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Abstract 

This comparative study explores the mechanisms of pollutant removal efficiency in cold-

climate constructed wetlands (CWs) and investigates the benefits, standing and 

practicability of using these systems to treat wastewater in Canada and Northern China. 

Treatment efficiencies defined by the Canadian and Northern China experience vary 

considerably. Experience in both countries shows that the majority of effluent values are 

generally better than that required by discharge standards in Canada and China. A review 

of the available case studies on cold weather treatment in both countries indicates that 

this technology is feasible in Canada and Northern China, although further monitoring 

data are needed to optimize CW design and ensure that the effluent quality standards are 

consistently met. 

In both of these countries and around the globe, increasingly strict water quality standards 

and the growing application of treatment wetlands for wastewater treatment is an 

important motive for the development of better numerical models as predictive process 

design tools. An investigation of the SubWet 2.0 model, a horizontal subsurface flow 

modeling program used to predict the level of treatment that can be expected was 

conducted. It has been shown that SubWet can consider the influence of several factors at 

one time, where empirical equations are generally not able to consider more than two 

factors at one time and usually in isolation of the other influential parameters. Three 

different data sets, two from natural wetlands from the Canadian Arctic and one from a 

CW in Africa were used to illustrate how SubWet can be calibrated to specific wetlands. 

Compared to other models, it is suggested that SubWet provides one of the best modeling 

options available for natural tundra wetlands. Further calibration of SubWet with twelve 



iii 

 

municipal treatment wetlands in the Canadian Arctic clearly demonstrated its ability to 

model treatment performance within natural tundra wetlands and thus provide an 

additional predictive tool to aid northern stakeholders in the treatment of municipal 

effluents. It is anticipated that increased monitoring and the generation of additional 

measured data will help to better identify the level of year to year variability and improve 

the overall predictive capability of the model. 
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RTT: retention time in the wetland (24h) 

S: slope (cm/m) 

SF: selected flow rate of water to be treated (m
3
/24h)  

TA: temperature coefficient for ammonification (no units)  

TD: temperature coefficient for denitrification (no units)  

TEMP: average temperature in centigrade as function of time  

TN: temperature coefficient for nitrification (no units)  

TO: temperature coefficient for oxidation of organic matter expressed as BOD5 (no units)  
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TPO-A, TPO-B, TPO-C, TPO-D, TPO-E, TPO-IN, TPO-OUT: concentrations of 

total phosphorus in boxes A, B, C, D, E and in inflowing and out flowing water (mg P/L)  

VO: volume (m
3
)  

WI: width (m) 
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Glossary of symbols 

BOD5: Biochemical oxygen demand of wastewater during decomposition occurring over 

a 5-day period 

 

TSS: Total suspended solids 

 

COD: Carbonaceous oxygen demand 

NO2
-
: Nitrite 

NO3
-
: Nitrate 

NH4: Ammonium 

TN: Total nitrogen 

TP: Total phosphorus 

C: Carbon 

N: Nitrogen 

P: Phosphorus 

O2: Oxygen 

SO4 
2-

: Sulfate 

HCO 
3-

: Bicarbonate 
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Chapter 1 

General Introduction 

 Worldwide, water is becoming a declining resource as demands increase and 

quality deteriorates (UN DESA, 2013). Environmental regulations are becoming ever 

more stringent, particularly those regulating the discharge of wastewater effluents into 

surface waters. In an increasingly more challenging economic climate, capital resources 

to implement and operate more conventional wastewater treatment infrastructure and 

facilities are becoming limiting (UN DESA, 2013). Ecologically engineered systems such 

as constructed wetlands provide ecosystem services that are highly valued at a low cost, 

are self adaptive, fuelled directly by solar radiation and have low maintenance 

requirements (Werker et al., 2002). These systems are particularly suitable for small- and 

medium-size cities. The objectives of the comparative literature review contained in 

Chapter 2 are to explore the mechanisms of pollutant removal efficiency in cold-climate 

constructed wetlands and to investigate the benefits and practicability of using these 

systems for water resource protection in Canada and Northern China. Similarly to 

Canada, the water quality in Northern China of numerous lakes and rivers is poor and 

continues to decline. In both of these countries, CWs have proven to reliably achieve 

efficient treatment processes. Furthermore, the climate of Northern China is generally 

comparable to the climate of most Canadian regions. For these reasons, CWs systems in 

Northern China were compared with Canadian systems. Existing constraints to 

application and implementation of these systems are investigated in both countries, as 
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well as the challenges to future development. Chapter 2 is targeted for publication in 

Environmental Reviews from NRC Research Press, and is currently under review by the 

collaborating authors.  

