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Abstract 

This thesis consists of work investigating the causes of and solutions to elevated pH in secondary 

facultative wastewater stabilization ponds (WSPs). Loyalist Township, Ontario, operates a water pollution 

control plant that employs three facultative WSPs that have experienced elevated pH levels in the summer 

months due to excessive algae growth. In efforts to comply with a regulated effluent pH of 9.5, the 

township commissioned this research group at Queen’s University to provide a scientifically proven 

solution to address this issue. Three studies are presented in this thesis that contribute to interventions that 

address the elevated pH.  

The first study examined the feasibility of using WSP sediments already present at the WPCP as a 

planting substrate for a proposed free water surface constructed wetland. Lab-scale experiments 

conducted under continuous and batch flow conditions demonstrated that the sediments were able to 

provide pH attenuation of domestic and synthetic wastewater without causing effluents to exceed 

regulatory compliance for other water quality parameters.  

The second study involved a 29-day field scale monitoring program that examined spatial and 

temporal water quality patterns in the first WSP at the WPCP. Results demonstrated that NO3
- and PO4

3- 

were removed within the WSP, and that pH, DO, alkalinity, and total NH3 increased within the WSP. It 

was found that spatial heterogeneity in temperature, pH, and dissolved oxygen exists within the pond, 

possibly due to the presence of epipelic filamentous algae (Oedogonium) and submerged macrophytes 

(Myriophyllum, Potamogeton.  

The third study presented a novel approach to numerically model WSPs that attempted to 

reproduce the pH, DO, NO3
-, total alkalinity, and PO4

3- observations taken in 2014. The model was the 

first of its kind to model pH dynamics in a WSP in the presence of filamentous algae and submerged 

macrophytes. The calibrated model was used to test the effect of increased NH4
+ loading, organics 

loading, the removal of macrophytes, and the removal of the baffle to seasonal effluent pH levels. 
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Increased loading of NH4
+ and organics to the system was shown to produce the largest reduction in 

seasonal pH levels. 
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Chapter 1 

Introduction 

1.1 Background 

The advent of the first sewage collection systems, concurrent with the growth of cities in 

the late nineteenth century, introduced the necessity and challenges related to appropriate 

wastewater management for both engineers and city planners. The isolation, concentration, and 

diversion of wastewater from the public space improved public health significantly during this 

time period, particularly in urban areas. Today, this diversion practice is applied in both domestic 

and industrial settings in the form of wastewater infrastructure and produces concentrated sources 

of liquid waste that must be managed appropriately. Prior to the start of the twentieth century, 

domestic wastes were generated at sufficiently low rates such that it could be spread over the land 

without major environmental problems. However, as cities and populations began to grow, it 

became apparent that some form of pre-treatment was required before the wastewater was 

discharged into a receiving body in order to not exceed the carrying capacity of the receiving 

environment (Henze, 2008). Throughout the rest of the twentieth century, scientists and engineers 

worked to improve wastewater treatment technologies in order to continue to prevent public 

health risks and prevent environmental degradation. Although the importance of adequate 

wastewater treatment is widely known amongst global policy makers (Libhaber and Orozco-

Jaramillo, 2012), not all domestic wastewater effluents are adequately treated (EPA, 2014; 

Gomes and Ebrary, 2009; WWAP, 2012). 

When not adequately treated, domestic wastewaters contribute concentrated amounts of 

nutrients such as organic matter, nitrogen, and phosphorous that can either be directly toxic to 

ecosystems, or lead to significant shifts in the ecological balance, such as in the case of 

eutrophication (Naylor et al., 2003; Yates and Prasher, 2009). An emerging concern is the 
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presence of pharmaceuticals and personal care products, such as hormones and medications, in 

both industrial and domestic wastewater, as current treatment methods are in their infancy and the 

environmental impacts of these contaminants are poorly characterized (Li et al., 2014). 

Uncontrolled domestic wastewater discharges to receiving environments represents one 

of the most widespread sources of water contamination globally, and represents the largest source 

of wastewater in Canada by volume, with contributions from over 1118 municipalities 

(Environment Canada, 2001; Wallace, 2013). There exists a risk to human health where water 

bodies are used both as wastewater repositories and water supplies (Metcalf and Eddy, 2003). 

Communities that divert wastewater directly into receiving environments are at higher risks of 

contracting diseases such as cholera or experiencing E. coli outbreaks when human waste 

containing fecal matter comes into contact with freshwater drinking sources such as groundwater 

wells, streams, rivers, or lakes. Consequently, it is imperative that communities both large and 

small develop strategies for the safe collection and management of domestic wastewater to 

mitigate risks to both local ecosystems and public health. 

The type of wastewater treatment employed by a community depends on the density of 

the population, level of economic development, technical capacity, and system of government, 

and should be locally appropriate considering the local environment, culture, and resources 

(Gomes and Ebrary, 2009). Larger communities will generally employ more sophisticated 

engineered systems to improve the quality of wastewater effluents prior to discharge into the 

environment. Commonly, these systems involve some level of screening or filtering for the 

removal of debris and larger particles (primary treatment), followed by biological treatment to 

consume organic matter (secondary treatment), a nutrient reduction step (tertiary), and finally a 

disinfection process for the removal of pathogens (Metcalf and Eddy, 2003). This type of 

approach may not be appropriate or necessary for smaller communities. Instead, smaller 

communities (in the United States ~5000 inhabitants (USEPA, 1983)) will often use passive, low-
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cost wastewater management solutions, such as wastewater stabilization ponds (WSPs) and 

constructed wetlands (CWs) (Melcer et al., 1995; Shammas et al., 2009; Steinmann et al., 2003; 

Tsalkatidou et al., 2009). These types of solutions are appropriate for small-scale centralized 

wastewater treatment because they are relatively simple to design and maintain, and possess low 

investment and operating costs while being able to meet WHO standards for irrigation (Sah et al., 

2012). The use of WSPs and CWs is particularly relevant to communities producing relatively 

simple wastewaters at low loading rates, but are also employed in some industrial applications 

(Shammas et al., 2009). 

The study of passive wastewater treatment systems is of interest due to the complex 

system dynamics through which they provide treatment (Kayombo, 2005). The performance of 

WSPs is in part dependent on numerous environmental conditions (Keffala et al., 2013; Ouali et 

al., 2014) and influent flow characteristics (Shammas et al., 2009). Additionally, they exhibit 

unique challenges with respect to their long-term performance (Gschlößl et al., 1998; Wallace et 

al., 2016), as they may change naturally over time in a manner that may not be conducive to their 

particular application (Alvarado et al., 2012; Shammas et al., 2009). Use of these systems in 

urban areas is also restricted as they commonly require high land usage (Duncan Mara and 

Pearson, 1998).  As such, there is a strong push to improve the design and performance of these 

systems, develop a better understanding of how they operate, and reduce their operational 

challenges. 

1.2 Scope of Studies 

The water pollution control plant (WPCP) in Amherstview, Ontario, is a medium-sized 

(<2,500 m3/d - 17,500 m3/d flow rate (CCME, 2009)) facility that employs both active and 

passive wastewater treatment (Gore and Storrie, 1997). The facility is managed by Loyalist 

Township, operated by the Ontario Clean Water Agency, and serves a population of 

approximately 11,000 with a treatment capacity of 5700 m3/d (Gore and Storrie, 1995). Plant 
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construction began in 1964 and originally consisted of four facultative lagoons having a 

combined area of 17.7 hectares. In 1991, the system was upgraded to improve the level of 

treatment and currently employs secondary wastewater treatment including an activated sludge 

operation known as the Sutton process. Only three of the original lagoons remain in operation and 

have a combined area of 11.42 hectares and an operating treatment volume of 180,500 m3. The 

certificate of approval for the WPCP specifies an effluent pH upper limit of 9.5 (TRG, 2008), 

which is commonly exceeded in the summer months, with effluent pH levels as high as 11. 

Coincident with the elevated pH levels are thick and expansive mats of filamentous green algae 

found predominately in the first lagoon (lagoon two) and sparsely in the second lagoon (lagoon 

one). It is hypothesized that excessive algal growth and corresponding photosynthetic activity are 

the cause of the elevated pH. To address this issue it is proposed that a free water surface 

constructed wetland (FWS CW) be constructed in place of the third and final lagoon (lagoon 

four) to attenuate the elevated pH levels. 

CWs are used to treat a variety of wastewater constituents including emergent 

compounds, organic material, and nutrients such as certain forms of phosphorous and nitrogen 

(Dordio and Carvalho, 2013; García et al., 2010; USEPA, 2000; Vymazal, 2011), but it is less 

common for them to be applied in the mitigation of elevated pH levels. Both experience and 

scientific literature have provided evidence for pH reduction across wetlands (Duncan et al., 

1999; Gschlößl et al., 1998; Mayes et al., 2009a; Mayes et al., 2009b; Mayes et al., 2006; Naylor 

et al., 2003). However, there is limited information in the literature describing the treatment 

mechanisms within FWS CWs that would contribute to the attenuation of elevated pH levels. 

This thesis is focused in part on investigating the influence of WSP sediments on the water 

quality in elevated pH wastewaters to aid other investigations into the selection of an appropriate 

FWS CW planting substrate. 



5 

 

The cause of elevated pH is a critical element to consider in the design and operation of 

combined WSP-CW treatment systems. Although the theory has been well established, field-scale 

and numerical investigations that describe the pH dynamics resulting from prolific algae growth 

within secondary WSPs are limited (Sah et al., 2012; Sah et al., 2011). This research thesis seeks 

to investigate, through observations, analysis, and numerical modeling, the cause of the elevated 

pH levels that originate in the first WSP, lagoon two. 

In this thesis, Chapter 2 presents a review of passive treatment systems including WSPs 

and CWs for the treatment of domestic wastewater. The nature of the domestic wastewater, 

physical features of the passive systems, and their mechanisms of treatment are discussed. A brief 

review regarding the use of wetland systems for the attenuation of pH is also provided. The 

application of hydrodynamic and water quality models for the prediction of the WSP treatment 

performance is also discussed and reviewed. An overview of the theory involving the use of 

Delft3D software for this purpose is discussed. 

Chapter 3 presents a laboratory investigation focused on the use of the sediments present 

in lagoon four as a planting substrate for the CW and on their effect on water quality. The study 

examines the application of these sediments in both unplanted bench-scale FWS CW and a batch 

column reactor. Analysis of sediment composition is presented along with water quality data 

resulting from experiments using both the continuous and batch flow apparatus, where synthetic 

wastewater and domestic wastewater was contact with the sediments, respectively.  

Recommendations are presented regarding the suitability of these sediments as a planting 

substrate in the implementation of a FWS CW at the Amherstview WPCP. 

Chapter 4 presents data from a 29-day monitoring study of the water quality dynamics of 

the second WSP between September 16 and October 14, 2014. WSP treatment performance, 

spatial water quality, and environmental conditions during the study period are reported. A 
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discussion of the potential influence of macroalgae and submerged aquatic vegetation on the 

water quality of the second WSP is offered.  

Chapter 5 presents a three-dimensional coupled hydrodynamic and water quality 

numerical model that attempts to reproduce the observations discussed in Chapter 4. The 

programs FLOW and WAQ of the Delft3D modelling suite are employed using flow rate, 

weather, bathymetry, and water quality data collected between September 16 and October 14, 

2014. The chapter focuses on describing the impact of submerged macrophytes and filamentous 

green macroalgae on the heterogeneity of the water quality parameters throughout the pond and 

their contributions to high effluent pH levels. The model presents one of the first case studies 

where the Delft3D submerged aquatic vegetation (SAV) is used in a freshwater environment, and 

model interpretations offer options for managing pH levels in wastewater stabilization ponds. 

Chapter 6 presents conclusions regarding each of the studies and their contribution to 

applied science. Appendix A presents a summary of the parameters, and state variables used in 

the FLOW and WAQ models. Appendix B provides ArcMap prediction maps generated from 

dissolved oxygen, pH, and temperature data collected from lagoon two for each day between 

September 16th and October 14th, 2014. Appendix C provides plots demonstrating the 

development of Oedogonium biomass throughout the base case WSP simulation, on May 21, July 

10, August 29, and October 18. 
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Chapter 2 

Literature review 

2.1 Introduction 

Municipal wastewater represents one of the largest single sources of wastewater by 

volume in Canada (Environment Canada, 2001), and the improper discharge of wastewater can 

have serious impacts on both receiving environments and human health. Excessive nutrient 

loading from wastewater discharged into receiving waters can result in excessive growth of algae 

and other aquatic plants, dominating ecosystems and driving water bodies into a state of 

eutrophication (Carpenter et al., 1998; Wetzel, 1975). Compounds such as ammonia, nitrate, 

nitrite, and chlorine residuals are commonly found in wastewater effluents and can be detrimental 

to aquatic life (Camargo et al., 2005; Metcalf and Eddy, 2003; Tchobanoglous and Schroeder, 

1985). Fecal coliforms and other disease causing agents originating in wastewater can enter 

drinking water sources and endanger human health (Crockett, 2007).  

Wastewater treatment is applied to ensure the protection of public health and the 

environment, and the degree of treatment required in each case is dependent on many factors and 

is subject to variability. Possible wastewater contaminants vary with the nature of local 

community and commercial or industrial activities. Therefore, it is generally not practical to 

apply and enforce the same discharge limits and treatment technologies in all cases, although 

national standards for all Canadian wastewater treatment facilities are enforced for total 

suspended solids (TSS), five day carbonaceous biological oxygen demand (BOD5), unionized 

ammonia and total residual chlorine (CCME, 2009; Government of Canada, 2016). In addition to 

the characteristics of the influent wastewater, the size of the facility and the nature of the 

receiving environment are also key factors in the establishment of regulatory discharge 

requirements (CCME, 2009). As smaller communities typically have smaller tax bases, more 
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limited resources and a higher abundance of unused land, they tend to employ passive wastewater 

treatment strategies such as wastewater stabilization ponds (WSPs) and constructed wetlands 

(CWs) (Gschlößl et al., 1998; Mara and Johnson, 2007; Steinmann et al., 2003). These solutions 

are generally appealing because they are relatively low cost, low maintenance, and simple to 

operate (Kayombo, 2005) 

Both WSPs and CWs are designed predominately to address wastewater constituents 

such as biological oxygen demand (BOD), total suspended solids, organic nitrogen, total Kjeldahl 

nitrogen (TKN), inorganic phosphorous and organic phosphorous (Cameron et al., 2003). WSPs 

may also be used as a polishing treatment for disinfection purposes (Maynard et al., 1999; 

Shammas et al., 2009; Von Sperling, 2005), while CWs may be employed for the attenuation of 

both reduced and elevated pH levels (Mayes et al., 2009a; Vymazal and Kröpfelová, 2008). 

Algae play a critical role in the removal of wastewater constituents within WSPs 

(Mahapatra et al.,  2013). In some cases however, WSPs may experience excessive algal growth, 

particularly in the summer months. This can cause the development of high pH, chemical oxygen 

demand (COD) and TSS (Gschlößl et al., 1998). Solutions to this problem such as the 

construction of a reed bed or constructed wetland have been suggested and in some cases 

implemented with success (Cameron et al., 2003; Duncan et al., 1999; Gschlößl et al., 1998; 

Steinmann et al., 2003; Tsalkatidou et al., 2009; Wolverton and McDonald, 1979; Zachritz and 

Fuller, 1993). WSPs also may experience sludge accumulation and a reduction in active volume 

(Keffala et al., 2013) or benthic feedback and nutrient release from settled detritus (Lumbers and 

Andoh, 1987) which has the potential to stimulate excessive algal activity (Faleschini and 

Esteves, 2013).  

Mathematical models have been widely used to study the water quality of lakes, rivers, 

estuaries, and other types of water resources (Deltares, 2014a, 2014b) including engineered 

environments such as WSPs (Sah et al., 2012) and wetlands (Langergraber, 2008). These models 
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take into account the physical, chemical, and biological processes within the system, as well as 

the flux of matter and energy across its boundaries and are intended to serve both as research 

tools and as basis for water resources management (Orlob, 1983). In the context of environmental 

engineering, models of passive systems such as WSPs are critical to expand the scientific 

understanding of their operation leading to their optimization for improved treatment efficiency. 

They enable the evaluation of the relative significance of state variables in a process, the 

exploration of hypothetical operating conditions, and they provide an engineering tool for the 

design and improvement of new operations (Moreno-Grau et al., 1996). These benefits accrued 

through modelling exercises are relevant to both active wastewater treatment systems such as 

activated sludge processes (Henze et al., 2000) and passive systems such as wetlands (Brovelli et 

al., 2008; Ji and Jin, 2016). 

This chapter will provide a review of WSPs for use in the treatment of municipal 

wastewaters. Mechanisms of treatment and methods for modelling the dynamics of freshwater 

inland aquatic systems will be discussed.  

2.2 WSP treatment of municipal wastewater 

2.2.1 Physical characteristics of WSPs 

WSPs are earthen embankments that contain wastewater and are constructed in a low 

permeability soil or lined with a synthetic material (Mara and Pearson, 1998). They are used to 

remove various contaminants from wastewater and are known to be most effective for the 

removal of BOD, nutrients, and in some cases pathogens (Kayombo, 2005; Shammas et al., 

2009). The design of WSPs is directly influenced by their intended application, as they can be 

employed to treat raw sewage, primary domestic, secondary domestic, or industrial wastewaters. 

There are three generally recognized types of WSPs that are often used in combination to utilize a 

variety of operating depths and biochemical environments (Sah et al., 2012).  
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The first type is the anaerobic pond, usually 2-5 m deep, and often the first pond in series. 

It receives the highest organic loading and is normally devoid of oxygen due to high BOD 

concentrations entering the system (Mara and Pearson, 1998). The removal of BOD is achieved 

by settling, acidogenesis, acetogenesis, and methanogenesis (Sah et al., 2012). The second type is 

the facultative pond, which is generally 1-2 m deep and receives low to medium organic loading. 

The upper layer of the water column is normally aerobic due to photosynthetic activity of algae 

and surface layer mixing, with the bottom layers of the pond under anaerobic conditions. The 

presence of the aerobic layer allows for a higher rate of BOD removal in facultative ponds when 

compared to anaerobic ponds, but some anaerobic degradation can still occur in the bottom layers 

(Shammas et al., 2009). Finally, the maturation pond is the shallowest of the pond designs at 1-

1.5 m deep, and is typically aerobic throughout the depth of the water column. The purpose of 

these ponds is predominately the removal of pathogens through various mechanisms such as UV 

disinfection, although nutrient removal is sometimes observed (Sah et al., 2012). The features of 

these three pond designs are shown in Figure 2.1. 

WSPs are simple structures with a few mechanical components. Small ponds will have a 

single outlet structure extending to the center of the pond without mechanical mixing, such that 

mixing is primarily accomplished via wind induced currents. For larger ponds, a multiple entry 

scheme is generally recommended with sufficient pipe velocities such that internal mixing can be 

induced (Shammas et al., 2009). WSP outlet structures often include a drain and overflow weir 

that enable draining of the pond and adjustment of the water level if necessary. For WSP systems 

with multiple interconnected ponds, bypass pipes are included, in the event that one pond requires 

maintenance and must be drained while maintaining system operation (Gore and Storrie, 1997). 

Berms are constructed using compacted impervious material with either a clay core or a 

polyethylene membrane to minimize leakage. Perennial low growing grass is used to promote 

berm stability and minimize erosion where berm slopes are typically 3:1 depending on the soil 
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properties (Shammas et al., 2009). 

 

Figure 2.1: The design features of an anaerobic, facultative, and maturation wastewater 

stabilization pond along with the order in which they are usually employed 

(www.grassrootswiki.org) 

2.2.2 Constituent removal in WSPs 

2.2.2.1 Growth of macroalgae and microalgae 

Algae represent a large group of macroscopic and microscopic aquatic organisms with 

characteristically similar morphologies and physiologies. Fundamentally they are autotrophic and 

photosynthetic with some taxa being secondarily heterotrophic (Bellinger and Sigee, 2010). They 

represent the dominant input of new organic matter and potential energy that drives system 

dynamics (Wetzel, 1975). They are a critical element of facultative and maturation WSPs, 

particularly in relation to the impact on diurnal variation in dissolved oxygen concentrations and 

pH levels, the assimilation of nutrients, adsorption of metals, decay, and contribution to 

suspended solids. The types of algae found in WSPs vary significantly and are dependent on the 

local ecosystem, with common planktonic genera including Chlorella, Scenedesmus, Anabaena, 
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Oscillatoria, and Naviculai amongst many others (Hosetti and Frost, 1998; Mara and Pearson, 

1998; Shammas et al., 2009; Shanthala et al., 2009). Generally, the environmental conditions of 

the site along with the nature of the wastewater and flow conditions in the pond will have an 

effect on the predominant type of algae in the pond. The predominant algae and macrophyte 

species has been shown to change between WSPs at the same site due to differences in nutrient 

availability between successive WSPs in series (Wallace et al., 2015). Pham et al. (2014) found 

that the distribution of microalgae in an Ecuadorian WSP was dependent on the BOD 

concentrations. The dominant algae type in WSPs has also been shown to vary with the seasons, 

and can be an indication of nutrient conditions within the pond, information which can then can 

be used to guide management and maintenance efforts (Amengual-Morro et al., 2012).  

Algal metabolism is fundamentally autotrophic where, in a generalized and simplified 

representation carbon dioxide (CO2) is utilized through photosynthesis to produce organic matter 

as shown in equation 2.1. 

 
6𝐶𝑂2(𝑎𝑞) + 12 𝐻2𝑂 

𝑙𝑖𝑔ℎ𝑡,𝑝𝑖𝑔𝑚𝑒𝑛𝑡 𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟
→                  𝐶6𝐻12𝑂6 + 6𝐻2𝑂 + 6𝑂2 [2.1] 

Photosynthesis is limited to times when there is sufficient irradiance. Photosynthesis 

causes diurnal variations in dissolved carbon dioxide (CO2) concentrations, which in general are 

lowest during the daytime, and dissolved oxygen (DO) concentrations, which are also in general 

highest during the daytime (Amengual-Morro et al., 2012). It is possible that photosynthetic 

activity in ponds is sufficient to become supersaturated with respect to oxygen (Boyd et al., 1994; 

Wallace et al., 2016b) The uptake of CO2 by algae causes a shift in the equilibrium concentrations 

of dissolved CO2, carbonic acid (H2CO3), bicarbonate ion (HCO3
-), and carbonate ion (CO3

2-), 

constituents collectively referred to as total dissolved inorganic carbon (TIC). The equilibrium 

relationships between the constituents of TIC can be described by equations 2.2-2.5 (Mayes et al., 

2009b; Uusitalo, 1996; Zang et al., 2010). 
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 𝐶𝑂2(𝑎𝑞) +𝐻2𝑂 
𝐾1
↔ 𝐻2𝐶𝑂3 [2.2] 

 𝐻2𝐶𝑂3
𝐾2
↔ 𝐻𝐶𝑂3

− +𝐻+ [2.3] 

 𝐻𝐶𝑂3
− + 𝑂𝐻−

𝐾3
↔ 𝐻2𝑂 + 𝐶𝑂3

2− [2.4] 

 𝐶𝑂2 +𝐻2𝑂 
𝐾1
↔ 𝐻2𝐶𝑂3

𝐾2
↔ 𝐻𝐶𝑂3

− +𝐻+
𝐾3
↔ 𝐶𝑂3

−2 + 2𝐻+ [2.5] 

Where K1, K2, and K3 represent equilibrium constants for acid-base pairs. When CO2 is 

utilized by algae in the system, a proportion of the HCO3
- present will gain a proton and form 

CO2 and hydroxide (OH-), and a proportion of the CO3
2- will gain a proton and form HCO3

- and 

OH- in order to maintain equilibrium. The new equilibrium state will be at a higher pH due to the 

higher proportion of OH- ions to protons, but the alkalinity will not change as there is no net 

change to the quantity of bases or protons (Uusitalo, 1996). This phenomenon is often discussed 

in WSP studies (Kayombo et al., 2000; Kayombo et al., 2003; Kayombo et al., 2002; Wallace et 

al., 2016a; Zang et al., 2011), and is of particular importance in facultative ponds where algae 

form a complex synergistic relationship with heterotrophic bacteria, wherein photosynthesis 

supplies the oxygen required by microbes in aerobic respiration processes that deplete oxygen 

during night hours (Kayombo et al., 2003; Mahapatra et al., 2013). This diurnal variation in CO2, 

pH, and dissolved oxygen has an influence on many other treatment mechanisms in WSPs such as 

disinfection at high pH, precipitation of metals and phosphorous, volatilization of ammonia and 

the rate of aerobic and facultative bacterial activity (Amengual-Morro et al., 2012). 

Algae require nitrogen, phosphorous, and carbon for growth, and are able to obtain these 

inorganic nutrients from the water column via assimilation (Markou and Georgakakis, 2011; L. 

Wang et al., 2010). Algae can utilize nitrogen in the form of ammonium, nitrate, or nitrite ions 

(Ferrara and Avci, 1982; Senzia, et al., 2002), with ammonium typically being the preferable 

substrate (Mccarthy et al., 1977). Phosphorous is essential for algal growth and is often the 

limiting nutrient in non-eutrophied systems (Cai et al., 2013), with algae being able to take up 

orthophosphates (PO4
3-) most easily. While the majority of algal respiration is autotrophic and 
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utilizes dissolved carbon dioxide, mixotrophic algae are able to use organic carbon sources as 

chemoorganotrophs when conditions for photosynthesis are less favourable.  

A critical role of algae in WSPs is the removal of these nutrients (Amengual-Morro et al., 

2012; Mahapatra et al., 2013; Zhang et al., 2014) and the improvement of effluent water quality, 

especially in facultative, maturation or high rate aerobic ponds. The permanent sequestration of 

nutrients is ultimately dependent on the sedimentation of algae cell as detritus in the benthic 

region of the pond. The non-biodegradable fraction of the algal biomass remains in the sediment 

and the biodegradable fraction (approximately 80%) is recycled back into the water column 

where it is either assimilated once more or exits the pond, in which case this biomass may 

contribute to higher nutrient levels in the system effluent over time. System characteristics are a 

determining factor in the effectiveness of nutrient removal via algal assimilation. Very high algal 

yields have been shown to affect the quality of the system effluent, where increases in TSS, COD, 

and elevated pH were noted (Gschlößl et al., 1998; Yeh et al., 2011).   

2.2.2.2 Solids 

Total solids consist of floating, settable, colloidal and dissolved solids. In a WSP, a 

fraction of these solids can be biodegradable and thus represent biological oxygen demand that 

can be harmful to receiving environments if not properly managed. WSPs generally have higher 

levels of effluent total suspended solids (TSS) than activated sludge and trickling filter processes, 

because algae contribute on average 50-90% of the TSS content in the pond effluent (Mara and 

Pearson, 1998; Shammas et al., 2009). TSS is removed via sedimentation that is dependent on 

temperature, flow regime and WSP depth, and enhanced by chemical and biochemical 

flocculation. The flow regime of a WSP can be influenced through design to promote desirable 

settling of influent TSS (Alvarado et al., 2012a), but less can be done to influence TSS generated 

within the pond in the form of algae. TSS is deposited as sludge in WSPs where it accumulates 

and has a substantial influence on the removal of pollutants (Rodrigues et al., 2015). For instance, 
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WSP sediments have been shown to influence nitrification in WSPs (Yamamoto et al., 2010). The 

WSP sludge layer can generate an oxygen demand and can release nutrients back into the water 

column upon its decomposition (Chabir et al., Vasel, 2000; Faleschini and Esteves, 2013; 

Lumbers and Andoh, 1987). It can also reduce operating volumes and hydraulic retention times 

(HRT) of the WSP, reducing its treatment efficiency (Alvarado et al., 2012a; Rodrigues et al., 

2015). Although influent TSS concentrations are often reduced across a WSP, TSS levels in the 

effluent may reach unacceptable levels when algae growth rates are high. 

2.2.2.3 Nitrogen 

Two of the main forms of nitrogen that are of interest when looking at WSP performance 

are ammonium and nitrate. Ammonium is the ionized form of ammonia prevalent at neutral to 

slightly alkaline pH that is produced from the hydrolysis of organic nitrogen-containing 

compounds such as proteins and enzymes. Nitrate is the byproduct of complete nitrification, and 

is not considered a common component of raw municipal wastewater. If present in wastewater 

influent, it may indicate influence of agricultural runoff or prior nitrification. 

Excluding uptake by algae, nitrogen is thought to be removed in WSPs by nitrification, 

denitrification, settling of detritus, and volatilization. The relative contribution of these processes 

is contested in the literature (Picot et al., 2009; Zimmo et al., 2004). Nitrification, for instance, is 

not considered by some to be a significant mechanism of nitrogen removal in WSPs (Ferrara and 

Avci, 1982; Mara and Pearson, 1986). It is thought that in facultative ponds, nitrifying bacteria 

will tend to attach to particulate that settles to the benthic layer (Keffala et al., 2010), and that 

algae outcompete the remaining suspended genera (Ferrara and Avci, 1982).  Algae are thought to 

then be able to assimilate most of the available ammonium, and at high pH, the unionized form, 

ammonia, is prevalent and volatilizes (Shammas et al., 2009). However, work has shown that in 

some cases volatilization is not a substantial mechanism through which ammonia is removed in a 

WSP (De Assunção and Von Sperling, 2012; Senzia et al., 2002), although this effect is 
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dependent on the system pH, which is not consistent in all studies and is higher in the presence of 

excess photosynthetic activity. Yamamoto et al. (2010) found that although there was nitrification 

potential in both of the two WSPs studied, the dominant removal mechanism for nitrogen was 

likely assimilation in algal biomass. By employing a dynamic rational model of a WSP and 

comparing to observations of a WSP in Tanzania, Senzia et al. (2002) found that the dominant 

mechanism for nitrogen removal in a WSP was sedimentation, followed by denitrification.  

