a b c d e Average 

HW(1) 146 25 16 15 157 72 

HW(2) 8 31 38 58 77 42 

VW(1) 15 31 29   25 

VW(2) 21 17 16   18 
Note: Stem counts taken September 20, 2012 
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Table A.2: Average reed stem density from the hybrid subsurface flow constructed wetlands at the 

Ontario Rural Wastewater Centre 

Wetland 
Average Stem Density 

[stems/m
2
] 

HW(1) 1074 

HW(2) 627 

VW(1) 373 

VW(2) 269 
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Appendix B Tipping Bucket Calibration Procedure and 
Data 

Equipment: 

 Square plastic bucket with a mouth wider than the tipping bucket mouth and an 

internal volume ≥1.5 L. 

 1 L graduated cylinder 

 100-250 mL graduated cylinder 

 Paper and pen 

Procedure: 

i. Place the plastic bucket in a position to catch the water that falls from the Front 

half of the tipping bucket when it tips. 

ii. Allow the Front half of the tipping bucket to fill and tip in to the mouth of the 

plastic bucket.  DO NOT touch or disturb the tipping bucket during the process. 

iii. Measure and record the volume of water collected in the plastic bucket using the 

graduated cylinders 

iv. Repeat from step i at least twice to reduce the uncertainty in the measurements. 

v. Repeat from step i at the Back half of the tipping bucket. 

vi. Take an average of the measured volumes as the calibrated volume/tip for the 

given tipping bucket. 

vii. Repeat from step i with each tipping bucket in the study. 

Results: 

The 6 tipping buckets used in the hybrid subsurface flow constructed wetland systems at 

the Ontario Rural Wastewater Centre were calibrated twice, once in May/June 2011 and 

again in June 2012.  The calibration data is shown in tables Table B.1:and Table B.2.  

The calibrated volume/tip for each of the 6 tipping buckets was taken as an overall 

average of the two calibration events, see Table B.3. 
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Table B.1: Tipping bucket calibration data from spring 2011 

Calibration 

Date 

Tipping 

Bucket 
Side 

Trial 

# 1 

Trial 

# 2 

Trial 

# 3 

Trial 

# 4 

Trial 

# 5 
Ave. 

STD 

Dev. 

   
(mL) (mL) (mL) (mL) (mL) (L) 

 
30-May-11 ST-Effluent(1) Front 1083 1072 1060 1074 

 
1.072 9 

30-May-11 ST-Effluent(1) Back 1066 1070 1073 
  

1.070 4 

          
30-May-11 HW(1) Front 1020 1000 1024 1014 

 
1.015 11 

30-May-11 HW(1) Back 903 910 895 895 
 

0.901 7 

          
30-May-11 VW(1) Front 875 870 870 900 875 0.878 13 

30-May-11 VW(1) Back 950 974 930 979 966 0.960 20 

          
21-Jun-11 ST-Effluent(2) Front 1140 1128 1165 

  
1.144 19 

21-Jun-11 ST-Effluent(2) Back 830 840 840 
  

0.837 6 

          
21-Jun-11 HW(2) Front 940 975 963 

  
0.959 18 

21-Jun-11 HW(2) Back 997 1000 984 
  

0.994 9 

          
21-Jun-11 VW(2) Front 1050 1088 1025 1025 

 
1.047 30 

21-Jun-11 VW(2) Back 966 959 973 
  

0.966 7 
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Table B.2: Tipping bucket calibration data from spring 2012 

Calibration 

Date 
Tipping Bucket Side 

Trial # 

1 

Trial # 

2 

Trial # 

3 

Trial # 

4 

Trial # 

5 
Ave. 

STD 

Dev. 

   
(mL) (mL) (mL) (mL) (mL) (L) 

 
06-Jun-12 ST-Effluent(1) Front 1065 1065 1021 1057 

 
1.052 21 

06-Jun-12 ST-Effluent(1) Back 1049 1030 995 960 
 

1.009 39 

          
06-Jun-12 HW(1) Front 960 980 990 950 

 
0.970 18 

06-Jun-12 HW(1) Back 1049 1072 1020 1052 
 

1.048 21 

          
06-Jun-12 VW(1) Front 1062 1041 950 980 

 
1.008 52 

06-Jun-12 VW(1) Back 930 920 940 980 900 0.934 30 

          
06-Jun-12 ST-Effluent(2) Front 890 900 870 890 

 
0.888 13 

06-Jun-12 ST-Effluent(2) Back 1176 1293 1305 1105 
 

1.220 96 

          
06-Jun-12 HW(2) Front 1077 1018 1032 1060 

 
1.047 27 

06-Jun-12 HW(2) Back 920 960 930 940 
 

0.938 17 

          
06-Jun-12 VW(2) Front 1131 1180 1120 1120 

 
1.138 29 

06-Jun-12 VW(2) Back 790 970 880 890 
 

0.883 74 

 

Table B.3: Two year average tipping bucket single tip volume 

Tipping Bucket Overall Average 

 
(L) 

ST-Effluent(1) 1.05 

HW(1) 0.98 

VW(1) 0.95 

  
ST-Effluent(2) 1.02 

HW(2) 0.98 

VW(2) 1.01 
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Appendix C Standard Operating Procedure for the 
Ontario Rural Wastewater Centre’s Hybrid-
SSFCW systems 
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Definitions 
CW Experimental Protocol: A schedule located within the Project Protocol binder in the ORWC 

laboratory.  The schedule includes the prescribed influent and recycle flowrate for each time 

period and the sampling dates with required analyses. 

Cycle: The time within a dosing period during which a pump will be at rest or “OFF”. 

Daily Dose: Volume of wastewater delivered per day. 

Dose Volume: Volume of water/wastewater delivered within a dosing period. 

Dosing Period: The sum of the interval and cycle time.  Usually, the dosing period is either 15 or 

20 minutes resulting in 96 or 72 dosing periods per day. 

Flow Regime: Designated influent and recycle wastewater flowrates within a constructed 

wetland during a given time period. 

Instantaneous Flowrate: A single (i.e. not an average) full-pipe flowrate calculation to 

determine flowrate over a short period of time. 

Interval: the time within a dosing period where the pump will be “ON” or running. 

Observed Daily Dose: Daily dose as calculated from flowrate observation or digitally collected 

data (i.e. Labview). 

Prescribed Daily Dose/Flow Regime: Required constructed wetland influent flowrate as defined 

by the CW Experimental Protocol for a given time period. 

Period: The sum of the cycle and interval.  The period is generally repeated continuously to 

distribute the Prescribed Daily Dose/Flow Regime over a 24 hour time span. 

Recycle Rate: Volume of wastewater returned from VW to STE over a 24hr period. 
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Campus Wetland Operations 

The following standard operating procedure governs the dosing and flow measurement 

procedures for the Ontario Rural Wastewater Centre’s (ORWC) Campus Wetland Facility. When 

referring to the following procedures and guidelines, the analyst/technician/operator should be 

familiar with the ORWC Laboratory Quality Assurance / Quality Control Manual (ORWC, 2012). 

Campus Wetland Site Description 
The Campus Wetlands/Constructed Wetlands (CWs) receives its wastewater from the Alfred 

municipal sanitary sewer - Line B1.  The Town of Alfred has approximately 1,000 residents with 

no industry and has separate sanitary and storm sewers.  Sewage is pumped from a manhole 

adjacent to the Research Building on a time-dose sequence to a 10,000L dosing tank within the 

Control Building (see Figure 1). Sewage is mixed within the dosing tank by a time sequenced 

recirculation pump located at the inlet side of the tank operated on a time and a paddle mixer 

operating continuously at the outlet side of the tank.  An outlet pipe maintains a constant water 

level in the dosing tank.  The outlet pipe flows into a pump chamber which returns the 

wastewater to the sewer at a downstream manhole. 

From the Dosing Tank, submerged sewage pumps deliver sewage to the septic tanks of each 

CW, CW(1) and CW(2) (see Figure 1), on a time-dose sequence.  At the outlet of each wetland 

section (septic tank, horizontal subsurface flow wetland, and vertical flow wetland) a tipping 

bucket flow meter measures the wastewater flow.  The wastewater flow is used to monitor daily 

dosing volumes and evaluate infiltration and evaporation to and from the CWs.  If there is more 

than a 10% difference between the prescribed and observed daily dose, the time-dose sequence 

will be manually modified. 

                                                           
1
 The Municipality of Alfred and Plantagenet has given the Alfred Campus written permission to access the 

sewer line and pump sewage for the purposes of research and technology evaluation studies. 
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Figure 1 :  Testing Facility Plan View 

 

Figure 2: Campus Wetland Plan View 
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Testing Facility Logbook 
Any pertinent information relating to the operation of the CWs will be recorded in a Jed Rode’s 

log book. Events such as clogging or failure of a sewage pump, excess flow or underflow 

conditions, wetland flooding, effluent pipe clogging, LabVIEW program failure (i.e. power 

outage), etc. would be noted in this logbook.  

Daily Dose Monitoring 
Dosing of the two CWs is controlled via the Chrontrol XT unit mounted on the eastern wall of 

the Control Building.  The pumps responsible for transferring sewage from the 10,000L dosing 

tank to the CWs are wired to the Chrontrol XT.  The Chrontrol XT is set to administer a time-dose 

sequence that determines each CWs dailsy dose through a series of short dosing periods.  For 

example, a typical dosing period would involve a continuous operating interval of 14 seconds 

followed by a 14min46sec minute cycle (a 15 minute dosing period). 

The volume of sewage delivered to each CW is monitored through LabVIEW software on the 

Control Building PC.  The LabVIEW software continuously records the cumulative number of tips 

received by the tipping buckets in the STE pump chambers, STE(1) and STE(2) (see Table 1); the 

cumulative tip count is exported to a Microsoft Excel data file every 30 minutes.  All Labview 

recorded data may be found in the dated Microsoft Excel data sheets found on the Control 

Building PC within the folder found at C:/Data. 

The tip counts from each of the CW pump chambers may be found within the Microsoft Excel 

Data files within the DC-301@6 section.  As per the legend below, the tip count for STE(1) is 

listed under Ch.8 (physical column “BA”) and STE(2) is listed under Ch. 9 (Physical column “BB”).  

The time stamp information is listed under Time stamp (Physical column “A”). 

Table 1: Excel File Tipping Bucket Module Legend 

DC-301@6 

Ch. 8 Ch. 9 Ch. 10 Ch. 11 Ch. 12 Ch. 13 

STE(1) STE(2) HW(1) HW(2) VW(1) VW(2) 

 

Following the equation below, one can determine the daily dose to each CW. To determine the 

daily dose for CW(1) use the cumulative tip counts for STE(1) and the tip counts for STE(2) for 

CW(2). 

Daily Dose Equation: 

           (
 

   
)  

                       

                                
     

  

   
             [1] 
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Note: Tip Count 2 must be a more recent cumulative tip count than Tip Count 1.  The Elapsed time between Tip Count 

1 & 2 should be no less than 4 hours to provide a representative average hourly dosing volume. 

The calculated daily dose (influent rate) should match the prescribed daily dose ±10% for the 

current flow regime as presented in the CW Experimental Protocol within the ORWC Project 

Protocol binder.  The daily dose must be adjusted using the dose adjustment procedure below if 

it does not meet the prescribed value within the allowable tolerance.   

Daily Dose Adjustment Procedure 
The daily dose adjustment procedure shall be followed when a flow regime change is required 

as per the CW Experimental Protocol or if daily dose monitoring shows a significant discrepancy 

between the observed and prescribed daily dose.  The daily dose is split in to 96 or 72 dosing 

periods per day (i.e. 15 or 20 minute periods).  The dosing period is chosen so the interval 

remains >10 seconds or <30 seconds; this helps prevent overloading of the tipping bucket flow 

meters.  Each dosing period is the sum of a pumping interval followed by a pump rest cycle.  The 

Chrontrol XT® unit in the Control Building delivers dosing period for each CW. 

 

Figure 3: Chrontrol XT® Display and Indicators (Chrontrol Corporation, 2001) 
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Daily Dose Adjustment for a Flow Regime Change 

The interval required to meet the required daily dose may be calculated using the equation 

below.  The full-pipe volumetric flowrates and delays required to complete the equation for 

CW(1) and CW(2) may be found in Table 2. 

         [    ]  
           [

 

   
]

(
         [

   
   

]

       [    ]
                [

 

   
 ])

      [    ]              [2] 

Where:  

 Interval = the length of time a dosing pump must be on per dose to provide 

the required Daily Dose 

 Daily Dose = required daily volumetric flowrate [L/day] 

 Period = 900 or 1200 seconds (i.e. 15 or 20 minutes) 

 Delay to Full-Pipe Flow= elapsed time from when the dosing pump turns on 

to full-pipe flow condition 

 Full Pipe Flow = full-pipe volumetric flowrate provided by the dosing pumps 

Table 2: Estimated Wetland Dosing Flow Characteristics 

Wetland Full-Pipe Volumetric Flowrate Delay to Full-Pipe Flow 

 (L/sec.) (sec.) 