 Increasingly strict water quality standards and the raising application of treatment 

wetlands for wastewater treatment as described in Chapter 2 is an ever growing motive 

for the development of better process design tools. Chapter 3 reviews the SubWet 2.0 

model, a horizontal subsurface flow modeling program initially intended to provide 

support for the design of constructed wetlands by providing environmental engineers and 

planners answers about the size of wetlands needed to accommodate anticipated flow 

rates and desired levels of treatment. The recent SubWet 2.0 version has been modified to 

allow its application to cold climate areas. This modification was accomplished by 

calibrating the model with data collected from natural tundra wetlands currently in use 

for the treatment of municipal effluents within the Kivalliq region of Nunavut, Canada. 

The calibration of this model with Arctic data has demonstrated its ability to model 

treatment performance within natural tundra wetlands and thus provide an additional 

predictive tool to aid northern stakeholders in the treatment of municipal effluents. Three 

different data sets are presented to illustrate how SubWet 2.0 can be calibrated to specific 

wetlands. The merits as well as disadvantages of some simple and more elaborate design 

models with regard to the design of subsurface flow constructed wetlands are briefly 

compared with SubWet. Compared to other models, it is suggested that SubWet provides 

one of the best modeling options available for natural tundra wetlands. It uses a variety of 
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rate constants that are calibrated to site conditions, and provides a simulated response of 

the whole wetland that integrates both known processes and accounts for the possibility 

that other poorly defined influences (e.g., inflow of melt waters) may also be operative. 

Chapter 3 has been accepted for publication as a book chapter in Advances in the 

Ecological Modeling and Ecological Engineering Applied on Lakes and Wetlands, by 

Jorgensen et al. 

 Many locations in the Canadian Arctic have relied on direct discharge of their 

wastewater into tundra wetlands. These tundra wetlands have either by design or 

serendipitously developed downstream of sewage lagoons and are now being viewed by 

some as part of a hybridized treatment system that includes not only the lagoon but also 

the associated wetland or in some locations, the only option available since the 

municipalities dump their wastewater directly onto the tundra wetlands without lagoons. 

In light of the recent introduction of Canadian federal wastewater effluent discharge 

regulations as national performance standards (NPS), standardized assessment methods 

and predictive tools are needed to aid northern stakeholders in the treatment of municipal 

effluents. There are currently a variety of approaches that can be applied to predict the 

performance of constructed wetlands, and a few numerical models are available and able 

to describe treatment processes in horizontal subsurface flow treatment wetlands. These 

become particularly questionable in application when attempts are made to apply them to 

natural wetlands where the hydrology and physical dimensions of the natural wetlands 

are not fully known. These conditions present challenges for wastewater regulators who 
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require well defined points of control. The best approaches are likely those that 

incorporate site specific performance data into the model as an attempt to calibrate the 

model to the unique characteristics of individual wetland. 

 The SubWet 2.0 model described in Chapter 3 has the capacity to be calibrated to 

site specific conditions of individual wetlands in Arctic environments. Chapter 4 review 

the applicability of this program to model the performance of twelve additional individual 

northern municipal treatment wetlands in the Canadian Arctic in order to refine the 

calibration for it to be used with greater precision as a predictive tool, and farther 

illustrate how SubWet 2.0 can be calibrated to specific wetlands. Chapter 4 is also 

targeted for publication, and is currently under review by the collaborating authors. 
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Chapter 2 

Literature Review 

 