Denitrification is an anaerobic process and is this limited to the sludge layer in facultative 

and maturation WSPs. Nonetheless, it has been found to contribute to nitrogen removal in WSPs 

(Mayo and Abbas, 2014). Picot et al. (2009) concluded that in their study, coupled nitrification-

denitrification represented 82% of nitrogen removal in the system. They also reported that 

volatilization constituted 18% of nitrogen removal, a number much higher than that reported by 

De Assunção and Von Sperling (2012) and Senzia et al. (2002). It is evident that the removal of 

nitrogen in WSPs is site specific and it is difficult to make generalizations about dominant 

processes in all WSPs.  

2.2.2.4 Phosphorous 

Phosphorous is an essential component of biological metabolism and macromolecules 

such as phospholipids in cell membranes and the energy transferring molecule adenosine tri-

phosphate. It exists in only relatively small amounts in the hydrosphere and is thus a critical and 

often limiting factor in the growth of organisms such as algae (Wetzel, 1975). In surface waters 

receiving large loadings of phosphorus, it is possible for excessive algal growth to drive the 

system to a state of eutrophication in which the rate of increasing productivity is increased with a 

consequent decrease in biodiversity. As such, the removal of phosphorous from wastewaters is of 

great importance. There are generally three groups of phosphorous species in wastewaters. 

Orthophosphates are a group of simple and biologically available phosphorous compounds 

including of H3PO4, H2PO4
-, HPO4

2-, and PO4
3-. Polyphosphates originate from larger molecules 
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containing two or more phosphorous, oxygen, or hydrogen atoms and can be slowly broken down 

via hydrolysis into orthophosphates over time. Organic phosphorous is generally not of concern 

in municipal wastewaters but may be more prevalent in industrial wastewater (Metcalf and Eddy, 

2003). 

The removal of phosphorous from WSPs is often low, inconsistent and is considered to 

occur via luxury uptake by algae, sedimentation, and precipitation (Powell et al., 2011). Algae 

require phosphate for growth and will uptake it from the water column (Abdelaziz et al., 2014; 

Dickinson et al., 2013), sequestering it in their biomass and eventually the pond benthic layer 

upon sedimentation. At high pH (>8), phosphorous can precipitate as Ca5(PO4)3OH in waters with 

sufficiently high hardness (Larsdotter et al., 2007), although conversely this high pH can be 

inhibitory to both algal phosphate uptake (Hosetti and Frost, 1998) and adsorption to the sediment 

(Peng et al., 2007). Certain conditions in a WSP can also be conducive to the release of 

phosphorous from sediments or sludge in the benthic layer of the pond, a phenomenon that can 

inhibit a ponds overall phosphorous removal. The release of both orthophosphate originating as 

chemical precipitates and polyphosphate originating as microbial and algal biomass, can occur at 

low oxygen concentrations, low redox potentials, and high temperatures (Ortuo et al,. 2000; 

Powell, 2009).  

2.2.3 Environmental factors affecting treatment 

2.2.3.1 Temperature effects 

As WSPs are open biological systems, they are subject to fluctuating temperatures, which 

can have significant effects on rates of sedimentation, biological growth, pathogen die-off, 

substrate utilization, along with gas solubility and odor production. In temperate climates, the 

design of ponds will often consider the anticipated reduced treatment performance in the winter 

months (Tilsworth and Smith, 1984), and will take measures such as the intentional loading of 

nitrate to increase the available oxygen under ice-covered ponds in what is called the Sutton 
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process (Melcer et al., 1995). The decay rate of organic material in WSPs is dependent on the 

ambient temperature (Shammas et al., 2009; Zhao and Zhang, 1991), and this is a critical factor to 

consider in the design of WSPs. For instance, the use of anaerobic ponds that receive high organic 

loadings are thought to only be appropriate for countries with warm climates (Lester et al., 2012), 

whereas in temperate climates, temperatures may not be sufficient throughout the year to provide 

the desired treatment in an anaerobic regime. Often, lower organic loadings are used to maintain 

higher redox potentials than those seen in anaerobic ponds, which consequently help to offset the 

treatment reduction due to reduced operating temperatures. Some researchers however are 

looking at ways to alter influent wastewaters as to enable the use of anaerobic ponds in temperate 

climates (Lester et al., 2009). 

The treatment mechanisms in WSPs that are dependent on algae are also dependent on 

temperature, because temperature has an influence on algae growth (Amengual-Morro et al., 

2012; Beran and Kargi, 2005) due to the influence of temperature on enzymatic activities in the 

Calvin Cycle (Ras, et al., 2013). Algae often have an optimal temperature at which growth 

occurs, and deviations from this temperature will result in lower growth rates (Maassarani, 2015). 

Lower growth rates result in reduced uptake of nitrogen and phosphorous, and lower rates of DO 

release and CO2 uptake within WSPs with active algal cultures. This can cause challenges for 

communities that experience extended cold periods during the year, as it has been shown that 

even with extended photoperiod, cold climate lagoons can exist at anaerobic states due to low 

algae growth rates (Ragush et al., 2015; Tilsworth and Smith, 1984). The rate at which algal 

growth declines as a function of temperature is typically higher at temperatures above the 

optimum temperature, and therefore it is not optimal to operate WSPs at extremely high 

temperatures (>35 deg C) (Ras et al., 2013). Thus it is important to incorporate the temperature 

induced variability of algal-based treatment when employing WSPs in temperate climates, and to 
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understand the limitations of the algal temperature growth function and its relation to removal 

rates during extended periods of heat in tropical climates. 

2.2.3.2 Sunlight 

The amount of sunlight that a WSP receives will significantly affect its treatment 

performance. In addition to the heat effects of solar irradiance on WSP treatment, incident 

irradiance to WSPs can influence treatment (Davies-Colley et al., 2005) because it has a strong 

influence on photosynthetic activity (Dermoun et al., 1992). Solar irradiance was shown to be a 

correlated to chl-a levels in a facultative pond in Australia (Sweeney et al., 2007), and modelling 

conducted on an Arctic WSP by Maassarani (2015) showed that yearly fluctuations in incident 

irradiance to a WSP due to variable cloud conditions can have a large influence on algae growth, 

and consequently treatment mechanisms such as nitrogen uptake. Solar radiation itself is a driver 

for disinfection treatment processes in WSP, both directly through UV radiation and indirectly 

through photooxidation (Curtis et al., 1992; Mattle et al., 2015). 

The dynamics between growth of both microalgae and macrophytes in WSPs is also 

affected by the degree of sunlight penetration, which is dependent on the light attenuation 

coefficient Kd. This parameter describes the decay rate of solar irradiance with depth in the water 

column, and is dependent on the amount of algal or macrophyte biomass, suspended solids and 

humic substances in the water column (Scheffer, 2004). This value can vary between 5-25 m-1 in 

WSPs (Heaven et al., 2005), and due to the influence of humic and suspended substances, is 

highly dependent on the type of wastewater in the system. Algae been observed to move 

throughout the water column of a WSP in response to changing sunlight intensity (Mahapatra et 

al., 2013) and in some WSPs filamentous algae can be seen floating on the surface (Wallace et 

al., 2016b) where light attenuation to gain access to direct irradiance (Graham et al., 1995). It has 

been observed that algae can exhibit self-shading (Graham et al., 1995), whereby large amounts 

of biomass can inhibit light exposure. From an ecological perspective, this may be advantageous 



23 

 

as some species may out-compete others through shading (Wallace et al., 2016a; Wallace et al., 

2015). This principle has been applied to reduce algae biomass in the effluent of WSPs using 

macrophyte shading (Yeh et al., 2011), but the reverse can also occur, where algae can also shade 

out macrophytes (Nuttall, 1985).  

2.2.3.3 Wind, Heat, and Mixing 

WSPs are effectively small lakes that often rely on wind for mixing due to a lack of input 

of mechanical energy. Typically, smaller systems exhibiting a larger propensity for poor mixing 

due to shorter hydraulic residence times (Alvarado et al., 2012b). On a seasonal timescale, ponds 

may experience thermal stratification in summer months where the density of the upper water 

layer is lower than the density of the lower water layer due to higher insolation and air 

temperatures. When air temperatures decrease in the autumn and cool the upper water layer, its 

density becomes greater than that of the lower layer, and a relatively sudden mixing event occurs 

along with an introduction of benthic nutrients into upper water layers (Boehrer and Schultze, 

2009). This can represent an internal load of wastewater constituents and influence treatment 

efficacy (Faleschini and Esteves, 2013; Lumbers and Andoh, 1987). Measurements by Abis and 

Mara (2006) and Sweeney et al. (2005) demonstrate that thermal stratification can occur in WSPs 

even though depths are relatively shallow. Sweeney et al. (2007) showed that pH, DO, and chl-a 

exhibited spatial variation in an intermittently stratified pond, where the stratification gradient 

was promoted by increases in solar radiation. Badrot-Nico et al. (2009) also found that thermal 

stratification was present on days with higher solar radiation, and like Sweeney et al. (2005), 

showed that higher wind speeds act to destabilize stratified WSPs.   

Systems that are not well mixed may suffer from hydraulic inefficiency and a retention 

time that is shorter than the design retention time, which may inhibit treatment efficiency 

(Broughton and Shilton, 2012; Delatolla and Babarutsi, 2005; Dorego and Leduc, 1996). 

Alvarado et al. (2012a) showed how the selection of a particular influent location could influence 
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preferential settling of suspended solids and change the hydraulic retention time of the WSP. 

Shilton and Harrison (2003) were able to demonstrate through the use of CFD modelling that 

effluent coliform concentrations in WSPs could be reduced through the manipulation of residence 

times using baffles within WSPs. Where preferential flow is of concern, it is generally true that 

selection of appropriate influent locations and the implementation of baffles may improve overall 

volumetric efficiency (Sah et al., 2012).  

2.3 Numerical models of hydrodynamics and water quality in natural and manmade 

inland aquatic systems 

The development of numerical models for water quality was stimulated by a need to 

control pollution in freshwater supplies to protect public health and natural ecosystems. Since 

1925, models have been used in science to describe the responses of natural and manmade aquatic 

environments to external loadings have been developed both as research tools and more 

importantly as management tools for policy makers (Orlob, 1983). When studying these systems, 

the interest typically focuses on understanding and mitigating the destructive effect of human 

activity (Arhonditsis and Brett, 2005) or obtaining a better understanding of natural processes for 

the purpose of protecting freshwater  resources (Zhu et al., 2009). Numerical modelling of 

naturalized treatment systems such as WSPs employs similar scientific principles to that used in 

modelling natural systems, but the objective in these cases is often to understand and optimize the 

treatment mechanisms within these systems.  

In numerical modelling exercises, the number of equations required to capture the 

entirety of the processes in a natural environment is large, and modelers will generally elect to 

either incorporate or omit certain processes as per their relevance to the fate of the environmental 

constituent of interest in a particular system. This may be in an effort to reduce computational 

time, large uncertainties in certain inputs, or lack of appropriate schematization methods. As 

such, it is expected that when evaluating the literature, one would find that different numerical 
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models will incorporate different aspects of a system, and that this choice is dependent on the 

particular problem being studied. 

In the field of environmental numerical modelling within the past 20 years, there have 

been a number of examples of models for various environmental systems that incorporate both 

hydrological and biogeochemical dynamics. For example, Runca et al. (1996) provided a 

relatively early example of a combined hydrodynamic and water quality model that aided in the 

identification and design of measures to be employed for the restoration of ecosystem quality in 

the Venice Lagoon. Giusti and Marsili-Libelli (2005, 2006) sought to determine the effect of 

measures that worked to promote the growth of macrophyte biomass instead of macroalgae 

biomass in the Orbetello Lagoon using a sophisticated hydrodynamic and water quality model. 

Hu et al. (2006) conducted a three-dimensional hydrodynamic study that incorporated water 

quality, nutrient cycling, phytoplankton and macrophytes in an effort to create a comprehensive 

model that could be used to guide the environmental management of Lake Taihu in China. Martin 

et al. (2010) used the TELEMAC hydrodynamic modelling software with the DELWAQ water 

quality modelling software to create a management tool for mitigating nutrient loads and harmful 

algae blooms in the Berre Lagoon in France. Sinha et al. (2013) demonstrated the application of a 

3D hydrodynamic and water quality model for the purposes of managing an urban water network 

of open channels with strong anthropogenic influence. 

Where these studies sought to manage natural environments, often the goal of WSP 

modelling studies is to optimize the performance of a constructed system. As open naturalized 

systems, WSPs exhibit many of same physical processes described in the models mentioned 

above.   Hydrodynamic and biogeochemical processes are important to consider when looking to 

guide decision making in any form, whether it be environmental management or design 

optimization. In the case of WSPs however, the literature suggests that seldom are these two 

facets of the WSP system considered in tandem as a primary research focus (Sah et al., 2012).  
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Hydraulic WSP studies by Broughton and Shilton (2012), Delatolla and Babarutsi (2005), 

Dorego and Leduc (1996), and Moreno (1990) employed tracer dye injections and subsequent 

modelling of the hydraulics of WSPs using a variation of the concepts developed by Levenspiel 

(1999) for the behavior of fluid particles in chemical reactors. In general, these theories involve 

the conceptualization of WSPs as vessels that exhibit flow characteristics that lie between 

complete plug flow, completely mixed flow, or some integration of the two flows. The 

development of a residence time distribution curve from which an average hydraulic residence 

time is derived and compared to the theoretical time is often the objective of these studies in an 

effort to quantify parameters such as volumetric efficiency and the presence of dead zones. The 

general understanding is that the longer a wastewater constituent exhibiting an exponential rate of 

decay remains within a WSP, the lower the effluent concentration of that constituent will be. 

Thus, the HRT and volumetric efficiency of WSPs are variables to be optimized to improve 

performance. However, in the context of large natural systems, the methods developed by 

Levenspiel to determine the residence time distribution of a given fluid packet in a reactor are 

more suitable for diagnosing operational issues rather than testing the implementation of 

measures. 

Shilton et al. (2008), Shilton and Harrison (2003), Wu and Chen, (2011) and Alvarado et 

al. (2012a; 2012b) employed computational fluid dynamics that considered three-dimensional 

turbulence and the conservation of momentum, while omitting temperature gradients and wind 

stress in the development of a hydraulic WSP model. As an improvement upon the method 

employed by those using the Levenspiel method, these modelling studies use methodologies that 

enable the testing of different baffle regimes and influent placement in order to compare overall 

options of WSP design. Alvarado et al. (2012b)  and  Wu and Chen, (2011) also made 

preliminary attempts at describing the implications of hydraulic regimes on treatment dynamics, 

and thus offer some of the most comprehensive hydrodynamic WSP studies to date.  
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A comprehensive review by Sah et al. (2012) showed that a number of models of WSPs 

have attempted (many successfully) to model the complex biogeochemical dynamics in WSPs 

with focuses ranging from simple nitrogen balances to the complete description of interactions 

between algae, bacteria, nutrients, sunlight, pH and DO. Fritz et al. (1979) presented one of the 

first process based models that sought to capture the biochemical dynamics of a WSP. The 

authors acknowledged that at that time there was little known about the hydraulics of WSPs, and 

that many processes being modeled were at that time not well understood compared to present 

date. Many formulations employed in this model are common amongst more modern models, 

with newer models often adding further validation or new processes. Moreno-Grau et al. (1996) 

conducted a numerical study of a WSP to elucidate the relative importance of various 

biochemical reactions, and incorporated both microphytes and macrophytes in the three 

experimental flumes being modeled. In this study the WSP flow regime was modelled as a plug 

flow. Kayombo et al. (2000) presented a model of a WSP that focused on photosynthetic oxygen 

production, and was derived from a 1975 model by Chen and Orlob, (1975). The authors 

improved upon the original model by adding a pH limitation to algal growth. Gehring et al. 

(2010) employed a somewhat different methodology where the WSP was conceptualized as an 

activated sludge reactor, and thus was assumed to be well mixed. This approach enabled scientists 

to capture a much larger range of different microorganisms that metabolized under different oxic 

regimes. However, this approach did not incorporate hydrodynamics, and may not be a suitable 

approach for all WSPs.  

Only a handful of models incorporated the hydrodynamic elements of WSPs described by 

researchers such as Alvarado et al. (2012b), with notable examples being Beran and Kargi (2005) 

who employed a two-dimensional dispersion model that assumed there was no lateral differences 

in water quality, and Sah et al. (2011) who employed the Delft3D model to couple 

hydrodynamics with a comprehensive biokinetic model based on the activated sludge model 3 
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(ASM 3), river water quality model 1 (RWQM 1), and constructed wetland model 1 (CWM 1) 

(Gehring et al. (2010), Langergraber et al. (2009), and Reichert et al. (2001) respectively). The 

work performed in these studies focused on WSP hydrodynamics alone and emphasized the need 

for hydrodynamic considerations in the modelling of these systems, as the assumption of a 

theoretical retention time and well mixed system without preferential flow was believed to be 

limiting (Sah et al., 2012). Sah et al. (2011) sought out to address this research challenge, but was 

not able to compare the comprehensive hydrodynamic and water quality approach to observations 

to validate the results. Thus, further work combining hydrodynamics and water quality processes 

in WSPs is warranted.  

2.3.1 Hydrodynamic modelling of WSPs 

2.3.1.1 Delft3D suite 

The Delft3D modelling suite developed by Deltares has both a hydrodynamic (FLOW) 

and water quality (WAQ) module that can be coupled to incorporate the influence of 

hydrodynamics on wastewater constituent transport, while simultaneously capturing the 

biogeochemical kinetics of these constituents in time and space. Although FLOW has been 

historically known as a tool for modelling environmental fluid dynamics and sediment transport 

in coastal regions (Elias et al., 2012; Lesser et al., 2004), it has been recently applied to lakes 

(Zhu et al., 2009) and WSPs (Sah et al., 2011). WAQ has been applied in various studies as 

summarized by (Deltares, 2013) both before and after the advent of the relatively new FLOW-

coupling functionality. The suite offers an open-source environment, which permits editing of 

water quality processes according to the needs of the user, along with a validated hydrodynamic 

model that is able to capture the morphologies of a wide range of water body types such as coasts, 

rivers, estuaries and lakes. It shows promise as a tool for modelling WSPs, as it is able to capture 

many of the environmental factors that influence the performance of WSPs. For instance, FLOW 

and WAQ allow for the implementation of dynamic water temperature modelling, variance in 
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solar radiation, variance in flow rate, space varying wind shear, shear stress at the bed and 

associated sediment flux effects. Future work using the suite for these purposes is warranted as 

the only study to date involving WSPs (Sah et al., 2011) involved no calibration or validation. 

2.3.1.2 The conservation of momentum, mass and energy 

A realistic hydrodynamic description of water behavior in lakes should be founded on the 

fundamental equations describing the conservation of momentum, mass, and energy (Orlob, 

1983). FLOW employs equations describing conservation of momentum, continuity, and 

transport (mass and heat) with the Bousinesq shallow water assumption (Elias et al., 2012; Jian et 

al., 2014) in combination with a turbulence closure model, and transforms the finite difference 

solution of this system of equations to a discrete space in the form of a regular user-defined grid, 

an example of which is shown in Figure 2.2. The general formulation of the Navier-Stokes 

momentum equations for each Cartesian coordinate is shown in equation 2.6 and formulated for 

each of the Cartesian coordinated in equations 2.7-2.9 (Elger et al., 2013). 
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[2.9] 

Where f is an external body force (in the given case, gravity), u is velocity (m s-1), h is 

water depth (m), x, y and z are the Cartesian coordinates (m), t is time (s), g is the gravimetric 
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constant (m s-2), μ is the fluid dynamic viscosity (N s m-2), ρ is the fluid density (kg m-3), P is 

pressure (Pa), and τ is a shear stress (N m-2). The Bousinesq shallow water assumption reduces 

equation 2.9 to equation 2.10 because it is assumed that vertical accelerations are negligible 

compared to gravitational acceleration. 

 𝜕𝑃

𝜕𝑧
= −𝜌𝑔ℎ [2.10] 

The assumption in Delft3D FLOW is that the water is an incompressible fluid, and as 

such the continuity equation can be appropriately reduced to equation 2.11.  
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Where S0 represents water fluxes such as water withdrawals or evaporation. The transport 

equation describes the movement of heat and material within the water body according to 

advection and diffusion in three dimensions shown in equation 2.12. 

 𝜕𝐶

𝜕𝑡
+
𝜕(𝑢𝑥𝐶)

𝜕𝑥
+
𝜕(𝑢𝑦𝐶)

𝜕𝑦
+
𝜕(𝑢𝑧𝐶)

𝜕𝑧

=
𝜕

𝜕𝑥
(𝐷𝐻 (

𝜕𝐶

𝜕𝑥
)) +

𝜕

𝜕𝑦
(𝐷𝐻 (

𝜕𝐶

𝜕𝑦
)) +

𝜕

𝜕𝑧
(𝐷𝑣 (

𝜕𝐶

𝜕𝑧
)) + 𝑆0 

[2.12] 

Where DH and DV are the horizontal and vertical eddy diffusivities respectively (m2 s-1), 

C is the concentration of the constituent of interest (kg m-3), and S0 represents a source term per 

unit area, such as the product of a concentration and a volumetric flux for modelling material 

discharges, or an exchange of heat for modelling temperature transport. It should be noted that 

these equations are generalized representations and the FLOW program uses slightly different 

notations too accommodate certain conventions of its conceptual scheme. For example, Figure 

2.2 shows how two different coordinate systems, σ and Z, can be used for the vertical 

discretization in numerical grids, with the co-ordinate system determining the formulation for 

equations involving vertical transport (for further elaboration see Lesser et al. (2004) and 

Deltares, (2014a)).  
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Figure 2.2: The σ and Z layer options for vertical discretization of the Delft3D numerical 

grid (top). The x (m) and y (n) coordinate discretization of the numerical grid and a 

description of where different constituents are computed in FLOW (middle). The definition 

of water level (ζ), depth (d), and total depth (H) in 3-dimensional FLOW models (bottom) 

(Deltares, 2014a). 
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2.3.1.3 Turbulence, eddy diffusivity and eddy Viscosity 

As FLOW models the movement of water in three dimensions, it will also compute the 

turbulence of grid elements that are under turbulent flow regimes (Reynolds number of >5000). 

Turbulence shear arises from phenomenon such as gradients in the mean fluid motion and bed 

friction, and can be formulated generally according to equation 2.13. 

 
𝜏 = −𝜌𝑢𝑥

′̅̅ ̅𝑢𝑦
′̅̅ ̅ = −𝜌𝜗𝑡 (

𝜕𝑢𝑥̅̅ ̅

𝜕𝑦
+
𝜕𝑢𝑦̅̅ ̅

𝜕𝑥
) [2.13] 

Where the kinematic eddy viscosity 𝜗𝑡 (m
2/s) is defined by equation 2.14. 

 
𝜗𝑡 = 𝜄

2 (
𝜕𝑢

𝜕𝑧
) [2.14] 

With ι defined as the characteristic length (m). Evidently, unlike in laminar flow, this 

shear coefficient of proportionality, the eddy viscosity, is a function of the flow conditions and 

thus can vary in time and space. Thus the empirical descriptions of turbulent processes available 

in FLOW are essential in describing how both horizontal and vertical turbulent flows effect the 

dispersion of constituents. For instance, the transport behavior of material on the bed of a water 

body such as nutrients, detritus or sediment is highly dependent on the shear stress at the bed and 

will mix into the overlying water column according to the laws described in the chosen 

formulation of turbulence. Diffusion models representing the heat flux generated by the random 

displacement of fluid parcels in turbulent flow utilize a concept similar to eddy viscosity called 

the eddy diffusivity that can be formulated as equation 2.15. 

 
𝑞𝑖
𝑡 = 𝐾𝑇𝑖 (

𝜕�̅�

𝜕𝑥𝑖
) [2.15] 

Where KTi is the eddy diffusivity (m2 s-1) and T is temperature (deg C) (Orlob, 1983). In 

FLOW these values are calculated according to k-epsilon turbulence closure models for the z 

direction and can be explicitly specified for the x and y directions.  

Some studies have taken this approach to modelling WSPs, particularly Sah et al. (2011), 

who used the same formulation as those described. It differs from models such as that 
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demonstrated in Beran and Kargi, (2005) who used a dispersion formulation to describe transport. 

The physics are comparable to those used in studies by Sweeney et al. (2005) Shilton et al. (2008) 

Alvarado et al. (2012a, 2012b), Sanchez, et al. (2012); Vedantam, et al. (2012), and Wu and 

Chen, (2011), though not all of these studies incorporated thermally driven flow or wind shear, 

which can be optionally included in Delft3D. 

2.3.2 Water quality modelling with Delft3D WAQ 

DELWAQ is essentially a mass balance for pollutants that uses numerical methods to 

solve the advection-dispersion-reaction equation using a finite volume numerical scheme. A wide 

variety of dissolved and suspended substances and biological entities like algae and vegetation, 

together with a larger group of biogeochemical processes in the form of differential equations 

make up the standard WAQ process library. The library is more similar to that used by Beran and 

Kargi, (2005) and different than those used by Gehring et al. (2010) and Sah et al. (2011), as 

unlike the later, it is built from general ecological models where there is less emphasis on 

facultative and anaerobic processes. This is in contrast to the ASM3, the basis of the two latter 

models, where such processes are highly relevant under the assumption that a WSP behaves 

similarly to an activated sludge treatment process. Both approaches can be valid depending on the 

characteristics of the WSP.  

2.3.2.1 Advection, dispersion and reaction 

The following equations follow the principles outlined in Orlob (1983) but are written in 

the notation of the DELWAQ user manual (Deltares, 2014b).  

The movement of dissolved constituents is described by the advection, dispersion and 

reaction equation in three dimensions. Advection is calculated based on the equation 2.16.  

 
(
𝜕𝐶

𝜕𝑡
)
𝑥
= 𝑢𝑥𝑜𝐴𝐶𝑥𝑜 

 
[2.16] 
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Where uxo is velocity at point xo, Cxo is the concentration of the constituent at point xo, 

Cx is the concentration of the constituent at an adjacent point x, and A is the surface area of the 

computational volume to which the direction x is normal to. Dispersion is calculated according to 

Fick’s law (equation 2.17). 

 
(
𝜕𝐶

𝜕𝑡
)
𝑥
= −𝐷𝑥𝑜𝐴 (

𝜕𝐶

𝜕𝑥
)
𝑥=𝑥0

 [2.17] 

Where Dxo is the dispersion coefficient for the constituent of concentration C at point xo. 

The full equation in three dimensions that includes source terms such as discharges and reactions 

can be written as equation 2.18. 

 𝜕𝐶

𝜕𝑡
+ 𝑣𝑥 (

𝜕𝐶

𝜕𝑥
) − 𝐷𝑥 (

𝜕2𝐶

𝜕𝑥2
) + 𝑣𝑦 (

𝜕𝐶

𝜕𝑦
) − 𝐷𝑦 (

𝜕2𝐶

𝜕𝑦2
) + 𝑣𝑧 (

𝜕𝐶

𝜕𝑧
) − 𝐷𝑧 (

𝜕2𝐶

𝜕𝑧2
)

= 𝑆0 + 𝑓𝑅(𝐶, 𝑡) 

[2.18] 

Where fR are reactions that can be written in in differential form generally described by 

equation 2.19. 

 𝜕𝐶

𝜕𝑡
= 𝑓𝑅(𝐶1, 𝐶2, 𝐶3, , 𝐶𝑛, 𝑡) [2.19] 

Only relatively slow processes can be written in this form which includes many water 

quality processes such as nitrification and photosynthesis. For instance, a common way to 

represent the nitrification function in this notation is shown in equations 2.20 and 2.21: 

 𝜕𝑁𝐻4
+

𝜕𝑡
= 𝑓𝑅(𝑂2, 𝑁𝐻4

+, 𝑡) [2.20] 

 

 
𝑓𝑅 = 𝐾𝑁𝑖𝑡 [

𝑂2
𝐾𝑂2,𝑁𝑇 + 𝑂2

] [
𝑁𝐻4

+

𝑁𝐻4
+ + 𝐾𝑁,𝑁𝑇

]    [2.21] 

Where KNit is the maximum nitrification rate constant (g N m-3 day-1), KO2NT is the 

nitrification half-saturation constant for oxygen (g O2 m-3), and KN,NT is the nitrification half-
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saturation constant for ammonium (g N m-3). S0 terms are discharges of the form seen in equation 

2.22. 

 𝑆0 = 𝑄𝑠𝑜𝑢𝑟𝑐𝑒𝐶𝑠𝑜𝑢𝑟𝑐𝑒 𝑓𝑜𝑟 𝑄 > 1 

𝑆0 = 𝑄𝑠𝑜𝑢𝑟𝑐𝑒𝐶𝑖 𝑓𝑜𝑟 𝑄 < 1 

[2.22] 

Equation 2.33 describes how a system outtake will remove a mass of the constituent 

equal to the outtake volumetric flow rate multiplied by the concentration of that constituent in the 

control volume of the outtake. System discharges alternatively have a volumetric flow rate and 

concentration that is defined by the user (Deltares, 2014b). 

2.4 Summary 

Passive treatment systems such as WSPs are commonly used to treat domestic 

wastewater streams in small or remote communities around the world. They take advantage of a 

wide array of complex and interdependent processes that can be optimized using design rationale 

rooted in a mixture of empirical and mechanistic scientific understanding. As naturalized systems, 

they are susceptible to the variability of environmental conditions and the dynamics of their 

ecology. Although there has been much work seeking to improve the understanding the WSP 

operation and removal mechanisms, operational challenges such as elevated effluent pH levels, 

sludge accumulation, and benthic feedback still exist.  To support the continued use of these low 

cost systems, research in the form of laboratory, field, and modelling exercises that looks to 

improve performance and reduce operational challenges is necessary.  

Elevated pH is an important factor in many of the treatment mechanisms seen in WSPs, 

but in extreme cases it can also have a toxicological impact on receiving environment. 