CW(1) 10 8 

CW(2) 4.6 9 

 

The cycle is calculated by subtracting the interval from the period.   

Procedure for Daily Dose Adjustment Following a Required Flow Regime Condition Change: 

1. Find the required Daily Dose in the CW Experimental Protocol and calculate the 

expected interval using Equation 2 

2. Locate the Chrontrol® XT 

3. Press Enter 

4. Enter the Program # corresponding to CW requiring change (Program # 40 for CW1 and 

Program # 39 for CW2) 

5. Press Enter 

6. Press Interval 

7. Enter* the calculated interval (hh:mm:ss) 

8. Continue from Step 8 of the Daily Dose Adjustment to Meet Tolerance Requirements 

procedure below 
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Daily Dose Adjustment to Meet the Tolerance Limit 

The following procedure outlines how to adjust the interval and cycle if the observed daily dose 

does not meet the prescribed daily dose to within the ±10% tolerance limit.  To correct the 

discrepancy, the interval is adjusted 1 second per day (+1sec. if the observed daily dose is low or 

-1sec. if the observed daily dose is high) until an acceptable observed daily dose is met.  When 

an adjustment is made to the interval, the cycle must also be corrected to maintain a consistent 

dosing period.    

NOTE: if the observed daily dose suddenly drops by a significant margin, the 10,000L tank may have run dry or the 

submersible pump supplying sewage to the CW may have an issue.  NEVER blindly increase or decrease the interval; 

always make informed decisions. 

Procedure for Daily Dose Adjustment to Meet Tolerance Requirements: 

1. Locate the Chrontrol® XT 

2. Press Enter 

3. Enter the Program # corresponding to CW requiring change (Program # 40 for CW1 and 

Program # 39 for CW2) 

4. Press Enter 

5. Press Interval 

6. Press Second 

7. As required, Add or Subtract one second from the current value and enter it through the 

number pad.   

Note: The interval should never be <10 seconds or >30 seconds.  If a shorter or longer 

interval is required, the period must be shortened or increased by 5 minutes, 

respectively, and the interval must be recalculated. 

8. Record the date and the new interval and dosing period value in Q:\RTT\Techniciennes 

de laboratoire\Data\Campus Wetland Dosing Schedule 

9. Press Enter 

10. Press Cycle 

11. Calculate and enter* the cycle (hh:mm:ss) so the sum of the cycle and interval is the 

desired dosing period (For example: if the period is 15 minutes and the interval is 15 

seconds, the cycle will be 14min 45sec). 

12. Press Enter 

13. Press Time 

14. Press Program 

15. Enter the Program # 

16. Press On (The light corresponding to Circuit 1  for CW1 or Circuit 2 for CW2 should 

illuminate) 

17. Press Time until the current time is displayed 

18. Once the lights above Circuit 1 and 2 are off, Press Enter and enter the program # 

19. Press Enter 
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20. The display should indicate the program #, and the Activity/PM Indicator should be 

illuminated, see Figure 3.  If the indicator is not lit, return to Step 13 

21. Press Time 

Recycle Rate Determination and Timer Adjustment 
CW(1) is operated with a recycle stream whose prescribed Recycle Rate is indicated in the CW 

Experimental Protocol.  The recycle stream returns wastewater from the VW(1) pump chamber 

to the STE(1) pump chamber through a ¾” pipe.  Flow is provided by a 1/6hp Red Lion 

submersible pump.  The pump’s flowrate is not throttled as per many continuous recycle 

streams.  Instead, the pump is run on a cyclic 15 minute dosing period controlled by a Grozone 

Control CY1 Cycle Timer.  The cycle timer is set to provide the required daily volumetric flowrate 

over the course of a day.  Each 15 minute dosing period is split in to an interval and a cycle. The 

time sequence is determined by measuring the full-pipe flowrate provided by the submersible 

pump.  The process involves measuring the time required to fill a bucket placed within the 

STE(1) pump chamber with recycle water from the end of the recycle stream within the STE(1) 

pump chamber.  Once the full-pipe flowrate is known, the period required to give the desired 

daily recycle rate is calculated. 

Materials: 

 ORWC workshop scale 

 5 kg calibration weight 

 5 gallon pail with 8ft rope 

 Stopwatch 

 Calculator 

 Red Robertson screw driver 

 Pen and Paper 

 Gloves  

Recycle Rate Determination/Verification and Recycle Rate Interval 

Calculation 

Note: Use this procedure to determine the required interval and cycle following a regime flow 

change and also to verify the current timer settings provide an acceptable recycle rate. 

1. Turn ON the ORWC workshop scale 

2. Calibrate the ORWC workshop scale 

a. Hold down the calibrate button until “50.00” is displayed 

b. Press F repeatedly until “5.00” is displayed 

c. Press the calibrate button 

d. When the display begins to flash, place the 5.00kg calibration weight on the 

scale with the plastic lifter (be sure not to touch the weight with your bare skin) 
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e. When an audible “beep” is heard and the display stops flashing, remove the 

5.00kg weight 

3. Wet the inside of the 5 gallon pail with tap water then empty 

4. Place the pail on the scale and tare/zero 

5. Attach the rope to the pail and place the pail and stopwatch next to the STE(1) pump 

chamber 

6. Unplug, wait 3 seconds, then plug in the cyclic timer from at VW(1).  The recycle pump 

should start immediately. (Note: the cyclic timer is easily unplugged via the yellow plug 

on the post next to the VW(1) pump chamber) 

7. Quickly return to STE(1) 

8. Place the pail on the concrete block within STE(1) beneath the recycle stream; start the 

stopwatch simultaneously 

9. When the bucket reaches approximately ¾ full, remove it from beneath the recycle 

stream; stop the stopwatch simultaneously 

10. Remove the rope and carry the full pail and stopwatch to the workshop scale 

11. Measure and record the mass of recycle water collected 

12. Record the number of seconds required to fill the bucket to its current state 

13. Calculate the instantaneous flowrate (assume 1kgwater = 1Lwater) 

                       [
 

   
]   

              [  ]

             [    ]
      [

    

   
]       [3] 

14. Dump the pail’s contents on the cement block in pump chamber STE(1) careful not to 

disturb the tipping bucket flow meter 

15. Repeat steps 5 through 14 at least twice 

16. Calculate the geometric mean (average) of the instantaneous flowrates (L/day) 

17. If verifying the recycle rate, calculate the daily recycle flowrate from the average 

instantaneous flowrate and the current period (“ON” time) using Equation 4, else skip to 

step 18. 

                                [
 

   
]  

             [
 

   
 ]    [     ]           [    ]      [4] 

18. If the observed daily flow rate deviates more than 5% from the prescribed daily recycle 

rate or if the cyclic timer must be reset to meet a new flow regime, calculate the 

required interval using Equation 5. 

         [    ]  
                       [

 

   
]

             [
 

   
 ]   [     ]

                   [5] 

The cycle is the interval subtracted from the period (15min.) 

19. Use the Cyclic Recycle Timer Adjustment procedure to reset the cyclic timer with the 

new interval and cycle values 

20. Put away all equipment 
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Cyclic Recycle Timer Adjustment 

If the mean (geometric) of the daily recycle flowrate deviates more than 5% from the current 

prescribed recycle rate, the cyclic timer must be adjusted to correct the issue.  The Grozone 

Control CYI Cycle Timer controls the interval and cycle of the recycle time.  The ON Time knob 

controls the recycle pump’s interval while the OFF Time knob determines the cycle. 

 

Figure 4: Grozone Control CY1 Cycle Timer Controls and Indicators (Grozone Control) 

1. Use the following equation to determine the amount of time the cyclic timer must turn 

the pump on (Period) per 15 minute time sequence in order to achieve the desired daily 

recycle flowrate: 

                 
                              (

 

   
)

                         (
 

   
)    [     ]

              [5] 

2. Remove the cover from the insulated box at VW(1) 

3. Remove the cyclic timer from the insulated box at VW(1) 

4. Set the ON Time knob on the timer to correspond with the calculated interval from step 

1 

5. Set the OFF Time Knob so the interval and cycle sum to 15 minutes 

6. With stopwatch in hand, plug the cyclic timer in to an outlet and start the stopwatch 

simultaneously 

7. Note the time on the stopwatch when the green Output On light turns off; this 

corresponds to the observed interval 

8. If the observed interval is within 5 seconds of the calculated interval from step 1, skip to 

step 9.  Else, unplug the cyclic timer, adjust the ON Time knob to correct the observed 

interval, reset the stopwatch and repeat steps 5 through 8 

9.  Note the time on the stopwatch when the green Output On light re-illuminates; this is 

the sum of the interval and cycle 

10. If the sum of the interval and cycle is 15 minutes ±15 seconds, skip to step 11.  Else, 

adjust the OFF Time Knob to correct the sum of the “On” and “Off” time, reset the 

stopwatch, and repeat steps 6 through 9 



144 
 

11. Replace the cyclic timer in the insulated box at VW(1) and replace the cover careful not 

to disturb the timer’s sensitive knobs 

 

Tipping Bucket Calibration 
The tipping bucket flow meters, one present in each of the six pump chambers, record the 

volume of wastewater passing through each section of the constructed wetlands.  Each tip is 

recorded and later converted to volume.  To convert the number of tips recorded to a volume, 

the average volume per tip is measured.  The procedure involves measuring the volume of water 

discharged from each tip of the tipping bucket flow meter. 

Materials: 

 Gloves 

 Hip waders or tall rubber boots 

 H2S gas detector 

 1L graduated cylinder 

 100mL graduated cylinder 

 Specially designed tip collecting bucket 

 Pen and paper 

 Pump chamber ladder 

Procedure 

1. Remove the lid of the pump chamber 

2. Lower the gas detector in to the pump chamber to check for the presence of H2S.  If the 

gas is present, leave the lid off the pump chamber for a period to allow the gas to 

exchange with the atmosphere then try again. 

3. Attach the gas detector to an exterior article of clothing 

4. Enter the pump chamber using the pump chamber ladder; install the ladder so as not to 

damage the tipping bucket 

5. Without disturbing the tipping bucket, position the specially designed tip collecting 

bucket so it will catch the wastewater dumped from one side of the tipping bucket 

6. Wait for the tipping bucket to fill and tip.  Wastewater will discharge into the collection 

bucket 

7. Empty the collection bucket in to the 1L graduated cylinder.  Note: use the 100mL 

graduated cylinder to measure the remaining wastewater if there is more than 1L 

present in the collection bucket. 

8. Record the tip volume 

9. Repeat steps 5-8 at least twice more. 

10. Repeat steps  5-9 for the other side/half of the tipping bucket 

11. Calculate the mean (geometric) tipping volume for each side of the tipping bucket 
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12. Calculate the mean (geometric) tipping volume for the entire tipping bucket from the 

mean tipping volumes calculated in step 11. 

13. Repeat steps 1 through 12 for each pump chamber 

14. Wash and rinse in triplicate the collection bucket 

15. Wash, rinse in triplicate, and acid wash the graduated cylinders 

16. Record the data in Q:\RTT\Techniciennes de laboratoire\Data\Campus wetland tipping 

bucket calibration 

Wetland Startup/Shutdown 
In some instances, one or both of the wetlands may require a shutdown to perform 

maintenance or prevent damage to system pumps.  Once maintenance is completed, the system 

will require startup.  Some shutdown situations include but are not limited to: 

 10,000L storage tank has run dry 

 Lower than expected flow is observed 

 Unexpected No Flow condition observed 

 Wetlands flooded 

 Scheduled pump inspection 

To shutdown and startup the wetlands, one simply needs to turn all of the pumps off.  The 

procedure is as follows: 

1. Locate the Chrontrol® unit 

2. Press Program 

3. Enter the Program # corresponding to CW requiring startup/shutdown (Program # 40 for 

CW(1) and Program # 39 for CW(2)) 

4. Press OFF for system shutdown or ON for system startup 

5. Press Time 

For CW1, the recycle pump must also be shutdown or restarted 

6. Startup or shutdown the recycle timer at VW(1) by plugging or unplugging the yellow 

plug from the receptacle on the post, respectively.  

Data Acquisition 
LabVIEW will output continuously on 30 minute intervals to a MS Excel spreadsheet the 

following information: 

 Date  

 Cumulative number of tipping bucket tips within each pump chamber 

 Temperature (°C) of the wastewater within each pump chamber 

A daily data file is saved to the 10,000L tank building’s PC under C:\Data 
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Effluent Pipe Cleaning Procedure 
Over time the effluent pipes which direct wastewater to the tipping buckets within each pump 

chamber have solids buildup.  The solids can cause clogging, but the main concern is the 

redirection of wastewater; instead of falling straight down in to the tipping buckets, solids can 

cause the wastewater to be redirected away from the tipping buckets.  The water that misses 

the tipping buckets results in reporting an artificially low tip count. 