Comparative study of cold‐climate constructed 

wetland technology in Canada and Northern China 

for water resource protection 
 

2.1 Introduction 

 The rising human population corresponds to an increase in the amount of 

anthropogenic waste generated and the extent of the environmental damage this waste 

causes. Growing population densities also correspond to an increase in highly 

concentrated liquid and solid wastes capable of causing environmental pollution and 

degradation (UN DESA, 2013). Intensified concern over the ability of the Earth’s natural 

systems to assimilate these wastes has resulted in a movement to control and reduce the 

amount of waste produced and the pollution associated with it. Ecosystem and human 

health are threatened by the variety, number, volume and concentration of pollutants 

created by resource consumption and released through residential and industrial wastes 

(UN DESA, 2013). The protection of water resources is one major concern, especially 

surface and ground waters, which are often used for human consumption. Internationally, 

water is becoming a declining resource as demands increase and quality deteriorates (UN 

DESA, 2013). 

 Canada has the third largest collection of fresh water (after Brazil and Russia), 

with six per cent of the world’s renewable fresh water (water replenished by 
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precipitation, runoff or groundwater recharge) (Riga, 2007). However, this fresh water is 

facing serious challenges and threats and the prospective influence of climate change is 

expected to exacerbate Canada’s water problems and leave more of the world thirsting 

after the resource (Riga, 2007). In Lake Winnipeg (Figure 2-1), Lake Simcoe and Lake 

Erie as well as numerous lakes in Quebec, blue-green algae are omnipresent. The 

Germany-based Global Nature Fund (GNF) proclaimed Lake Winnipeg as world’s most 

threatened lake in 2013 (GNF, 2013).  

 

Figure 2-1: Satellite image of blooms of algae in Lake Winnipeg (LWF, 2011) 

 

http://www.lakewinnipegfoundation.org/wp-content/uploads/Satellite-image-Lakes-Winnipeg-and-Manitoba.jpg
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In Montreal, crumbling pipes leak 40 percent of the valuable resource en route to taps. 

Upstream, the Great Lakes Basin, the largest continuous body of fresh water on the 

planet, is surrounded by a population of 40 million people: one in three Canadians and 

one in ten Americans (Riga, 2007). The lakes face growing demand from farms, industry, 

power plants and urban sprawl, and water levels are at historic lows in some Great Lakes. 

On the Prairies, farmers have been facing severe droughts over the past decade. In 

Alberta, the oil sands industrial water consumption is enormous, using two to four barrels 

of fresh water for every barrel of oil extracted (Gautier, 2008).  

 In comparison, in China the total annual average water resource volume is 

estimated at approximately 2.8 trillion cubic meters, which makes China the fourth 

largest source for water in the world (U.S. Department of Commerce, 2005). However, 

the water resource volume per capita is 2,200 m
3
; therefore, because of its large 

population, China ranks 88
th

 in the world and has only one-quarter of the global average 

of water per capita (U.S. Department of Commerce, 2005). Accelerated urbanization, an 

increasing population, a rapidly developing economic and social system, and 

improvements in the standard of living mean that per capita water resources in China will 

further decrease while demand increases. This conflict between water supply and demand 

will accentuate as the country develops, and water shortages may limit sustainable 

economic and social development (U.S. Department of Commerce, 2005). Figure 2-2 

shows an example of a heavily polluted river in the town of Zhugao in Southwest
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Figure 2-2: A heavily polluted river in the town of Zhugao in Southwest Sichuan province 

(Ansfield and Bradsher, 2010) 

 

Sichuan province. China’s water resources are also subject to important seasonal 

variability, particularly in Northern China; the precipitation in this region is concentrated 

in July, August, and September and accounts for 70 to 80 percent of the annual 

precipitation in the region (U.S. Department of Commerce, 2005). As a result, reservoirs 

and aquifers play an extremely important role in balancing the annual water resource 

distribution in Northern China. Table 2-1 summarizes water resource distribution in 

Northern and Southern China. 
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Table 2-1: Water resource distribution summary in Northern and Southern China (adapted from 

U.S. Department of Commerce, 2005). 