Sophisticated numerical models of various WSP processes have also been described, historically 

with a separation of physical and biogeochemical factors. What is missing is a fundamental 

understanding of how the complex interaction between various environmental processes leads to 

the development of elevated pH in WSPs. Hence, to provide truly effective solutions to elevated 
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pH in WSPs, an understanding of how the elevated pH evolves within WSPs will be essential to 

provide a better understanding measures that can be taken to manage pH levels. 
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Chapter 3 

Wastewater stabilization pond sediments as a planting substrate for free 

water surface wetlands 

Abstract 

 Algae growth in facultative waste stabilization ponds (WSPs) plays an essential role in 

wastewater treatment, but can also pose some potential challenges for wastewater facility 

operators in the form of high pH, COD, and TSS that can occur as a result of excessive growth. 

The water pollution control plant (WPCP) in Amherstview, Ontario experiences high pH levels 

during the summer months that are presumably related to high algal growth rates. A proposed 

solution is the implementation of a free water surface wetland to attenuate high pH WSP effluent, 

which would require the addition of a planting substrate to facilitate vegetation rooting and 

growth. This study presents the potential use of WSP sediments to attenuate high pH wastewater 

in a simulated, free water surface constructed wetland. The effect of the sediment on water 

chemistry was investigated in both batch columns and un-vegetated bench scale reactors operated 

under continuous flow and batch flow containing natural and synthetic high pH wastewaters, 

respectively. It was found that in the batch environment, sediments could attenuate high pH 

wastewater, but contributed total phosphorous to the wastewater effluent. In the reactors 

containing high pH synthetic wastewater and operated under continuous and batch flow, 

sediments were also shown to contribute phosphorous to the wastewater column but provided 

minimal pH attenuation. However, total phosphorous levels in the un-vegetated reactors did not 

exceed the WPCP discharge limits (1 mg/L P-PO4
3-) and, in fact, exhibited an equilibrium 

concentration of only 20% of the limit. The results suggested that these sediments would not be 

expected to contribute to exceedances in nutrient (total N-NH3, N-NO3
-, total phosphorous) 

discharge levels when employed as a constructed wetland planting substrate. It is recommended 
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that a further study be conducted that involves pilot scale use of these sediments in un-vegetated 

and vegetated (macrophytes) wetland cells  

3.1 Introduction 

Waste stabilization ponds (WSPs) are an option for small communities aiming to treat 

domestic wastewater. They are simple and inexpensive engineered systems that use natural 

processes to treat or polish wastewater (Tsalkatidou et al., 2009), making them an appropriate 

treatment option for rural communities in a variety of climates. WSPs can be designed as 

anaerobic, facultative, or aerobic systems, and it is common for a WSP system to include up to 

three WSPs in series to take advantage of the different oxidizing conditions occurring in each of 

these WSP environments (Shammas et al., 2009). The water pollution control plant (WPCP) in 

Amherstview, Ontario, utilizes three facultative WSPs to polish secondary effluent and provide 

pathogen removal. The system has proven to be effective in the removal of the indicator organism 

Escherichia coli (E. coli) and nutrients (total phosphorous (TP), nitrate, and ammonia) from the 

WSP system effluent. 

 As is the case with a number of facultative WSPs, the Amherstview WSP system allows 

for the establishment of conditions favourable for the growth of algae. There exists a synergistic 

relationship between the algae and heterotrophic microorganisms in WSPs that facilitates the 

oxidation of organic matter while providing nutrient removal and uptake from the wastewater 

(Sah et al., 2012). The excessive growth of algae, however, can cause issues such as increases in 

total suspended solids (TSS) and chemical oxygen demand (COD) concentrations, as well as pH 

(Gschlößl et al., 1998). This has been noted during the summer and early autumn, where the 

effluent of the facultative WSP system at the Amherstview WPCP has often experienced pH 

levels as high as 11, which exceeds the regulatory limit of 9.5. In order to minimize this effect, a 

few studies have proposed the construction of vegetated polishing wetlands or reed beds to 

attenuate high pH levels (Cameron et al., 2003; Duncan et al., 1999; Gschlößl et al., 1998; 
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Steinmann et al., 2003; Tsalkatidou et al., 2009; Wolverton and McDonald, 1979; Zachritz and 

Fuller, 1993). A study conducted on a natural wetland that had inadvertently received the effluent 

from the WPCP suggested that natural processes within this wetland could attenuate the pH of the 

WSP effluent (Wood et al., 2003). However, direct discharge of the effluent to a natural wetland 

environment was not acceptable. As such, the addition of a free water surface constructed wetland 

(FWS CW) that would replace the third and final WSP at Amherstview has been proposed to 

assist in the attenuation of the high pH events experienced in the WSP system.  

Studies conducted by Mayes et al. attempted to describe mechanisms by which a wetland 

system could lower the pH of highly alkaline steel slag drainage with pH >12. Their findings 

suggested that calcium carbonate precipitation, cationic exchange, and the dissolution of humic 

acids were likely responsible for the pH attenuation (Mayes et al., 2006; Mayes et al., 2009). 

Precipitation of calcium carbonate, enhanced by aerobic and anaerobic release of CO2, was 

identified as the predominant attenuation mechanism in high pH and alkaline waters (Mayes et 

al., 2006). Therefore, it has been hypothesized that in order to maximize the efficacy of the pH 

attenuating wetland, careful consideration should be given in the selection of the planting 

substrate to promote biological activity and organic matter conversion. 

Constructed wetland substrates often include inorganic media such as gravel or sand that 

provide adequate hydraulic conductivity, which contributes to treatment efficacy (Stottmeister et 

al., 2003). However, these substrates may not facilitate plant growth or nutrient adsorption (Wang 

et al., 2010). The application of organic substrates in constructed wetlands (CWs) has been 

suggested as a way to enhance constructed wetland performance (Wu et al., 2015). Incorporating 

organic constituents in the substrates of CWs can provide a necessary source of carbon to 

promote microbiological processes (Dordio and Carvalho, 2013), enhance COD removal (Tee et 

al., 2009), enhance denitrification (Saeed and Sun, 2011, 2013; R. Wang et al., 2010) and support 

biomass growth (Burchell et al., 2007). It also may provide improved plant settlement and growth 
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(Fraser et al., 2004). Certain types of organic substrates such as mulch also provide a reduction in 

clogging risk compared to inorganic substrates (Herrera-Melián et al., 2014). The use of organic 

substrates have also been shown to be correlated to higher potential rates of heterotrophic 

microorganism metabolism in wetland soils, particularly those containing peat (D’Angelo and 

Reddy, 1999).  

It is thought that biodegradable carbon sources available in organic CW substrates, that 

have been shown to promote denitrification, could also promote aerobic oxidation and the 

production of carbon dioxide. This carbon source, originating from within the CW itself, would 

be important in cases where low organic content in the water column would otherwise limit 

processes requiring a carbon source (Burchell et al., 2007). Although submerged sediments are 

typically under reducing conditions, oxygen transfer into the sediments via the plant rhizosphere 

does occur when vegetation is present (Brix, 1997; Stottmeister et al., 2003), and is known to be 

influenced by ambient redox conditions, oxygen demand of the surrounding medium and 

permeability of the root walls (Sorrell and Armstrong, 1994). At least one study has noted the 

presence of aerobic and facultative bacteria on the roots of macrophytes (Gagnon et al., 2007), 

which supports findings reported by Brix (1997) that macrophytes do play a role in the generation 

of microaerobic zones that could facilitate aerobic respiration. The magnitude of the oxygen 

transfer to the rhizosphere has been found to be variable and contingent on plant species and 

environmental conditions, especially the redox state of the soil matrix (Faulwetter et al., 2009). 

Additionally, organic material in wetlands may facilitate the production of organic acids and 

cationic exchange (Ross, 1995), leading to a reduction in pH levels (Mayes et al., 2009). 

A number of studies have reported pH decreases in bench scale constructed wetlands 

where organic matter was significant in the composition of the planting substrate (Kõiv et al., 

2009; Naylor et al., 2003; Saeed and Sun, 2011; Wang et al., 2010). These studies employed 

organic media such as mulch (Saeed and Sun, 2011), or peat (Kõiv et al., 2009; Naylor et al., 
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2003; Saeed and Sun, 2011; Wang et al., 2010) in wetland mesocosms. It has been proposed that 

WSP sediments be used as an organic material in CW planting substrates. The sediments would 

be generated onsite as part of the WSP treatment process, and then be subsequently reused in the 

downstream FWS CW system, providing a substrate with a moderate to high organic content with 

similar benefits to those employed in other studies using organic substrates, but at a relatively low 

cost. Additionally, the presence of naturally established microbial communities in the sediments 

would facilitate acclimatization of the system and ensure continued microbial activity in the 

sediments of FWS CW.  

The potential for organic substrates to release constituents and impact effluent 

wastewater quality in FWS CW systems could represent a concern. This has been demonstrated 

in a number of studies with various organic substrates. Compared to the inorganic substrates 

employed, COD release was observed in a study conducted where mature wastewater biosolids 

compost was used as a CW planting substrate amendment (Manios et al., 2003). COD release was 

also observed in pilot-scale vegetated vertical flow systems employing a mix of gravel, sand, peat 

and mulch (Wang et al., 2010), and in a vertical flow system containing mulch (Saeed and Sun, 

2011). Similar observations of COD leaching have been made in experiments employing rice 

husks as an organic amendment to CW planting substrates (Tee et al., 2009 et al., 2012). Nutrient 

releases from WSP sediments have also been reported in other studies (Bryant and Bauer, 1988; 

Faleschini and Esteves, 2013; Lumbers and Andoh, 1987; Ortuo et al., 2000; Peng et al., 2007; 

Powell et al., 2011). However, these studies did not focus on nutrient release under the 

continuous flow conditions as would be expected a FWS CW. As such, the present study 

investigated the effect of using WSP sediments on pH and effluent wastewater quality in both 

batch column and un-vegetated bench scale reactor tests operated under continuous and batch 

flow. More specifically, the study aimed to assess their suitability for the potential application of 



51 

 

these sediments as a planting substrate in a municipal FWS CW, as a passive mitigation option 

for WSP systems exhibiting elevated pH conditions. 

3.2 Methods 

3.2.1 WSP sediment analysis 

The three WSPs at the Amherstview WPCP were constructed in 1965 and built as clay-

lined basins with a design depth of 1.68 m. They have been dredged periodically in the past, most 

recently 2005. For this study, sediment samples were obtained from the third of three WSPs. All 

sediments were collected using an Eckman grab sampler and were taken from a boat 

approximately in the middle of the WSP, at a water depth of approximately 1.5 m and a sample 

depth of 7-8 cm. Sediments collected for use in the reactor experiments were placed directly into 

2 24 L coolers and excess or ponding water was removed by bailing, while sediments collected 

for use in the column experiment were placed in 2 high-density 1 L polyethylene bottles and 

placed in a separate cooler. Sediment samples collected for characterization were placed in six (6) 

175 mL centrifuge tubes and stored in a cooler on ice. Samples were analyzed within thirty 

minutes of sampling. 

In a method adapted from Trojanowska et al. (2011) and Peng et al. (2007), sediment 

samples (6) were centrifuged for 30 minutes at 100 rpm. The supernatant (interstitial water) was 

collected, filtered through a Whatman glass microfiber filter (1.5 μm particle retention with fine 

porosity), and tested for reactive phosphorous using colorimetric method 4500-P E (APHA, 

2005), in an ex-situ procedure as recommended by the USEPA. The remaining filtrate was then 

filtered through a 0.45 μm Whatman filter and analyzed for pH (Fisher Sci 13-620-130), 

oxidation-reduction potential (ORP) (Fisher Sci 13-620-81), and reactive phosphorous 

(orthophosphate) using colorimetric method 4500-P E (Peng et al., 2007; Trojanowska and 

Jezierski, 2011). A portion of the sediment pellet was analyzed for a suite of 30 elements (Ag, Al, 

As, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Se, Sn, Sr, Ti, Tl, U, 
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V, Zn) according to USEPA method 200.7 (USEPA, 1994) using an Agilent 7700x inductively 

coupled plasma mass spectrometry (ICP-MS). Total carbon and total nitrogen content analysis 

was conducted on the sediment pellet using a total carbon and total nitrogen analyzer (LECO 

Truspec CN model no. 630-100-100). A second portion of the sediment pellet was weighed and 

was placed in an oven at 5500C for 20 minutes to measure loss of organic matter. The 

characterization of the sediment and sediment interstitial water is provided in Table 3.1 and 

Figure 3.1. 

Table 3.1: Properties of the WSP 4 sediment and the sediment interstitial water (n=6, taken 

at various locations in the WSP in Amherstview, Ontario, on August 10, 2014. ± represents 

the standard deviation with n = 6.) 

Properties of WSP sediment and interstitial water* 

Water content (% wet mass) 61.0±2.5 

Organic matter content (% dry mass) 15.4±0.8 

Total nitrogen (%) 

Total carbon (%) 

0.82±0.04 

8.6±0.4 

TP (mg/kg) 1450±96 

Interstitial water ORP (mV) 141±8 

Interstitial water pH 8.3±0.1 

Interstitial water total reactive P-PO4
3- (mg/L) 4.08±0.48 

Interstitial water dissolved reactive P-PO4
-3 (mg/L) 3.85±0.49 

 

3.2.1 Experimental setup – Batch flow column experiments 

Graduated cylinders (500 mL, Figure 3.2) were used for the batch column experiments in 

an adapted method originally presented by Powell et al. (2011). In total, three columns were used, 

two containing 100 mL (6 cm depth) of sediment denoted as C1 (column 1) and C2 (column 2), 

and a third column containing no sediment used as a control (CTRL-C). For data analysis, the 

average results of C1 and C2 were reported as C with the range of C1 and C2 represented by error 

bars. The wastewater utilized in the column experiments was obtained from the effluent of the 
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first WSP on the first day of the experiment. For each of the columns, 400 mL of wastewater was 

filtered through a 0.22 μm nitrocellulose filter before being slowly pumped into the column 

through the sampling port. This filtering step was used to remove phytoplankton from the 

wastewater that could have influenced the pH during the experiment. The columns were capped 

with foil and kept in a dark room to prevent photosynthetic growth and activity after the 

wastewater was added. 

 

Figure 3.1: Elemental composition of the sediments collected from the WSP 2 (n=6, taken 

from various locations in the WSP in Amherstview, Ontario, on August 10, 2014. ± 

represents the standard deviation with n = 6.) 

3.2.2 Operation - Batch flow column experiments 

Samples were collected every second day and reactive phosphorous, ORP, pH and 

temperature were measured every two days for 18 days in the column experiment. During the 

experiment, the liquid removed from the columns during analysis (~30 mL) was returned to the 

column after non-destructive analysis to maintain a constant height of wastewater above the 

sediment. Column samples were tested for a subset of parameters (reactive phosphorous, pH, 

ORP, temperature) that were also measured in the reactor experiments (to follow). The 

parameters selected were those that would cause minimal interference with the sample quality 
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and require minimal destructive analysis in order to minimize decreases in liquid volume over the 

course of the experiment. Total alkalinity was measured only at the beginning and at the end of 

the column experiment due to the destructive nature of the test, limited volume of wastewater in 

the column and the fact that 2.5 mL of wastewater was permanently removed from the column 

after the reactive phosphorous analysis was conducted every other day. The dissolved metal 

composition (30 elements) of the stock domestic wastewater used in the column experiment, was 

analyzed at the start of the experiment and in the wastewater of each of the three columns on the 

last day of the experiment. One of the columns was measured in duplicate. All experiments were 

conducted at ambient room temperature (22-250C) in the dark.  

3.2.3 Experimental setup – Continuous flow reactor experiments 

 Three poly (methyl methacrylate) reactors, denoted as R1 (reactor 1), R2 (reactor 2), and 

CTRL-R (control reactor), having dimensions 60 cm x 60 cm x 20 cm (Figure 3.2), were 

constructed as physical models for un-vegetated FWS CWs cells. A similar averaging approach 

was taken for R1 and R2 where R represents the averaged values for all measured parameters.  

Sediments applied to a depth of 18 cm without compaction were used as a substrate for R1 and 

R2. The sediment depth did not change during the experiment. The reactors were operated at a 

water level of 55 cm above the bottom of the reactor, translating to a 37 cm free water surface. 

The CTRL-R contained no sediments and was operated with a 40 cm free water surface. This was 

to ensure that the operating volume of the CTRL-R (48 L) and the reactors containing sediment 

(44.4 L, excluding pore volume in sediment) were similar based on the constraints of the 

apparatus. The inlet and outlet ports were located at 25 cm and 55 cm from the bottom of the 

reactor, respectively, for the reactors containing sediments, and at 25 cm and 40 cm for the 

CTRL-R.  
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Figure 3.2: Schematic of the experimental apparatus. (A) Un-vegetated continuous flow and 

batch flow reactor and (B) batch column (not to scale). Sampling port on column is at 15 cm 

from bottom. 

3.2.4 Operation - Continuous and batch flow reactor experiments 

The parameters analyzed in the reactor experiments were broader than those in the 

column study and were chosen based on the regulatory effluent wastewater quality parameters for 

the Amherstview WPCP. Influent and effluent samples from the reactors were analyzed for: pH, 

ORP, COD, total ammonia (NH3), nitrate (NO3
-), TP, temperature and total alkalinity. TP was 

analyzed using Hach reagent set 2742645. Total NH3 and NO3
- were analyzed using Fisher 

Scientific Accumet© probes 13-620-509 and 13-620-534, respectively. Total alkalinity was 

measured using an OrionTM AquafastTM II chemistry test kit AC2002. Total NH3, NO3
-, TP, total 

alkalinity and pH were measured daily while all other parameters were measured every two days, 

for fourteen days in the reactor experiment. Total alkalinity and pH were also monitored during 

the thirteen-day period following the initial fourteen-day continuous flow experiment. pH was 

measured every two days during this period, while total alkalinity was measured on days sixteen, 

twenty-two and twenty-six. COD and TSS were analyzed according to standard methods (APHA, 

(B) 

(A) 
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2005). An analysis of thirty elements (dissolved) was conducted on the effluent of the reactors 

and the stock synthetic wastewater on the last day of the experiment using the sample methods 

employed in the column experiment. A replicate sample was taken for R1.  

The synthetic wastewater used in this study was intended to represent the average 

composition of the Amherstview WPCP wastewater. Influent data from the third WSP between 

April and October of the years 2011, 2012, and 2013 was averaged to produce a representative 

wastewater composition. Each day, 50 L of synthetic wastewater was prepared in a 100 L tank. 

The recipe for the synthetic wastewater used in the study can be seen in Table 3.2, while  

Table 3.3 shows the synthetic wastewater compositions used in the reactor experiment 

and the domestic wastewater used in the column experiment. 

The initial pH of the wastewater at the beginning of the experiment was 10.8 and was, on 

average, 10.6±0.1 throughout the study. Sodium citrate and sodium EDTA were added as 

chelating agents to minimize precipitation, as noted in previous studies (Davis and Wilcomb, 

1967; Powell et al., 2011). The system was filled with deionized water at a rate of 14 mL/min for 

one week prior to the introduction of synthetic wastewater. At the beginning of the experiment, 

synthetic wastewater was added to the reactors at a flow rate of 14 mL per minute using an 8-

channel peristaltic pump (Mastercraft HV-77919-25) to achieve the desired theoretical hydraulic 

retention time (HRT) of 2.2 days. The reactor effluent exited the system through the 55 cm port in 

R1 and R2 and through the 40 cm port in the CTRL-R. Daily wastewater samples were collected 

from the influent and effluents (55 cm ports in R1 and R2; 40 cm port in CTRL-R) of the reactors 

operated under continuous flow conditions for an initial period of 14 days. Following this period, 

sampling continued every second day for an additional thirteen days, during which time there was 

no flow. All experiments were conducted at ambient room temperature (22-250C) in a laboratory 

with fluorescent lighting from approximately 08:00 to 13:30 each day. 
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Table 3.2: Synthetic wastewater recipe modelled after WSP influent at Amherstview WPCP 

Compound Mass Required in 100 L (g) 

Calcium Chloride (CaCl2) 16.51 

Magnesium Chloride (MgCl2 - 6H2O) 13.39 

Ammonium Chloride (NH4Cl) 0.09 

Sodium Nitrate (NaNO3) 0.46 

Sodium hydroxide (NaOH) 125 mL (1 M) 

Sodium Bicarbonate (NaHCO3) 5.04 

Monopotassium phosphate (KH2PO4) 0.04 

Manganous Sulfate monohydrate (MnSO4 - H2O) 0.03 

Ferrous Sulfate (FeSO4 - 7H2O) 0.05 

Disodium EDTA 0.5 

Sodium citrate 10 

Dextrose 0.20 

 

Table 3.3: Average influent synthetic wastewater (reactors) and initial domestic wastewater 

(columns) characteristics (± indicates standard deviation over 14 days of continuous flow) 

  pH 
Temp 

(0C) 

ORP 

(mV) 

Total 

reactive 

P 

(mg/L) 

Total P 

(mg/L) 

NH4
+ 

(mg/L) 

NO3
- 

(mg/L) 

CaCO3 

(mg/L) 

mg 

COD/L 

Synthetic 

wastewater 

10.6 

(±0.1) 

25.3 

(±0.9) 

103.2 

(±14.8) 

0.2  

(±0.1) 

0.4 

(±0.1) 

0.3 

(±0.1) 

12.4 

(±11.1) 

141.6 

(±11.9) 

31.3 

(±23.5) 

Domestic 

wastewater  
9.9 25.2 58.0 0.1 N/A* N/A* N/A* 163.0 N/A* 

*N/A indicates that this wastewater parameter was not analyzed for this sample 

3.2.5 Tracer study – Continuous flow reactors 

 To better understand the hydrodynamics in the reactor environment and to quantify the 

actual HRT of the system, a tracer study was conducted on reactor R1 after sediment addition. 

The purpose of the tracer study was to determine how theoretical HRT (reactor volume divided 

by volumetric flow rate) would compare to the actual HRT for the bench scale experimental 

reactor equipped with an inlet at the bottom of the reactor and an outlet at the top of the reactor, 

as would be anticipated in the field. A 100 mL pulse of 128 mg/L lissamine (or brilliant 
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sulfoflavin) dye solution was injected through the reactor inlet and the fluorescence of the dye 

was measured every two minutes for 4.8 days using a custom built Turner Designs Cyclops-7 

fluorometer . The resulting residence time distribution curve, as described by Delatolla and 

Babarutsi (2005), was then analyzed. Non-ideal flow conditions such as dead zones and 

channeling can evolve during the operation of continuous flow reactors, which can lead to an 

actual HRT that is different from the theoretical HRT of the reactor (Levenspiel, 1999). It was 

found that the observed HRT was 1.33 days, which represented only 60% of the theoretical HRT, 

hence, the curve indicated that the reactor likely exhibited flow channeling and dead zones. A 

second tracer test was performed using a 1.28 g/L dye solution in order to permit a visual 

assessment of the flow path. This test confirmed the presence of a dead zone in the bottom right 

corner of the reactor and channeling directly from the inlet, across the free water surface of the 

reactor to the effluent. This hydrodynamic characterization suggested that the operating volume 

of the reactor was less than the design volume, and that a given fluid element was likely move 

preferentially to the top of the reactor.  

3.3 Results and discussion 

3.3.1 Batch flow column experiment 

3.3.1.1 Column pH, oxidation-reduction potential and temperature during 18 days of batch flow 

Figure 3.3 shows pH, reactive phosphorous, ORP and temperature during the batch flow 

column experiment. Figure 3.4 shows the concentrations of Na, K, Ca, Mg, and S, and the total 

alkalinity before the experiment and after 18 days of batch flow testing.  

High initial pH levels of 9.89 were attenuated to 7.65 ± 0.18 in the column experiment in 

the first 8 days and decreased slightly to 7.57 ± 0.16 after 18 days (Figure 3.3A). Furthermore, the 

C reached a stable pH within 10 days, while the pH of the CTRL-C eventually reached a stable 

pH of 8.31 after 18 days. The rate of pH attenuation in the C over the first four days of the 

experiment was 0.46 pH units/day, whereas that observed in the CTRL-C over the first four days 
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of the experiment was 0.1 pH units/day. It can also be seen that the total alkalinity of C increased 

from 162.7 ± 1 mg/L CaCO3 at the beginning of the experiment to 280.2 ± 10.7 mg/L CaCO3 in 

the C (Figure 3.4B). The total alkalinity of the CTRL-C at the end of the same time period was 

159.8 mg/L CaCO3, essentially unchanged from the original level. 

The results showed that, in a batch flow environment, the presence of sediments from the 

Amherstview WSP contributed to a pH attenuation rate that is more than 4 times larger than the 

rate observed when the wastewater was simply allowed to reach equilibrium with the ambient 

CO2 partial pressure. This pH decrease also coincided with an increase in alkalinity. Presumably, 

the decline in pH in the CTRL-C was due to the mass transfer of CO2 between in the atmosphere 

and the wastewater column toward a state of equilibrium.  

 

 

Figure 3.3: Changes in average column wastewater characteristics with time in sediment 

batch flow column experiment (A) pH (B) reactive phosphorous (orthophosphate) (C) ORP 

(D) temperature 

(A) (B) 

(D) (C) 
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In aquatic environments, sediments have been shown to generate alkalinity through  

CaCO3 dissolution, denitrification, as well as iron and sulfate reduction (Stumm and Morgan, 

1996). Sediments under increasingly acidic conditions, such an environment where the partial 

pressure of CO2 is increased due to the mineralization of organic material in the sediment, can 

exhibit a net efflux of alkalinity through the dissolution of CaCO3 (Jahnke and Jahnke, 2000; 

Thomas and Schiettecatte, 2009). The release of Ca2+ and alkalinity from sediments (Figure 

3.4A) could also reflect the dissolution of CaCO3 (Rao et al., 2014), and the release of Ca2+ and 

alkalinity has been shown to result from the production of metabolic acidity in sediments (Rao et 

al., 2014). Relative to the CTRL-C both an increase in Ca2+ and total alkalinity were observed in 

the C (Figure 3.4), hence, it is possible that these could have occurred, at least in part, due to 

microbial metabolism in the sediment. 

 

Figure 3.4: (A) Dissolved metal composition of the wastewater in batch flow columns at the 

beginning (STK), and end of the experiment (18 days) for the C and the CTRL-C (non-

reported metals were of negligible concentration) (B) total alkalinity of column wastewater 

at the beginning of the experiment (STK), and for the C and the CTRL-C after 18 days 

There was an observed increase in alkalinity that coincided with the decrease in pH, 

therefore, it is believed that a combination of aforementioned processes could have been 

contributing factors in the observations made in the column. However, based on the data 

(A) (B) 
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collected, it is not possible to attribute the contribution of each of these processes to changes in 

alkalinity and pH in this experiment.  

The ORP of the C was consistently higher than that of the CTRL-C, and both responses 

fluctuated in a similar manner (Figure 3.3C). Both the C and CTRL-C exhibited similar ORP 

ranges (oxic) and likely would not facilitate different redox reactions. As such, the presence of 

the sediments in the C did not alter the redox condition such that different redox dependent 

reactions would occur between C and CTRL-C. The increase in ORP between days 0 and 2 was 

attributed to mixing during the transfer of fluid from the wastewater tank to the columns. There 

was little difference in temperature between the C and the CTRL-C throughout the experiment 

and wastewater temperatures fluctuated with the ambient room temperature (Figure 3.3D). 

3.3.1.2 Phosphorous release in column 

The release of reactive phosphorous to the wastewater column was observed in the C and 

a large variability was noted between the two columns as demonstrated by the large error bars 

(Figure 3.3B). It should be noted that, the temperatures recorded during this experiment (23.5 – 

25.2 0C) were higher than those that would be expected in a natural environment (17.8 0C average 

between March and November 2014 exclusive). As such, reactive phosphate release may have 

been larger than would be expected in an actual WSP environment, which would be consistent 

with other studies where increases in phosphorous release were observed at higher water 

temperatures (Peng et al., 2007; Wu et al., 2013). Other studies have also reported phosphorous 

release from WSP sediments (Ortuo et al., 2000; Peng et al., 2007; N. Powell et al., 2011), as well 

as from lake sediments (Bates and Neafus, 1980; Boström and Pettersson, 1982; Mayer et al., 

2006; Miao et al., 2006; Y. Wu et al., 2013). It was previously demonstrated that soluble reactive 

phosphorous release from WSP sediments was highest at higher pH and temperature in non-

sterile anaerobic environments (Ortuo et al., 2000), and adsorption of phosphate was seen at 
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lower pH (Peng et al., 2007). An inverse relationship between pH and total phosphate in the 

overlaying water in lake sediment experiments was also found by Wu et al. (2013).   

In general, the observations of reactive phosphorous release in the C were similar to those 

reported for column experiments performed by Powell et al. (2011), where the sediments first 

released total phosphate and then a reduction in total phosphate levels was observed after a period 

of time. However, the release and subsequent reduction occurred over a longer period of time in 

Powell et al. (2011) (25-50 days). In the C, reactive phosphorous levels continued to rise as pH 

decreased. A decrease in reactive phosphorous was only seen at the end of the experiment when 

the pH in the C had been stable for six days. The studies on WSP sediments conducted by Powell 

et al. (2011) and studies conducted with lake sediments by Mayer et al. (2006) describe large 

variabilities in sediment behavior that relate to the geochemistry of the sediment and limnological 

conditions, as noted in this study. Yamamoto et al. (2008) suggest that the decomposition of 

organic matter, enhanced by the oxidation of the sediment, may have led to observed increases 

phosphate concentrations in sediment experiments. In this study, this process may have played a 

role in the contribution of reactive phosphorous by the sediment to the overlaying wastewater. 