The process for cleaning the tipping buckets is simple: 

Required items: 

 Long pipe cleaner 

 Pump chamber ladder 

 Hip waders or tall rubber boots 

 H2S gas detector 

Procedure 

1. Don the hip waders or rubber boots and the H2S meter 

2. Lower the gas detector in to the pump chamber to check for the presence of H2S.  If the 

gas is present, leave the lid off the pump chamber for a period to allow the gas to 

exchange with the atmosphere then try again 

3. Place the ladder in the pump chamber so as not to disturb the tipping bucket 

4. Climb in to the pump chamber; careful not to disturb the tipping bucket 

5. Clean the end of the effluent pipe and the interior of the effluent pipe with the pipe 

cleaner. 

6. Remove any solids buildup from the outside of the effluent pipe 

7. Climb out of the pump chamber 

8. Record the time and date of the pipe cleaning 

9. Clean and put all equipment away 

Picture Taking Procedure 
Digital pictures of the CWs are taken (Camera Model: Panasonic DMC-FZ18) on a weekly basis to 

monitor plant growth and decay and snow cover.  A series of 9 pictures are taken from the same 

locations and in the same sequence, refer to Figure 5.  The pictures a downloaded to the 

portable hard drive where they are organized in dated folders. 
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Figure 5: CW Picture Taking Locations and Sequence 
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Appendix D Standard Sampling Procedure for the 
Ontario Rural Wastewater Centre’s Hybrid-
SSFCW systems 
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Sampling of Technologies 

The following standard operating procedure governs the collection and handling of samples for the two 

hybrid constructed wetlands (CW) installed at the Ontario Rural Wastewater Centre’s (ORWC) onsite 

wastewater testing facility.  

When conducting the following procedure, the analyst should be familiar with the Ontario Rural 

Wastewater Center (ORWC) Laboratory Quality Assurance / Quality Control Manual (ORWC, 2012). 

Sample Location  

Each wetland contains 6 separate sampling locations; 3 piezometers and 3 pump tanks.  The piezometer 

locations are to be sampled with the portable peristaltic pump.  Each pump tank contains a tipping 

bucket from which sample will be taken as described later in the document. 

 

Figure 1: Cross-Sectional Plan View of the ORWC Constructed Wetlands (Kinsley & Crolla, Final Report - Part B: ORWC 
Research Constructed Wetland, 2009) 

The type of sample required from each location is dictated by the WETLAND PROTOCOL which will 

require sampling for analyses for any or all of 11 separate parameters at each of the six locations.   

Table 1: Campus Wetland 1 Analysis Requests By Sample Location 

CW1 STE (1) P1 (1) P2 (1) P3 (1) HW (1) VW (1) 

TP x x x x x x 

O-PO4 x x x x x x 

NH3 x x x x x x 

NO3 x x x x x x 

TKN x 
  

x x x 

BOD x x x x x x 

COD x x x x x x 

TSS x x x x x x 
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E.coli x     x x x 
 

Table 2: Campus Wetland 2 Analysis Requests By Sample Location 

CW2 STE (2) P1(2) P2 (2) P3 (2) HW (2) VW (2) 

TP x x x x x x 

O-PO4 x x x x x x 

NH3 x x x x x x 

NO3 x 
  

x x x 

TKN x 
  

x x x 

BOD x x x x x x 

COD x x x x x x 

TSS x x x x x x 

E.coli x     x x x 
 

 

Table 3: CW Monitored Parameters and Their Associated Sample Types 

Parameter 
Sample 
Type 

Volume 
Required Bottle Size 

  
(mL) 

 pH NP1 

  Alkalinity NP1 
  TP Acid2 
  0-PO4 Acid2 

  NH3 Acid2 
  NO3 Acid2 
  TKN Acid2 
  cBOD5 NP1 
  COD Acid2 
  TSS NP1 
  E.Coli Bact.3 

  1 designates a non-preserve sample 
2designates an acid preserve sample which requires the addition of sulphuric acid (H2SO4) 
to preserve the sample nutrients 
3designates a bacterial sample which includes the addition of Sodium Thiosulphate to 
remove any residual chlorine. 

Sample Frequency 
Samples will be collected at the frequency defined by the WETLAND PROTOCOL.  The protocol contains 

a calendar outlining each sample day and the parameters to be sampled for.  Generally, the wetlands 

are sampled twice per week.  However, NOTE that the sampling day has a tolerance of ±1 day which 
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minimizes the need to collect samples on statutory holidays and allows flexibility in case of urgent CW 

maintenance. 

Sample Equipment 

1. Gloves 

2. As dictated by the sampling program, sample bottles which are: 

a. Clean and sterile (for bacteria analyses), 

b. of an appropriate size,  

c. with or without preservative (sodium thiosulphate or H2SO4 depending on 

analysis), and 

d. properly labeled. 

3. Portable peristaltic pump when piezometer locations are to be sampled. 

4. Yellow sampling buckets corresponding to each pump chamber to be sampled. 

5. 8ft ¼” rope and attached bolt snap for lowering the sampling buckets. 

6. Field Meter (YSI 556 MPS) 

7. Chain of custody form, clip board and pen  

Preparation for Sample Collection 

Sampler will: 

1. Understand the defined sampling plan for each CW and each individual sampling event. 

2. Label all sample bottles with a unique sample ID, date, time, location.   

 ORWC sample bottle label templates are available at Q:\RTT\Techniciennes de 
laboratoire\Templates\Sampling. 

 Defined sample collection volumes and sample preservation requirements for each 
analysis can be found in the ORWC Sample Requirements document in Appendix B and 
available at Q:\RTT\Techniciennes de laboratoire\Templates\Sample Tracking. 

3. Calibrate the Field Meter as per the ORWC Field Meter Calibration SOP. 

4. Wash hands. 

Handwashing Protocol 

Sampler will wash hands before and after performing field work to prevent contamination of samples 

and the spread of bacteria or other hazardous substances. 

Handwashing protocol adapted from Health Canada’s “Proper Handwashing” document (2010). 

1. Remove all jewelry, 

2. Wet hands and lather with regular soap for a minimum of 15 seconds, taking care to 

lather all surfaces and wash the front and back of hands as well as between fingers and 

under fingernails, 

3. Rinse hands well under warm water, 

4. Wipe hands dry using a clean towel or paper towel, 
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5. Turn off the tap using the towel to avoid re-contamination. 

Sample Collection 

Pump Chamber Samples 

Pump chamber samples (all STE, HW Special, and VW locations) are grab samples collected from the 

tipping bucket at each location.  

1. To collect a grab sample using the yellow sampling buckets:  

a. Connect the bolt snap of the 8ft rope to the loophole atop of the yellow sampling 

bucket corresponding to the current sampling location. 

b. Lower the sampling bucket next to the tipping bucket such that it will catch the water 

dumped when the bucket tips.   

c. Collect the water of one “tip” and draw the sampling bucket to the surface.  This water 

will be used as a rinse for the dilution bottle and the field meter’s probe. 

d. Fill the dilution bottle approximately ¾ with the sample water and submerge the field 

meter’s sample probe.  Be sure to twist or shake the probe slightly to remove any 

trapped air bubbles. 

e. Empty the sampling bucket to the pump chamber; take care not to dump water on the 

tipping bucket as this will adversely influence tip counts. 

f. Lower the sampling bucket, again, and collect enough “tips” to fill the sampling bucket 

just below the top. 

g. Return the sampling bucket to the surface and place on a level surface. 

h. Empty the dilution bottle to the pump chamber taking care not to dump water on the 

tipping bucket. 

i. Refill the dilution bottle to approximately ¾ with water from the sampling bucket and 

submerge the field meter’s probe.  Be sure to twist or shake the probe slightly to 

remove any trapped air bubbles. 

j. Fill then cap the required sample bottles with water from the sampling bucket. 

k. Check to see that the required parameters have stabilized on the field meter and record 

them in the Chain of Custody.  

l. Empty the dilution bottle and sampling bucket to the pump chamber taking care not to 

dump water on the tipping bucket. 

m. Complete sampling of all other required locations within the wetland. 

n. Ensure the completion of the Chain of Custody form and transport all samples to the 

Campus Wetland fridge in the RTT building. 

 

Piezometer Samples 

Piezometer samples (all P1, P2, and HW locations) are grab samples collected from the piezometers in 

the horizontal subsurface flow wetlands.  

1. To collect a grab sample using the portable peristaltic pump:  
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a. Remove the lids of the sample bottles corresponding to the current location. 

b. Remove the dust cap from the piezometer tube.   

c. Ensure the Probe Sensor Guard is properly fastened and submerge the field meter 

probe in the piezometer.  Move the probe up and down to remove any trapped air 

bubbles. 

d. Insert the metal end of the peristaltic pump so that the tip lies below the surface of the 

water but well above the bottom (to prevent collecting settled solids). 

e. Rinse the peristaltic pump’s lines by running the pump for 3 seconds after full flow 

discharge is achieved.  Note: discharge to the gravel adjacent the piezometer.  Note: If 

air bubbles are heard or otherwise observed in the piezometer, the pump is in reverse.  

The pump’s flow direction is changed with the switch above the trigger. 

f. Following a rinse, fill each sample bottle to the correct level then replace their caps. 

g. Reverse the pump direction, lift the metal tip just above the water level, and completely 

discharge the water within the pump. 

h. Check to see that the required parameters have stabilized on the field meter and record 

them in the Chain of Custody.  

i. Remove the field meter probe from the piezometer. 

j. Replace the piezometer dust cap. 

k. Complete sampling of all other required locations within the wetland. 

l. Ensure the completion of the Chain of Custody form and transport all samples to the 

Campus Wetland fridge in the RTT building. 

 

Cleanup and Maintenance of Sampling Equipment 

The yellow sampling buckets are to be brought to the Testing Facility workshop from the field for 
cleaning. The yellow sampling buckets will be triple rinsed with tap water; following the first rinse, any 
visible solids should be removed from the yellow sampling bucket surface by hand or with a brush.  The 
yellow sampling buckets will be dried open end down in a suitable location free of potential 
contaminants. 

The portable peristaltic pump is to be rinsed with tap water at full discharge for a minimum of 5 
seconds.  The pump’s tubing will then be purged for storage. 

Used gloves will be disposed of in the garbage.  

Sample Tracking 
The campus wetlands have their own binder containing chain of custody forms. This binder will be kept 

in the ORWC Environmental Quality Laboratory. 

Chain of Custody 

The Chain of Custody form will include the following information:  

 Unique sample IDs for each location sampled 

 Date, time, and location 
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 Field meter parameters 

 Sampler name(s) and initial(s) 

 Field Conditions 

 Analyses to be performed 

Log Book 

Each individual sample will be entered in to the ORWC Environmental Quality Laboratory’s digital Log 

Book.  Each entry in to the log book will contain sample ID, date taken, sample type information (acid 

preserve, non-preserve, and/or bacteria), the requested analyses, outstanding analyses, and the initials 

of the person who initially logged the sample.  The digital Log Book will be updated by the ORWC 

Environmental Quality Laboratory as analyses are completed. 
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Appendix E Hybrid-SSFCW System Sampling and Sample 
Analysis Schedule 

Table E.2 through E.6 contain the sampling schedule including the sampling dates, 

requested laboratory analyses, seasons, experimental flow regimes/hydraulic loadings 

intervals, for both hybrid-SSFCW systems at the Ontario Rural Wastewater Centre.  The 

experimental flow regimes used during the study are included in Table E.1 for reference.  

Also, note that NO3
-
-N was not usually requested for P1(2), P2(2), or P2(1) as previous 

studies suggest it is only present at background levels in these locations. 