 

National Values 

 

 

Northern Five 

Major Watersheds 

 

 

Southern Four 

Major Watersheds 

 

Water resources (%) 

 

19 

 

81 

Population (%) 46.5 53.5 

Per capita water resources (m
3
) 1,127 3,381 

Gross domestic product (%) 45.2 54.8 

Cultivated land (%) 

 

65.3 34.7 

 

 

2.2  Canadian and Chinese water quality regulations 

 Worldwide, environmental regulations are becoming ever more stringent, 

particularly those regulating the discharge of effluents into surface waters (CCME, 2009). 

In 1973, the Canada Water Act was created in order to aid in the reduction of phosphorus 

(P) loading into Canadian lakes. In 1999, the Canadian Water Quality Guidelines and 

Drinking Water Guidelines were established (CCME, 2009). In 2009, the Canadian 

Council of Ministers of the Environment (CCME) has developed a Canada-wide Strategy 

for the Management of Municipal Wastewater Effluent. The Strategy sets out a 

harmonized framework reached by the 14 ministers of the environment in Canada to 

ensure that wastewater facility owners will have regulatory clarity in managing municipal 

wastewater effluent under a collective agreement that is protective of human health and 

the environment where needed (CCME, 2009). The Strategy requires that all facilities 

achieve minimum National Performance Standards (NPS) and develop and manage site-

specific Effluent Discharge Objectives. The NPS address pollutants such as pathogens, 
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nutrients and metals common to most wastewater discharges, and are cBOD5 < 25 mg/L, 

TSS < 25 mg/L, and TRC < 0.02 mg/L. A provincial Environmental Compliance 

Approval (ECA) or equivalent is required for almost all point discharges of water and 

wastewater into surface waters of Canada (CCME, 2009). Other potentially significant 

regulations include the Canada Environmental Protection Act, Environmental 

Assessment Act, and Fisheries Act.  

 In China, the Water Resource Law, amended and put into effect on October 1, 

2002, is a very important water law; compared to the Water Resource Law enacted in 

1988, the amended law significantly changes water resource management systems, water 

resource protection, water conservation, and legal responsibilities (Ministry of Commerce 

of the People’s Republic of China, 2002). Two types of wastewater discharge systems are 

defined in that country: polluted wastewater discharges (e.g. industrial and domestic 

wastewater) and non-polluted wastewater discharges (e.g. stormwater) (Hutterer, 2008). 

Wastewater and stormwater discharges require separate drainage systems for a facility in 

which a municipal sewer system is available (U.S. Department of Commerce, 2005). For 

industrial and domestic wastewater discharges, the National Integrated Wastewater 

Discharge Standard (GB8978-1996) applies (Hutterer, 2008). Wastewater discharge 

limits are classified into Class I, Class II, and Class III. The standard provides the upper 

limit for 56 pollutant concentrations and the total allowed water discharge for some 

industries over different periods (Seidelson, 2012). Table 2-2 provides an excerpt of 

GB8979-1996 for allowable wastewater discharge. 
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Table 2-2: Excerpt of GB8979-1996 for allowable wastewater discharge (adapted from 

Seidelson, 2012) 

Type pH TSS (mg/L) COD (mg/L) BOD5 (mg/L) NH3-N (mg/L) 

Class I 6 to 9 ≤70 ≤100 ≤20 ≤15 

Class II 6 to 9 ≤150 ≤150 ≤30 ≤25 

Class III 6 to 9 400 500 ≤300 - 

 

The Surface Water Environmental Quality Standard (GB3838-2002) classifies water 

bodies in China into five types: 

• Type I refers to water sources and national nature reserves; 

• Type II refers to Class I protection zones for drinking water sources, protection zones 

for valuable fish and spawning grounds; 

• Type III refers to Class II protection zones for drinking water sources, general 

protection zones for fish and swimming areas; 

• Type IV refers to general industrial water zones and water recreation areas where no 

direct contact with humans occurs; and 

• Type V refers to agricultural water zones and scenic water areas (Hutterer, 2008). 