ICP-MS analysis in Figure 3.1 showed that the sediment contained a considerable amount 

of Fe (3.65% by mass) and Ca (5.2% by mass), but there was <0.05 mg/L total soluble Fe 

detected in the wastewaters of the C and the CTRL-C. Figure 3.4 shows that Ca levels increased 

in the C, and the same samples showed that there was a decrease in soluble elemental S in the C 

relative to the CTRL-C. Based on the ORP data presented, the reactive phosphorous release seen 

in the C was not likely attributed to the abiotic release mechanisms described in the classical 

model described by Mortimer (1942). This is because oxidized sediments strongly inhibit or 

minimize the release of phosphorous from sediments via these abiotic mechanisms (Gächter and 

Meyer, 1993). However, analytical limitations did not allow for the measurement of ORP at the 

sediment wastewater interface, and it is believed that although the wastewater column exhibited 
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>100 mV redox conditions, the sediment wastewater interface could have been at reducing 

conditions, which could have allowed for Fe-bound phosphorous release. 

3.3.2 Continuous flow reactor experiment 

3.3.2.1 Alkalinity and pH in reactors 

Shown in Figure 3.5 are the observations of pH and alkalinity during the reactor 

experiment, both during continuous flow and for the thirteen-day period where wastewater was 

allowed to stand following continuous flow. Figure 3.6 shows concentrations of major cations at 

the end of the reactor batch flow period relative the concentrations in the synthetic wastewater 

recipe. Table 3.4 shows the range of temperature and ORP observed during the continuous flow 

period of the reactor experiment. The R exhibited a statistically lower effluent pH (P = < 0.001) 

for the entire treatment than the CTRL-R, but did not provide a drastic pH reduction. The pH in 

the R was not observed to exceed the regulatory discharge limit of 9.5, and after day five the 

CTRL-R remained below a pH of 9.5 (Figure 3.5A). Similar to what was seen in the columns 

containing wastewater collected from the WSP, the reactors containing synthetic wastewater 

exhibited a noticeable pH decrease in the batch environments that also coincided with an increase 

in alkalinity (Figure 3.5B). The pH of the R after the period of batch flow was 7.69 ± 0.04 

compared to that of the C which was 7.57 ± 0.16, indicating that the pH of both synthetic 

wastewater (high concentration of OH-) and domestic wastewater (deficit of CO2) in contact with 

the WSP sediments could be attenuated to a similar pH level. This is meaningful because the pH 

attenuation mechanisms offered by the sediments may be applicable in environments where 

elevated pH is not predominately caused by excessive algal photosynthesis as was the case in the 

domestic wastewater.  

The flow rate, not the nature of the synthetic wastewater, was believed to be the reason 

for the modest pH attenuation observed in the continuous flow experiment. This was supported 

by the more notable pH decreased observed in the reactors upon the cessation of continuous flow. 
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Under continuous flow, the R only exhibited slightly better pH attenuation than the CTRL-R, but 

the larger pH reduction observed in the R could most likely be attributed to biogeochemical 

processes in the sediment. It is thought that based on results obtained in the reactor batch flow 

period, a longer hydraulic retention time would result in a greater reduction in the effluent pH 

levels in the R. The reduction of pH in CTRL-R relative to the inlet was likely due to the 

precipitation of carbonates that caused a decrease in alkalinity and Ca2+ concentrations, a process 

that also would have occurred in R.  

The alkalinity of the R during continuous flow was typically within the range of the inlet 

alkalinity, while the CTRL-R alkalinity was consistently lower than the R and the inlet stock 

solution (Figure 3.5B). The difference in Ca2+ concentrations between the inlet and the CTRL-R 

at the end of the experiment suggests that the precipitation of CaCO3 during the experiment was a 

mechanism through which alkalinity (in the form of CO3
2- and OH-) was removed from the 

system in CTRL-R (Figure 3.6). The R retained more Ca2+ and alkalinity during the experiment 

relative to CTRL-R. It appeared that the sediments may have had an influence such that less Ca2+ 

and alkaline species were lost from the wastewater column relative to the CTRL-R. Results from 

the column experiment showed that the sediments contributed both Ca2+ and alkaline species to 

the domestic wastewater. Thus, it is possible that when the sediments were placed in contact with 

synthetic wastewater in the reactor, they may have also contributed to the Ca2+ concentration in 

the synthetic wastewater, some of which may have subsequently precipitated. The net effect of 

this influence could have been an observed decrease in pH that was larger than that attributed to 

simply to precipitation (the magnitude of which is described by the pH difference between inlet 

and the CTRL-R), and a net increase in alkalinity.   
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Figure 3.5: Changes in effluent characteristics of: the stock synthetic wastewater (Inlet), R, 

and CTRL-R during the 14 day period of continuous flow and the following 13 days of 

batch flow (A) pH (B) total alkalinity. Vertical line represents the day that continuous flow 

ceased. 

(A) 

(B) 



66 

 

 

Figure 3.6: Ca, Mg, Na, K, and S concentrations in the R after 26 days. Concentrations for 

IN were not measured but represent the concentrations in the synthetic wastewater recipe. 

Table 3.4: Temperature and ORP ranges during the reactor experiment 

 IN R CTRL-R 

 T (0 C) ORP (mV) T (0 C) ORP (mV) T (0 C) ORP (mV) 

Min value 23.8 79 23.2 107 23.4 99 

Max value 27.0 135 25.6 167 25.9 153 

 

At the end of the reactor experiment, the ICP-MS element analysis showed that 0.32 ± 

0.02 mg/L Fe was found in the R, where levels of Fe were below the detection limit (< 0.05 

mg/L) in the inlet and the CTRL-R (Figure 3.6). This would suggest that the sediment contributed 

Fe to the overlaying wastewater. This could be similar to the phenomenon described as salt 

displacement for sediment-bound Fe in clays, a process which has been shown to result in the 

acidification of sediments (Klein et al., 2010). Thus, it is possible that cationic exchange and 

subsequent oxidation was a mechanism through which the pH of the synthetic wastewater in the 
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R was reduced beyond the reduction that occurred in the CTRL-R. It is possible that this Fe was 

bound to phosphorous, which could have also been released to the wastewater column.  

3.3.2.2  Constituent concentrations 

Shown in Figure 3.7 are the concentrations of COD, TP, NH3, and NO3
- during the course 

of the continuous flow reactor experiment. The CTRL-R was employed to represent possible 

changes in concentrations of constituents that might not be attributed to the presence of the 

sediments. For example, the decreases in the concentrations of nitrogen species and COD in the 

CTRL-R when compared to inlet concentrations could likely be attributed to abiotic factors 

(Figure 3.7A). Both the CTRL-R and the R reactors had lower effluent concentrations of COD 

than the influent, suggesting chemical decay of COD and insignificant contribution of COD to the 

wastewater column from the sediments. Increases in COD concentrations have been observed in 

un-vegetated vertical flow and un-vegetated horizontal flow wetland filters employing peat (Kõiv 

et al., 2009; Naylor et al., 2003), vegetated vertical flow constructed wetlands containing pine 

bark combined with mulch (Wang et al. 2010), and vegetated horizontal flow and vertical flow 

constructed wetland filter employing mulch (Saeed and Sun, 2011), but was not observed in the 

present reactor study employing WSP sediments.  

The sediment were taken from the bottom of a secondary maturation/facultative WSP that 

receives low organics (<5 mg/L BOD and <20 mg/L COD) and suspended solids (3.34 mg/L), 

resulting in slow accumulation of organic matter in the benthic layer of the WSP. As such, the 

results of this study would be more meaningfully compared with other polishing WSPs, which are 

subject to slow rates of detritus accumulation rather than WSPs receiving raw sewage. 

Wastewater stabilization pond sediments are known to release the nutrients present in settled 

detritus over time, with the amount of release being related to the nutrient content in the benthic 

layer in some studies (Bryant and Bauer, 1987). As the sediments employed in this study had a 

relatively low organic content (15.4% percent of dry mass), COD release was expected to be 
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minimal. The age of the organic matter may be of relevance, as fresh organic substrate such as 

peat (Wang et al., 2010) may release highly soluble organic acids during the initial period of 

submersion in wastewater, while in other studies older mineralized peat was not shown to 

contribute COD in a vertical flow deployment (Kõiv et al., 2009). Similarly, stabilized sediment 

would generally have a much smaller amount of readily soluble organic material and, as 

observed, would have a much smaller potential to contribute COD. 

A Mann-Whitney U test showed that total NH3 in the R was not statically different the 

CTRL-R but, and each remained consistently lower than the influent concentration (Figure 3.7C). 

This demonstrated that the sediments did not contribute substantial amounts of total NH3 to the 

wastewater column. The abundance of OH- in the synthetic wastewater inlet would cause most of 

the NH4
+ added in the recipe to be converted directly to NH3 and be lost through volatilization at 

higher pH (8.88-9.52), where unionized ammonia would represent between 26% and 59% of the 

total ammonia in a pure sample (Zhang et al., 2014). The pH in the R was on average 0.30 ± 0.02 

units lower during the continuous flow experiment, and could have exhibited slightly lower rates 

of ammonia volatilization, but this was not reflected in the observed effluent concentrations.   

It is also possible that biological activity in the wastewater column nitrified NH4 to NO3
- 

under aerobic conditions (Nitrosomonas nitrobacter) (Gao et al., 2012). A ranked-sum test 

demonstrated that NO3
- in the R was not statistically different than the CTRL-R. The sediments 

therefore do not appear to have contributed substantial amounts of NO3
- to the wastewater column 

(Figure 3.7D). 

Relative to the CTRL-R, the sediments in the R contributed substantial amounts of TP to 

the wastewater column (Figure 3.7B). The concentrations of TP in the R were often above inlet 

concentrations. TP concentrations in the R decreased to 0.54 ± 0.02 mg/L PO4
3- by the end of the 

experiment. The regulated discharge limit for the WPCP is 1 mg/L P-PO4
3- as TP (3.06 mg/L 
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PO4
3-), which was not exceeded in the R at any time during the experiment. The variability in 

effluent in the R was similar to that observed for the release of reactive phosphorous in the C. 

 

Figure 3.7: Effluent measurements of constituent concentrations taken in continuous flow 

reactors experiments (A) COD (B) total phosphorous (C) total ammonia (NH4
+ + NH3) (D) 

nitrate-N 

3.4 Conclusions 

The goal of this work was to demonstrate to what extent sediments from the 

Amherstview WSP contribute constituents to the wastewater column and attenuate high pH in an 

un-vegetated FWS system. The capacity of sediments to lower the pH and increase the alkalinity 

of wastewater, both domestic and synthetic, was demonstrated. However, reliable pH attenuation 

to below 9.0 under the continuous flow regime used could not be achieved in this study, for an 

observed hydraulic retention time of 1.33 days. Sediments were found to contribute total 

(B) (A) 

(C) (D) 
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phosphorous and reactive phosphorous in the continuous flow reactor and batch column tests 

respectively, with the reactors exhibiting total phosphorous concentrations 80% less than their 

regulated discharge limit. No substantial amounts of the other measured nutrients were 

contributed by the sediment.  

It is expected that pH reduction in vegetated FWS reactors would be enhanced by the 

presence of plants. It is recommended that these sediments be considered for use as a substrate in 

the pilot-scale tests of the Amherstview WPCP FWS CW. Pilot testing could help determine 

whether sediment release of wastewater constituents over longer time scales than those 

investigated in this study would be possible. Further data is required to identify the primary 

processes involved in alkalinity generation and pH attenuation. Future work should involve 

measuring oxygen profiles, redox profiles, metals, and sulfur both within and above the sediment 

over time.  
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Chapter 4 

Spatial and temporal water quality trends in a facultative wastewater 

stabilization pond with filamentous algae, submerged macrophytes and 

elevated pH 

4.1 Abstract 

Wastewater stabilization ponds (WSPs) can exhibit a variety of physical, chemical and 

biological processes that can be tailored to provide enhanced wastewater treatment based on their 

design, local climate, and wastewater characteristics. The generation of elevated pH within WSPs 

can lead to calcite-facilitated phosphate precipitation and pathogen disinfection, but can also be 

problematic if levels exceed regulatory discharge limits. A 5.34 ha baffled facultative WSP, 

located in Loyalist Township (Ontario, Canada), exhibiting recurring elevated pH (>9) events 

was monitored at 15 sampling locations over a period of twenty-nine days to describe the 

dynamics of pH and other relevant wastewater parameters throughout the system. Removals of 

total ammonia nitrogen (TAN), NO3
--N PO4

3—P (orthophosphate) and alkalinity were monitored, 

and spatial water quality prediction plots of pH, DO, and temperature were developed. Spatial 

and temporal heterogeneities were observed for pH, DO, and to a lesser extent temperature, 

within the WSP throughout the study. Both pH and DO were consistently highest at three of the 

fifteen sampling locations, all located at the southeast corner of the baffled WSP system. 

Observations showed that during the study period, the WSP behaved like a small shallow 

eutrophic lake with almost full light penetration of the water column. This would have permitted 

the growth of the filamentous algae Oedogonium and the submerged macrophytes Myriophyllum 

and Potamogeton. The algae were visually observed to grow on both macrophytes at locations 

where the highest pH and DO levels were recorded. It was inferred that the apparent prevalence 

of these species may have been a contributing factor in the observed spatial heterogeneity in the 
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water quality of the WSP. Possible explanations for the increased pH would include significant 

CO2 and NO3
--N uptake by algae via photosynthesis. Photosynthesis was also most likely 

responsible for the regions of oxygen super-saturation in the WSP. The results suggested that the 

common assumption that WSPs behave as completely mixed reactors would not apply for small 

baffled systems and that biological factors such as the abundance of algae and submerged 

macrophytes may govern water quality within these system. It is proposed that mechanistic 

numerical modelling of water quality may provide further insight into the source of this 

heterogeneity.  

4.2 Introduction 

 Wastewater stabilization ponds (WSPs) can sustain complex aquatic ecologies and 

support a number of biogeochemical processes that can facilitate the treatment of wastewaters 

with a range of characteristics, in various climates. For example, they have been used to treat both 

raw and secondary domestic wastewaters in arctic, temperate and tropical regions (Faleschini and 

Esteves, 2013; Lumbers and Andoh, 1987; Mara and Johnson, 2007; Ragush et al., 2015; 

Tilsworth and Smith, 1984; Wallace et al., 2016a), as well as agricultural (Dong and Reddy, 

2010; Estrada and Hernndez, 2002) and industrial (Shpiner et al., 2007) wastewaters. The design 

of WSP systems is site specific and will depend on the characteristics of the influent wastewater, 

as WSPs are engineered to promote processes that contribute to the attenuation of the wastewater 

constituent(s) of interest. For example, deep anaerobic WSPs have been implemented where 

ambient temperatures and organic loading rates are high (>3000 kg BOD ha-1d-1), and their 

primary function is to remove biological oxygen demand (BOD) via sedimentation and anaerobic 

digestion (Lester et al., 2012; Mara and Pearson, 1998). Maturation WSPs take advantage of a 

shallow depth and thriving algal consortium to promote nutrient and pathogen removal via 

various light and dark reactions (Maynard et al., 1999; Ouali et al., 2014). 
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A critical element of facultative WSPs is the synergistic relationship between 

photosynthetic organisms and heterotrophic microorganisms (Kayombo et al., 2002; Duncan 

Mara and Pearson, 1998). Photosynthetic organisms such as algae consume carbon dioxide (CO2) 

and produce dissolved oxygen (DO), while heterotrophic microorganisms utilize this oxygen to 

aerobically degrade organic matter and produce CO2. The photosynthetic growth of algae can 

result in the uptake of inorganic nutrients such as ammonium (NH4
+), nitrate (NO3

-) and 

phosphate (PO4
3-), all of which are generally present in wastewater (Shammas et al., 2009). These 

processes are of particular importance in facultative WSPs, where removal of organic matter 

(100-400 kg BOD ha-1d-1 loading) and nutrients under is often of principal interest.  

The biological processes that form the basis of municipal wastewater treatment in WSPs 

are sensitive to ecological and environmental factors, and thus under certain conditions can 

present operational challenges. For instance, high rates of photosynthetic activity in facultative 

WSPs may result in excessive algal blooms (Wallace et al., 2016a). Although elevated pH (>9) 

resulting from photosynthetic activity can improve disinfection performance, it can also result in 

increased chemical oxygen demand (COD), total suspended solids (TSS), and pH in the WSP 

effluent (Gschlößl et al., 1998; Yeh et al., 2011). Excessive algae growth is believed to have been 

the driving factor affecting pH levels at the Amherstview water pollution control plant (WPCP) in 

Loyalist Township, Ontario. During the summer months, warm temperatures and extended 

photoperiods have coincided with high pH events of up to 11, resulting in the exceedance of their 

regulatory mandate of 9.5. During this time, thick mats of floating filamentous green algae have 

been observed on the water surface and have been clearly visible from shore (Wallace et al., 

2015). It has been reported that the uptake of CO2 by photosynthetic algae can lead to elevated 

pH events, and that this algae can be qualitatively represented by measuring the chlorophyll-α 

(chl-a) fluorescence of the water sample (Zang et al., 2011).  
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A multivariate statistical analysis by Wallace et al. (2016a) using fluorometric chl-a 

measurements as a proxy for algal biomass was conducted in the three WSPs at the WPCP. In 

Wallace et al. (2016a), a positive correlation was not originally reported between chl-a and pH, or 

between chl-a and dissolved oxygen (DO) in any of the three WSPs. This was consistent with 

other studies where strong correlations between chl-a and other parameters at a given time were 

not typically noted, particularly for chl-a levels < 10 μg/l (Zang et al., 2011). A further time series 

analysis of the collected data demonstrated a positive correlation with a 20 (r = 0.54) and 16 (r = 

0.56) hour time lag between chl-a and DO and chl-a and pH, respectively, in the first WSP 

(Wallace et al., 2016b). In this analysis the cross correlation coefficients were found to be outside 

of the data’s standard error and thus these correlations were reported as significant by the author. 

The time-lagged correlations detected at low chl-a levels prompted further investigation into the 

cause of elevated pH in the Amherstview WSPs. 

The purpose of the current study was to better understand the nutrient dynamics of a 

facultative WSP receiving highly nitrified wastewater with low carbonaceous biochemical 

oxygen demand (CBOD5 < 5 mg/l), and to identify process conditions that could contribute to the 

development of elevated pH within a facultative WSP. Through the analysis of spatial and 

temporal water quality parameters, this study aimed to identify heterogeneities in the pH, DO, 

and temperature of the WSP and characterize the mechanisms that lead to changes in these water 

quality parameters. The role, if any, of algal ecology and photosynthesis in the development of 

elevated pH in the WSP will be presented. In addition, potential limitations associated with the 

use of fluorometric chl-a as a representation of algae concentrations in WSPs will be discussed. 

Understanding the mechanisms that govern pH fluctuations in facultative WSPs will provide 

valuable information that will guide engineers in deriving design solutions to address this 

important effluent water quality issue and assist municipalities in meeting their regulatory 

discharge requirements.  
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4.3 Methods 

4.3.1 Site description and background 

 The Amherstview water pollution control plant (WPCP) is located in Amherstview, ON 

approximately two kilometers inland from the shore of Lake Ontario (44.220 lat, -76.660 long). It 

is a secondary treatment facility that receives domestic sewage with a 5,700 m3/d rated capacity. 

It was built in 1965 at which time it consisted only one WSP, pond one (P1). Between 1965 and 

1990, three more ponds were constructed, pond two (P2), pond three (P3), and pond four (P4). By 

1991, the WSPs were operating above their design capacity, and in 1997 the facility was 

expanded. The upgrade introduced mechanical primary treatment, phosphorous removal via alum 

addition, and secondary treatment in the form of an activated sludge process. Together with three 

of the four remaining WSPs, the facility is currently operated via the Sutton process, where P1, 

P2 and P4 are employed are employed for wastewater ‘polishing’, with a combined design 

volume of 170,500 m3. A plan view of the facility is shown in Figure 4.1 The first WSP in series, 

P2, has a design volume of 73,200 m3, an area of 5.34 ha, and was designed with a theoretical 

hydraulic retention time (HRT) of 15 days. P2 is baffled along its entire length and with a single 

aperture at the southwest (SW) corner of the WSP. The highly nitrified influent was thought to be 

beneficial to the operation of the WSPs, providing chemically bound oxygen (NO3
-) during the 

winter months and preventing the development of anaerobic conditions under ice cover (Gore and 

Storrie, 1997). The pH increase typically occurs within P2, and a previous study (or studies) P2 

exhibits much larger diurnal fluctuations in pH and DO than P1 or P4 (Wallace et al., 2016b 

TBS). The pH does not change significantly from P2 effluent to P4 effluent, and is, hence, not 

attenuated in the two subsequent WSPs (Wallace et al., 2016a).  
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Figure 4.1: Schematic of the Amherstview WPCP in relation to the three lagoons. Lagoon 1 

is P2, lagoon 2 is P1, and lagoon 3 is P4.  

4.3.2 Sampling locations 

 The first of the three facultative WSPs, P2, was the subject of the study. Thirteen 

sampling locations, roughly 60 m apart along the center of each baffled half of the WSP were 

selected (denoted as S1 – S13 in Figure 4.2). Flags were placed along the length of the shore and 

at each end to indicate sampling locations and to orientate the boat in the center of the WSP. The 

secondary effluent (SE) was measured at the effluent chamber of the secondary treatment facility 

and considered to represent the WSP influent assuming negligible water quality transformations 

along the 190 m length of pipe. The WSP effluent was measured at the outlet weir and is denoted 

as PE.  

4.3.3 Water quality measurements 

Samples were collected at each of the 15 sampling locations on a daily basis between 

08:30 and 9:30 for 29 days. A grab sample was taken at SE and at PE. The grab samples were 

analyzed within 30 minutes of sampling for total ammonia nitrogen (TAN), NO3-N, reactive 
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PO4
3- (orthophosphate), and alkalinity using a Hach 1900 spectrophotometer available at the 

WPCP. TAN was determined using the Hach salicylate method 10205. NO3
--N was determined 

using Hach cadmium reduction method 8039. PO4
3--P was determined using Hach ascorbic acid 

method 8048. Alkalinity (as CaCO3) was determined using Hach method 10239. Temperature, 

pH, oxidation reduction potential (ORP), conductivity, depth, dissolved oxygen (DO), chl-a, and 

phycocyanin were also monitored at locations S1-S13 from the boat using a Hach Hydromet 

Hydrolab© DS5 water quality sonde. Chl-a was measured using a Turner Designs© Cyclops-7 

submersible chl-a sensor, DO was measured using a Hach LDO DO sensor probe, pH was 

measured using a Hydrolab pH and ORP sensor with a separate standard reference, and 

temperature was measured using the Hach factory default temperature sensor. All sensors were 

certified by the Canadian Hach distributor 15 days prior to deployment. A 30 element analysis 

was conducted on water samples taken at the influent of the WSP (SE), the four corners of the 

WSP, (S1, S6, S7, S12), and the effluent of the WSP (PE) on the first day of the monitoring 

period using an ICP-MS (Agilent 7700x). All weather data was obtained from the Government of 

Canada’s climate station at the Kingston airport located approximately 5 km from P2 

(Government of Canada, 2014). Wind was measured 10 m above the ground and reported as a 2 

minute average of wind speed ending on the hour. 
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Figure 4.2: Schematic showing the second WSP (P2) and sampling locations in Google 

Earth (left) and ArcMap (ESRI v 10.3.1) (right). The image on the left shows the location of 

the baffle aperture through which water flows from the first half of P2 to the second half. 
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4.3.4 Bathymetry data 

 Bathymetry data was obtained using a pole with a survey grade measuring tape and is 

show in Figure 4.3. The device was lowered from the boat to the pond bed and the depth reading 

was recorded while the boat was stationary for one minute. The GPS location of the depth reading 

was taken using a Magellan Promark 3 during the 60 second interval in which the depth was 

recorded. The GPS coordinates were converted to UTM 13N and plotted on Google Earth. The 

Delft3D suite program QUICKIN was used to interpolate the bathymetry between sample points 

using triangular interpolation (RFGRID (Deltares, 2014a) and QUICKIN (Deltares, 2014b)). The 

minimum and maximum depths measured were approximately 1.3 m and 1.9 m, respectively. 

 

Figure 4.3: The bathymetry of P2 in meters, represented as a triangular interpolation from 

a sample size of 39 depth measurement 
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4.3.5 Description of flora 

During the sampling period (September 16th to October 14th), P2 was often covered in 

mats of filamentous green algae, which was generally representative of operating conditions from 

June to late October. Prior metagenomics analysis conducted at the site (Wallace et al., 2015) 

identified the filamentous algae to be of the division and class Chlorophyta chlorophyceae, which 

was visually identified to be of the genus Oedogonium using Serediak and Huynh (2011) as a 

visual aid. Two submerged macrophytes were also seen in abundance and were visually identified 

to be of the genus Myriophyllum and Potamogeton (Wallace et al., 2015). Oedogonium originate 

from the benthic layer (Cattaneo et al., 2013) and exhibit epipelic behavior, often growing on the 

submerged macrophytes. During warm periods, Oedogonium, like other filamentous algae, 

develop rapidly in the spring and entangle other submerged plants. They can form a dense canopy 

stemming from macrophytes near the water surface and spread out to form mats, possibly shading 

out other plants (Scheffer, 2004), likely in order to increase exposure to sunlight as seen in other 

mat-forming filamentous algae such as Spirogyra (Graham et al., 1995). The growth and 

photosynthetic activity of Oedogonium and Myriophyllum has been described previously for Lake 

Wingra, Wisconsin (McCracken et al., 1975; O’Neal and Lembi, 1985; Spencer et al., 1985; 

Spencer er al., 1987), as has the individual growth patterns of the algae and the macrophytes at 

the same site (Adams and McCracken, 1974). Additionally, the growth of Myriophyllum in 

wastewater has been previously demonstrated (Nuttall, 1985). In contrast to other studies of 

photosynthesis in WSPs where the dominant genera were planktonic algae (Amengual-Morro et 

al. 2012; Gehring et al., 2010; Kayombo et al., 2003), filamentous algae and submerged 

macrophytes in WSPs cannot be quantified using chl-a fluorometry. Therefore all observations of 

biomass density were based on photographs taken on site and are considered qualitative. 

Oedogonium biomass samples were collected on April of 2015 to determine C:N:P ratios. 

Four samples were collected from the WSP at locations S6-S9. The biomass was stored in a 

plastic bags and taken back to the laboratory within two hours, at which time the algae and 
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macrophyte biomass was separated. The algae biomass was air dried for one week at 23 0C, after 

which time it was weighed, ground in a coffee grinder, weighed again, ashed at 500 0C, and 

digested using aqua regia. A C:N analyzer (LECO Truspec CN model no. 630-100-100) was then 

used to analyze C and N content, and an inductively coupled plasma optical emission 

spectroscopy (ICP/OES) analyzer (Varian Vista-PRO Axial) was used to obtain P and trace metal 

content. 

4.3.6 Map generation 

Prediction surfaces of pH, DO, and temperature were generated in ArcMap using the 

geostatistical analyst tool. Sampling locations were input into ArcMap using UTM coordinates 

obtained from the Magellan Promark 3 and water quality parameter values were coupled to the 

co-ordinates of S1-S13, SE and PE. An ordinary Kriging method (ESRI, 2011) was used to 

interpolate the values between each sampling point for pH, DO, and temperature. S1-S6 and SE 

were interpolated together, while S7-S13 and PE were interpolated together. The interpolation 

layers were selected based on the baffle location, with an assumption that the baffle position did 

not allow mixing between the two halves of the WSP. The model was optimized around the 

semivariogram variable using 8 sectors and all other variables were set to default. The 

interpolated predictions were intended to demonstrate qualitative trends rather than to imply exact 

water quality parameter concentrations between sampling points. Similar approaches were 

reported by Mayer et al. (2006) and Sweeney et al. (2007). 

4.3.7 Determination of light attenuation coefficient 

In May 2015, down welling total irradiance was measured in the photosynthetically 

active range (PAR) from 400-700 nm using a cosine corrected JAZ-COMBO spectrometer 

manufactured by Ocean Optics (Florida, USA). The spectrophotometer optic fiberglass cable was 

oriented vertically upward towards the free water surface as it was lowered into the WSP, and 

PAR measurements were recorded at depths of 0, 14, 34, 54, 74, 94, and 114 cm below the free 
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water surface at sampling point S1-S13. The light attenuation coefficient Kd (m-1) was calculated 

according to the Beer-Lambert Law shown in equation 4.1 

 𝐸𝑑𝑧=𝑖 = 𝐸𝑑𝑧=0𝑒
−𝐾𝑑∆𝑧 [4.1] 

Where Edz is the total irradiance (Wm-2) at depth z (m) below the free water surface. Kd 

was obtained by conducting non-linear regression of ln(Ez/E0) vs. z. 

4.3.8 Statistical analysis 

Statistical analysis was performed on the dataset consisting of all samples taken at the 

influent an effluent of P2. The software SigmaPlot© v 11.0.0.77, produced by Systat Software 

Inc., was used to conduct ANOVA and paired t-tests as described in Chougule and Sonaje (2014). 

4.4 Results and Discussion 

4.4.1 WSP treatment performance  

 Influent and effluent water quality concentrations measured at SE and PE as a function of 

time throughout the study period are illustrated in Figure 4.4. A Mann-Whitney U test showed 

statistically significant differences between the influent and effluent loadings for all constituents. 

Spearman test statistics for the data are reported in Table 4.1. The Spearman test was chosen in 

favor of the Pearson test because it is a non-parametric test that does not assume the data follows 

a normal distribution. In general, these results indicated that PO4
3- and NO3

--N were removed, 

while DO, and alkalinity tended to increase. An effluent with a higher pH and lower temperature 

than the effluent was consistently noted throughout the study.  
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Figure 4.4: Water quality in the effluent of the WSP (location P2) during the study period (September 16-October 14, 2014). (A) pH (B) 

DO (C) NO3
--N (D) TAN (E) PO4

3—P (orthophosphate) (F) alkalinity (G) temperature (H) metals present in water sample (measured 

September 16th, other elements from 30 element analysis not found in substantial amounts). 