Table E.1: The six experimental flow regimes/hydraulic loading conditions 

Experimental Flow 

Regime 

[#] 

Corresponding Wetland 
Recycle Ratio 

[R:Q]* 

Influent Rate 

[m
3
/d] 

1 CW (1) 1:1 2.8 

2 CW (1) 2:1 2.8 

3 CW (1) 3:1 2.8 

4 CW (2) 0 2.8 

5 CW (2) 0 5.6 

6 CW (2) 0 8.4 
*R=Recycle and Q=Influent 
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Table E.2: Winter 2012 Sampling and Analysis Schedule for CW(1) 

Season Sampling Date TP O-PO4
3-

-P NH4
+
-N NO3

-
-N TKN cBOD5 COD 

W
in

te
r 

1 December, 2011   x x x       

5 December, 2011 

  

x x 

 

x 

 8 December, 2011 

 

x x x 

   12 December, 2011 

  

x x 

 

x x 

15 December, 2011 x x x x x x x 

19 December, 2011 

  

x x x 

 

x 

22 December, 2011 

 

x x x x 

 

x 

2 January, 2012 

 

x x x 

 

x 

 5 January, 2012 

   

x 

   9 January, 2012 x x x x 

 

x 

 12 January, 2012 

   

x 

   16 January, 2012 

 

x x x 

 

x 

 19 January, 2012 

  

x x 

 

x x 

23 January, 2012 

 

x x x x x x 

26 January, 2012 

  

x x x x x 

30 January, 2012 x x x x x x x 

2 February, 2012 

   

x 

   6 February, 2012 

 

x x x 

 

x 

 9 February, 2012 

   

x 

   13 February, 2012 

 

x x x 

 

x 

 16 February, 2012 

   

x 

   20 February, 2012 x x x x 

 

x x 

23 February, 2012 

  

x x x x x 

27 February, 2012 

 

x x x x x x 

1 mars, 2012 

  

x x x x x 

5 mars, 2012 

 

x x x 

   8 mars, 2012 

   

x 

   12 mars, 2012 

 

x x x 

 

x 

 15 mars, 2012 

   

x 

   19 mars, 2012 x x x x 

 

x 

 22 mars, 2012 

  

x x 

 

x x 

26 mars, 2012 

 

x x x x x x 

30 mars, 2012 

  

x x x x x 

2 April, 2012   x x x x x x 
Note: Purple = Flow Regime 2; Orange = Flow Regime 1; Yellow = Flow Regime 3 
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Table E.3: Winter 2012 Sampling and Analysis Schedule for CW(2) 

Season Sampling Date TP O-PO4
3-

-P NH4
+
-N NO3

-
-N TKN cBOD5 COD 

W
in

te
r 

1 December, 2011   x x x       

5 December, 2011     x x   x   

8 December, 2011   x x x       

12 December, 2011     x x   x x 

15 December, 2011 x x x x x x x 

19 December, 2011     x x x   x 

22 December, 2011   x x x x   x 

2 January, 2012   x x x   x   

9 January, 2012 x x x x   x   

16 January, 2012   x x x   x   

19 January, 2012     x x x x x 

23 January, 2012   x x x x x x 

26 January, 2012     x x x x x 

30 January, 2012 x x x x x x x 

6 February, 2012   x x x   x   

13 February, 2012   x x x   x   

20 February, 2012 x x x x x x x 

23 February, 2012     x x x x x 

27 February, 2012   x x x x x x 

1 mars, 2012     x x x x x 

5 mars, 2012   x x x   x   

12 mars, 2012   x x x   x   

19 mars, 2012 x x x x   x   

22 mars, 2012     x x x x x 

26 mars, 2012   x x x x x x 

30 mars, 2012     x x x x x 

2 April, 2012   x x x x x x 
* Purple = Flow Regime 5; Orange = Flow Regime 4; Yellow = Flow Regime 6. 
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Table E.4: Spring 2012 Sampling and Analysis Schedule for CW(1) & C (2) 

Season Sampling Date TP O-PO4
3-

-P NH4
+
-N NO3

-
-N TKN cBOD5 COD 

S
p

ri
n
g
 

9 April, 2012 x x x x x x x 

17 April, 2012   x x x   x   

24 April, 2012   x x x   x   

1 May, 2012 x x x x x x x 

8 May, 2012   x x x   x   

15 May, 2012   x x x   x   

23 May, 2012 x x x x x x x 
Note: During the spring season, the treatment performance of both wetlands is simply monitored.  CW(1) 

was set to 100% recycle at 2.8 m
3
/d influent domestic wastewater and CW(2) was set to no recycle at 2.8 

m
3
/d influent domestic wastewater.  Neither system was monitored closely during this period to ensure the 

hydraulic loadings matched the setpoints 
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Table E.5: Summer 2012 Sampling and Analysis Schedule for CW(1) 

Season Sampling Date TP O-PO4
3-

-P NH4
+
-N NO3

-
-N TKN cBOD5 COD 

S
u
m

m
er

 

28-mai-12   x x x   x   

31-mai-12               

04-juin-12   x x x   x   

11-juin-12   x x x   x x 

15-juin-12     x x x   x 

20-juin-12   x x x x x x 

27-juin-12   x x x x x x 

03-juil-12   x x x x x x 

05-juil-12 x x x x x x x 

16-juil-12   x x x   x   

23-juil-12   x x x   x   

26-juil-12     x x x x x 

30-juil-12 x x x x x x x 

02-août-12     x x x x x 

06-août-12   x x x x x x 

13-août-12   x x x   x   

20-août-12 x x x x   x   

23-août-12     x x x x x 

27-août-12   x x x x x x 

30-août-12     x x x x x 

03-Sep-12 x x x x x x x 

10-Sep-12   x x x   x   

17-Sep-12  x x x x   x   

20-Sep-12       x   x x 

24-Sep-12   x x x x x x 

27-Sep-12   x x x x x x 

01-Oct-12 x x x x x x x 

 * Purple = Flow Regime 2; Orange = Flow Regime 1; Yellow = Flow Regime 3. 
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Table E.6: Summer 2012 Sampling and Analysis Schedule for CW(2) 

Season Sampling Date TP O-PO4
3-

-P NH4
+
-N NO3

-
-N TKN cBOD5 COD 

S
u
m

m
er

 

28-mai-12   x x x   x   

04-juin-12   x x x   x   

11-juin-12   x x x   x x 

15-juin-12     x x x   x 

20-juin-12   x x x x x x 

27-juin-12   x x x x x x 

03-juil-12   x x x x x x 

05-juil-12 x x x x x x x 

11-juil-12 x x x x x x x 

16-juil-12   x x x   x   

23-juil-12   x x x   x   

26-juil-12     x x x x x 

30-juil-12 x x x x x x x 

02-août-12     x x x x x 

06-août-12   x x x x x x 

13-août-12   x x x   x   

20-août-12 x x x x   x   

23-août-12     x x x x x 

27-août-12   x x x x x x 

30-août-12     x x x x x 

03-Sep-12 x x x x x x x 

10-Sep-12   x x x   x   

17-Sep-12  x x x x   x   

20-Sep-12       x   x x 

24-Sep-12   x x x x x x 

27-Sep-12   x x x x x x 

01-Oct-12 x x x x x x x 
* Purple = Flow Regime 5; Orange = Flow Regime 4; Yellow = Flow Regime 6. 
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Table E.7: CW(1) analysis request by sampling location 

CW(1) 
ST-

Effluent(1) 
P1(1) P2(1) P3(1) HW(1) VW(1) 

TP x x x x x x 

O-PO4
3-

-P x x x x x x 

NH4
+
-N x x x x x x 

NO3
-
-N x x 

 
x x x 

TKN x x x x x x 

cBOD5 x x x x x x 

COD x x x x x x 

 

Table E.8: CW(2) analysis requests by sampling location 

CW(2) 
ST-

Effluent(2) 
P1(2) P2(2) P3(2) HW(2) VW(2) 

TP x x x x x x 

O-PO4
3-

-P
 

x x x x x x 

NH3
+
-N x x x x x x 

NO3
-
-N x 

  
x x x 

TKN x x x x x x 

cBOD5 x x x x x x 

COD x x x x x x 
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Appendix F Tracer Study Analysis 

Br
-
 Standard Curve Development 

A standard curve was developed to easily convert mV readings given by Accument’s 

Bromide Combination Ion Selective Electrode (13-620-525).  Curve development 

required known concentration (standard) solutions.  The concentrations must bracket the 

concentrations of samples collected during the tracer studies.  Therefore 1, 5, 10, 25, 50, 

75, and 100 mg/L were used to develop the curves.  The mV readings for each solution 

were plotted on semi-log paper (mV vs. ln(Concentration)) and linearly regressed to 

create standard curves; the curves were rejected if R
2 

<0.995.  New standard curves were 

developed every 4-6 hr of analysis to prevent measurement error due to electrode drift.  

Table E.1 provides the standard curves used to analyze each tracer study sample.   

Table F.1: Tracer test calibration curves 

Tracer Test Calibration Curve Applicable Dates 

 mg-    
 /L = From: To: 

Winter 2012 
 (         )

      
 14/02/2012  4:00:00 AM 20/02/2012  8:20:00 AM 

Summer 2012 
 (         )

      
 18/08/2012  3:00:00 PM 22/08/2012  6:00:00 AM 

Summer 2012 
 (        )

      
 22/08/2012  9:00:00 AM 05/09/2012  3:00:00 PM 

Summer 2012 
 (         )

      
 06/09/2012  12:00:00 AM 08/09/2012  9:00:00 PM 

 

Results for analysis of tracer samples for Br
-
 

Each sample taken during the winter 2012 and summer 2012 tracer studies were analyzed 

for     
  using Accumet’s Bromide Combination Ion Selective Electrode (13-620-525).  

The standard curves from Table F.1 allowed easy conversion from mV reading to the 

concentrations shown in Table F.2 and Table F.3.  Note: acidifying each tracer sample for 

storage should have negated any interference from NH3 which is expected in the samples 
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due to the anaerobic/anoxic nature of horizontal subsurface flow constructed wetlands 

(USEPA, 1996). 
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Table F.2: Sample analysis results for the winter 2012 tracer study 

Time Elapsed Time Electrode Reading     
  Concentration 

[mm/dd/yy hh:mm] [hr] [mV] [mg/L] 

2/14/12 4:00 AM 0 144 1.4 

2/14/12 12:00 PM 8 145.9 1.3 

2/14/12 2:00 PM 10 142.7 1.5 

2/14/12 4:00 PM 12 118 4.3 

2/14/12 6:00 PM 14 94.2 12.0 

2/14/12 8:00 PM 16 72.7 30.1 

2/15/12 9:00 AM 29 57.3 58.2 

2/15/12 10:00 AM 30 58.6 55.0 

2/15/12 11:00 AM 31 58.4 55.5 

2/15/12 12:00 PM 32 58.8 54.6 

2/15/12 1:00 PM 33 59.3 53.4 

2/15/12 2:20 PM 34 67.4 59.7 

2/15/12 3:20 PM 35 68.1 57.9 

2/15/12 4:20 PM 36 69.3 55.0 

2/15/12 5:20 PM 37 70.2 52.9 

2/15/12 6:20 PM 38 72.3 48.3 

2/15/12 7:20 PM 39 72.1 48.7 

2/15/12 8:20 PM 40 72.6 47.6 

2/15/12 9:20 PM 41 73.8 45.2 

2/15/12 10:20 PM 42 74.3 44.3 

2/15/12 11:20 PM 43 76.6 40.1 

2/16/12 12:20 AM 44 78.1 37.5 

2/16/12 1:20 AM 45 78.9 36.3 

2/16/12 2:20 AM 46 80.4 34.0 

2/16/12 3:20 AM 47 81.4 32.5 

2/16/12 4:20 AM 48 83.8 29.3 

2/16/12 5:20 AM 49 85.2 27.6 

2/16/12 6:20 AM 50 86.4 26.2 

2/16/12 7:20 AM 51 88.4 24.0 

2/16/12 8:20 AM 52 89.1 23.3 

2/16/12 9:20 AM 53 90.9 21.5 

2/16/12 10:20 AM 54 91 21.5 

2/16/12 11:20 AM 55 92.3 20.3 

2/16/12 12:20 PM 56 91 13.7 

2/16/12 1:20 PM 57 92.8 12.7 

2/16/12 2:20 PM 58 94.1 12.0 

2/16/12 3:20 PM 59 95.4 11.4 

2/16/12 4:20 PM 60 96.1 11.0 
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Time Elapsed Time Electrode Reading     
  Concentration 

[mm/dd/yy hh:mm] [hr] [mV] [mg/L] 

2/16/12 5:20 PM 61 97.3 10.5 

2/16/12 6:20 PM 62 98.6 9.9 

2/17/12 9:20 AM 77 106.9 6.9 

2/17/12 10:20 AM 78 109.7 6.2 

2/17/12 11:20 AM 79 111.1 5.8 

2/17/12 12:20 PM 80 112.3 5.5 

2/17/12 1:20 PM 81 113.6 5.2 

2/17/12 2:20 PM 82 113.4 5.3 

2/17/12 3:20 PM 83 114.2 5.1 

2/17/12 4:20 PM 84 115.6 4.8 

2/17/12 5:20 PM 85 115.9 4.7 

2/17/12 6:20 PM 86 116.6 4.6 

2/17/12 7:20 PM 87 117.4 4.4 

2/17/12 8:20 PM 88 118.1 4.3 

2/17/12 9:20 PM 89 119.1 4.1 

2/17/12 10:20 PM 90 120.2 3.9 

2/17/12 11:20 PM 91 120.3 3.9 

2/18/12 12:20 AM 92 121.8 3.7 

2/18/12 1:20 AM 93 119.8 4.0 

2/18/12 2:20 AM 94 119.2 4.1 

2/18/12 3:20 AM 95 119.3 4.1 

2/18/12 4:20 AM 96 121.8 3.7 

2/18/12 5:20 AM 97 123.3 3.4 

2/18/12 6:20 AM 98 124.3 3.3 

2/18/12 8:20 AM 100 124.8 3.2 

2/18/12 9:20 AM 101 124.8 3.2 

2/18/12 10:20 AM 102 120.8 3.8 

2/18/12 11:20 AM 103 123.7 3.4 

2/18/12 12:20 PM 104 124.8 3.2 

2/18/12 1:20 PM 105 125.4 3.1 

2/18/12 2:20 PM 106 126.5 3.0 

2/18/12 3:20 PM 107 128.3 2.8 

2/18/12 4:20 PM 108 129.5 2.6 

2/18/12 5:20 PM 109 129.5 2.6 

2/18/12 6:20 PM 110 130.8 2.5 

2/18/12 10:20 PM 114 133.5 2.2 

2/18/12 11:20 PM 115 127.4 2.9 

2/19/12 12:20 AM 116 131.3 2.4 

2/19/12 1:20 AM 117 131.3 2.4 

2/19/12 2:20 AM 118 133.5 2.2 
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Time Elapsed Time Electrode Reading     
  Concentration 