 Permissible pollutant concentrations depend where wastewater is sent; for 

example, if wastewater is being pretreated at the industry for disposal to a municipal 

wastewater treatment plant, Class III limits apply. If discharge is sent to a fresh body of 

water (i.e. lake, river, pond, or stream), Class I or II is needed (U.S. Department of 

Commerce, 2005; Seidelson, 2012). 
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 Growing public awareness of environmentally related issues in Canada and China 

is helping to stimulate increased governmental legislation for environmental protection 

that is demanding ever more stringent water and wastewater treatment standards (Werker 

et al., 2002). As the economic climate is increasingly more restrictive, capital resources 

to implement more conventional wastewater treatment infrastructure and facilities are 

becoming limiting (Werker et al., 2002). Consequently, the development of small-scale, 

alternative, and innovative economical wastewater treatment technologies is being 

stimulated. Ecologically engineered systems, like their naturally occurring counterparts, 

provide ecosystem services that are highly valued but at a low cost, are self adaptive, are 

fuelled directly by solar radiation and low maintenance. One such technology for 

wastewater treatment is the constructed wetland (CW) (Kadlec and Wallace, 2009), an 

appropriate technology for water pollution control in Canada and Northern China. 

Similarly to Canada, the water quality in Northern China of numerous lakes and rivers is 

poor and continues to decline. In both of these countries, CWs have proven to reliably 

achieve efficient treatment processes. Furthermore, the climate of Northern China is 

generally comparable to the climate of most Canadian regions. For these reasons, this 

chapter provides a cursory relative comparison between applications of CWs systems for 

water resources protection in Canada and Northern China. This comparison is somewhat 

constrained by the fact that each system is custom-designed to deal with targeted 

wastewater at specific locations; nonetheless the comparison is still helpful for regulators 

and designers in understanding the strengths and limitations of CWs application. 
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2.3 Constructed wetland definition and design 

 CWs are engineered structures used worldwide to improve water quality. They 

remove organic matter, nutrients, trace elements, pathogens, and other pollutants from 

wastewater and/or runoff water by several different means, combining physical, 

chemical, and biological treatment mechanisms (Crites and Tchobanoglous, 1997; 

Babatunde et al., 2010; Kadlec and Wallace, 2009; Cui et al., 2010), (Table 2-3). Physical 

and chemical removal of contaminants is effected through filtration, settling, 

precipitation, volatilization, complexation and adsorption (Kennedy and Mayer, 2002). 

Biological processes such as plant uptake and bacterial degradation offer further 

opportunities for contaminant removal. The accretion of new sediments on the wetland 

substrate provides a mechanism for the long-term retention of nutrients and pollutants 

(Kadlec and Wallace, 2009). CWs are used for many types of wastewater treatment, such 

as industrial and agricultural wastewaters, landfill leachate, and stormwater runoff 

(Vymazal, 2005). 

 Constructing natural systems for wastewater quality improvement has several 

advantages over conventional technologies. Cost-reduction is one of them, and a reason 

for increased interest in CWs; many regions of Canada and China are prevented from 

investing in wastewater treatment technology because of its high costs. Rural areas with 

low population densities do not have the financial capital or tax base, and are not able to 

raise the public funds necessary for such an investment. Another advantage of those 

systems is their low maintenance; it is difficult for small communities to attract qualified  
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Table 2-3: Mechanisms for pollutant removal (adapted from Kennedy and Mayer, 2002). 

 

Process 

 

 

Effluent parameters 

 

Physical: 

     Straining and sedimentation 

 

 

 

Suspended solids, particulate organic C, N and P 

Chemical: 

     Adsorption 

 

 

     Precipitation 

     Volatilization 

 

 

Dissolved organic compounds, anions (PO4
3-

) and 

cations (metals) 

 

Inorganic P, sulfides and metals 

Ammonia (NH3) and volatile organic compounds 

Biological: 

     Microbial 

          Respiration 

          Nitrification 

          Denitrification 

          Mineralization 

          Assimilation 

 

      Plants 

          Growth and uptake 

          Gas transport 

 

 

 