 

(G) (H) 
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Table 4.1: Spearman correlation coefficients for select parameters in the WSP effluent  

Correlated variables Spearman correlation parameter p value 

NO3
- CaCO3 -0.80 <0.001 

DO pH 0.75 <0.001 

Temp pH 0.74 <0.001 

pH PO4
3- -0.69 <0.001 

Temp PO4
3- -0.68 <0.001 

DO PO4
3- -0.57 <0.005 

Temp DO -0.51 <0.005 

NO3 Temp -0.42 0.0242 

CaCO3 Temp 0.38 0.0406 

NH4 CaCO3 0.37 0.0452 

NO3 NH4 -0.35 0.0667 

NH4 pH -0.25 0.1854 

 

It is possible that the observed PO4
3- removal occurred through both assimilatory uptake  

by algae (Abdelaziz et al., 2014; Dickinson et al., 2013; Mara and Pearson, 1986; Wang et al., 

2010) and by precipitation of Ca5(PO4)3 at pH > 8 (Hosetti and Frost, 1998; Larsdotter et al., 

2007; Toms, Owens, Hall, and Mindenhall, 1975; L. Wang et al., 2010), with the former being 

expected to remove only 25% to 50% of phosphorous in typical secondary wastewater effluent 

(Shammas et al., 2009). These presence of these mechanisms was supported by the negative 

correlations between PO4
3- and pH. The observed increases in DO and pH levels in the WSP were 

likely due to the high algae growth and, hence, assimilatory uptake. The corresponding increases 

in pH may have further promoted the removal of PO4
3- through precipitation pending available 

calcite as described by Toms et al. (1975).  

 There was a strong (> |0.5|) positive correlation between DO and pH, and there was also a 

strong positive correlation between temperature and both DO and pH, findings consistent with 

work examining spatial and temporal pH and DO levels in a kelp forest (Frieder et al., 2012).  
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TAN was not found to be strongly correlated with any of the measured parameters. 

Levels of TAN increased in the WSP, and this increase could have been partially attributed to the 

hydrolysis of algal biomass. Algae have been shown to release dissolved organic nitrogen (DON) 

when nitrogen is abundant (Nagao and Miyazaki, 2002). A strong positive correlation was noted 

between organic N and chl-a in a prior study conducted at the WPCP (Wallace et al., 2016a). This 

organic nitrogen could then be hydrolyzed to ammonium (Berg et al., 2002). Wallace et al. 

(2016a) hypothesized that NH3-N was contributed to the water column through denitrification and 

dissimilatory nitrate reduction to ammonium in the sediment.  

In surface water systems, photosynthesis has been shown to influence pH as well as 

alkalinity (Brewer and Goldman, 1976; Uusitalo, 1996; Zhang et al., 2014). Brewer and Goldman 

conducted bench scale tests using seawater and the three phytoplankton species Phaseodactylum 

tricornutum, Dunaliella tertiolecta, and Monochrysis lutheri. The growth chambers containing 

the algal cultures had pressurized air bubbled through them, which maintained the pH between 

7.85 and 8.25. It was demonstrated that phytoplankton growth that utilized NO3
- released OH-, 

and growth utilizing NH4
+ led to acid production. They also described how the uptake of CO2 

during photosynthesis could raise the pH of seawater by changing the amount of total inorganic 

carbonate (TIC) dissolved in the water without affecting alkalinity, whereas the result of NO3
- and 

NH4
+ uptake did have a net effect on alkalinity. Figure 4.4 (C) shows that nitrate removal was 

observed across the WSP. The WSP effluent also constantly exhibited higher alkalinity than the 

influent, which would suggest that NO3
- uptake and release of OH- as a possible mechanism 

(Brewer and Goldman, 1976), as is possible that NO3
- served as the primary source of nitrogen 

for algal growth, which could have been a contributing factor to observed increases in both 

alkalinity and pH in the WSP. 
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4.4.2 Weather and mixing effects 

Weather, in particular wind and temperature, had a notable effect on the WSP. Hourly 

temperature and wind data for the 29 day period from September 16 at 09:00 to October 14 at 

23:00 are shown in Figure 4.5.  

 

 

Figure 4.5: Minimum, maximum, and mean daily temperature 5 km from the WSP (A) 

hourly wind speed during the study period (B) hourly temperature during the study period 

(C) wind rose data showing wind direction (degrees, 900 means wind from East) and speed 

(m/s) (D) 

The prevailing wind was from the south and southeast (SE) (Figure 4.5(D)), and like 

other studies (Cattaneo et al., 2013; Spencer and Lembi, 1981), the floating algae mats were seen 

to move in accordance with wind conditions. For instance, Figure 4.6 shows that algae was often 
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present at the surface at the northeast (NE) end of the WSP and to a lesser degree on the SW end 

of the WSP (in distance), transported by intense winds.  Days with high wind intensities showed 

greater homogeneity in water quality parameters, presumably due to the increased mixing as a 

result of wind shear.  

Colder temperatures shown in Figure 4.5(C) have been associated with less floating 

algae, where previous studies described how the buoyancy of algal mats could be attributed to 

high levels of photosynthetic oxygen production (Graham et al., 1995). Photosynthetic rates of 

Oedogonium were reported to decrease with decreasing temperature (O’Neal and Lembi, 1985), 

and thus there was a potential for reduced buoyancy at lower temperatures.  This reduced 

photosynthetic activity at lower temperatures is suggested by the strong negative correlations 

noted between temperature and both pH and DO.  

 

Figure 4.6: Pictures of P2 on September 16, 22, 26, and October 4 that illustrate the 

variability of surface mixing and algae spatial heterogeneity and mat integrity during the 

study period. Photos were taken from the WSP effluent weir (PE). 

 

16 - 22 

26 - 4 
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4.4.3 Spatial trends in temperature, pH and DO 

Spatial heterogeneities of different magnitudes were observed as a function of 

temperature, pH and DO. Spatial and temporal trends for temperature, pH, and DO, observed on 

September 16, 19, 26, 29 and October 7 and 14, are illustrated in Figure 4.7, Figure 4.8, and 

Figure 4.9 respectively. These dates were selected to exemplify the range of spatial heterogeneity, 

from relatively spatially homogeneous to relatively spatially heterogeneous. These prediction 

plots provide qualitative surfaces that demonstrate the range of heterogeneity observed for pH, 

DO, and temperature in the WSP during the study period. These plots were derived through the 

Kriging of data collected at the 15 sampling points within the WSP, and thus represent data 

generated through the use of statistics. Prediction maps (interpolations) for each parameter for 

each day between September 16 and October 14 can be seen in Appendix B. 

The temperature of the WSP influent was 18.25 ± 0.840C and the effluent was 15.93 ± 

2.140C throughout the study. The higher temperature of the WSP influent was influenced by the 

temperature of domestic sewage and the energy imparted by mechanical treatment provided at the 

facility. It was seen that temperature was more variable within the WSP (Figure 4.4(G)) due to 

the high surface area to volume ratio that would have exposed the WSP water column to ambient 

temperatures and wind effects.  

 As shown in Figure 4.7, temperature decreased from inlet to outlet and tended to be 

lowest in the second half of the baffled system. The largest spatial variation in WSP temperature 

during the study was seen on September 26th where the difference in temperature between S1 and 

S9 was 1.90C and the temperature difference between S9 and S13 was 0.840C. The smallest 

spatial variation in temperature during the study was observed on October 4th where the 

difference between S1 and S6 was 0.20C. These variations were outside instrumental error (± 

0.10C). 

The WSP received on average an influent pH of 6.98 ± 0.13, which increased to 8.66 ± 

0.31 by the end of the first half of the baffled system (SE to S6) and to 9.48 ± 0.24 at the outlet 
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(PE). The WSP received an average influent DO concentration of 3.77 ± 1.00 mg/l, which rose to 

12.37 ± 2.32 mg/l by the end of the first half of the baffled system and decreased to 11.24 ± 2.45 

mg/l by the outlet (PE). DO concentrations above 100% saturation were observed on a number of 

occasion at most sampling locations throughout the study, a state often associated with high 

photosynthetic activity (Boyd et al., 1994; Carpenter et al., 2012). As seen in Figure 4.8 and 

Figure 4.9, spatial heterogeneity in pH and DO were observed within the WSP. The largest DO 

gradient was observed on September 26th, where there was a 15.41 mg/l difference between S1 

and S9. The largest gradient in pH was noted on September 29th with a 3.23 pH difference 

between S1 and S9. 

There was a consistent contrast in pH and DO concentrations between sampling points S6 

and S7, which were located at opposite ends of the baffle opening. Both pH and DO were higher 

at S7 than S6 for the majority of the study.  The second half of the baffled systems was generally 

more homogenous with respect to pH and DO. Both pH and DO levels were generally higher in 

the second half of the baffled system 

There have been a limited number of studies examining spatial heterogeneity of water 

quality in WSPs. In a study that measured a larger suite of physical, chemical, and biological 

parameters by Sweeney et al. (2007), the presence of spatial heterogeneity in the water quality 

parameters in a facultative WSP (depth = 1.4 m, surface area = 112 ha) was reported that was 

consistent with the results observed in this study and Figure 4.7, Figure 4.8, and Figure 4.9. 

Sweeney et al. (2007) showed contour plots of DO, NH4
+-N, NO2

--N and NO3
--N on a single day 

in summer (Table 4.2) were presented to demonstrate this heterogeneity. However, the DO 

contours derived in Sweeney et al. (2007) showed a trend that was not consistent with the trend of 

DO contours presented in this study (Figure 4.9). Contour plots of pH were not presented. From 

Figure 4.9, it can be seen that low DO levels at were noted at the influent and increased along the 

length of the Amherstview WSP and were, at times, supersaturated around S9 (located approx. 
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540 m transect from WSP influent). The DO plot presented by Sweeny et al. (2007) exhibited 

concentrations that were highest near the inlet.  

Table 4.2: Comparison of average wind speed, pH range, DO range, and temperature range 

between the Bolivar lagoon (Sweeney et al., 2005; Sweeney et al., 2007) and the 

Amherstview lagoon 

Parameter Bolivar Amherstview 

Study period 
Multiple times a day, one 

summer day, one winter day 

Daily from September 16 – 

October 14, 2014 

Average wind 

speed [m/s] 
3.09 4.6 ± 2.8 

pH range [-] 7.0 – 8.5  6.7 – 10.2 

DO range [mg/l] < 1 – 30 4.6 – 26.1 

Temperature range 

[0C] 
13.1 – 27.4 11.69 – 19.67 

 

It is important to note that the Amherstview WSP system is much smaller (5.34 ha) than 

the Bolivar WSP and receives highly nitrified secondary effluent, resulting in relatively low 

organic loading (~5 kg BOD ha-1d-1) and influent ammonium concentrations ((0.118 ± 0.042 mg/l 

TAN). Although it can be inferred that the Bolivar WSP also received secondary effluent from an 

upstream activated sludge process (Sweeney et al., 2004), contour plots in Sweeney et al. (2007) 

demonstrate that the Bolivar WSP exhibited much higher ammonia levels (>10 mg/l NH3-N) and 

much lower nitrate levels (<2.4 mg/l NO3-N) than the Amherstview WSP. Sweeney et al. (2007) 

suggested that nitrification was prevalent in the Bolivar WSP, and it is possible that oxygen 

content decreased along the length of the Bolivar WSP due to consumption via nitrification 

without sufficient algal growth to maintain the high oxygen levels (Sweeney et al., 2004). This 

was possibly the main factor contributing to the difference in DO contours seen in the 

Amherstview WSP. The contrast in pH and DO between S6 and S7 indicated that the baffle is a 

key feature that contributes to the spatial heterogeneity of the water quality, where the small 

opening limits the flow from one half of the WSP to the other while promoting localized mixing 
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within each half of the pond. This is another factor contributing to differences in DO contours 

between the Bolivar WSP and the Amherstview WSP. 

Elevated pH levels and supersaturated DO conditions, along with qualitative field 

observations suggested that there was more photosynthetic activity occurring in P2 relative to that 

reported for the Bolivar WSP (Figure 4.6). The fluctuating degrees of spatial variability observed 

in DO and pH during the study were suggestive of a system influenced daily weather fluctuations 

and algae growth. Warm weather combined with low wind speeds, was generally followed by 

larger spatial variability in pH and DO, exemplified on September 26th and 29th. Conversely, high 

wind speeds and low air temperatures were observed on October 6th, and coincided with the low 

levels of spatial heterogeneity observed in pH, DO, and temperature were observed on October 

7th. This was likely the result of lower growth rates and higher mixing during this time interval. 
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Figure 4.7: Temperature prediction maps for (A) September 16, (B) September 21, (C) September 26, (D) September 29, (E) October 7, 

and (F) October 11. Enlarged legend is provided for readability. 

(D) 
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Figure 4.8: pH prediction maps for (A) September 16, (B) September 21, (C) September 26, (D) September 29, (E) October 7, and (F) 

October 11 
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Figure 4.9: DO prediction maps for (A) September 16, (B) September 21, (C) September 26, (D) September 29, (E) October 7, and (F) 

October 11 

(D) (E) (F) 
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Time series plots of pH, DO, and temperature at sampling locations S1, S5, S9 and S13 

are shown in Figure 4.10. The differences in both pH and DO concentrations between different 

locations within the WSP, along with the spatial distribution prediction maps for each of these 

parameters in Figure 4.7, Figure 4.8, and Figure 4.9, would suggest that this WSP did not 

generally behave as a completely mixed reactor. Differences in measurements of pH, DO, and 

temperature between sampling points on the NW (S1) and SW (S5) corners of the WSP compared 

to those on the other side of the baffle (S9 and S13) were generally observed, indicating that the 

baffle played an essential role in maintaining the observed spatial heterogeneities in pH, DO and 

temperature. 

Other studies have emphasized the effect of hydraulics on WSP operation (Alvarado et 

al., 2012a; 2012b; Sweeney et al., 2005). Sweeny et al. (2007) drew conclusions regarding 

localized regions of elevated DO that were supported by the results of computational fluid 

dynamics (CFD) experiments. Concentration gradients across baffles within WSPs were also 

demonstrated through CFD modelling predictions by Shilton and Harrison (2003), but these 

models have not been combined with water quality models that examine pH and DO gradients. 

CFD modelling of the Amherstview WSP that would incorporate physical and biochemical 

processes would be beneficial to assess the effect of the baffle on heterogeneity in the WSP
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Figure 4.10: Measurements of (A) pH, (B) DO and (C) temperature at four of the P2 sampling locations S1, S5, S9, S13
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4.4.4 Aquatic flora and photosynthesis 

Between September 16 – October 14 2014, measured chl-a levels were found to be 

negligible during periods of high pH (>10) and DO (>15 mg/l), indicating that chl-a 

concentrations at the WSP effluent were not directly correlated to pH and DO in P2 during this 

time period. A lack of correlation between chl-a and pH and DO was also noted in a previous 

study (Wallace et al., 2016a). However, the consistent supersaturated DO concentrations suggest 

that the increase in pH was likely associated with photosynthetic activity. Between April 1st and 

October 30th 2014, the WSP received high N-NO3
- concentrations (20.1 ± 6.7 mg NO3

--N/l), and 

TAN (0.05 ± 0.03 mg/l) concentrations, suggesting that NO3
- would be more consistently 

available for algal uptake than NH4
+. This is supported by NO3

- removals noted in Figure 4.4(C) 

in the WSP. Although some algae have been shown to preferentially uptake NH4
+ over NO3

- 

(Mccarthy et al., 1977), presumably due to thermodynamic favorability (Cai et al., 2013), this 

preference does not always hold for all algae (Dortch, 1990; Drexler, et al., 2014). Levels of NH4
+ 

present in P2 may have been below the algal uptake threshold, which have been shown to be as 

high as 0.021-0.044 mg N-NH4
+/l for unicellular algae (Maestrini et al., 1986). Higher pH also 

reduces the proportion of TAN as NH4
+. For instance, the average influent TAN of 0.05 mg/l 

observed between April 1st and October 30th 2014 was 0.03 mg NH4
+-N/l at 200C and pH 9.5, 

which is within the range of threshold ammonium uptake values reported by Maestrini et al. 

(1986). Spencer and Lembi (1981) showed that NO3
- was a key factor in dictating spatial 

distribution of Oedogonium in a man-made lake, where they demonstrated that NO3
- could serve 

as the preferred nitrogen species. It is unclear, however, to what extent the pH change in P2 was 

influenced by CO2 uptake compared to NO3
- assimilation. However, observations of algae 

metabolism in laboratory tests using nitrified secondary wastewater as a growth medium 
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suggested that both processes were relevant when algal photosynthesis increases pH (Drexler et 

al., 2014). 

The presence of filamentous green macroalgae Oedogonium, and the submerged 

macrophytes Myriophyllum and Potamogeton could have influenced water temperature, pH, and 

DO heterogeneity in the WSP. The macrophytes were not distributed evenly throughout the WSP 

and were seen in highest density at sampling points S5-S10, particularly surrounding sampling 

points S8-S10. The relative densities of these plants are illustrated in Figure 4.12. Myriophyllum 

was seen predominately on the first half of the baffled system whereas Potamogeton was seen 

predominately on the second half of the baffled system. Oedogonium was noted to grow 

epiphytically (upon another organism, non-parasite) on both Myriophyllum and Potamogeton and 

underwater photography in the WSP revealed it to be present at all locations where macrophytes 

were observed.  

Spatial variability in water temperature could have been influenced by the reported 

capacity of submerged vegetation to influence water temperature (Nepf, 2012). Submerged 

vegetation, particularly those that would be hosts to filamentous algae, could attenuate 

temperature variations that might otherwise have been strongly influenced by fluctuations in air 

temperature and wind mixing. In addition, as can be seen from Figure 4.7, Figure 4.8 and Figure 

4.9, areas with the lower variability in temperature also tended to coincide with areas that 

exhibited the highest pH and DO throughout the study. 

Myriophyllum and Potamogeton possess roots and set root in the WSP sediment. 

Oedogonium is an alga that grows on WSP sediment, but can also grow on the submerged 

macrophytes. Thus, these plants are generally fixed in a specific location, which differs from 

planktonic algae commonly seen in WSPs, such as Chlorella or Scenedesmus (Amengual-Morro 

et al., 2012), which are more typically suspended, particularly in turbid wastewaters (Mara and 

Pearson, 1998). The Secchi depth of the WSP was deeper than the water column depth, indicating 
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that there was minimal light attenuation in the water column. It has been reported that 

phytoplankton tend to dominate turbid waters, while macrophytes tend to dominate clearer 

waters. However, the relationship between species predominance and water turbidity remains to 

be elucidated (Scheffer, 2004). These findings are, however, consistent with observations in P2. 

The dominant flora were macrophytes and epipelic algae as opposed to planktonic algae (Wallace 

et al., 2015), which would be expected in a water column with low turbidity that allows light 

penetration throughout the water column. Figure 4.11 illustrates the clarity of the water column in 

P2 along with some examples of Myriophyllum, Potamogeton, and Oedogonium rooted in the 

sediment.  

 

Figure 4.11: (A) Oedogonium growing on the WSP sediment (B) Myriophyllum plant with 

Oedogonium growing around it (C) Oedogonium almost entirely encompassing 

Myriophyllum in the first half (S1-S6) of the WSP (D) A dense patch of algae and 

Potamogeton on the second half (S7-S13) of the WSP near the water surface. All pictures 

taken May 2015. 

One would expect that areas in the WSP with both low Kd values and favorable sediment 

environments would promote growth of Myriophyllum and Potamogeton, and consequently more 

stable temperatures, increased DO levels and elevated pH at these locations relative to other 

(A) 

(C) 

(B) 

(D) 
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locations. Kd in the water column has been reported to be proportional to the abundance of 

phytoplankton, detritus and inorganic suspended solids (Scheffer, 2004). It is also dependent on 

concentrations of dissolved organic carbon (DOC) in the form of humic and fulvic acids (Heaven 

et al., 2005).  These compounds are commonly found in wastewaters and originate largely from 

the decomposition of organic materials such as vegetation. It is likely that for sampling locations 

near the WSP inlet, the presence of suspended solids originating from the wastewater treatment 

plant effluent reduced the light available for plant growth. Eventually, these solids would settle as 

they move through the WSP, resulting in lower Kd values at sampling locations farther from the 

WSP inlet. This could provide a possible explanation for the lack of submerged macrophytes 

noted prior to S3, the location at which perhaps the Kd value became low enough to permit 

macrophyte growth. However, it is recommended that Kd be measured during future studies 

involving this WSP as adequate data could not be captured during the field study. 

The settling of solids and detritus in the region closest to the pipe inlet (S1-S3) and the P2 

effluent (S12-S13) could smother the sediment and restrict plant access to the soil beneath, 

creating an unsuitable environment for the colonization of filamentous algae and submerged 

macrophytes. The predominant wind conditions from the SSW drive the filamentous algae mats 

to S1, S2, S12, and S13 in the WSP (see Figure 4.6). The movement of Oedogonium mats in 

accordance with wind conditions was observed in another study of a small lake with Oedogonium 

blooms (Spencer and Lembi, 1981). This movement of the filamentous algal mats would lead to 

the accumulation of detritus at these sampling location as the season became colder and rates of 

photosynthesis decreased, consequently reducing DO saturation and mat buoyancy. 
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Figure 4.12: Algae entangled macrophytes at location S5 (top). Algae and entangled 

macrophytes at S9 (bottom). All pictures taken September 2014. 

4.4.5 Synthesis 

The breadth of data collected during this study can be condensed into a few key findings. 

Firstly, it is clear that NO3
- was removed within the WSP from the water while pH and DO 

increased substantially well above influent levels. The pH and DO observed throughout the pond 

were highest at locations S8-S10 throughout the study and were often lower towards the weir, 

resulting in clear non-uniformity in these parameters during the study. These locations were 

where the largest density of macrophyte ‘forests’ were observed and upon which large amounts of 

filamentous algae was also seen to grow. The degree to which this spatial non-uniformity was 

present within the WSP appeared to be related to temperature and wind speed, where dissipation 

of non-uniformity in DO and pH was observed on stormy days where temperatures were low and 
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wind speeds were high. This could be explained by greater lateral mixing under high wind 

speeds.  

Although NO3
- was not measured spatially, it is possible that its removal within the pond 

may be attributed to uptake by the algae (Drexler et al., 2014). This process, if present, would 

have also contributed to increased pH and alkalinity (Brewer and Goldman, 1976), both of which 

were consistently noted throughout the study. The high level of nutrients in the pond in 

conjunction with an extremely clear water column and near absence of BOD (~ 5 mg/l) suggests 

that there are very few limiting constraints to the growth of the filamentous algae and this may 

explain why this pond experiences such high pH levels. These observations would suggest that a 

reduction in the water clarity, in combination with a reduction in the amount of nutrients entering 

the pond, specifically NO3
-, may be an option that should be explored by the facility management. 

The results discussed here suggest that the biomass responsible for the pH increase seen 

in the effluent of the WSP is not uniformly distributed throughout the WSP. The predominant 

algae species not behave as planktonic algae, the most commonly discussed type in WSP 

literature, behaves. Additionally, if this type of system is to be modelled, it is clear that the 

location of this biomass is critical if the model endeavors to reproduce the spatial evolution of 

elevated pH throughout the pond. 

4.5 Conclusions 

This study discussed the role of a combination of epipelic filamentous algae and 

submerged macrophytes in the production of DO and elevated pH in a baffled wastewater 

stabilization pond system. The results showed that the relatively small (5.34 ha) WSP was not 

well mixed and exhibited maximum differences in DO, pH, and temperature of 15.5 mg/l, 3.24 

units and 1.90C respectively, through the WSP area. This study also showed that the well-mixed 

assumption applied in many WSP models may not accurately simulate baffled WSPs of this size. 

In addition, the low turbidity of the WSP and related low light attenuation should be considered 
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more fully. Hence, a three-dimensional approach that incorporates plant biomass distribution and 

engineering design such as baffles may more accurately model WSP systems. Future work will 

involve creation of a three-dimensional model to evaluate the relative importance of spatially 

heterogeneous NO3
- and CO2 uptake in the generation of high pH, DO and alkalinity effluents. 
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Chapter 5 

Three-dimensional modelling of elevated pH in a secondary facultative 

wastewater stabilization pond 

5.1 Abstract 

A model was developed to guide the development of management strategies for the 

reduction of pH levels in the effluent of a wastewater stabilization pond (WSP) in Ontario, 

Canada. The Delft3D modelling suite was used to create a three-dimensional hydrodynamic and 

water quality model that would describe the physical and biogeochemical processes governing 

pH, and hence most relevant in the occurrence of elevated pH events. The model focused 

primarily on the influence of filamentous algae and submerged macrophytes on nutrient uptake, 

and pH and DO levels within the WSP. The model was calibrated using data from routine 

monitoring and a directed field study. Model results showed agreement between observed and 

predicted pH and DO values, as well as in the prediction of NO3
- and PO4

- trends. The spatial 

heterogeneity observed with the model replicated the observed pH and DO gradients, but the 

model could not reproduce the differences in pH and DO values between sampling locations in 

the WSP observed during the study. The modelling results indicated that the most effective option 

for the reduction of seasonal pH levels would be to reduce the CBOD5 removal and to decrease 

ammonia removal in the upstream extended aeration process. The model provides a tool to further 

improve the understanding of WSPs and their complex water quality dynamics, and could 

potentially offer a quantitative assessment of the contribution of different processes to pH 

fluctuations in these systems with both spatial and temporal resolution.  

5.2 Introduction 

Passive and semi-passive wastewater treatment systems such as wastewater stabilization 

ponds (WSPs) rely on physical, chemical, and biological processes to treat wastewater. The 
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desired level of treatment is achieved through careful site specific design and operation of these 

systems. However, these passive systems are open to the environment and, thus, sensitive to 

seasonal and climatic variability that cannot be controlled, but should be considered in their 

design and implementation. For example, ambient temperatures have significant effects on 

biological reaction kinetic rates (Tilsworth and Smith, 1984), as well as the rate of thermal 

stratification within WSPs (Sweeney et al., 2005). Wind is also a critical factor affecting gas 

transfer (Chaturvedi et al., 2014) and mixing processes (Sweeney et al., 2007) within these 

systems, as low flow velocities cause fluid movement to be largely driven by wind rather than 

internal flow currents. As wastewaters are generally nutrient rich, they allow for the growth of 

aquatic vegetation, algae, and bacteria under conditions that are generally not nutrient limited. 

Factors such as light availability in the water column and the sediment, the light attenuation 

coefficients, and wastewater constituent concentrations will govern the abundance and the type of 

organisms within facultative and maturation WSPs (Amengual-Morro et al., 2012), which in turn 

will affect dissolved oxygen (DO) and pH levels.  

An understanding of both wastewater engineering and limnological principles are 

advantageous when attempting to describe dynamics within facultative and maturation WSPs. In 

these environments, high nutrient levels can facilitate the growth of organisms in the water 

column, as well as the sediment-water interface. Excessive algae growth can lead to pH levels 

that exceed regulatory discharge limits during the summer months (Wallace et al., 2015, Wallace 

et al., 2016a), and be detrimental to receiving waters (Viessman et al., 2009). Many studies have 

described the role of microalgae in WSP treatment (Beran and Kargi, 2005; Gehring et al., 2010; 

Kayombo et al., 2000; Sah et al., 2011), but to date few studies have described the role of 

filamentous macroalgae and submerged macrophytes in WSPs. In the study of a 5.34 ha baffled 

facultative WSP presented in Chapter 4, notable pH and DO spatial heterogeneities were 

observed throughout the pond. As was seen in Chapter 4, the pH and DO levels measured at the 
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effluent of the WSP were not generally representative of the levels throughout the WSP, and it 

was shown that pH and DO levels in the WSP effluent were consistently lower than those 

measured in areas of the WSP where macrophyte and algae biomass was abundant. The results of 

the study suggested that this spatial heterogeneity was likely influenced by the heterogeneous 

distribution of algae and macrophytes throughout the WSP. 

Spatial heterogeneity in the constituent concentrations of metals, algae, oxygen and 

nutrients has also been reported in other studies on WSPs and lakes. Knauer et al. (2000) 

described a small lake (45 ha) exhibiting a heterogenic distribution of arsenic concentrations. 

They concluded that these heterogeneities arose from both variations in inflow concentrations and 

differences in chemical transformation rates such as the oxidation of arsenite to arsenate 

throughout the lake. Other studies also described heterogeneity in lakes (Borics et al., 2011) and 

in larger (120 ha) WSPs (Sweeney et al., 2005; Sweeney et al., 2007) resulting from thermal 

stratification. WSPs are designed to be contained systems where interactions with the surrounding 

hydrosphere including infiltration, exfiltration, and runoff are typically minimized. Thus, it is 

proposed that the spatial variability in constituent concentrations in WSPs can be attributed to 

transformations processes taking place in the WSP and the hydrodynamic flow regime. Using 

data from previously characterized heterogeneous systems (Sweeney et al., 2007, Chapter 4), 

mixing and hydraulic information can be employed to estimate constituent (carbon dioxide (CO2) 

uptake, dissolved oxygen (DO) production, nutrient assimilation) transformation rates (Knauer et 

al., 2000). In the context of WSPs, an understanding of sediment-water interactions and nutrient 

feedback (Bryant and Bauer, 1987; Chabir et al., 2000) are essential in predicting treatment 

performance and identifying strategies for improving effluent wastewater quality. 