[mm/dd/yy hh:mm] [hr] [mV] [mg/L] 

2/19/12 3:20 AM 119 134.3 2.1 

2/19/12 4:20 AM 120 135.4 2.0 

2/19/12 5:20 AM 121 136.7 1.9 

2/19/12 8:20 AM 124 136.2 2.0 

2/20/12 8:20 AM 148 137.4 1.9 
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Table F.3: Sample analysis results for the summer 2012 tracer study 

Time Elapsed Time Electrode Reading     
  Concentration 

[mm/dd/yy hh:mm] [hr] [mV] [mg/L] 

8/18/12 3:00 PM 0 112.2 4.3 

8/18/12 6:00 PM 3 113.4 4.1 

8/20/12 6:00 AM 15 119.7 3.1 

8/20/12 9:00 AM 18 116.2 3.6 

8/20/12 12:00 PM 21 113.6 4.1 

8/20/12 3:00 PM 24 116.8 3.6 

8/20/12 6:00 PM 27 99.5 7.6 

8/20/12 9:00 PM 30 97.6 8.2 

8/22/12 12:00 AM 33 94.8 9.3 

8/22/12 3:00 AM 36 89.4 11.8 

8/22/12 6:00 AM 39 85.7 13.9 

8/22/12 9:00 AM 42 74.2 22.7 

8/22/12 3:00 PM 48 62.4 39.7 

8/22/12 6:00 PM 51 62.8 39.0 

8/22/12 9:00 PM 54 61.8 40.9 

8/24/12 12:00 AM 57 61.6 41.3 

8/24/12 3:00 AM 60 58.4 48.1 

8/24/12 6:00 AM 63 56.4 52.9 

8/24/12 9:00 AM 66 55.6 54.9 

8/24/12 12:00 PM 69 52.8 62.7 

8/24/12 3:00 PM 72 51.8 65.8 

8/24/12 6:00 PM 75 52.8 62.7 

8/24/12 9:00 PM 78 53.5 60.7 

8/26/12 12:00 AM 81 54 59.3 

8/26/12 3:00 AM 84 52.9 62.4 

8/26/12 6:00 AM 87 55.3 55.7 

8/26/12 9:00 AM 90 56.3 53.1 

8/26/12 12:00 PM 93 53.9 59.5 

8/26/12 3:00 PM 96 55.8 54.4 

8/26/12 6:00 PM 99 57.3 50.6 

8/26/12 9:00 PM 102 58 49.0 

8/28/12 12:00 AM 105 58.8 47.2 

8/28/12 3:00 AM 108 61.2 42.1 

8/28/12 6:00 AM 111 61.3 41.9 

8/28/12 9:00 AM 114 61.8 40.9 

8/28/12 12:00 PM 117 65 35.1 

8/28/12 3:00 PM 120 61.8 40.9 

8/28/12 6:00 PM 123 66.6 32.5 
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Time Elapsed Time Electrode Reading     
  Concentration 

[mm/dd/yy hh:mm] [hr] [mV] [mg/L] 

8/28/12 9:00 PM 126 67.1 31.8 

8/30/12 12:00 AM 129 70.1 27.5 

8/30/12 3:00 AM 132 71.1 26.3 

8/30/12 6:00 AM 135 71.6 25.6 

8/30/12 9:00 AM 138 73.6 23.3 

8/30/12 12:00 PM 141 73.6 23.3 

8/30/12 9:00 PM 150 72.8 24.2 

9/1/12 12:00 AM 153 76.9 19.9 

9/1/12 3:00 AM 156 76.3 20.5 

9/1/12 6:00 AM 159 75.4 21.4 

9/1/12 9:00 AM 162 79.1 18.0 

9/1/12 12:00 PM 165 80.6 16.7 

9/1/12 3:00 PM 168 79.6 17.5 

9/1/12 6:00 PM 171 80.9 16.5 

9/1/12 9:00 PM 174 87.9 11.8 

9/3/12 12:00 AM 177 83.6 14.5 

9/3/12 3:00 AM 180 84.9 13.6 

9/3/12 6:00 AM 183 86.1 12.9 

9/3/12 9:00 AM 186 86.1 12.9 

9/3/12 12:00 PM 189 85 13.6 

9/3/12 3:00 PM 192 84.1 14.2 

9/3/12 6:00 PM 195 86.6 12.6 

9/3/12 9:00 PM 198 80.6 16.7 

9/5/12 12:00 AM 201 83.4 14.6 

9/5/12 3:00 AM 204 84.9 13.6 

9/5/12 6:00 AM 207 88.4 11.5 

9/5/12 9:00 AM 210 85.1 13.5 

9/5/12 12:00 PM 213 88.6 11.4 

9/5/12 3:00 PM 216 90.8 10.3 

9/6/12 12:00 AM 225 80.9 13.7 

9/6/12 3:00 AM 228 88.4 9.7 

9/6/12 6:00 AM 231 85.3 11.2 

9/6/12 9:00 AM 234 87.9 9.9 

9/6/12 12:00 PM 237 89.8 9.1 

9/6/12 3:00 PM 240 87.8 9.9 

9/6/12 6:00 PM 243 90.1 8.9 

9/6/12 9:00 PM 246 86.3 10.7 

9/7/12 12:00 AM 249 89.1 9.4 

9/7/12 3:00 AM 252 91.8 8.3 

9/7/12 6:00 AM 255 91.3 8.5 
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Time Elapsed Time Electrode Reading     
  Concentration 

[mm/dd/yy hh:mm] [hr] [mV] [mg/L] 

9/7/12 9:00 AM 258 91.6 8.3 

9/7/12 12:00 PM 261 89.9 9.0 

9/7/12 3:00 PM 264 89.1 9.4 

9/7/12 6:00 PM 267 91.3 8.5 

9/7/12 9:00 PM 270 90.4 8.8 

9/8/12 12:00 AM 273 87.9 9.9 

9/8/12 3:00 AM 276 90.7 8.7 

9/8/12 6:00 AM 279 90.3 8.9 

9/8/12 9:00 AM 282 93.9 7.5 

9/8/12 12:00 PM 285 90.1 8.9 

9/8/12 3:00 PM 288 90.4 8.8 

9/8/12 6:00 PM 291 93.4 7.7 

9/8/12 9:00 PM 294 91.1 8.5 
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Method for τ, N, and ε Determination 

τ, N, and ε were determined following a method adapted from Edward L. Marsteiner 

(1997) for application with the Tanks-In-Series hydraulic model from Kadlec & Wallace 

(2009): 

1. Split the tracer residence time distribution in to discrete time intervals (Δt). 

2. Determine the average concentration for each time interval using a combination 

of the 1/3 Simpson’s Rule and the Trapezoid Rule. Be sure to subtract background 

BR
-
 concentrations 

 

 
                

  

 
 ( (    )    (  )   (    )) 

                
  

 
 ( (      )   (      )) 

3. Normalize the DTD by dividing each concentration by the sum of average 

concentrations determined in the previous step (The area under the normalized 

DTD curve should be 1): 

                   ( )   
  

∫     
 

 

   
   

∑     
 

 

Where Q = hourly hydraulic loading rate [m
3
/hr] (assumed to be constant). 

4. Calculate Gamma DTD for each time interval using an initial estimate for N and 

τ: 

 ( )   
 

  ( )
(
  

 
)
   

    (
   

 
) 

Where: Γ(N) = gamma function of N [hr
-1

] which may be calculated in Excel
® 

using EXP(GAMMALN()) 

5. Use Microsoft Excel
®

`s Solver to determine N and τ that minimize the SSQE 

between the Gamma DTD and the normalized DTD data for each time interval. 

     ∑( ( )     ( )) 
 

   

 

6. Calculate ε using: 
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Where A = wetland surface area [m
2
], h = water column depth [m]. 

 

Data and Gamma DTD Calculations 

The following tables illustrate the calculations which led to the determination of N, 

hydraulic retention time (τ), and porosity (ε) for both the winter 2012 and summer 2012 

tracer studies.  Note that “C” represents     
  concentrations.      

  Concentrations must 

be adjusted to exclude background concentrations.  Background concentrations were 

defined for each tracer study as the initial     
  concentrations before the tracer reached 

the horizontal subsurface wetland outlet. 
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Table F.4: Winter 2012 tracer test calculations 

Background (C*) = 1.4 [mg/L] N ≈ 5.6  Porosity ≈ 0.36 
Tracer Added = 0.78±0.02 [kg] τ ≈ 36.3 [hr]   
Recovery = 91%  Q = 8.4 [m3/d]   

Elapsed 
Time Δt C (C-C*) (C-C*)Δt 

Data 
DTD 

Gamma 
DTD SSQE 

[hrs] [hrs] [mg/L] [mg/L] [kg/(L/hr)] [1/hr] [1/hr]   

0 - 1.4 0.0 - - - - 

8 8 1.3 -0.1 0 0 1.95E-03 3.78E-06 

10 2 1.5 0.1 0 0 3.98E-03 1.58E-05 

12 2 4.3 2.9 0.007 1.83E-03 6.74E-03 2.42E-05 

14 2 12.0 10.6 0.025 6.05E-03 1.00E-02 1.60E-05 

16 2 30.1 28.7 0.057 1.40E-02 1.36E-02 1.67E-07 

29 13 58.2 56.8 0.647 2.44E-02 2.81E-02 1.36E-05 

30 1 55.0 53.6 0.054 2.66E-02 2.82E-02 2.39E-06 

31 1 55.5 54.1 0.054 2.64E-02 2.81E-02 2.63E-06 

32 1 54.6 53.2 0.053 2.61E-02 2.78E-02 3.07E-06 

33 1 53.4 52.0 0.053 2.61E-02 2.75E-02 1.78E-06 

34 1 59.7 58.3 0.076 2.80E-02 2.68E-02 1.28E-06 

35 1 57.9 56.5 0.056 2.77E-02 2.62E-02 2.01E-06 

36 1 55.0 53.6 0.054 2.64E-02 2.56E-02 6.57E-07 

37 1 52.9 51.5 0.051 2.51E-02 2.48E-02 6.15E-08 

38 1 48.3 46.9 0.048 2.34E-02 2.40E-02 3.55E-07 

39 1 48.7 47.3 0.047 2.31E-02 2.32E-02 5.32E-09 

40 1 47.6 46.2 0.046 2.26E-02 2.23E-02 9.33E-08 

41 1 45.2 43.8 0.044 2.16E-02 2.14E-02 6.76E-08 

42 1 44.3 42.9 0.042 2.08E-02 2.05E-02 1.08E-07 

43 1 40.1 38.7 0.039 1.91E-02 1.95E-02 1.56E-07 

44 1 37.5 36.1 0.036 1.78E-02 1.86E-02 5.31E-07 

45 1 36.3 34.9 0.035 1.70E-02 1.76E-02 3.66E-07 

46 1 34.0 32.6 0.033 1.61E-02 1.67E-02 4.21E-07 

47 1 32.5 31.1 0.031 1.51E-02 1.58E-02 4.35E-07 

48 1 29.3 27.9 0.028 1.38E-02 1.49E-02 1.16E-06 

49 1 27.6 26.2 0.026 1.29E-02 1.40E-02 1.33E-06 

50 1 26.2 24.8 0.025 1.21E-02 1.32E-02 1.18E-06 

51 1 24.0 22.6 0.023 1.12E-02 1.24E-02 1.34E-06 

52 1 23.3 21.9 0.022 1.07E-02 1.16E-02 8.60E-07 

53 1 21.5 20.1 0.020 1.00E-02 1.08E-02 6.61E-07 

54 1 21.5 20.1 0.020 9.76E-03 1.01E-02 1.31E-07 

55 1 20.3 18.9 0.018 8.83E-03 9.43E-03 3.63E-07 

56 1 13.7 12.3 0.013 6.51E-03 8.78E-03 5.16E-06 

57 1 12.7 11.3 0.011 5.58E-03 8.16E-03 6.64E-06 
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Elapsed 
Time Δt C (C-C*) (C-C*)Δt 

Data 
DTD 

Gamma 
DTD SSQE 

[hrs] [hrs] [mg/L] [mg/L] [kg/(L/hr)] [1/hr] [1/hr]   

58 1 12.0 10.6 0.011 5.22E-03 7.57E-03 5.53E-06 

59 1 11.4 10.0 0.010 4.92E-03 7.02E-03 4.39E-06 

60 1 11.0 9.6 0.010 4.71E-03 6.49E-03 3.17E-06 

61 1 10.5 9.1 0.009 4.46E-03 6.00E-03 2.39E-06 

62 1 9.9 8.5 0.012 5.79E-03 5.54E-03 6.06E-08 

77 15 6.9 5.5 0.082 2.70E-03 1.48E-03 1.49E-06 

78 1 6.2 4.8 0.005 2.37E-03 1.34E-03 1.06E-06 

79 1 5.8 4.4 0.004 2.17E-03 1.22E-03 8.94E-07 

80 1 5.5 4.1 0.004 2.02E-03 1.11E-03 8.26E-07 

81 1 5.2 3.8 0.004 1.90E-03 1.01E-03 7.99E-07 

82 1 5.3 3.9 0.004 1.88E-03 9.13E-04 9.29E-07 

83 1 5.1 3.7 0.004 1.80E-03 8.27E-04 9.43E-07 

84 1 4.8 3.4 0.003 1.68E-03 7.49E-04 8.70E-07 

85 1 4.7 3.3 0.003 1.63E-03 6.78E-04 8.99E-07 

86 1 4.6 3.2 0.003 1.56E-03 6.13E-04 9.02E-07 

87 1 4.4 3.0 0.003 1.49E-03 5.54E-04 8.76E-07 

88 1 4.3 2.9 0.003 1.42E-03 5.00E-04 8.45E-07 

89 1 4.1 2.7 0.003 1.33E-03 4.51E-04 7.79E-07 

90 1 3.9 2.5 0.003 1.26E-03 4.07E-04 7.20E-07 

91 1 3.9 2.5 0.002 1.22E-03 3.67E-04 7.19E-07 

92 1 3.7 2.3 0.002 1.16E-03 3.31E-04 6.89E-07 

93 1 4.0 2.6 0.003 1.26E-03 2.98E-04 9.19E-07 

94 1 4.1 2.7 0.003 1.32E-03 2.68E-04 1.10E-06 

95 1 4.1 2.7 0.003 1.29E-03 2.41E-04 1.09E-06 

96 1 3.7 2.3 0.002 1.13E-03 2.17E-04 8.32E-07 

97 1 3.4 2.0 0.002 1.01E-03 1.95E-04 6.62E-07 

98 1 3.3 1.9 0.002 9.56E-04 1.75E-04 6.09E-07 

100 2 3.2 1.8 0.004 9.52E-04 1.41E-04 6.57E-07 

101 1 3.2 1.8 0.002 9.46E-04 1.27E-04 6.71E-07 

102 1 3.8 2.4 0.002 1.11E-03 1.14E-04 9.87E-07 

103 1 3.4 2.0 0.002 9.97E-04 1.02E-04 8.01E-07 

104 1 3.2 1.8 0.002 9.03E-04 9.13E-05 6.59E-07 

105 1 3.1 1.7 0.002 8.51E-04 8.18E-05 5.92E-07 

106 1 3.0 1.6 0.002 7.79E-04 7.32E-05 4.98E-07 

107 1 2.8 1.4 0.001 6.83E-04 6.55E-05 3.81E-07 

108 1 2.6 1.2 0.001 6.19E-04 5.86E-05 3.14E-07 

109 1 2.6 1.2 0.001 5.96E-04 5.24E-05 2.96E-07 

110 1 2.5 1.1 0.001 5.57E-04 4.68E-05 2.60E-07 

114 4 2.2 0.8 0.003 4.26E-04 2.98E-05 1.57E-07 

115 1 2.9 1.5 0.001 6.39E-04 2.66E-05 3.75E-07 
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Elapsed 
Time Δt C (C-C*) (C-C*)Δt 

Data 
DTD 

Gamma 
DTD SSQE 

[hrs] [hrs] [mg/L] [mg/L] [kg/(L/hr)] [1/hr] [1/hr]   

116 1 2.4 1.0 0.001 5.48E-04 2.37E-05 2.75E-07 

117 1 2.4 1.0 0.001 4.94E-04 2.11E-05 2.23E-07 

118 1 2.2 0.8 0.001 4.16E-04 1.88E-05 1.58E-07 

119 1 2.1 0.7 0.001 3.65E-04 1.68E-05 1.21E-07 

120 1 2.0 0.6 0.001 3.18E-04 1.50E-05 9.16E-08 

121 1 1.9 0.5 0.001 2.91E-04 1.33E-05 7.70E-08 

124 3 2.0 0.6 0.001 2.42E-04 9.38E-06 5.42E-08 

148 24 1.9 0.5 0.012 2.41E-04 5.23E-07 5.80E-08 

Sum: 
   

2.037 
  

1.32E-04 
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Table F.5: Summer 2012 tracer test calculations 

Background (C*) = 3.8 [mg/L] N ≈ 5.2  Porosity ≈ 0.34 
Tracer Added = 0.78±0.02 [kg] τ ≈ 101.4 [hr]   
Recovery = 84%  Q = 2.8 [m3/d]   

Elapsed 
Time Δt C (C-C*) (C-C*)Δt Data DTD 

Gamma 
DTD SSQE 

[hrs] [hrs] [mg/L] [mg/L] [kg/(L/hr)] [1/hr] [1/hr] 
 0 - 4.3 0.5 - - - - 

3 3 4.1 0.3 0 0 5.47E-07 2.996E-13 

15 12 3.1 -0.7 0 0 2.47E-04 6.109E-08 

18 3 3.6 -0.2 0 0 4.54E-04 2.064E-07 

21 3 4.1 0.3 0 0 7.42E-04 5.510E-07 

24 3 3.6 -0.3 0 0 1.11E-03 1.238E-06 

27 3 7.6 3.8 0.010 5.74E-04 1.56E-03 9.750E-07 

30 3 8.2 4.4 0.014 8.05E-04 2.08E-03 1.627E-06 

33 3 9.3 5.5 0.017 1.03E-03 2.66E-03 2.660E-06 

36 3 11.8 8.0 0.024 1.42E-03 3.28E-03 3.467E-06 

39 3 13.9 10.1 0.034 2.00E-03 3.93E-03 3.728E-06 

42 3 22.7 18.9 0.060 3.56E-03 4.60E-03 1.093E-06 

48 6 39.7 35.9 0.200 5.95E-03 5.92E-03 8.832E-10 

51 3 39.0 35.2 0.107 6.37E-03 6.54E-03 3.035E-08 

54 3 40.9 37.1 0.110 6.58E-03 7.12E-03 2.952E-07 

57 3 41.3 37.5 0.116 6.89E-03 7.66E-03 6.014E-07 

60 3 48.1 44.2 0.132 7.85E-03 8.15E-03 8.721E-08 

63 3 52.9 49.0 0.146 8.68E-03 8.57E-03 1.350E-08 

66 3 54.9 51.1 0.156 9.31E-03 8.93E-03 1.415E-07 

69 3 62.7 58.9 0.174 1.04E-02 9.22E-03 1.358E-06 

72 3 65.8 62.0 0.183 1.09E-02 9.45E-03 2.077E-06 

75 3 62.7 58.9 0.177 1.06E-02 9.62E-03 8.855E-07 

78 3 60.7 56.9 0.171 1.02E-02 9.72E-03 2.109E-07 

81 3 59.3 55.4 0.169 1.00E-02 9.77E-03 7.779E-08 

84 3 62.4 58.6 0.171 1.02E-02 9.76E-03 1.824E-07 

87 3 55.7 51.9 0.158 9.40E-03 9.69E-03 8.653E-08 

90 3 53.1 49.3 0.152 9.08E-03 9.58E-03 2.507E-07 

93 3 59.5 55.7 0.161 9.62E-03 9.43E-03 3.540E-08 

96 3 54.4 50.6 0.152 9.08E-03 9.24E-03 2.360E-08 

99 3 50.6 46.8 0.142 8.43E-03 9.01E-03 3.343E-07 

102 3 49.0 45.2 0.135 8.07E-03 8.76E-03 4.749E-07 

105 3 47.2 43.3 0.128 7.65E-03 8.48E-03 6.918E-07 

108 3 42.1 38.3 0.117 6.98E-03 8.19E-03 1.447E-06 

111 3 41.9 38.1 0.114 6.78E-03 7.88E-03 1.203E-06 

114 3 40.9 37.1 0.109 6.48E-03 7.55E-03 1.144E-06 
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Elapsed 
Time Δt C (C-C*) (C-C*)Δt Data DTD 

Gamma 
DTD SSQE 

[hrs] [hrs] [mg/L] [mg/L] [kg/(L/hr)] [1/hr] [1/hr] 
 117 3 35.1 31.3 0.100 5.94E-03 7.22E-03 1.652E-06 

120 3 40.9 37.1 0.104 6.21E-03 6.89E-03 4.671E-07 

123 3 32.5 28.7 0.090 5.36E-03 6.55E-03 1.423E-06 

126 3 31.8 28.0 0.082 4.89E-03 6.22E-03 1.751E-06 

129 3 27.5 23.7 0.073 4.33E-03 5.89E-03 2.420E-06 

132 3 26.3 22.5 0.068 4.03E-03 5.56E-03 2.328E-06 

135 3 25.6 21.8 0.065 3.85E-03 5.24E-03 1.923E-06 

138 3 23.3 19.5 0.060 3.56E-03 4.93E-03 1.879E-06 

141 3 23.3 19.5 0.060 3.60E-03 4.62E-03 1.047E-06 

150 9 24.2 20.4 0.178 3.54E-03 3.78E-03 5.989E-08 

153 3 19.9 16.1 0.051 3.03E-03 3.53E-03 2.488E-07 

156 3 20.5 16.7 0.050 2.99E-03 3.28E-03 8.184E-08 

159 3 21.4 17.6 0.051 3.02E-03 3.05E-03 1.034E-09 

162 3 18.0 14.1 0.044 2.59E-03 2.83E-03 5.454E-08 

165 3 16.7 12.9 0.040 2.37E-03 2.62E-03 6.314E-08 

168 3 17.5 13.7 0.040 2.40E-03 2.42E-03 6.826E-10 

171 3 16.5 12.7 0.036 2.16E-03 2.24E-03 6.667E-09 

174 3 11.8 8.0 0.028 1.65E-03 2.06E-03 1.732E-07 

177 3 14.5 10.7 0.030 1.80E-03 1.90E-03 9.900E-09 

180 3 13.6 9.8 0.029 1.76E-03 1.75E-03 3.320E-11 

183 3 12.9 9.1 0.028 1.64E-03 1.61E-03 9.659E-10 

186 3 12.9 9.1 0.028 1.64E-03 1.48E-03 2.583E-08 

189 3 13.6 9.7 0.029 1.74E-03 1.36E-03 1.467E-07 

192 3 14.2 10.3 0.030 1.78E-03 1.24E-03 2.921E-07 

195 3 12.6 8.8 0.029 1.74E-03 1.14E-03 3.574E-07 

198 3 16.7 12.9 0.036 2.12E-03 1.04E-03 1.167E-06 

201 3 14.6 10.8 0.033 1.97E-03 9.50E-04 1.031E-06 

204 3 13.6 9.8 0.029 1.72E-03 8.67E-04 7.292E-07 

207 3 11.5 7.7 0.025 1.50E-03 7.91E-04 5.037E-07 

210 3 13.5 9.7 0.027 1.61E-03 7.21E-04 7.916E-07 

213 3 11.4 7.6 0.023 1.39E-03 6.56E-04 5.362E-07 

216 3 10.3 6.5 0.022 1.30E-03 5.97E-04 4.880E-07 

225 9 13.7 9.9 0.078 1.55E-03 4.47E-04 1.213E-06 

228 3 9.7 5.9 0.020 1.21E-03 4.05E-04 6.480E-07 

231 3 11.2 7.3 0.021 1.23E-03 3.67E-04 7.457E-07 

234 3 9.9 6.1 0.018 1.10E-03 3.33E-04 5.890E-07 

237 3 9.1 5.3 0.017 9.90E-04 3.01E-04 4.742E-07 

240 3 9.9 6.1 0.017 1.04E-03 2.72E-04 5.888E-07 

243 3 8.9 5.1 0.017 9.97E-04 2.46E-04 5.646E-07 

246 3 10.7 6.8 0.019 1.13E-03 2.22E-04 8.301E-07 
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Elapsed 
Time Δt C (C-C*) (C-C*)Δt Data DTD 

Gamma 
DTD SSQE 

[hrs] [hrs] [mg/L] [mg/L] [kg/(L/hr)] [1/hr] [1/hr] 
 249 3 9.4 5.5 0.017 9.98E-04 2.00E-04 6.356E-07 