A number of numerical models predicting hydraulic behavior and treatment performance 

of WSPs have been developed and presented (Beran and Kargi, 2005; Fritz et al.,1979; Gehring et 

al., 2010; Kayombo et al., 2000; Moreno-Grau et al., 1996; Sah et al., 2011). Beran and Kargi 
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(2005) predicted variations in chemical oxygen demand (COD), ammonium nitrogen (NH4
+-N), 

orthophosphate phosphorus (PO4
3—P), DO, and concentrations of bacteria and algae using a two-

dimensional model. The WSP pH was held constant and hydraulic conditions were described only 

by longitudinal dispersion and vertical diffusion, thus ignoring advection imparted by internal 

current, influent velocity, effluent velocity, and wind shear stress. Gehring et al. (2010) used a 

modified version of the Activated Sludge Model v3 that included a simple computation for pH. 

Validation of this model was completed using a 1.2 m3 microcosm that assumed well-mixed and 

continuously stirred conditions. Yang (2011) explicitly modelled CO2 uptake by algae in an effort 

to provide insight on CO2 supplementation requirements for open algal treatment systems, but pH 

was not examined. A comprehensive review of WSP modelling studies was provided by Sah et al. 

(2012). To date a model that assesses the effect of photosynthetic CO2 uptake on pH levels in 

WSPs, and the consequent impact on processes such as ammonia volatilization, E. coli 

disinfection, biological growth rates and phosphorous precipitation has yet to be developed. 

Furthermore, previous models, with some exceptions, have generally considered simple 

representations of system hydraulics, limiting the potential for reproducing the spatial variability 

in constituent concentrations exhibited in some WSPs. 

The development of a comprehensive WSP model that incorporates transient system 

hydraulics, biomass (vegetation, heterotrophic microorganisms, algae, etc.) growth and 

constituent removal kinetics, would be highly beneficial in predicting the performance of non-

ideal WSP systems (Sah et al., 2011). Sah et al. (2011) presented a three-dimensional model that 

accounted for a large number of physical and biochemical processes relevant to wastewater 

treatment in WSPs, but results were not calibrated or validated with experimental or field-scale 

observations. Modelling was conducted using constant wind velocity, wind direction and daily 

solar irradiance conditions and constant influent and effluent flow rates.  



121 

 

The three WSPs at the Amherstview water pollution control plant (WPCP) in Loyalist 

Township, Ontario exhibit elevated pH levels (>9.5) and high microalgae, macroalgae and 

submerged macrophyte growth. Previous work presented in Chapter 4 suggested that three 

predominant genera, the filamentous algae Oedogonium, and the submergent macrophytes 

Myriophyllum, and Potamogeton, may play an influential role in the elevated pH and DO 

observed in the first WSP. Hydrodynamic modelling of the system based on the monitoring of 

pH, DO, nitrate (NO3
-), total NH3, PO4

3-, and total alkalinity will allow for the prediction of 

relevant constituent removals  in the WSP.  

Elevated pH can contribute to disinfection and pathogen removal, but can also exceed 

regulatory limits for receiving environments and may be the result of excessive algal growth. 

When this elevated pH is caused by algal biomass that is not distributed evenly throughout a 

WSP, modelling exercises seeking to capture pH dynamics must necessarily be completed in a 

minimum of two dimensions. As submerged macrophytes and some filamentous algae grow and 

also compete for light throughout the depth of the WSP water column, a three-dimensional 

approach is further warranted. In this study, the methodology for three-dimensional numerical 

modelling of WSPs presented in Sah et al. (2011) will be expanded to generate a three 

dimensional transient numerical model that will reproduce observed nutrient concentrations and 

the spatial distribution of pH, DO and temperature throughout the WSP as presented in Chapter 4. 

To our knowledge, this model is the first to include submerged macrophytes and filamentous 

algae in addition to the effect of CO2 uptake and other processes on pH in a WSP. Full-scale 

spatial and temporal field measurements will be employed to calibrate the model, however, model 

validation will not be completed in this study. The calibrated model will then be employed to 

explore and assess the following management scenarios at the WPCP in an effort to reduce 

effluent pH: 1) A reduction in the removal of organics and ammonia in the upstream wastewater 

treatment processes to induce higher degradable carbon and nutrient concentrations in the WSP, 
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effectively increasing competition from heterotrophic bacteria, 2) the removal of the submerged 

macrophytes, and 3) the removal of the baffle that was introduced in the WSP to increase the 

hydraulic actual residence time of the wastewater fluid elements. The study will provide valuable 

information on the influence of these operational consideration on WSP pH, and provide 

guidance for devising best management practices for reducing pH levels in the WSP.  

5.3 Methods 

5.3.1 Study area 

The Amherstview WPCP was described in detail in a previous study (Chapter 4). The 

WSP of interest (P2) in this study is the first of three facultative WSP in a series at the 

Amherstview WPCP (Figure 5.1). Flow enters P2 through a 550 mm pipe originating at the 

secondary treatment plant and exits through an 1180 mm broad-crested weir. Located in the 

center of the WSP is a hydraulic curtain (baffle) that was installed in 2008 in an attempt to reduce 

short circuiting of flow within the WSP. The baffle extends from the NE shore to the SW shore of 

the WSP, with a submerged aperture in the baffle at the SW corner to permit flow. P2 receives 

secondary effluent that is highly nitrified (0.05± 0.03 mg/l total NH3-N, 21 ± 5 mg/l NO3
--N) with 

low suspended solids (~5 mg TSS/l) and organic matter (~5 mg CBOD5/l) concentrations. It 

exhibits a Secchi depth that extends to the bottom of the WSP (depth of 1.9 m at the deepest 

point) and the water is considered relatively clear. The predominant genera within the WSP are 

the filamentous algae Oedogonium, and the two submerged macrophytes Myriophyllumim and 

Potamogeton (Wallace et al., 2015). Due to low chlorophyll-α (chl-a) levels in the pond, 

microalgae activity was assumed to be less predominant within WSP. It is possible that 

microalgae were present within the filaments of Oedogonium however.  Due to the physical 

structure of the three dominant genera, WSP models employed for predicting the growth of 

microalgae are not appropriate for P2. Other models do not allow for the spatial distribution of 

algae or macrophyte biomass that cannot be transported by the flow of water. At the Amherstview 
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WSP, filamentous macroalgae and submerged macrophytes generally remain in place unless 

displaced by substantial wind shear. Macrophytes are typically rooted in the soil and macroalgae 

are attached to benthic strata and macrophytes. 

 

Figure 5.1: Layout view of the Amherstview water pollution control plant and three WSPs 

along with the grid and bathymetry for the P2 FLOW model. Lagoon 1 is P2, lagoon 2 is P1, 

and lagoon 3 is P4. S1-S13 indicate sampling positions used in Chapter 4 and arrows 

indicate general flow direction. 

5.3.2 System boundaries 

This model examined both the hydraulic and water quality processes that occur in 

secondary facultative WSPs with high water clarity and low organic loadings, with flow 

velocities, flow conditions, water levels, wind stresses, heat balances, and constituent transport 

via diffusion and advection as the main hydraulic components of focus. Environmental factors, 

biogeochemical transformation, and transport of constituents relevant in the study of shallow 

eutrophic lakes were the main elements employed in the water quality model. A conceptual 

model of the relationship between components is shown in Figure 5.2.  



124 

 

The model predominately focused on the growth, respiration, and decay rates of algae 

and submerged macrophytes. The growth of algae in the model was dependent on the following 

inputs: nitrogen, PO4
3-, sunlight, day length, pH, and temperature. Only one of either N or P could 

be the limiting nutrient factor at any given time. The growth of algae and submerged macrophytes 

utilizes dissolved CO2 and releases DO, and net biomass growth only occurs if the rate of 

photosynthetic growth is greater than the rate of respiration. Algal respiration releases CO2 and is 

dependent on temperature and defined algal maintenance and growth respiration rates (Deltares, 

2014b). The carbonate system was modelled to compute the effect of photosynthetic CO2 uptake 

on pH dynamics, considering the total alkalinity of the water column and the total inorganic 

carbonate (TIC, g C m-3). These two constituents define the pH of the system, which was then 

used to compute the speciation of the constituents of TIC, as defined by equation 5.1 (Deltares, 

2014b). 

 𝑇𝐼𝐶 = [𝐶𝑂2(𝑎𝑞)] + [𝐻2𝐶𝑂3] + [𝐻𝐶𝑂3
−] + [𝐶𝑂3

2−] [5.1] 

Alkalinity is defined according to equation 5.2 and all other contributors were considered 

to be negligible, and therefore ignored.  

 𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 = [𝐻𝐶𝑂3
−] + [𝐶𝑂3

2−] + [𝑂𝐻−] [5.2] 

The decay of algae produces both nutrients and organic matter, and this organic material 

will exert an oxygen demand in the water column. This organic material was modelled as organic 

detritus and dissolved organic matter. When modelling organic matter as such, common 

wastewater parameters such as CBOD5 and COD were not explicitly modelled in the system for 

two reasons. Firstly, CBOD5 and COD levels entering the WSP were very low and were not part 

of the WPCP sampling regime. As the concentrations of these constituents has historically been 

low, the treatment efficiency of these constituents was not considered in this chapter in detail. 

Collectively, all of this matter will be captured by a COD test, but each group of substances will 

mineralize at different rates in the pond. Thus, the model explicitly models organic materials of 
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different ages and different mineralization rates (Deltares, 2014b). To avoid redundancy, CBOD5 

and COD were defined as model outputs and were implicitly modelled as three pools of 

increasingly recalcitrant particulate and dissolved organic carbon. These are particulate organic 

carbon pools 1-3 (POC1, POC2, and POC3, g C m-3) and dissolved organic carbon (DOC, g C m-

3). Each of these pools has a nitrogen component (PON1, PON2, PON3, and DON, g N m-3) and 

phosphorous component (POP1, POP2, POP3, and DOP, g P m-3). As biomass decays, a portion 

of it autolyses into easily biodegradable particulate organic matter (POC1) and a proportional 

amount of PON1 and POP1 depending on the nutrient ratios of the original biomass (Deltares, 

2014b). A second portion is transformed into medium decomposing particulate organic matter 

(POC2) along with PON2 and POP2. These pools, when mineralized, become POC3, PON3, and 

POP3, and eventually DOC, DON, and DOP. The dissolved constituents represent extremely 

recalcitrant organic matter such as humic and fulvic acids (Deltares, 2014b). These mineralization 

steps each release CO2, and ultimately release NH4
+ and PO4

3- to the water column. Under oxic 

conditions, these processes consume O2 but can also utilize NO3
- as an electron acceptor if the 

concentration of DO is below a defined threshold. The collective theoretical oxygen demand of 

these components represents the COD of the water column 

Sediment processes were included in this model using a simplified two-layered approach. 

As such, many factors that govern the mineralization rates of sediment constituents were omitted. 

Sedimentation of POX1 in the water column (where X is C, N, or P) contributes to slowly 

decomposing detritus in the sediment, DetXS1. The settling of the more recalcitrant species 

POX2 and POX3 contribute to soluble “other organic” refractory component in the sediment, 

OOXS1 (g X m-2). Settling, mineralization, and resuspension of these sediment constituents were 

computed as substance fluxes out of or into the water column (Deltares, 2014b). Resuspension 

was modelled as dependent only on bed layer shear stress. Anaerobic processes and processes 

occurring under reducing conditions were not included in the model excluding denitrification.  
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Nitrification and denitrification in the water column and in the sediment were modelled 

according to both zeroth order kinetics and first order Monod kinetics. In the water column, 

nitrification and denitrification were dependent on substrate concentrations, temperature, and DO 

levels. Above an optimal oxygen concentration, the DO inhibition function for nitrification was 

equal to 1, and decreased linearly between 1 (no inhibition) and 0 (complete inhibition) at oxygen 

concentrations between the optimal DO value and the critical DO value. This was because DO is 

required for nitrification to proceed. Below the critical value, nitrification was assumed to be 

negligible.  

Conversely, denitrification in the water column was only assumed to occur when DO 

levels were below a critical (low) level approaching anoxic conditions. The DO inhibition 

function for denitrification was equal to 0 when DO levels were above the critical DO level for 

denitrification, and increased linearly between 0 and 1 between the critical higher DO 

concentration and the optimal lower DO concentration (anoxic). Below the critical temperature, 

both nitrification and denitrification were assumed to only occur at zeroth order rates. A 

simplified two-layer sediment model was used, and thus the redox conditions of the sediment 

were not computed in the model. Although other sediment processes like aerobic mineralization 

of detritus are generally dependent on DO levels in the overlaying water column, the model 

assumed that the lower levels of the sediment where denitrification was assumed to occur were 

always reduced, and thus proceeding independently of the DO levels in the water column 

(Deltares, 2014b).  

Dissolved inorganic phosphorous was modelled as phosphate (PO4
3-, g P m-3) and was 

considered to be solely removed from the system by algal and plant uptake. In WSPs 

experiencing pH >8, phosphate may also be removed from the system via precipitation as apatite 

(Ca5(PO4)3) (Hosetti and Frost, 1998; Toms et al., 1975), or could be contributed to the water 

column via the release of iron-bound phosphate in the sediment under reducing conditions 
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(Boström and Pettersson, 1982; Ortuo et al., 2000). Although these processes are included in the 

model code, measurements of the co-precipitates were not performed and thus not included in the 

current model formulation. 

Environmental factors such as total solar radiation, wind, ambient humidity, ambient 

temperature, influent flow rates, and influent temperature were included in the model. Water-air 

gas exchange for O2 and CO2 was included, deriving mass transfer coefficients from wind 

velocities and water depth (Wanninkhof, 1992), and gas solubility from modelled temperature 

and salinity. Light attenuation in the water column is described by Equation 5.3 (Scheffer, 2004). 

 𝐸𝑑𝑧=𝑖 = 𝐸𝑑𝑧=𝑖−1𝑒
−𝐾𝑑∆𝑑 [5.3] 

Where E is the solar radiation in a given water layer (W m-2), i is the index of the water 

layer and d is depth in meters between the bottom of water segment i-1 and water segment i, 

where the water segment at the top of the water column was given an index of 1. The total 

extinction of visible light Kd (m-1) is described by equation 5.4 

 𝐾𝑑 = 𝐾𝑎𝑙𝑔 + 𝐾𝑚𝑡 + 𝐾𝑝𝑡 + 𝐾𝑑𝑡 + 𝐾𝑏 [5.4] 

Where Kd is the sum of the individual groups contributing to light extinction, including 

algae, macrophytes, particulate organic matter, dissolved organic matter, and the background 

extinction, respectively (Deltares, 2014b). Each of these groups was composed of multiple 

constituents. The total contribution to the extinction of light by each constituent group can be 

generally formulated according to equation 5.5: 

 𝐾𝑥 =∑𝑒𝑥
𝑗

𝑛

𝑗=1

𝐶𝑥
𝑗
 [5.5] 

Where Kx (m-1) is the total contribution of the group to light extinction, ex is the specific 

extinction coefficient (m2gC-1) of the constituent j in the group x, and C (gm-3) is the 

concentration of the constituent j in the group x. (Deltares, 2014b). Disinfection, as represented 

via the removal of E. coli was also included and was considered to be dependent on the ultraviolet 

(UV) component of incident radiation and water temperature (Mancini, 1978). Increased die-off 
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of E .coli at elevated pH was not included in the current model but should be considered in future 

iterations.  

 

Figure 5.2: The subset of the DELWAQ model scheme employed in the current model. Here 

arrows demonstrate the fluxes of matter between different substance groups (large boxes), 

which contain a subset of state variables that may exist in the water column or the sediment. 

5.3.3 Model concept 

5.3.3.1 Development of hydrodynamic model 

The FLOW module of the Delft3D modelling suite was used to describe the 

hydrodynamics of P2 and was first used to model a facultative WSP by Sah et al. (2011). FLOW 

employs equations describing conservation of momentum, continuity, and transport (mass and 

heat) with the Boussinesq shallow water assumption and a turbulence closure model. The k-

epsilon turbulence closure model was used in this simulation to simulate the mean flow 

characteristics of turbulent components of the Navier-Stokes equations. The vertical momentum 

term of the Navier-Stokes equations was simplified with the assumption that vertical acceleration 

was negligible compared to gravitational acceleration. For a full summary of the FLOW code 

implementation, please see Lesser et al. (2004) and the FLOW manual (Deltares, 2014a).  

FLOW transforms the finite difference solution of this system of differential equations to 

a discrete space in the form of a user-defined grid. A 30 x 100 cell σ-layer grid was used to 
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simulate the approximately 130 x 390 m WSP, with the average size of each cell being 4 m x 4 m. 

The WSP did not have a constant width in the x direction or length in the y direction, and so the 

size of each grid cell in the 300 x 100 grid was non-uniform. Thus, the grid was not strictly 

rectangular. This is exemplified by the narrower grid cells in the NE end of the WSP where the 

width of the WSP was smaller than the SW end. The grid was divided into 5 vertical layers each 

representing 20% of the depth of each grid cell, and thus the thickness of each cell varied with the 

bathymetry. Bathymetry measurements of the WSP were taken in May of 2015 using a GPS and a 

measuring stick. A time step of 6 seconds was used to numerically solve the hydrodynamic 

system with an alternating direction implicit finite difference scheme. The largest courant value 

was computed to be 0.05, well below the recommended value. A simulation using a 60 second 

time step was shown also to be stable. The simulation was for 214 days beginning on April 1, 

2014 and ending on October 31, 2014. This period was selected based on the beginning of the 

feasible growing season for the submerged macrophytes that was inferred from observed WSP 

water temperatures, along with the timing of macrophyte growth at Lake Wingra, Wisconsin 

(Adams and McCracken, 1974).  

Lake Wingra is a small lake near Madison, Wisconsin that experienced substantial 

growth of Oedogonium and Myriophyllum between 1970 and 1980. Numerous studies examining 

the growth of these flora were conducted at this site, particularly in an attempt to understand the 

invasion and decline of Myriophyllum within the lake and the contributions of these flora to total 

primary productivity. Lake Wingra is one of the only documented small North American lakes 

where these flora are present in a eutrophic environment, and it is perceived to be relatively 

similar to the Amherstview WSP due to its size and anthropogenic influence. As such, model 

parameter values were often derived from studies in Lake Wingra. 

The system influent boundary condition was a time-series flow rate derived from daily 

flow rate measurements of the effluent of the activated sludge facility (secondary effluent) at the 
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WPCP upstream of the WSP. These flow values were specified in the model at 09:00 each day, 

which was the reference time used in the model. The recorded flow rates varied between 0.100 

m3s-1 and 0.025 m3s-1 during the simulation period (see Figure 5.3). For numerical stability, four 

dates of extreme rainfall in April that resulted in flow rates of up to 0.19 m3s-1 were omitted, and 

flow rates for these days were instead linearly interpolated. The flow boundary was prescribed at 

a single grid cell and the flow rate was distributed evenly across all vertical layers. A non-depth-

averaged flow boundary, that is a boundary specified at one layer rather than across all, would 

have been a more accurate representation of the physical system. However, it is not possible to 

specify a per-layer discharge boundary conditions in Delft3D in conjunction with a Q-H 

boundary. Thus, the discharge was distributed over the vertical, resulting in velocities 

approximate 5 times less than those expected if the boundary had not been distributed over the 

vertical. It is expected that this choice would have had only had implications in the near-field, and 

would not have had a substantial impact on the results observed in the majority of the pond. The 

bottom and sides of the WSP were modelled as impermeable barriers of infinite free board with a 

slip free condition. The effluent flow boundary was modelled as a flow rate-head (Q-H) 

relationship. The water boundary was prescribed according to Equation 5.6 describing flow over 

a broad crested weir. 

 

𝑄 = 𝐶𝐷 (
2

3
)

3
2
𝑏√𝑔𝑌

3
2 [5.6] 

                  Where the drag coefficient CD is defined by Equation 5.7. 

 
𝐶𝐷 =

0.65

√1 +
𝑌
ℎ

 
[5.7] 

Where Y is the head upstream of the weir (m), Q is the volumetric flow rate (m3s-1), b is 

the weir width (m), g is the gravimetric constant, and h is the depth of water in front of the weir 

below the weir crest (m).  
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The initial condition was set such that the WSP was full but there was no flow over the 

weir, all velocities were zero, and the water level was set to the bottom of the broad crested weir. 

A WSP effluent water temperature of 40C that was observed on April 1, 2014 was assumed as a 

uniform initial temperature condition. 

The heat flux was computed using the “Ocean” equations (Deltares, 2014a), which meant 

that cloud cover, air temperature, relative humidity were prescribed. Solar irradiance was 

computed at a latitude of 44.20 (Amherstview WPCP) using the method described in Kumar et al. 

(1997). Net solar irradiance was calculated according to Equation 5.8 

 𝐼0 = 𝐼𝑑𝑖𝑓𝑓 + (𝐼𝑑𝑖𝑟 + (1 − 𝑐𝑙𝑜𝑢𝑑 𝑐𝑜𝑣𝑒𝑟(%)) [5.8] 

Where I0 is the net incident solar irradiance (W m2), Idiff is the diffuse solar irradiance (W 

m2), and Idir is the direct solar irradiance (W m2). Photosynthetically active radiation was defined 

as 47% of net incident solar radiation in DELWAQ (Deltares, 2014c.). 

Air temperature, humidity, wind speed, and wind direction were prescribed hourly based 

on measurements taken at the Kingston Airport, located 5 km to the SE of the WSPs. Wind drag 

coefficients were adapted from relationships developed for shallow, vegetated water bodies 

described in Teeter et al. (2001). Salinity was held constant at 0.36 ppt based on measurements 

taken between September 16th and October 14th 2014 demonstrating that salinity and conductivity 

did not vary to a large degree (673 ± 25 µS/cm, 0.35 ± 0.01 ppt). The temperature of the influent 

was prescribed according to measurements taken by the WPCP operators every 1-6 days during 

the simulation period. For days that influent temperature data was not available, it was linearly 

interpolated. The Manning roughness coefficient was prescribed as 0.024 based on the values 

published in USGS studies on the roughness of vegetated streams containing clay or firm soil 

(Arcement and Schneider, 1989; Coon, 1995). The horizontal eddy viscosity and diffusivity were 

set to 0.05 m2s-1 and 0.5 m2s-1 respectively according to estimates by Bengtsson (1973). A 

summary of the hydrodynamic parameters is provided in Table A.1 of Appendix A. The 
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hydrodynamic simulation took 14 h (6 s time step) on an Intel i7 4790k 4 GHz quad core 

processor. 

5.3.3.2 Development of water quality model 

The DELWAQ module of the Delft3D suite was used to simulate the transport and 

transformation of water quality constituents and algal biomass. The water quality model used 

information such as segment depth, water level, segment volume, bed shear stress, and flow 

velocity from the output of the FLOW model. FLOW and DELWAQ were not run 

simultaneously, and output from the FLOW model was provided to DELWAQ at 10 min time 

steps. The water quality model was also simulated for the 214 day period between April 1 and 

October 31, 2014 on the same grid. A description of the formulae employed to represent the water 

quality processes outlined in section 5.3.2 can be found in the Deltares Process Library 

Description. All process equations used in this model remain unchanged with the exception of 

two modifications. First, a pH limitation for the growth of algae was included as shown in 

Equation 5.9, and adapted in the new modified formula for algae growth shown in Equation 5.10. 

 
𝑓(𝑝𝐻) =

𝐾𝑝𝐻

𝐾𝑝ℎ + 10
|𝑂𝑝𝑡𝑝𝐻−𝑝𝐻| − 1

 [5.9] 

 
𝑃𝑝𝑟𝑜𝑑 = 𝜇𝑚𝑎𝑥[𝑓(𝑑𝑎𝑦𝑙𝑒𝑛𝑔𝑡ℎ) ∗ 𝑓(𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑠) ∗ 𝑓(𝑒𝑛𝑒𝑟𝑔𝑦) ∗ 𝑓(𝑡𝑒𝑚𝑝) ∗ 𝑓(𝑝𝐻)] [5.10] 

 

  

Where KpH (-) is the half saturation coefficient for pH limitation, OptpH (-) is the 

optimum pH for algae growth, Pprod (d-1) is the primary production rate of the algae and µmax (d-1) 

is the max growth rate of the algae. This relationship was proposed first by Kayombo et al. (2000) 

and was later used to successfully model a facultative WSP by Beran and Kargi (2005).  

The second modification changed the algal preference for N species. N uptake in the 

default DELWAQ library is limited to (A) NH4
+ uptake or (B) a combination of NH4

+ and NO3
- 

uptake. Therefore, when NH4
+ levels are below a critical level, CritNH4 (g N m-3) the distribution 
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in the uptake of NH4
+ and NO3

- as a fraction of the total N uptake requirement by algae frNH4
+ is 

described by Equations 5.11 and 5.12. 

 
𝑓𝑟𝑁𝐻4

+ =
𝐶𝑁𝐻4+

𝐶𝑁𝑂3− + 𝐶𝑁𝐻4+
 [5.11] 

 𝑓𝑟𝑁𝑂3
− = 1 − 𝑓𝑁𝐻4

+ [5.12] 

Where Cx means concentration (g m-3) of constituent x. To simulate the preference for 

NO3
- over NH4

+ by Oedogonium, Equations 5.11 and 5.12 were modified in the code as Equations 

5.13 and 5.14 when CNH4
 <CritNH4. 

 𝑓𝑟𝑁𝐻4
+ = 0 [5.13] 

 𝑓𝑟𝑁𝑂3
− = 1 [5.14] 

A horizontally backwards and vertically central iterative solver (DELWAQ solver 16) 

was used to solve the system of differential equations (Deltares, 2014b). Each simulation required 

approximately 5 hours to complete.  

5.3.3.3 DELWAQ boundary conditions 

The boundary condition to the WSP was derived from measurements taken from routine 

sampling taken at the effluent of the activated sludge facility at the WPCP. Water quality data of 

the WSP influent and effluent was collected at the sampling intervals specified in Table 5.1. 

Water samples were collected (typically in the morning), analyzed, and reported by the operators 

of the WPCP. Total ammonia nitrogen (TAN), reactive PO4
3- and total alkalinity were analyzed 

using a Hach 1900 spectrophotometer available at the WPCP. TAN was determined using the 

Hach salicylate method 10205. Reactive PO4
3- was determined using Hach ascorbic acid method 

8048. Total alkalinity as CaCO3 was determined using Hach method 10239. A Hach Hydromet 

Hydrolab© DS5 water quality sonde was used to measure temperature, pH, and DO. Dissolved 

oxygen was measured using a Hach LDO dissolved oxygen sensor probe, pH was measured using 

a Hydrolab pH and ORP sensor with a separate standard reference, and temperature was 
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measured using the Hach factory default temperature sensor.  For input to the model, the 

concentrations of constituents on days during which observations were not available were linearly 

interpolated. All constituents were measured by the operators at the WSP effluent on April 1, 

2014 and these values were prescribed as the initial conditions for transportable (non-fixed) 

substances. The boundary condition concentrations of pH, nitrate, DO, alkalinity, and phosphate 

are shown in Figure 5.3 along with the volumetric flow rate. 

Table 5.1: Sampling intervals for constituents reported in the WPCP influent and effluent 

monitoring regime. 

 Parameter 
Influent sampling interval 

(days) 

Effluent sampling interval 

(days) 

Temp 1-5 1-5 

DO 1-5 1-4 

NH3 tot 7 7 

NO3 7 7 

PO4 1-6 7 

TIC (calculated from observed 

alkalinity and pH) 
1-5 1-4 

ALKA 30 1-4 

POC1 1-4 1-8 

POC2 1-4 1-8 

POC3  1-4  1-4 
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Figure 5.3: Model boundary conditions for (A) pH, (B) Nitrate, (C) Dissolved oxygen, (D) Total alkalinity, (E) Flow rate and (F) 

Phosphate

(A) (B) 

(D) 

(F) 

(C) 

(E) 
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5.3.3.4 Submergent aquatic vegetation module 

The Submergent Aquatic Vegetation (SAV) module is a new addition to the DELWAQ 

model. It is capable of simulating the competitive growth of up to five emergent or submergent 

macrophytes and interacts with various components of the DELWAQ code. The SAV module 

was used to model the growth of Myriophyllum and Potamogeton, whereas DELWAQ was used 

to model the growth of the algae Oedogonium. In SAV, growth and decay of vegetation follow 

similar principles to those described in Section 5.3.2 for algae. The vegetation uptakes inorganic 

nutrients from the water column and the sediments, and decays into the three pools of POX1-3 in 

the late autumn. Growth of above-ground and rhizome biomass is dependent on a number of 

possible limiting inputs including CO2, nitrogen, PO4
3-, sunlight, day length, and temperature. A 

maximum biomass density was prescribed for each species and limited the biomass density that 

could be attained. This value is site specific and must be prescribed by the user. In this model it 

was prescribed as 215 grams of ash free dry weight per square meter (gAFDW/m2) for each of the 

species (Adams and McCracken, 1974). The plant biomass was modelled on a gram of carbon in 

dry plant material per square meter (gC/m2) basis, which was assumed to be equal to the AFDW.  

The height of each macrophyte species was proportional to its total dry biomass density (gC/m2), 

and the ratio of plant height to maximum plant height was equivalent to the ratio of plant biomass 

density (gC/m2), to maximum plant biomass density (gC/m2). The plant biomass was assumed to 

reside in the bottom segment of the water column but was numerically distributed across all 

vertical layers during each time step.  

Macrophyte biomass was distributed in the vertical plane according to the user-prescribed 

physiology. This physiology was described by the parameter F, which determines the allocation 

of biomass in the water column as a percentage of total biomass, and can be represented by a 

linear or exponential distribution. When using a linear distribution, 0<F<2. F values less than 1 

described a plant that allocates more of its biomass near the bed, and F values larger than 1 and 
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less than 2 described a plant that allocates more of its biomass near the water surface. When using 

an exponential distribution, 0.001<F<30, a value of F that approached 0 described a linear 

biomass distribution in the water column, and higher values of F more strongly allocated biomass 

to the plant tip. The extinction of light within the water column was proportional to the amount of 

plant biomass in each segment, along with the amount of other materials contributing to light 

extinction such as humus (DOX), phytoplankton, and particulate organic detritus. 

5.3.4 Physiological parameters and initial biomass of algae and macrophytes 

Due to the human health risks associated with exposure to wastewater in WSPs, it was 

not feasible to conduct SCUBA surveys of algae and plant biomass at the beginning of the 2014 

or 2015 season. As such, the initial biomass within the WSP (April 1st, 2014) was not quantified. 

Hence, the initial location, density and distribution of each of the three species was, arguably, a 

large source of uncertainty in this model. The initial location of both plant species was estimated 

using qualitative observations and multi-spectral satellite imagery taken on May 5th, 2014 

provided by the Cataraqui Region Conservation Authority. Field observations indicated that 

Myriophyllum was present predominantly in the first half of the WSP, while Potamogeton was 

predominant in the second half. This could have been due to the relative sensitivity of 

Myriophyllum to low CO2 concentrations (Hussner et al., 2014). An underwater survey of the 

WSP was conducted in September 2014 and May 2015 using a GoPro Hero 1 camera held 

beneath a trolling boat. Images were recorded throughout the water column and at the WSP bed. 

Figure 5.4 illustrates the physiology and interactions between the filamentous algae and 

macrophytes. The images indicated that Oedogonium was present in the S3-S10 regions, and was 

qualitatively more abundant in regions of macrophyte growth at the end of the season in the S5-

S9 regions.  

In areas where macrophytes were thought to be present, the initial condition of the 

macrophyte density were set as 36 gC m-2 based on observations from Adams and McCracken 



138 

 

(1974), while the maximum biomass density observed in this study (215 gC/m2) was used as the 

maximum biomass density for this modelling exercise. Initial conditions for Oedogonium (10 

gC/m2) were established from biomass sampled in Surrey Lake (Spencer et al., 1987).  

 

Figure 5.4: Photos of the three dominant genera included in the WSP model (A) 

Myriophyllum, (B) Potamogeton, (C) Oedogonium on the sediment, (D) Decaying 

Myriophyllum partially entangled by algae, (E) Sparse Myriophyllum entangled by algae, (F) 

Dense Potamogeton entangled by algae (G) Oedogonium that has entangled Myriophyllum 

and formed a mat at the water surface 

5.3.5 Model calibration and sensitivity analysis 

Table A.2 in Appendix A lists the relevant biogeochemical parameters used in the model. 

The model was run first using default values provided in the Delft3D suite for all of the 

parameters in Table A.2. Where possible, values used in other DELWAQ publications and 

literature values were then applied in the model. As pH was the primary parameter of interest in 

the WSP system investigated, it was used as the governing variable for which the model was 

calibrated. The model was calibrated manually by systematically changing one parameter at a 
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time in 58 calibration runs to try and optimize the model output around agreement with the 

observations between September 16 and October 14, 2014. 

Analysis of the model sensitivity was conducted using the maximum primary production 

of Oedogonium (PPMaxDiaS1), mortality of Oedogonium (MrtSedDiat), KpH, radiation growth 

saturation for Oedogonium (RadSatDiaS1), optimum day length for growth  Oedogonium 

(OptDLDiaS1), and extinction of visible light by particulate organic matter pools POC1-3 

(ExtVLPOCX) parameters. As the model was most sensitive to these parameters, the value of 

these parameter were adjusted during model calibration. The range of values used in the 

sensitivity analysis is shown in Table 5.2. 

Table 5.2: Sensitivity analysis design 

    Value Base Value 

Parameter Unit -2 -1 0 1 2 B  

KpH - 50 75 100 125 150 75 

OptDLDiaS1 Day 0.4 0.44 0.5 0.54 0.58 0.44 

RadSatDiaS1 W/m2 2.5 11 20 25 30 25 

PPMaxDiaS1 1/d 1.8 2.1 2.4 2.7 3 3.1 

MrtSedDiat 1/d 0.25 0.3 0.35 0.4 0.45 0.43 

ExtPOCVLX m2/gC 0.01 0.05 0.1 0.2 0.3 0.1 

 

5.3.6 Description of scenario investigation 

In order to determine the most effective management strategy for the overall reduction of 

effluent pH, four management scenarios were considered. A summary of the differences between 

these scenarios, SCN1, SCN2, SCN3, and SCN4, in comparison to the base case, is shown in 

Table 5.3.  

In it was hypothesized that the increase in pH was due to the combined effect of CO2 

uptake by macrophytes and algae and OH- release resulting from the uptake of NO3
- from algae. 
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To test this hypothesis, an 80% reduction in the NO3
- loading to the WSP was applied for SCN 1. 

This reduction physically would represent a decrease in the rate of nitrification in the upstream 

extended aeration process. Accordingly, the reduction in NO3
- mass loading was translated into an 

increase in NH4
+ mass loading to maintain the N-balance. The hypothesis was that if NH4

+ was 

used as the preferential N source by algae, the overall pH levels throughout the season would 

decrease due to less OH- being released during growth.  

The second scenario, SCN 2, involved testing the combined effect of an increase in the 

mass loading of organic constituents to the system by 80% with the aforementioned 80% NO3
- 

mass loading reduction. This would test the hypothesis of whether the low organic loading to the 

WSP (~5mg CBOD5/l) was partially contributing to the elevated pH levels. It was thought that 

high removal of CBOD5 in the upstream processes limited aerobic mineralization in the WSP 

such that the rate of CO2 uptake by algae was greater than the rate of CO2 replenishment via 

respiration.  

The third scenario, SCN 3, was a simulation conducted without the presence of 

submerged macrophytes. The intent was to predict the effect of plant harvesting at the end of the 

previous season with the assumption that no plant growth occurs the following season.  

The fourth scenario, SCN 4, was a simulation in which the hydrodynamic model did not 

include a baffle and biomass locations for algae and macrophytes were not forced. Anecdotally, 

pH levels began to consistently exceed 9.5 in the summer months in 2003. The baffle was 

installed in 2008, with the aim of changing hydraulics and the ecology of the WSP. For example, 

the operational characteristics may have facilitated the creation of preferential growth areas for 

macrophytes and algae, and may have reduced light attenuation on the second half of the WSP, 

contributing to the comparatively higher primary production and levels of DO and pH at locations 

S8-S10. 
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Table 5.3: Summary of the four management scenarios simulated to discern the effect on 

seasonal effluent pH 

  
Influent NO3

- (g N 

m-3) 
Influent NH4

+ (g N m-3) 
Influent organic 

matter (g C m-3) 
Plants Baffle   

Base 
Case 

20.9 ± 5.1 0.057 ± 0.031 5.8 ± 3.1 Present Present 

SCN 1 
80% decrease by 

mass loading 
Increase in mass of N according to 

mass reduction in nitrification 
Base Present Present 

SCN 2 
80% decrease by 

mass 

Increase in mass of N according to 

mass reduction in nitrification 

80% increase in 

mass of POX1-3 
Present Present 

SCN 3 Base Base Base Plants removed Present 

SCN 4 Base Base Base 
Uniform initial 

biomass 

Baffle 

removed  

 

5.4 Results 

5.4.1 Sensitivity analysis 

The results of the sensitivity analysis is shown in Figure 5.5. As demonstrated by the 

sensitivity analysis of pH to RadSatDiaS1 (Figure 5.5(C)), the shape of the pH response was 

largely dependent on the solar irradiance received by algae. When the radiation saturation was 

low, the pH response did not fluctuate to a large extent because the growth rate of the algae was 

mostly unaffected by day-to-day changes in solar irradiance. This sensitivity test demonstrated 

that the shape of the pH curve was strongly affected by the solar irradiance provided to the model, 

and the degree to which the changes in solar irradiance affected pH was largely determined by 

RadSatDiaS1. As solar irradiance supplied to the model dictates the shape of the pH response, it 

is recommended that observed values of solar irradiance be used whenever possible.   
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Figure 5.5: Model sensitivity to (A) KpH (B) OptDLDiaS1 (C) RadSatDiaS1 (D) PPMaxDiaS1 (E) MrtSedDiat (F) ExtVLPOCX 
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The sensitivity analysis of pH to KpH (Figure 5.5(A)), PPMaxDiaS1 (Figure 5.5(D)) and 

MrtSedDiat (Figure 5.5(E)) demonstrated similar behaviors, in that these parameters did not change the 

shape of the pH response but merely caused a shift in magnitude. A higher KpH reduced the inhibition of 

algal growth by pH, and caused for an upwards shift in the overall season pH. The overall pH response 

decreased with decreasing values of KpH. A similar effect was observed for PPMaxDiaS1, where 

decreases in maximum growth rates reduced the magnitude of the pH response, but did not change the 

shape of the curve. Lower MrtSedDiat values caused an upwards shift in the pH response as less algal 

biomass was made available for mineralization upon algal mortality, and the proportion of algal growth 

rate to algal mortality rate was higher. The model sensitivity to OptDL was only observed when day 

length was larger than OptDL (Figure 5.5(B)). OptDL dictated the point at which daily hours of sunlight 

became a limiting factor in the growth of algae. At lower values of OptDL, growth was uninhibited for a 

larger proportion of the simulation. At high values of OptDL, algal growth was uninhibited by day length 

for a shorter period in the year. As a result, the pH response at the beginning and the end of the season 

was lower for higher values of OptDL due to inhibition resulting from insufficient daylight hours for 

maximum growth. 

The sensitivity of the pH response to changes in ExtVLPOCX exhibited a different behavior to 

that of the other five parameter examined. This was because the degree to which this parameter affected 

algal growth and consequently pH was dependent on both the incident solar irradiance and organics 

loading to the system. As the organic loading to the WSP was high at the beginning of the season, higher 

values of ExtVLPOCX had a much greater effect on light attenuation in the water column. However, even 

at high values of ExtVLPOCX, the effect of light attenuation on the pH response was much less 

pronounced during periods where the organics loading was low (August). In general, higher values of 

ExtVLPOCX reduced the pH response, but this effect was in part dependent on the level of POCX in the 

system.  
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In general, it can be said that pH was certainly sensitive to the parameters examined in the 

sensitivity analysis. An overall analysis of the range of responses in the sensitivity analysis revealed that 

from the base conditions, which exhibited a mean pH of 9.58 units, the range of mean pH over the course 

of the season was between 8.83 and 10.00. The lower limit was obtained when ExtVLPOCX (extinction 

of visible light by particulate matter) was at its highest value, and the upper limit was obtained when 

RadSatDiaS1 (radiation saturation of filamentous algae) was at its lowest value. This would suggest that 

generally pH modelling is most sensitive to the amount of sunlight that the algae received relative to the 

amount they need for uninhibited growth. 

5.4.2 Hydrodynamics 

Figure 5.6(C) shows that the highest water velocities were noted at the influent and effluent of the 

WSP, as well as through the baffle aperture. Circulation occurred within each half of the WSP, and at 

times localized water circulation was noted around S9. Figure 5.6(B) shows that the model also predicted 

water level fluctuations consistent with those recorded at the effluent weir of the WSP during the period 

of September 16th- October 14th, 2014. From Figure 5.6(A), it can be seen that the model captured 

fluctuations in system volumes and effluent discharge, resulting from variations in influent flow rates 

(Figure 5.6(A)). Wind was the governing factor in water movement, and comparisons of simulations with 

and without wind showed that it was not uncommon for velocities to be three times higher in the presence 

of wind. Analysis of the vector field revealed that the depth averaged velocity was often dictated by wind, 

especially the top layer. Without wind the velocity flow field was relatively uniform, flowing from inlet to 

outlet with variations that were small relative to simulation with wind. Wind induced horizontal 

circulation within each baffled half of the WSP, and vertical circulation in the form of countercurrents. 

Losses due to evaporation, and the influence of precipitation, and groundwater infiltration and exfiltration 

were assumed to be negligible in the water balance of the model.  
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Figure 5.6: (A) Simulated WSP effluent discharge throughout the season (-ve direction indicates flow out of domain) (B) Simulated WSP water level at 

the effluent throughout the season (C) Simulated depth averaged flow velocity vectors at 09:00 Sept 29th, 2014 and (D) Simulated depth averaged flow 

velocity magnitudes at 09:00 Sept 29th, 2014

(C) (D) 
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5.4.3 Water quality calibration with observed time series measurements 

Figure 5.7 provides water quality observations along with the model predictions for pH, NO3
-, 

DO, total alkalinity, biomass density of algae and macrophytes, and PO4
3- during the time period of April 

1st to October 31st 2014. Observations of pH and DO were only available during the period of September 

16th to October 14th 2014. NO3
- was observed to decrease as temperature increased. It exhibited a 

minimum in the middle of July, and then an increase into autumn. The predicted NO3
- followed this trend 

well, but under-predicted concentrations at the end of the season. For total alkalinity, unlike NO3
-, the 

highest concentrations were observed during the summer months, after which levels decreased into the 

autumn. Predicted alkalinity generally captured the trend of increasing alkalinity into the middle of the 

summer. PO4
3- concentrations were generally noted to begin to increase steadily at the beginning of May 

and reached values of 0.42 ± 0.11 mg/l from August onward. The model predicted an increase in PO4
3- 

that was approximately one month ahead of the observed increase, but exhibited concentrations that 

similar in magnitude to observed values, and were consistent with the observations in September and 

October. 

Figure 5.7 shows only field observations for DO and pH and does not include the plant operator’s 

data set. The predicted trend for pH was in agreement with observed values. The fluctuations in observed 

pH values (9.09 < pH < 9.90) between September 16th and October 14th were captured well by the model. 

DO predictions were also in good agreement and were able to capture the variability (7.68 mg/l < DO < 

16.45 mg/l) exhibited during the 29 day period. A scatter plot regression of observed compared to 

predicted pH and DO is shown in Figure 5.8.  

In comparison with the boundary conditions supplied to the model (Figure 5.3), it is evident that 

the fluctuations observed at the effluent in pH and DO were the result of internal processes rather than 

variations in system loading. This was exemplified by the much larger range of pH observed in the model 

effluent (7.96 – 10.28 units) compared to that of the inlet range (6.95 – 8.08 units). The same holds for 
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DO where the effluent DO exhibited a range of 3.62-24.49 mg/l compared to an inlet range of 1.71 – 10.5 

mg/l, demonstrating that DO was generated within the WSP.  

Figure 5.7(E) shows that predicted Myriophyllum and Potamogeton biomass increased until the 

maximum biomass of the species was reached, at which point plant growth was no longer possible. 

Macrophyte biomass began to decay in autumn when day length decreased below 0.58. Because the 

model did not include mortality or respiration of the macrophytes, biomass remained constant during 

night hours in the spring and summer, and the plants did not undergo decay before day length became < 

0.58. Oedogonium biomass generally increased throughout the season and fluctuated with sunlight, 

exhibiting zero primary production in the night hours. Biomass decreased in the night hours as mortality 

exceeded gross primary production. There were no measurements taken of plant or algae biomass, and so 

comparison of model predictions with observed data was not possible for the biomass of Oedogonium, 

Myriophyllum, or Potamogeton. 
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Figure 5.7: Time series observations vs. predictions at the pond effluent after model calibration of (A) pH (B) N-NO3
- (C) DO (D) Total alkalinity (E) 

Biomass of Oedogonium, Myriophyllum, and Potamogeton (at locations S1, S5, and S9 respectively) (F) P-PO4
3- 

(A) (B) 

(C) (D) 

(E) (F) 
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Figure 5.8: Regression plots of (A) observed and predicted pH and (B) Observed and 

predicted DO 

5.4.4 Spatial water quality 

In the absence of a second data set with which to validate the model, the performance of 

the calibrated model was evaluated based on qualitative agreement between predicted and 

observed spatial water quality patterns. This comparison was completed after calibration with 

(A) 

(B) 
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time series effluent water quality. The predicted spatial heterogeneity of pH (Figure 5.9(A)) and 

DO (Figure 5.9(C)) at 09:00 on September 29th, 2014 is shown alongside prediction plots of 

interpolated pH (Figure 5.9(B)) and DO (Figure 5.9(D)) observations made in ArcMap using 

Kriging (see Chapter 4). The model predicted that the areas in the WSP that had submergent plant 

biomass would exhibit the highest pH and DO levels, whereas pH and DO levels would be 

expected to be lower in areas where submergent plants are absent. Field measurements showed 

that on September 29th, higher pH and DO levels were noted at sampling points S8-S10 than the 

rest of the WSP, This is something that it predicted by the model. The model correctly captured 

the direction of the pH and DO gradient along the flow path of the WSP, where both pH and DO 

increased from the influent to S8-S10, after which point pH and DO levels decreased towards the 

effluent. The magnitude of the spatial heterogeneity in pH was not well captured however. For 

instance, the observed difference in pH between S3 and S9 was 1.56 units, whereas the model 

predicted a difference of 0.16. The observed difference in DO concentrations between S3 and S9 

was 9.46 mg/l, whereas the model predicted a difference of 2.30 mg/l. In addition, although the 

measurements of DO at the WSP effluent were in close agreement (13.55 mg/l observed, 13.80 

mg/l predicted) at 09:00 on September 29th, the maximum DO observed at S9 was 22.29 mg/l 

compared to a maximum predicted value of 15.48 mg/l.   

Figure 5.10 shows the biomass of Oedogonium, Myriophyllum, and Potamogeton along 

with the predicted Secchi depth throughout the WSP at 09:00 on September 29th. The locations of 

macrophyte biomass was forced as an initial condition as described in section 5.3.4. This was 

done by prescribing a habitat suitability mask derived from satellite imagery and a qualitative 

understanding of where the submerged vegetation was observed in the field. As the model could 

not simulate seed dispersal, modelled plant biomass was set to be present only at locations where 

an initial condition was specified. When the condition of homogenously present throughout the 

pond for macrophyte biomass was applied, the locations of predicted biomass did not tend to be 
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similar to the observations of biomass made during the September-October field season. This was 

likely because of model limitations in its ability to capture certain aspects of the WSP that would 

generally provide a poor habitat for macrophyte growth in the actual system, where otherwise low 

light extinction would have made growth favorable. An example of this would be locations S1-S2 

and S11-S13, where thick layers of detritus made colonization of the sediment by macrophytes 

unfeasible. Because a uniform initial condition for biomass was used, biomass distribution of 

both macrophyte species was forced at the beginning of the simulation and did not change 

throughout.  

The biomass of Oedogonium was not forced and the predicted distribution most strongly 

followed the bathymetry of the WSP. This was reflected in the fact that the shallower regions 

near S1-S2 had the highest biomass. Throughout the simulation the pattern of algae distribution 

did not tend to change, only the density of algae changed substantially in time. This is 

demonstrated in Appendix C.  

The predicted Secchi depth was the shallowest at the WSP effluent and was greater than 

the WSP depth at all locations. This is congruent with field observations made in September 

2014, where the bottom of the WSP was always visible on a sunny day. In the model, locations 

S10-S13 had a deeper Secchi depth than the rest of the WSP as these locations contained no 

macrophytes. The baffle placement also reduced the amount of suspended solids present in the 

second half of the baffled system. The average Kd value for the WSP at S1 over the season was 

0.91 ± 0.18 m-1 compared to a 0.78 ± 0.18 m-1 for S13. However, model results showed that the 

effect of heterogeneous values of Kd on rates of primary production throughout the pond was 

negligible relative to the contribution of the pH limitation.  
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Figure 5.9: Spatial distribution of (A) predicted pH, (B) predicted DO, (C) observed pH and 

(D) observed DO at 09:00 on September 29, 2014 

   

(A) (B) 

(C) (D) 
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Figure 5.10: Predicted biomass distribution of (A) Oedogonium, (B) Potamogeton crispus, 

(C) Myriophyllum, and (D) Secchi depth of the water column at 09:00 on Sept 29th 2014.  

5.4.5 Proposed management strategies 

 Figure 5.11 shows the effluent pH predicted under scenarios SCN1-SCN4 in comparison 

with the base pH prediction originally shown in Figure 5.7. Figure 5.12 shows a spatial plot of pH 

on September 29th at 09:00 for each of the scenarios. Figure 5.13 shows the average pH unit 

difference and standard deviation for each scenario normalized around the seasonal pH of the 

base case (Table 5.3). This demonstrates the effect that applying the changes described in Table 

5.3 had on the effluent pH in the WSP.

(A) (B) 

(C) (D) 
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Figure 5.11: Predicted effluent pH for the 2014 season as a result of (A) reducing upstream nitrification (B) reducing upstream aerobic 

mineralization and nitrification (C) removal of plants and (D) removal of baffle 

 

 

(A) 
(B) 
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Figure 5.12: Predicted spatial pH on September 29th at 09:00 as a result of (A) reducing upstream nitrification (B) reducing upstream 

aerobic mineralization and nitrification (C) removal of plants and (D) removal of baffle

(A) (B) 

(D) 
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Figure 5.13: The average seasonal deviation and standard deviation of pH from base 

condition for SCN1-4 

5.5 Discussion 

5.5.1 Validity of calibrated model predictions 

5.5.1.1 Hydrodynamics 

Circulation within each baffled half of the WSP was predicted in the depth-averaged 

velocity field. This pattern corresponded with the patterns obtained through CFD modelling of a 

WSP by Alvarado et al. (2012). In general, top layer flow velocities were heavily governed by 

wind speed and direction, and in instances of high winds (> 8 m/s), the velocity of the entire 

water column was predicted to be influenced by wind. In these cases, counter currents similar to 

that noted by Fares (1998) and Badrot-Nico et al. (2009) causing the top and bottom water layers 

to flow in opposite directions were observed, and caused complete mixing within each baffled 

half of the WSP. It is unclear if this type of flow is actually occurring within the WSP as velocity 

and flow measurement were not available on site. Due to the presence of the WSP freeboard and 
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the dense vegetation surrounding the property, it is believed that the wind model described in 

Teeter et al. (2001) originally created for vegetated ocean lagoon system might overestimate the 

influence of wind on small water bodies located inland. Predicted flow velocities were typically 

on the order of 0.001 m/s in the middle of the WSP and 0.1 m/s at the influent and effluent of the 

WSP, which is also consistent with predictions made by Alvarado et al. (2012).  

The model was unique compared to other WSP water quality models in that it captured 

system volume changes resulting from variable influent flow rates. This capacity was not 

demonstrated in Sah et al. (2011), where water was “extracted” from the WSP at a prescribed rate 

to match the volume of water that entered, effectively simulating a steady state system. WSPs are 

not always operated at steady state, and often flow rates are variable. Thus, WSP models that 

employ constant flow rates may be conceptually inadequate when seeking to capture the true 

operating conditions of a dynamic semi-passive system. However, this approach of “extracting” 

water at a prescribed and possibly constant rate could be appropriate where pumping of water 

from the WSP for irrigation or other purposes is employed (Friedler et al. 2003). It is currently 

not known to what extent the hydrology of the WSP is influenced by infiltration or exfiltration, 

and thus a complete field scale water balance should be completed to verify the hydraulics of the 

model. 

Although water temperature is modelled in Delft3D, the predictions generated were 

found not to be in agreement with actual field measurements at the WSP. Due to this discrepancy, 

the value of the field measurements of the WSP effluent collected every 1-6 days during the 

treatment season were forced universally throughout the WSP boundaries. Figure 5.14 shows that 

in July and August, water temperature can fluctuate more than 20C between the warmest and 

coolest periods of the day. When forcing model temperatures based on measurements taken every 

1-6 days, temperature between these sampling events are linearly interpolated. This approach did 
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not capture the thermal diurnal cycling that generally occurs in the WSP. It also omitted 

temperature increases that could have occurred between sampling events.  

 

Figure 5.14: Hourly measurements of pH, DO, and temperature over a two week period in 

the summer of 2013. The data demonstrates the diurnal cycling typically associated with 

eutrophic systems (adapted from Wallace et al. (2016b)) 

5.5.1.2 Effluent water quality predictions 

The model predictions were generally in good agreement with observations, and the 

magnitudes of pH and DO were consistent with the observed values. However, the model 

performed less well when predicting the variability of other constituents.  

Other species of phytoplankton were not included in the model because the field 

observations at the WSP and experimental data presented in another study (Trochine et al., 2011) 

indicated that filamentous green algae can maintain clear water condition through the suppression 

of phytoplankton. As such, the model did not include many of the possible species of algae that 

may have been present at the beginning of the season, and did not model the shift in population 

that may have occurred throughout the course of a treatment season (Amengual-Morro et al., 

2012; Shanthala et al., 2009). For example, other algal species could have contributed differently 
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to N uptake in the form of NH4
+ or NO3

-, which may have affected pH or DO observations 

(Spencer and Lembi, 1981).  

pH and DO dynamics were primarily governed by the growth of the algae, but could also 

have been influenced by the mineralization of organic substances, and to a lesser degree re-

aeration. Fluctuations in DO and pH throughout the summer and early autumn were strongly 

dependent on sunlight and temperature. Periods of high observed temperature and high levels of 

observed sunlight, which were coincident with high pH and DO levels in observations, were also 

coincident with the peaks in modelled pH and DO (Figure 5.7). For example, the September 20th 

and 27th maxima in pH and DO were captured well by the model. However, there were some 

fluctuations within the twenty-nine day field study that were not captured by the model. The local 

maximum on October 3rd shown in the field observations was not reflected as strongly in the 

model predictions, although an increase of lesser magnitude was noted.  

The lack of observed sunlight data was also a factor that likely contributed to the 

inaccurate predictions of pH and DO fluctuations. Model sensitivity analysis and the magnitude 

of solar irradiance relative to the growth saturation (Figure 5.5) show that primary production is 

sensitive to solar irradiance. Solar irradiance provided to the model was calculated hourly based 

on the theoretical solar insolation and cloud cover percentage measured at a location 5 km away 

(see equation 5.8). In other studies examining primary production, different approaches were 

employed to provide PAR data. Los and Wijsman (2007) applied weekly averaged insolation 

data, an approach that may have been coarse enough to reduce the influence of daily solar 

variations to deviations between field measurements and theoretical values calculated using 

Equation 5.8. However, this weekly averaged approach is much more appropriate in studies 

investigating longer time scales spanning multiple years. Where calibration is conducted with 

daily measurements, weekly averaged surface irradiance is not sufficient to capture fluctuations 

in primary productions resulting from the abundance or scarcity of ample solar energy. Sah et al. 
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(2011) and Maassarani (2015) applied theoretical values of solar irradiance to their respective 

WSP models. Sah et al. (2011) assumed clear sky conditions throughout and Maassarani (2015) 

used the formulation that this current work adopted. However, these studies did not validate 

model predictions, hence, it is difficult to ascertain the accuracy of using theoretical irradiance 

values combined with observed cloud cover. A more accurate method of providing the model 

with solar irradiance would have been to measure solar irradiance in situ as was done in Beran 

and Kargi (2005) and Gehring et al. (2010). This type of measurement was not possible due to 

time constraints, but it is recommended that future work provide observations of hourly in situ 

solar irradiance to the model in order to more accurately model the changes in primary 

production.  

5.5.1.3 Spatial water quality 

One of the main objectives of this chapter was to reproduce the patterns of spatial 

heterogeneity in pH and DO observed in Chapter 4. Through simulations completed without the 

presence of spatially heterogeneous primary production, the model demonstrated that the spatial 

heterogeneity in pH and DO seen in Chapter 4 could not simply have been a product of hydraulic 

residence time. The supersaturation of DO also strongly suggested that primary production was 

the dominant contributor of DO, as the model did not predict these levels of DO without the 

inclusion of algae and macrophyte growth.  

Although the model was able to predict the observed spatial trend in pH and DO, it was 

not able to produce the same degree of horizontal stratification observed in the field 

measurements (Figure 5.15). This was largely due to uncertainties in biomass location and 

hydrodynamics. Field observations revealed that locations S8-S10 had consistently high pH and 

DO levels. Because bathymetry was found to be relatively similar throughout the pond and 

temperature was approximately the same laterally, these differences were attributed to differing 

levels of biomass between locations. Although different levels of biomass can be spatially 
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prescribed as an initial condition in the model, the combined effect of growth limitation functions 

were such that the initial biomass distribution, informed by underwater visual survey, changed 

substantially the end of the simulation. 

The most dominant growth limitation function in this model during the summer months 

was pH. This resulted in the dense colonization of Oedogonium biomass near the WSP influent 

when spatial distribution was not forced. This predicted steady state biomass distribution resulted 

in more primary production in the first half of the baffled system than was expected based on 

underwater surveying of benthic algae distribution and pH and DO observations. Additionally, 

pH limitation resulted in a lower predicted algal biomass density at locations S8-S10 than S1-S3, 

where in reality, these locations may have actually been preferable for algal growth because 

macrophyte stands provided an increased access to sunlight for Oedogonium.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

Figure 5.15 showed spatial pH and DO trends for 09:00 on September 27th that resulted 

from simulations conducted with an initial condition that Oedogonium biomass was only present 

in the second half of the baffled system. In contrast with Figure 5.9, where biomass location was 

dictated solely by growth functions, the position of filamentous algae contributed strongly to the 

degree of stratification within the WSP. When the new algal biomass distribution was forced, the 

difference in pH between S3 and S9 at 09:00 on September 29th changed from 0.17 units to 0.78 

units, compared to the observed values where 1.56 units in difference were noted. The difference 

in DO between S3 and S9 changed from 2.29 mg/l to 4.28 mg/l, compared to the observed value 

of 9.46 mg/l.  On September 27th at 09:00, a difference of <0.01 units became 0.94 units when 

spatial algal biomass was forced, compared to observed values where 1.62 units in difference 

were noted. The difference in DO between S3 and S9 changed from 1.38 mg/l to 10.04 mg/l, 

compared to an observed value of 10.46 mg/l. An effort to develop more accurate growth 

limitation functions and initial conditions for the biomass of Oedogonium would be expected to 

improve the magnitude of spatial heterogeneity predicted by the model.  
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Figure 5.15: Spatial distribution of (A) predicted pH, (B) predicted DO, (C) observed pH 

and (D) observed DO at 09:00 on September 27 2014. These simulations were conducted 

with the initial condition that Oedogonium biomass was present only in the second half of 

the pond.  