252 3 8.3 4.5 0.014 8.34E-04 1.81E-04 4.270E-07 

255 3 8.5 4.6 0.014 8.21E-04 1.63E-04 4.332E-07 

258 3 8.3 4.5 0.014 8.33E-04 1.47E-04 4.712E-07 

261 3 9.0 5.2 0.015 9.21E-04 1.32E-04 6.223E-07 

264 3 9.4 5.5 0.016 9.55E-04 1.19E-04 6.987E-07 

267 3 8.5 4.6 0.015 8.68E-04 1.07E-04 5.790E-07 

270 3 8.8 5.0 0.015 9.16E-04 9.62E-05 6.719E-07 

273 3 9.9 6.1 0.017 1.02E-03 8.64E-05 8.703E-07 

276 3 8.7 4.9 0.015 9.13E-04 7.76E-05 6.984E-07 

279 3 8.9 5.0 0.014 8.56E-04 6.97E-05 6.191E-07 

282 3 7.5 3.7 0.012 7.43E-04 6.25E-05 4.625E-07 

285 3 8.9 5.1 0.015 8.70E-04 5.60E-05 6.623E-07 

288 3 8.8 5.0 0.015 8.64E-04 5.02E-05 6.624E-07 

291 3 7.7 3.9 0.013 7.50E-04 4.50E-05 4.973E-07 

294 3 8.5 4.7 0.013 7.67E-04 4.03E-05 5.288E-07 

Sum: 
   

5.595 
  

6.411E-05 
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Appendix G HW and VW Modeled Wastewater Component Concentrations 

Table G.1: Relaxed-TIS and k-C* model predicted cBOD5, COD and TSS concentrations across the hybrid-SSFCWs 

Wetland Condition Run Period Contaminant 

Predicted Concentration [mg/L] 

k-C* TIS A B C 

P1 P2 HW-Eff. P1 P2 HW-Eff. VW-Eff.a 

CW(1) R=200% Dec 1 - 23, 2011 cBOD5 20 11 8 21 15 11 3 3 3 

CW(1) R=100% Jan 6 -30, 2012 cBOD5 50 27 19 48 32 21 5 5 5 

CW(1) R=300% Feb 1 - Mar 2, 2012 cBOD5 47 30 22 43 31 23 6 6 6 

CW(1) R=200% Mar 3 - Apr 3, 2012 cBOD5 31 15 10 32 21 14 3 3 3 

CW(1) R=200% Jun 5 - Jul 5, 2012 cBOD5 4 2 2 20 9 5 2 2 2 

CW(1) R=300% Jul 6 - Aug 7, 2012 cBOD5 4 2 2 17 8 5 2 2 2 

CW(1) R=100% Aug 8 - Sep 4, 2012 cBOD5 2 2 2 13 5 4 2 2 2 

CW(1) R=200% Sep 5 - Oct 2, 2012 cBOD5 9 2 2 26 12 7 2 2 2 

CW(2) 2Q Dec 1 - 23, 2011 cBOD5 57 20 11 66 37 21 4 5 5 

CW(2) 1Q Jan 6 -30, 2012 cBOD5 39 12 6 45 23 13 3 4 4 

CW(2) 3Q Feb 1 - Mar 2, 2012 cBOD5 72 42 30 68 47 33 9 10 10 

CW(2) 2Q Mar 3 - Apr 3, 2012 cBOD5 53 22 13 56 33 20 4 4 4 

CW(2) 2Q Jun 5 - Jul 5, 2012 cBOD5 3 2 2 27 10 5 2 3 3 

CW(2) 3Q Jul 6 - Aug 7, 2012 cBOD5 3 2 2 26 10 5 2 3 3 

CW(2) 1Q Aug 8 - Sep 4, 2012 cBOD5 2 2 2 11 5 4 2 2 2 

CW(2) 2Q Sep 5 - Oct 2, 2012 cBOD5 8 2 2 39 15 7 2 3 3 

CW(1) R=200% Dec 1 - 23, 2011 COD 54 39 32 59 47 39 24 23 23 

CW(1) R=100% Jan 6 -30, 2012 COD 144 99 79 140 90 63 46 41 41 

CW(1) R=300% Feb 1 - Mar 2, 2012 COD 110 79 64 109 76 56 40 36 36 

CW(1) R=200% Mar 3 - Apr 3, 2012 COD 127 85 67 124 79 55 35 33 33 

CW(1) R=200% Jun 5 - Jul 5, 2012 COD 102 47 29 110 56 38 38 37 38 

CW(1) R=300% Jul 6 - Aug 7, 2012 COD 78 37 24 85 48 36 39 39 39 
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Wetland Condition Run Period Contaminant 

Predicted Concentration [mg/L] 

k-C* TIS A B C 

P1 P2 HW-Eff. P1 P2 HW-Eff. VW-Eff.a 

CW(1) R=100% Aug 8 - Sep 4, 2012 COD 69 16 7 115 46 33 36 36 36 

CW(1) R=200% Sep 5 - Oct 2, 2012 COD 84 43 29 91 52 38 35 34 34 

CW(2) 2Q Dec 1 - 23, 2011 COD 208 132 99 195 110 69 36 33 33 

CW(2) 1Q Jan 6 -30, 2012 COD 138 65 41 152 75 47 36 32 32 

CW(2) 3Q Feb 1 - Mar 2, 2012 COD 134 98 80 129 88 64 59 55 55 

CW(2) 2Q Mar 3 - Apr 3, 2012 COD 193 120 89 183 103 65 45 42 42 

CW(2) 2Q Jun 5 - Jul 5, 2012 COD 161 59 32 178 70 41 57 59 59 

CW(2) 3Q Jul 6 - Aug 7, 2012 COD 137 52 29 150 63 39 54 55 55 

CW(2) 1Q Aug 8 - Sep 4, 2012 COD 30 3 1 118 41 31 46 47 47 

CW(2) 2Q Sep 5 - Oct 2, 2012 COD 152 64 38 161 70 42 46 45 46 

CW(1) R=200%a Dec 1 - 23, 2011 TSS 66 56 51 58 44 37 - - - 

CW(1) R=100%a Jan 6 -30, 2012 TSS 181 150 134 138 87 60 - - - 

CW(1) R=300%a Feb 1 - Mar 2, 2012 TSS 138 118 108 108 73 54 - - - 

CW(1) R=200%a Mar 3 - Apr 3, 2012 TSS 153 120 103 122 76 52 - - - 

CW(1) R=200%a Jun 5 - Jul 5, 2012 TSS 68 29 20 107 53 35 - - - 

CW(1) R=300%a Jul 6 - Aug 7, 2012 TSS 44 21 16 83 45 33 - - - 

CW(1) R=100%a Aug 8 - Sep 4, 2012 TSS 27 14 13 112 43 30 - - - 

CW(1) R=200%a Sep 5 - Oct 2, 2012 TSS 71 36 26 88 49 35 - - - 

CW(2) 2Qb Dec 1 - 23, 2011 TSS 249 183 152 193 107 66 - - - 

CW(2) 1Qb Jan 6 -30, 2012 TSS 216 147 117 149 72 43 - - - 

CW(2) 3Qb Feb 1 - Mar 2, 2012 TSS 161 136 123 127 85 61 - - - 

CW(2) 2Qb Mar 3 - Apr 3, 2012 TSS 236 174 144 181 100 62 - - - 

CW(2) 2Qb Jun 5 - Jul 5, 2012 TSS 82 26 17 174 67 37 - - - 

CW(2) 3Qb Jul 6 - Aug 7, 2012 TSS 58 20 15 147 60 36 - - - 

CW(2) 1Qb Aug 8 - Sep 4, 2012 TSS 15 13 13 114 38 28 - - - 
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Wetland Condition Run Period Contaminant 

Predicted Concentration [mg/L] 

k-C* TIS A B C 

P1 P2 HW-Eff. P1 P2 HW-Eff. VW-Eff.a 

CW(2) 2Qb Sep 5 - Oct 2, 2012 TSS 107 41 26 158 67 39 - - - 
a Three kinetic models were used to model VW-Effluent concentrations; A=first-order CSTR modelling results, B=Single Monod CSTR modelling results, and C=Double Monod 

CSTR modelling results. 
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Table G.2: Modelled TKN, NH4
+
-N, and NO3-N concentrations at sampling locations across the 

hybrid-SSFCW 

Wetland Condition Run Period Contaminant 

Predicted Concentration  
[mg/L] 

   
VW-Eff.* 

P1 P2 HW-Eff. A B C 

CW(1) R=200% Dec 1 - 23, 2011 NH4
+-N 10 10 10 4 5 5 

CW(1) R=100% Jan 6 -30, 2012 NH4
+-N 14 14 14 6 8 8 

CW(1) R=300% Feb 1 - Mar 2, 2012 NH4
+-N 14 14 14 5 7 7 

CW(1) R=200% Mar 3 - Apr 3, 2012 NH4
+-N 11 11 11 4 4 4 

CW(1) R=200% Jun 5 - Jul 5, 2012 NH4
+-N 14 14 14 3 0 0 

CW(1) R=300% Jul 6 - Aug 7, 2012 NH4
+-N 13 13 13 3 1 0 

CW(1) R=100% Aug 8 - Sep 4, 2012 NH4
+-N 26 26 26 3 0 0 

CW(1) R=200% Sep 5 - Oct 2, 2012 NH4
+-N 14 14 14 3 1 1 

CW(2) 2Q Dec 1 - 23, 2011 NH4
+-N 19 19 19 9 17 16 

CW(2) 1Q Jan 6 -30, 2012 NH4
+-N 23 23 23 8 19 19 

CW(2) 3Q Feb 1 - Mar 2, 2012 NH4
+-N 26 26 26 10 20 20 

CW(2) 2Q Mar 3 - Apr 3, 2012 NH4
+-N 17 17 17 7 14 14 

CW(2) 2Q Jun 5 - Jul 5, 2012 NH4
+-N 29 29 29 5 11 11 

CW(2) 3Q Jul 6 - Aug 7, 2012 NH4
+-N 30 30 30 7 18 18 

CW(2) 1Q Aug 8 - Sep 4, 2012 NH4
+-N 36 36 36 3 0 0 

CW(2) 2Q Sep 5 - Oct 2, 2012 NH4
+-N 27 27 27 7 19 18 

CW(1) R=200% Dec 1 - 23, 2011 TKN 17 17 17 7 7 7 

CW(1) R=100% Jan 6 -30, 2012 TKN 20 20 20 7 9 8 

CW(1) R=300% Feb 1 - Mar 2, 2012 TKN 20 20 20 7 8 7 

CW(1) R=200% Mar 3 - Apr 3, 2012 TKN 16 16 16 5 4 3 

CW(1) R=200% Jun 5 - Jul 5, 2012 TKN 19 19 19 4 1 1 

CW(1) R=300% Jul 6 - Aug 7, 2012 TKN 19 19 19 5 4 4 

CW(1) R=100% Aug 8 - Sep 4, 2012 TKN 29 29 29 3 0 0 

CW(1) R=200% Sep 5 - Oct 2, 2012 TKN 17 17 17 5 3 2 

CW(2) 2Q Dec 1 - 23, 2011 TKN 32 32 32 15 24 24 

CW(2) 1Q Jan 6 -30, 2012 TKN 33 33 33 11 20 20 

CW(2) 3Q Feb 1 - Mar 2, 2012 TKN 41 41 41 14 23 23 

CW(2) 2Q Mar 3 - Apr 3, 2012 TKN 30 30 30 10 15 15 

CW(2) 2Q Jun 5 - Jul 5, 2012 TKN 41 41 41 8 12 12 

CW(2) 3Q Jul 6 - Aug 7, 2012 TKN 43 43 43 10 20 20 

CW(2) 1Q Aug 8 - Sep 4, 2012 TKN 44 44 44 5 0 0 

CW(2) 2Q Sep 5 - Oct 2, 2012 TKN 35 35 35 10 17 17 

CW(1) R=200% Dec 1 - 23, 2011 NO3
--N N/A N/A N/A 7 6 6 

CW(1) R=100% Jan 6 -30, 2012 NO3
--N N/A N/A N/A 8 6 6 

CW(1) R=300% Feb 1 - Mar 2, 2012 NO3
--N N/A N/A N/A 8 7 7 

CW(1) R=200% Mar 3 - Apr 3, 2012 NO3
--N N/A N/A N/A 6 7 7 

CW(1) R=200% Jun 5 - Jul 5, 2012 NO3
--N N/A N/A N/A 10 13 13 

CW(1) R=300% Jul 6 - Aug 7, 2012 NO3
--N N/A N/A N/A 10 12 11 

CW(1) R=100% Aug 8 - Sep 4, 2012 NO3
--N N/A N/A N/A 14 17 16 
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CW(1) R=200% Sep 5 - Oct 2, 2012 NO3
--N N/A N/A N/A 9 10 10 

CW(2) 2Q Dec 1 - 23, 2011 NO3
--N N/A N/A N/A 16 6 6 

CW(2) 1Q Jan 6 -30, 2012 NO3
--N N/A N/A N/A 21 12 11 

CW(2) 3Q Feb 1 - Mar 2, 2012 NO3
--N N/A N/A N/A 16 7 7 

CW(2) 2Q Mar 3 - Apr 3, 2012 NO3
--N N/A N/A N/A 15 10 9 

CW(2) 2Q Jun 5 - Jul 5, 2012 NO3
--N N/A N/A N/A 23 18 17 

CW(2) 3Q Jul 6 - Aug 7, 2012 NO3
--N N/A N/A N/A 28 17 17 

CW(2) 1Q Aug 8 - Sep 4, 2012 NO3
--N N/A N/A N/A 35 39 38 

CW(2) 2Q Sep 5 - Oct 2, 2012 NO3
--N N/A N/A N/A 21 13 13 

*Three kinetic CSTR models were used to calculate VW-Effluent concentrations; A = first-order CSTR modelling 

results, B = Single-Substrate Monod CSTR modelling results, and C = Double-Substrate Monod CSTR modelling 

results. 
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Appendix H Vertical Wetland Denitrification Rate 
Constant Determination 