The baffle aperture was also a source of error contributing to uncertainties in mixing 

between each half of the WSP. The current model described the aperture as gap in the baffle 

resembling a channel that is open to the atmosphere. Due to the grid resolution, the aperture in the 

model could be at minimum 4 m wide, and the water flux through this aperture in the model was 

(A) (B) 

(C) (D) 
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likely larger than that in the WSP. A simulation that reduced the size of the aperture to 20% of the 

original size revealed < 0.001 m change in water level at the baffle, and no discernable change in 

the velocity field (less than 0.005 m/s difference at location of baffle aperture). It is worth noting 

that the hydrodynamic model did not incorporate the influence of macrophytes on the flow field 

because a one-way coupling was applied. It is likely that the presence of dense macrophytes in 

locations S8-S10 slowed or altered the flow path (Nepf, 2012) and reduced mixing in this region 

of the WSP, thus amplifying the influence of primary production on the pH and DO levels in that 

region compared to regions exhibiting better mixing.  

5.5.1.4 Primary production and physiology 

A challenge in reconciling both time series and spatial water quality observations in 

highly productive systems was determining the limiting factor for algae growth in a non-nutrient 

limited environment. pH was the dominant limiting daytime function for algae in the summer 

months of the simulation, and this limitation was necessary to produce appropriate model 

predictions. Currently, shading by Oedogonium is not included in the model as the biomass 

administratively resides in the sediment layer. The submerged macrophyte model was able to 

capture self-shading and inter-species shading, because the position of the tip of each plant was 

modelled and the incident light was calculated based on the height of the top of the plant within 

the water column. This feature was not available for the filamentous algae. Hence, the model 

could not capture the shading of macrophytes by filamentous algae. Instead, the macrophyte 

biomass was limited by a user prescribed maximum biomass density threshold, which was 

adjusted to the maximum biomass noted for Lake Wingra (Adams and McCracken, 1974).  

Currently, there are no existing models that can capture all aspects of filamentous algae 

physiology and the resulting competition between filamentous algae and submerged macrophytes 

in a three-dimensional environment. Han et al. (2009) demonstrated a novel approach to model 

shading and entanglement of submerged macrophytes by filamentous algae. However, the 
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limitation to this approach was that it was one dimensional and could not be incorporated in the 

DELWAQ code at this time. Giusti and Marsili-Libelli (2005) demonstrated a comprehensive 

model that described the growth of both filamentous algae and the submerged macrophyte 

Ruppia. In this environment, they stated that the filamentous algae and macrophytes tended to 

colonize separately. Thus, shading and entanglement was not introduced in this model. An 

appropriate model for filamentous algae such as Oedogonium would incorporate elements of the 

SAV module such as distribution of biomass in the water column, shading in the water column, 

and incident light that is dependent on plant height. Model simulations describing filamentous 

algae as a “macrophyte” in SAV were undertaken to adopt the approach first described in Han et 

al. (2009).  Modelling Oedogonium as a macrophyte in SAV was not adequate because algae 

growth in reality is much more dynamic than that of macrophytes, and the resulting model 

outputs could not capture the observed fluctuations in pH and DO. 

Contrary to the model formulation, the position of filamentous algae is in reality only 

partially fixed. As Oedogonium is epipelic in nature, it can move vertically in the water column 

either by growing upon macrophytes or becoming buoyant when DO concentrations are 

supersaturated (Graham et al., 1995). Once the algal mat is at the water surface, wind shear 

dictates the position of the mats as described in Chapter 4, although processes such horizontal and 

vertical currents imparted by temperature gradients are also hypothesized to cause heterogeneity 

in algae distribution (Boris et al. 2011). When temperatures or rates of primary production 

decrease, the algae lose buoyancy and sink to the bottom of the WSP, often near the WSP 

effluent. As described previously, these sunken mats are one of the main factors thought to 

contribute to deviations of model prediction from observed values. Martin et al. (2010) employed 

a method of modelling both fixed and suspended Ulva macroalgae. This involved defining a 

critical bed shear stress that caused a portion of fixed algae species to become suspended and free 

to move with water currents and wind. These suspended algae were able to settle and become 
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detritus that could contribute nutrients to the water column in a feedback loop (Faleschini and 

Esteves, 2013), in a similar manner than would be suspected in the Amherstview WSP. To more 

accurately model the physiology of Oedogonium, it is recommended that the current model 

incorporate the vertical components of SAV with the shear stress-dependent suspension and 

sedimentation processes available in the Ulva model.   

5.5.2 Scenario analysis for reduction of seasonal pH 

5.5.2.1 Reduced nitrification in upstream processes 

This scenario involved reducing the NO3
- mass loading to the WSP by 80%, and 

increasing the NH4
+ mass loading proportionally by maintaining the N balance. Model results 

(Figure 5.13) showed that this management procedure would have minimal but still beneficial 

effect on effluent pH levels throughout the season. This scenario exhibited greater seasonal pH 

variations, and reduced the average seasonal effluent pH level by 0.03 units, which was deemed 

negligible. Although effluent NO3
- levels in SCN 1 were lower than those set for the base case, N 

did not become a limiting nutrient for macrophyte or algae growth, and the algae exhibited 

primary production rates that did not differ from the base case. The inclusion of NH4
+ as source 

of N for the algae resulted in a decrease in effluent alkalinity concentrations, effluent pH did not 

exhibit a notable decrease. This showed that NO3
- uptake and coincident alkalinity (OH-) 

generation was not sufficient to have likely accounted for all of the pH increase within the WSP. 

Thus it is concluded that the primary process contributing to pH increase in P2 is likely CO2 

uptake rather than OH- release.  

5.5.2.2 Reduced aerobic mineralization of CBOD5 and reduced nitrification 

This scenario involved increasing the total load of POX1-3 each by 80% in addition to 

the changes to influent N species applied in SCN 1. This strategy resulted in the largest pH 

reduction throughout the season. The average seasonal pH was decreased by 0.27 units and rarely 

did SCN 2 produce pH levels that were higher than the base case. Mineralization contributed CO2 
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to water that had been heavily depleted due to excessive primary production. The increased 

oxygen demand of the water did not have a noticeable effect on DO levels in the WSP, as 

conditions were still predicted to be supersaturated for the majority of the season in the presence 

of increased organic loading. Although this management option provided promising results for a 

single season simulation, a multi-year simulation including the other two WSPs should be 

conducted. This would allow practitioners to determine whether the accumulation of organic 

matter and consequent internal sediment feedback mechanisms could, over time, result in 

increasingly anoxic conditions and an overall reduction in nutrient removal in the long-term.   

5.5.2.3 Removal of macrophytes 

This scenario involved a model run that omitted the presence of submerged macrophytes. 

Although differences in effluent nutrient concentrations were observed in the results of this 

scenario compared to the base case, the effect on seasonal pH for the majority of the season was 

negligible compared to all other scenarios. This was likely because no respiration or primary 

production occurred when macrophytes were at maximum biomass density, and so the influence 

of macrophytes on pH was minimal for a large portion of the season relative to the primary 

production of algae. The greatest difference demonstrated by this scenario was the reduction in 

spatial heterogeneity, where the absence of macrophytes changed the spatial patterns for pH and 

DO such that localized regions of increased pH and DO around S8-S10 were no longer present. 

The removal of macrophytes also resulted in a higher pH at the end of the season relative to the 

base case. This was because the mineralization of decaying macrophyte biomass in the autumn 

produced CO2. The reduction of total biomass in the system when macrophytes were not included 

reduced the carbon held in the biomass that was available for mineralization. This reduction in 

total system biomass resulted in an increase of 0.07 units in the average seasonal effluent pH 

levels. 
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It is expected that SCN 3 under predicted the true effect of removing the macrophytes. 

This is because the macrophytes are thought to provide an optimal habitat for the filamentous 

algae, where the vertical structure of the macrophytes acts as a ‘scaffolding’. This would allow 

the algae to reach the surface to obtain access to the irradiance levels available at the water 

surface rather than at the bottom of the WSP. Without the presence of submerged macrophytes, it 

is likely that the algae would not be as prolific, and the indirect effect of their removal would be a 

reduction in seasonal pH levels. 

5.5.2.4 Removal of baffle 

This scenario involved the removal of the baffle in the hydrodynamic model, and also 

applied no biomass distribution or habitat suitability constrains on the growth of algae or 

macrophytes. This was performed because it was thought that the distribution of macrophytes 

were likely influenced by the baffle. In the absence of the baffle, it was hypothesized that forcing 

the habitat suitability used in previous simulations would have been inaccurate. The scenario 

otherwise introduced no changes to the base case model. The removal of the baffle led to an 

effluent pH that was much more influenced by diurnal processes than the base case. This was 

because the shallowest region of the WSP, S1-S2, was directly adjacent to the WSP effluent. The 

high quantity of algal biomass present at this location influenced the variability of effluent pH 

much more than the base case. Results showed that the removal of the baffle provided a 0.13 pH 

unit reduction in average seasonal pH levels. This was because the residence time distribution, 

and the mean value of this distribution (see Levenspiel (1999)) of a given water element would 

have decreased, and thus each water segment lost less CO2 due to primary production.  

5.6 Conclusion 

In this chapter, a three-dimensional model of a wastewater stabilization pond was 

presented. The objective was to produce for the first time a model that could predict the effect of 

primary production on effluent pH. This was done in an attempt to identify options for reducing 
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pH levels in a WSP at the Amherstview WPCP in Ontario, Canada. The model was the first to 

include heterogeneous biomass of filamentous algae and submergent macrophytes, and did so in 

an effort to reproduce spatial heterogeneity in pH and DO observed in field studies. Results 

showed generally good agreement between observed and predicted pH and DO measurements in 

the WSP effluent, and demonstrated that the spatial heterogeneity observed in Chapter 4 was not 

likely the result of hydraulic retention time alone. The omission of certain reactions occurring 

under reducing conditions and of other genera of primary producers in the WSP likely limited the 

ability to reproduce low alkalinity values in April-May and high alkalinity values in July with the 

model. Of the four simulated management strategies, the model predicted that the reduced 

treatment of organics in the upstream process was the most effective solution for reducing pH 

levels throughout the season. Challenges in the quantification and monitoring of filamentous 

algae within WSPs led to uncertainties in model predictions, as did a lack of data with which to 

validate hydraulic results and the calculated solar irradiance data provided to the model. The 

results also showed that there are unresolved challenges in modelling the complex physical and 

biochemical interactions between filamentous algae and submerged macrophytes. This can be 

overcome by the synthesis and implementation of a few other currently available modelling 

approaches within the Delft3D suite. Other studies have shown that using a 3D model can 

facilitate the capture spatial heterogeneity, as well as pH and DO fluctuations within a WSP over 

a single treatment season, and that this approach could be used to quantify the contribution of 

different processes to the generation and mitigation of elevated pH levels.  
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Chapter 6 

Summarizing conclusions 

6.1 Conclusions 

This thesis represents one contribution to a larger project that seeks to address the issue 

of elevated pH within wastewater stabilization ponds (WSPs). The research presented focused on 

determining the cause of elevated pH within the Loyalist Township WSP system, specifically the 

effect of algae, macrophytes, and sediment. To investigate strategies for the design of free water 

surface wetlands to mitigate elevated pH, testing of WSP sediments in bench scale studies was 

conducted to assess pH attenuation potential and the effect of WSP sediment on the overlaying 

water quality. To investigate the source of elevated pH within a WSP system, a 29-day field study 

was conducted at a WSP at the Amherstview water pollution control plant (WPCP) to identify the 

factors affecting pH within a WSP, as well as its spatial and temporal variations. Additionally, a 

three-dimensional numerical model of the WSP that incorporated the effects of filamentous algae 

and submerged macrophytes was created and calibrated with field observations from this study. 

The objective was to elucidate the contributions of different processes to elevated pH levels in the 

WSP system. The purpose of the overall project as a whole was to provide both upstream and 

downstream management strategies for operators of WPCPs facing issues with WSPs exceeding 

mandated pH levels. 

The first study involved monitoring the effect of WSP sediments on pH attenuation and 

wastewater constituent feedback in both continuous flow and batch flow reactors at the laboratory 

scale. WSP sediments were obtained from the final WSP, P4, at the Amherstview WPCP and 

placed in duplicate in 500ml graduated cylinders (batch flow experiments), as well as 60 cm x 60 

cm x 20 cm reactors (continuous flow experiments). Synthetic wastewater with elevated pH 

(10.4-10.8) was applied in the continuous flow studies, while domestic wastewater with elevated 
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pH (9.8) was used in the batch flow studies. Results showed that under both flow regimes, the 

sediments were able to provide pH attenuation, the degree of which was much greater under batch 

flow compared to continuous flow. Presence of sediments did not result in increases in effluent 

COD, total NH3, or NO3
- concentrations, but did release phosphorous in batch flow and 

continuous flow. However, the total phosphorous concentrations in the continuous flow reactor 

did not exceed regulatory discharge limits stipulated in the certificate of approval for the WPCP. 

Results showed that WSP sediments from the final WSP could potentially be an appropriate 

planting substrate for the proposed free water surface constructed wetland, although its suitability 

for the seeding and growth of emergent wetland plants was not evaluated. 

The second study involved a 29-day monitoring investigation to determine spatial and 

temporal trends in nutrients, pH, and DO in the first WSP at the Amherstview WPCP, P2. PO4
3- 

and NO3
- removals were noted, while increases in DO, pH, total NH3 and total alkalinity were 

observed relative to influent concentrations. DO and pH were shown to exhibit spatial variability 

within the pond, and levels of pH and DO were highest at locations where abundant growth of the 

filamentous algae Oedogonium was noted on the submergent macrophytes Myriophyllum and 

Potamogeton. The results also showed that pH and DO measured at the effluent of the pond was 

not representative of the highest pH levels within the pond. The relative abundance of 

macrophyte and macroalgal growths provided an explanation for the relatively low chl-a 

concentrations in the pond, unlike observations reported for other WSP systems where high levels 

of photosynthesis coincided with chl-a due to the predominance of microalgae. Low light 

attenuation (Kd) in the water column and the abundance of NO3
-, were believed to be contributing 

factors for the establishment and growth of emergent macrophytes (Myriophyllum and 

Potamogeton), as well as leading to the generation of high pH levels. 

The final study involved the creation of a three-dimensional hydrodynamic model, which 

incorporated water quality parameter characteristics, to examine and provide further insight into 
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the factors leading to elevated pH conditions in P2. It was the first model to describe the influence 

of carbon dioxide uptake on pH dynamics within a WSP, and the first WSP model to include non-

planktonic photosynthesizers in the form of filamentous algae and submergent macrophytes. The 

model was calibrated using data collected from the WPCP monitoring program and data from the 

field study discussed in Chapter 4, and was compared to predictions maps of pH and DO (Chapter 

4). It was demonstrated that model predictions of pH and DO levels and spatial heterogeneity 

could only be achieved with the inclusion of a heterogeneous distribution of active algal and 

macrophyte biomass in the WSP. The model provided predictions for four WSP management 

scenarios, involving an 80% reduction in NO3
- loading, an 80% increase in organics loadings, the 

removal of macrophytes, and the removal of the baffle. The most effective method for reducing 

the overall pH was shown to be a reduction in the rate of extended aeration upstream, which 

results in higher levels of organic content and NH4
+ concentrations with a corresponding decrease 

in NO3
- concentrations being supplied to the system. 

The outcomes of this thesis suggest that there are two options for addressing the issue of 

elevated pH in facultative WSPs downstream of a Sutton Process. The recommended option for 

the Amherstview WPCP was to substitute existing P4 with a free water surface wetland. 

Although the sediment currently found in P4 could represent an appropriate planting substrate for 

the wetland, pilot scale testing of the efficacy of additional planting substrates should be 

investigated. Another option would be for operators of the Amherstview WPCP to reduce the 

level of CBOD5 treatment and enhanced nitrification in the upstream extended aeration process, 

which is predicted to lead to lower pH levels. However, it is not recommended that this action be 

undertaken without additional modelling and pilot-scale testing to fully discern the effects of 

changing operational conditions on effluent water quality. 
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6.2 Recommendations and future work 

In Chapter 3, WSP sediments were shown to provide some pH attenuation for synthetic 

and domestic wastewater, and did not cause wastewater effluents to exceed regulatory constraints 

through the release of constituents. However, it was not demonstrated that the emergent 

macrophytes anticipated to be used in the constructed wetland (Phragmites, Typha) would be able 

to grow in such a substrate. It is recommended that simple growth tests at the pilot scale be 

conducted to ensure that this substrate is suitable for sustained plant growth.  

Spatial heterogeneity in pH and DO were observed in P2, but no spatial sampling regime 

of for total alkalinity, total NH3, NO3
- or PO4

3- was conducted. It is recommended that a spatial 

monitoring program be undertaken to better understand the behavior of these water quality 

parameters. The results could then be compared with the spatial heterogeneity of pH and DO. 

Additionally, a spatial study of light attenuation with depth (Kd) within the pond should be 

conducted in order to further improve understanding of conditions governing photosynthesis 

throughout the water column. 

As is a common issue with many ecological models, there are many uncertainties and 

assumptions that must be incorporated in WSP models. Of these uncertainties, limiting growth 

factors for algae, algal biomass distribution, physical interactions between algae and 

macrophytes, temperature, sediment detritus, and solar irradiance are believed to have the greatest 

effect on model results. In-line measurements of pH, DO, and temperature at the WSP effluent 

during the modelling period would allow for the creation of accurate temperature forcing 

functions, as well as provide a calibration data set with high resolution, that could improve 

confidence in the calibrated model significantly. The writing and testing of new code that 

incorporates self-shading by filamentous algae and limitation due to biomass density may be 

warranted, and should be investigated as an option to replace pH as the current limiting growth 

factor in the model. As photosynthesis is influenced by solar irradiance, observed and not 
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theoretical values of solar energy should be provided to the model in order to be consistent with 

previous studies that have successfully modelled WSP systems. Finally, incorporating modelling 

work done by other researchers into the Delft3D environment would allow for an improvement in 

the description of the physiological interactions between filamentous algae and the aquatic 

environment, as well as filamentous algae and macrophytes. It is also recommended that a multi-

year simulation be conducted that incorporates all three WSPs, to provide a better understanding 

of effects of higher organic loadings to the WSP system.  

6.3 Engineering contributions 

Passive and semi-passive wastewater treatment methods are amongst the least expensive 

options for the management of domestic wastewaters in rural communities. Unlike traditional 

mechanical wastewater treatment, these systems rely on naturally occurring biogeochemical 

reactions to mitigate wastewaters. Although extremely cost effective relative to active or 

mechanical systems, the performance of these approaches is susceptible to climatic and 

ecological variation. Engineers are continuously endeavoring to improve knowledge about these 

systems to optimize their efficacy through design standards and system upgrades.  Concerns 

associated with elevated pH levels, support the need for new investigations that examine the 

treatment mechanisms and dynamics of water quality parameters in WSPs. 

This thesis builds upon the body of literature describing the issues and solutions relevant 

to elevated pH in WSPs. Other studies have investigated the treatment of synthetic and domestic 

wastewater in bench scale reactors with organic substrates, but this work focused on pH dynamics 

under both continuous flow and batch flow unplanted wetland microcosm conditions. It also 

demonstrated the capacity of a natural material as a useful substrate for reducing pH, while 

simultaneously maintaining effluent wastewater quality at a level that is compliant with the 

Amherstview WPCP certificate of approval. 
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The thesis also calls into question the assumption of well mixed conditions within WSPs 

that is applied by other researchers in the field. The work presented here, combined with work by 

others, shows that spatial heterogeneity in both pH and oxygen can exist within WSPs. It also 

provides a description of WSP environment exhibiting growth of submergent macrophytes and 

filamentous algae, both of which may contribute to this spatial heterogeneity. 

The modelling work demonstrated the development and calibration of a three-

dimensional hydrodynamic and water quality WSP model with a data set, to be used for 

predicting effluent pH levels. It can also capture trends in spatial heterogeneity observed in the 

field, and can characterize processes contributing to pH dynamics and nutrient removal in WSPs.  

The model combined filamentous algae and submergent macrophytes, in addition to microalgae 

described in other WSP studies.  

In some cases, pH may not be as tightly regulated as it is at the Amherstview WPCP, and 

may not be of concern to all facility operators from a compliance standpoint. However, the use of 

this model for the prediction of pH within these WSPs would still be valuable in the context of 

more accurately predicting rates of pH dependent processes such as disinfection, volatilization, 

and precipitation. The adaptive nature of this Delft3D numerical model is such that users can 

incorporate their own pH dependent formulations in the open source water quality library for 

more accurate predictions of treatment rates. From this standpoint, the model represents a tool 

that can be adapted to any size of WSP in any climate. Therefore, the outcomes of this research 

are relevant to all WSP operators, whether the concern is pH levels exceeding regulatory 

compliance, or ensuring pH levels remain at a level sufficient to continue providing treatment 

through various processes. 
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Appendix A 

Process parameters used in WSP Model (Chapter 5) 

Table A.1: Summary of hydrodynamic parameters in FLOW 

Parameter Value Source 

Grid 30x100 - 

No. Layers 5 - sigma - 

Time step 6 seconds - 

Alpha reflection parameter for 

boundary 
86400 seconds - 

Wind drag coefficients 0 m/s 0.0006363 
(Teeter et al., 

2001) 

 5 m/s 0.0011376 “ 

 25 m/s 0.0025847 “ 

Manning roughness (n) 
0.024, free slip condition at 

wall 
(Coon, 1995) 

Horizontal eddy viscosity 0.05 m2/s (Bengtsson, 1973) 

Turbulence model k-epsilon Chosen 

Wind specification 
Magnitude and direction, 

hourly 
Climate Canada 
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Table A.2: Summary of water quality parameters in DELWAQ. When the citation for a 

parameter is Deltares 2014c (chapter 5), this indicates a default value in DELWAQ. Default 

indicates the default value in the SAV model in July 2015. 

Parameter Description Unit Value Source 

VertDisper Vertical dispersion m^2/s 
1.00E-

07 
Deltares (2014c) 

RcDen20 
MM-First order denitrification rate in water column @ 20 
deg 

gN/m3/
d 

0.10 Deltares (2014c) 

TcDenWat Temperature coefficient for denitrification - 1.07 Deltares (2014c) 

KsNiDen Half saturation constant for nitrification gN/m3 0.50 Deltares (2014c) 

KsOxDen 
Half saturation constant for denitrification oxygen 

inhibition 
g/m3 1.00 Deltares (2014c) 

CTDEN Critical temperature for denitrification 0C 2.00 Deltares (2014c) 

Rc0DenOx zeroth order denitrification rate at low temp 
gN/m3/

d 
0.00 Deltares (2014c) 

COXDEN Critical oxygen concentration for denitrification g/m3 3.00 Deltares (2014c) 

RcDenWat 
Pragmatic first order denitrification rate in water column @ 

20 deg 
- 0.10 Deltares (2014c) 

OOXDEN optimum oxygen concentration for denitrification g/m3 1.00 Deltares (2014c) 
Salinity Salinity g/m3 0.36 Deltares (2014c) 

RcDetCS1 
First order mineralization rate of detritus C in sediment 

layer S1 
1/d 0.03 Deltares (2014c) 

TcBMDetC 
Temperature coefficient for mineralization DetC in 

sediment layer S1 
- 1.09 Deltares (2014c) 

RcDetCS2 
First order mineralization rate of detritus C in sediment 
layer S2 

1/d 0.03 Deltares (2014c) 

TcBMOOC 
Temperature coefficient for mineralization DetC in 

sediment layer S2 
- 1.09 Deltares (2014c) 

Si Dissolved silicate 
gSi/m2

=3 
5.00 Deltares (2014c) 

TcDen Temperature coefficient for denitrification in sediment - 1.12 Deltares (2014c) 

RcDetNS1 
First order mineralization rate of detritus N in sediment 

layer S1 
1/d 0.03 Deltares (2014c) 

RcDenSed First order denitrification rate in the sediment m/d 0.10 Deltares (2014c) 

RcDetPS1 
First order mineralization rate of detritus P in sediment 

layer S1 
1/d 0.03 Deltares (2014c) 

RcMrtEColi First order mortality rate ecoli 1/d 0.80 Deltares (2014c) 

Latitude - - 44.20  

RefDay Reference day  91.00  
V0SedPOC

1 
Settling velocity for particulate detritus as carbon first pool m/d 0.05 Deltares (2014c) 

ExtVlPOC1 Visible light specific extinction coefficient POC1 m2/gC 0.20 Deltares (2014c) 
ExtVlBak Visible light specific extinction coefficient background 1/m 0.03 Deltares (2014c) 

ExtVlDOC Visible light specific extinction coefficient humus m2/gC 0.05 Deltares (2014c) 

ExtVlPOC2 Visible light specific extinction coefficient POC1 m2/gC 0.10 Deltares (2014c) 
ExtVlPOC3 Visible light specific extinction coefficient POC1 m2/gC 0.10 Deltares (2014c) 

V0SedPOC

2 

Settling velocity for particulate detritus as carbon second 

pool 
m/d 0.05 Deltares (2014c) 

V0SedPOC

3 
Settling velocity for particulate detritus as carbon third pool m/d 0.05 Deltares (2014c) 

Oedogoniu

m 
    

PPMaxDiaS

1 
Maximum growth rate Oedogonium 1/d 2.30 Calibrated 

KpH Half saturation constant for pH inhibition of algae growth - 75 Calibrated 
OptpH Optimum pH for algae growth - 7.30 (Beran and Kargi, 2005) 

MRespDiaS

1 
Maintenance respiration oedogonium at @ 20 deg - 0.04 Deltares (2014c) 

GRespDiaS

1 
growth respiration factor oedogonium - 0.11 Deltares (2014c) 

MrtSedDiat Mortality rate oedogonium 1/d 0.30 Calibrated 
KMDINdia

S1 
Half saturation value N oedogonium gN/m3 

5.00E-

03 
(Spencer and Lembi, 1981) 

KMPdiatS1 Half saturation value P oedogonium gP/m3 
1.00E-
03 

(Spencer and Lembi, 1981) 
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NH4Crit Critical concentration for uptake of NH4 gN/m3 1.0 Calibrated 

FrAutDiatS Fraction autolysis of oedogonium - 0.00 Deltares (2014c) 
FrDetDiatS Fraction to detritus by mortality of oedogonium - 1.00 Deltares (2014c) 

OptDLDiaS

1 
Optimum daylength for growth of oedogonium - 0.50 Deltares (2014c) 

TcGroDiat Temperature coefficient growth processes of oedogonium - 1.04 Deltares (2014c) 

TcDecDiat 
Temperature coefficient for respiration and mortality of 

oedogonium 
- 1.07 Deltares (2014c) 

RadSatDiS1 Radiation for growth saturation of Oedogonium W/m2 11 
(Giusti and Marsili-Libelli, 

2005) 

Myriophyll
um 

    

PPmax Potential growth rate myriophyllum  0.11 
(Karpati and Pomogyi, 

1979) 

Pot Maximum biomass gC/m2 215 
(Adams and McCracken, 
1974) 

HMax Maximum height as percentage of water column - 0.85 Observed 

ExtVl Extinction of light due to plant biomass m2/gC 0.006 (Best et al., 2001) 
RadSat Total radiation growth saturation W/m2 30 Calibrated 

thresh threshold biomass  gC/m2 6.8 Calibrated 

CO2cr critical CO2 concentration gC/m2 0.5 Calibrated 
MinDL minimal daylength for growth   0.4 Default 

OptDL daylength for growth saturation  0.58 Calibrated 

Tcrit critical temperature for growth  4 Default 
TcPMx temperature coefficient for growth   1.06 Default 

K1Deca first order autumn decay rate   0.05 Default 
TcDeca temperature coefficient for decay   1.06 Default 

NCRat N:C ratio   0.2 Default 

PCRat P:C ratio   0.02 Default 
FrPOC1 fraction of decay  that becomes POC1  0.2 Default 

FrPOC2 fraction of decay  that becomes POC2  0.3 Default 

FrPOC3 fraction of decay  that becomes POC3  0.5 Default 

Potamogeto
n 

    

PPmax Potential growth rate    0.11 
(Karpati and Pomogyi, 

1979) 

Pot Maximum biomass gC/m2 215 
(Adams and McCracken, 

1974) 

HMax Maximum height as percentage of water column -  Estimated 
ExtVl Extinction of light due to plant biomass m2/gC 0.006 (Best et al., 2001) 

RadSat Total radiation growth saturation W/m2 30 Calibrated 

thresh Threshold biomass  in growth  6.8 Calibrated 
CO2cr Critical CO2 concentration  0.2 Calibrated 

MinDL Minimal daylength for growth   0.4 Default 

OptDL Daylength for growth saturation   0.58 Calibrated 
Tcrit Critical temperature for growth   4 Default 

TcPMx Temperature coefficient for growth   1.06 Default 

K1Deca first order autumn decay rate   0.05 Default 
TcDeca temperature coefficient for decay   1.06 Default 

NCRat N:C ratio   0.2 Default 

PCRat P:C ratio   0.02 Default 
FrPOC1 fraction of decay  that becomes POC1  0.2 Default 
FrPOC2 fraction of decay  that becomes POC2  0.3 Default 
FrPOC3 fraction of decay  that becomes POC3   0.5 Default 
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Appendix B 

Prediction surfaces for pH, dissolved oxygen, and temperature 

The full compilation of prediction surfaces is available via electronic archive. It is attached in the 

draft version of this thesis. Please contact pascale.champagne@queensu.ca for copies of these 

files if they are not found with the manuscript.  
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Appendix C 

The plots in figure C.1 demonstrate the development of Oedogonium biomass throughout the base 

case WSP simulation, on May 21, July 10, August 29, and October 18. 
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Figure C.1: Oedogonium biomass throughout the base case simulation on May 21, July 10, 

August 29, and October 18 