Within VW NO3
-
-N may be consumed in denitrification, but it is also formed through 

nitrification.  To find the NO3
-
-N removal rates (denitrification). TKN is the sum of 

organic-N and NH4
+
-N, therefore transformation of organic-N and NH4

+
-N may be 

lumped in to the TKN removal rate constant (with the assumption that any intermediate 

steps are not rate-limiting).  Denitrification rate constants forNO3-N consumption is 

represented by the three equations below. 
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The half saturation constants required for Monod kinetics are taken from Saeed and Sun 

(2011a):           =0.05 [mg/L],          =0.14 [mg/L] and         = 0.2 [mg/L].  

         is assumed equivalent to         .  
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Table H.1: Modelled NO3-N concentrations at sampling locations across the CWs 

Wetland Condition Run Period Contaminant 

Predicted Concentration [mg/L] 

   
VW-Eff.* 

P1 P2 HW-Eff. A B C 

CW(1) R=200% Dec 1 - 23, 2011 NO3 N/A N/A N/A 6 7 6 

CW(1) R=100% Jan 6 -30, 2012 NO3 N/A N/A N/A 7 7 7 

CW(1) R=300% Feb 1 - Mar 2, 2012 NO3 N/A N/A N/A 8 8 8 

CW(1) R=200% Mar 3 - Apr 3, 2012 NO3 N/A N/A N/A 6 8 8 

CW(1) R=200% Jun 5 - Jul 5, 2012 NO3 N/A N/A N/A 10 14 13 

CW(1) R=300% Jul 6 - Aug 7, 2012 NO3 N/A N/A N/A 10 12 12 

CW(1) R=100% Aug 8 - Sep 4, 2012 NO3 N/A N/A N/A 14 18 17 

CW(1) R=200% Sep 5 - Oct 2, 2012 NO3 N/A N/A N/A 8 11 11 

CW(2) 2Q Dec 1 - 23, 2011 NO3 N/A N/A N/A 14 7 7 

CW(2) 1Q Jan 6 -30, 2012 NO3 N/A N/A N/A 19 13 13 

CW(2) 3Q Feb 1 - Mar 2, 2012 NO3 N/A N/A N/A 14 8 8 

CW(2) 2Q Mar 3 - Apr 3, 2012 NO3 N/A N/A N/A 14 11 10 

CW(2) 2Q Jun 5 - Jul 5, 2012 NO3 N/A N/A N/A 22 19 18 

CW(2) 3Q Jul 6 - Aug 7, 2012 NO3 N/A N/A N/A 26 18 17 

CW(2) 1Q Aug 8 - Sep 4, 2012 NO3 N/A N/A N/A 33 39 37 

CW(2) 2Q Sep 5 - Oct 2, 2012 NO3 N/A N/A N/A 18 14 14 
*Three kinetic models were used to model VW-Effluent concentrations; A=first-order CSTR modelling results, 

B=Single Monod CSTR modelling results, and C=Double Monod CSTR modelling results. 
 

  
Figure H.1: First-order, single substrate Monod, and multiple substrate Monod kinetics applied to 

single CSTR model for predicting TKN, NH4
+
-N, and NO3-N VW outlet concentrations.  The plots 

indicate the correlation between field wastewater parameter concentrations and those predicted by 

the three kinetic models. 
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Appendix I Paired t-test results comparing TP and O-
PO43--P concentrations at all sampling 
locations across the hybrid-SSFCWs 
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Table I.1: 95% confidence interval paired t-test analysis comparing TP and O-PO4
3-

-P at all 

sampling locations within the hybrid-SSFCWs 

Note:All paired t-test analyses performed using the Data Analysis Toolpak in Microsoft 

Excel
®

 2010. 

Location: STE(1) 
   

Location: STE(2) 
  t-Test: Paired Two Sample for Means 

 
t-Test: Paired Two Sample for Means 

       

  
Variable 

1 
Variable 

2 
 

  
Variable 

1 
Variable 

2 

Mean 4.861071 4.205 
 

Mean 4.658621 3.938966 

Variance 1.807714 1.174315 
 

Variance 1.639684 1.121124 

Observations 28 28 
 

Observations 29 29 

Pearson Correlation 0.919033 
  

Pearson Correlation 0.851272 
 Hypothesized Mean 

Difference 0 
  

Hypothesized Mean 
Difference 0 

 df 27 
  

df 28 
 t Stat 6.296619 

  
t Stat 5.761603 

 P(T<=t) one-tail 4.86E-07 
  

P(T<=t) one-tail 1.74E-06 
 t Critical one-tail 1.703288 

  
t Critical one-tail 1.701131 

 P(T<=t) two-tail 9.72E-07 
  

P(T<=t) two-tail 3.48E-06 
 t Critical two-tail 2.051831   

 
t Critical two-tail 2.048407   

       Location: P1(1) 
   

Location: P1(2) 
  t-Test: Paired Two Sample for Means 

 
t-Test: Paired Two Sample for Means 

       

  
Variable 

1 
Variable 

2 
 

  
Variable 

1 
Variable 

2 

Mean 2.922857 2.850714 
 

Mean 3.85931 3.908793 

Variance 0.730325 0.66677 
 

Variance 2.205571 2.427321 

Observations 28 28 
 

Observations 29 29 

Pearson Correlation 0.948973 
  

Pearson Correlation 0.974541 
 Hypothesized Mean 

Difference 0 
  

Hypothesized Mean 
Difference 0 

 df 27 
  

df 28 
 t Stat 1.416182 

  
t Stat -0.75941 

 P(T<=t) one-tail 0.084078 
  

P(T<=t) one-tail 0.226976 
 t Critical one-tail 1.703288 

  
t Critical one-tail 1.701131 

 P(T<=t) two-tail 0.168156 
  

P(T<=t) two-tail 0.453951 
 t Critical two-tail 2.051831   

 
t Critical two-tail 2.048407   

       Location: P2(1) 
   

Location: P2(2) 
  t-Test: Paired Two Sample for Means 

 
t-Test: Paired Two Sample for Means 
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Variable 

1 
Variable 

2 
 

  
Variable 

1 
Variable 

2 

Mean 2.640714 2.659286 
 

Mean 4.231034 4.178103 

Variance 0.611274 0.637927 
 

Variance 1.920974 1.742194 

Observations 28 28 
 

Observations 29 29 

Pearson Correlation 0.946596 
  

Pearson Correlation 0.97209 
 Hypothesized Mean 

Difference 0 
  

Hypothesized Mean 
Difference 0 

 df 27 
  

df 28 
 t Stat -0.37971 

  
t Stat 0.87352 

 P(T<=t) one-tail 0.353567 
  

P(T<=t) one-tail 0.194905 
 t Critical one-tail 1.703288 

  
t Critical one-tail 1.701131 

 P(T<=t) two-tail 0.707134 
  

P(T<=t) two-tail 0.38981 
 t Critical two-tail 2.051831   

 
t Critical two-tail 2.048407   

       Location: P3(1) 
   

Location: P3(2) 
  t-Test: Paired Two Sample for Means 

 
t-Test: Paired Two Sample for Means 

       

  
Variable 

1 
Variable 

2 
 

  
Variable 

1 
Variable 

2 

Mean 0.942037 0.906667 
 

Mean 1.089286 1.040179 

Variance 0.410116 0.445838 
 

Variance 0.785103 0.839519 

Observations 27 27 
 

Observations 28 28 

Pearson Correlation 0.992928 
  

Pearson Correlation 0.95644 
 Hypothesized Mean 

Difference 0 
  

Hypothesized Mean 
Difference 0 

 df 26 
  

df 27 
 t Stat 2.229749 

  
t Stat 0.97083 

 P(T<=t) one-tail 0.017307 
  

P(T<=t) one-tail 0.170125 
 t Critical one-tail 1.705618 

  
t Critical one-tail 1.703288 

 P(T<=t) two-tail 0.034614 
  

P(T<=t) two-tail 0.34025 
 t Critical two-tail 2.055529   

 
t Critical two-tail 2.051831   

       Location: HW-
Special(1) 

   
Location: HW-Special(2) 

 t-Test: Paired Two Sample for Means 
 

t-Test: Paired Two Sample for Means 

       

  
Variable 

1 
Variable 

2 
 

  
Variable 

1 
Variable 

2 

Mean 2.150417 2.137917 
 

Mean 3.695682 3.569091 

Variance 0.584761 0.559556 
 

Variance 1.165734 1.250066 

Observations 24 24 
 

Observations 22 22 

Pearson Correlation 0.923244 
  

Pearson Correlation 0.885674 
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Hypothesized Mean 
Difference 0 

  

Hypothesized Mean 
Difference 0 

 df 23 
  

df 21 
 t Stat 0.206326 

  
t Stat 1.127164 

 P(T<=t) one-tail 0.419176 
  

P(T<=t) one-tail 0.136194 
 t Critical one-tail 1.713872 

  
t Critical one-tail 1.720743 

 P(T<=t) two-tail 0.838352 
  

P(T<=t) two-tail 0.272388 
 t Critical two-tail 2.068658   

 
t Critical two-tail 2.079614   

       Location: VW(1) 
   

Location: VW(2) 
  t-Test: Paired Two Sample for Means 

 
t-Test: Paired Two Sample for Means 

       

  
Variable 

1 
Variable 

2 
 

  
Variable 

1 
Variable 

2 

Mean 1.341786 1.415357 
 

Mean 1.882414 1.951034 

Variance 0.55446 0.59327 
 

Variance 1.080033 1.20981 

Observations 28 28 
 

Observations 29 29 

Pearson Correlation 0.963827 
  

Pearson Correlation 0.971032 
 Hypothesized Mean 

Difference 0 
  

Hypothesized Mean 
Difference 0 

 df 27 
  

df 28 
 t Stat -1.89623 

  
t Stat -1.39765 

 P(T<=t) one-tail 0.034339 
  

P(T<=t) one-tail 0.086597 
 t Critical one-tail 1.703288 

  
t Critical one-tail 1.701131 

 P(T<=t) two-tail 0.068679 
  

P(T<=t) two-tail 0.173194 
 t Critical two-tail 2.051831   

 
t Critical two-tail 2.048407   
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Appendix J Field Total Phosphorus and Ortho-
Phosphate Results for each Sampling 
Location within the Hybrid-SSFCW 

The following figures illustrate total phosphorus (TP) and ortho-phosphate (O-PO4
3-

-P) 

field results proved to be near identical at each sampling location within the Ontario 

Rural Wastewater Centre’s hybrid-SSFCW systems throughout the study.  Since TP and 

O-PO4
3-

-P concentrations were consistently near equivalent, it was safe to conclude that 

nearly 100% of the phosphorus present across the hybrid-SSFCW systems was present in 

the dissolved phosphate form. 
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Figure J.1: TP and corresponding O-PO4
3-

-P concentrations from each sampling location within the 

hybrid-SSFCW systems 

 

 

2.00

4.00

6.00

8.00

10.00

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: STE(1) TP

O-PO4

2.00

4.00

6.00

8.00

10.00

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: STE(2) TP

O-PO4

2.00

3.00

4.00

5.00

6.00

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: P1(1) TP

O-PO4

2.00

4.00

6.00

8.00

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: P1(2) TP

O-PO4



 

193 

 

 

 

2.00

3.00

4.00

5.00

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: P2(1) TP

O-PO4

3.00

4.00

5.00

6.00

7.00

8.00

01/06/2011 30/08/2011 28/11/2011 26/02/2012 26/05/2012 24/08/2012

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: P2(2) TP

O-PO4

0.00

1.00

2.00

3.00

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: P3(1) 

TP

O-PO4

0.00

1.00

2.00

3.00

4.00

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: P3(2) TP

O-PO4



 

194 

 

  

 

 

0

1

2

3

4

5

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: HW-Effluent(1) TP

O-PO4

2

3

4

5

6

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: HW-Effluent(2) TP

O-PO4

0.00

1.00

2.00

3.00

4.00

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: VW-Effluent(1)  TP

O-PO4

0.00

1.00

2.00

3.00

4.00

01/06/11 30/08/11 28/11/11 26/02/12 26/05/12 24/08/12

P
h

o
sp

h
o

ru
s 

C
o

n
ce

n
tr

at
io

n
 

[m
g-

P
/L

] 

Date [dd/mm/yy] 

Location: VW-Effluent(2) TP
O-PO4


	page 1
	Rode_Jedediah_201309_MSc
	Rode_Jedediah_201309_Msc
	SOP - Campus Wetland Operation - for Thesis
	Rode_Jedediah_201309_Msc
	SOP - Campus Weltand Sampling - For Thesis
	Rode_Jedediah_201309_Msc