BOD, O2, NO3
-
, SO4

2-
, HCO

3-
 and volatile fatty acids 

NH4 

NO3
-
 and NO2

- 

Organic-N and P 

Nutrients 

 

 

Nutrients 

O2 and related reactions 

 

individuals with the technical expertise necessary to oversee large conventional treatment 

facilities. In such rural areas, alternative treatment methods such as CWs serve to protect 

the environment and significantly increase the quality of effluent released into surface 

waters. Some additional ecosystem services include biomass production, carbon 

sequestration, seasonal agriculture, reusable water supply, regional climate regulation, 

habitat conservation, and educational and recreational usage (Liu et al., 2008). 
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 Based upon hydrological flow patterns, CW systems can be divided into surface 

flow (SF) and sub-surface flow (SSF) systems (Fonder and Headley, 2011). Sub-surface 

flow can, in turn, be further divided into horizontal flow (HF) and vertical flow (VF) 

types. 

2.3.1 Surface flow systems 

 SF CW systems are similar to natural marshes as they consist of a water surface 

that is exposed to the atmosphere, a bed containing rooted emergent aquatic vegetation, a 

layer of soil serving as a rooting medium, a liner (which is not always present) that 

typically prevent infiltration and exfiltration, and inlet and outlet structures which 

regulate inflow and outflow of water (Figure 2-3) (Reed et al., 1995; Crites and 

Tchobanoglous, 1997; Kadlec and Wallace, 2009). 

 

Figure 2-3: Surface Flow System (Swiss Federal Institute of Aquatic Science and Technology, 

2011). 

 

Tables 2-4 and 2-5 present applications of SF CW systems in Canada and Northern 

China, and include relative treatment efficiencies. 

 

file:///G:/Documents/Grad School/Fall 2011/Thesis/Chapters/Free-Water Surface CWs- Sandec/Eawag
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Table 2-4: Applications of SF CW systems in Canada. 

 
 

Location 

 

 

TP 

 

TN 

 

NH4-N 

 

COD 

 

BOD5 

 

TSS 

 

Flow rate 

(m3/day) 

 

Hydraulic 

retention time 

(day) 

 

Source of influent 

 

Full-scale 

 

Pilot-scale 

 

References 

 

Village of Alfred, Ontario 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

0.03 

89.89 

 

 

- 

- 

 

 

0.05 

51.72 

 

 

- 

- 

 

 

2.38 

34 

 

 

6.18 

92.52 

 

 

57.53 
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Municipal 

lagoon effluent 

 

X Cameron et 

al., 2003 

 

River Hebert Marsh, Nova 

Scotia 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

0.55 

83 

 

 

4.51 

77 

 

 

- 

- 

 

 

- 

- 

 

 

5 

76 

 

 

12 

45 

 

 

196.8 

 

 

42 

Sewage lagoon 

effluent 

X  Kirby, 2002  

 

Hay River Wetland, Northwest 

Territories 

(infiltration type) 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

 

 

0.26 

97.6 

 

 

 

 

- 

- 

 

 

 

 

0.39 

96.2 

 

 

 

 

77.7 

75.1 

 

 

 

 

2.7 

97.7 

 

 

 

 

5.75 

96.8 

 

 

 

 

2,000 

 

 

 

 

- 

 

 

 

Municipal lagoon 

effluent 

 

X 

  

Doku and 

Heinke, 1995 

 

Brighton treatment wetlands, 

Ontario 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

0.255 

32.54 

 

 

11.73 

18.49 

 

 

- 

- 

 

 

- 

- 

 

 

3.2 

40.74 

 

 

7.2 

45.45 

 

 

3,278 

 

 

 

9.4 

Municipal lagoon 

effluent 

X  Kadlec et al., 

2012 

 

 

Bio-Environmental Engineering 

Center of the Nova Scotia 

Agricultural College, Truro, 

Nova Scotia 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

 

 

 

7.1 

80.76 

 

 

 

 

 

- 

- 

 

 

 

 

 

14 

92.55 

 

 

 

 

 

- 

- 

 

 

 

 

 

34 

98.05 

 

 

 

 

 

55 

96.21 

 

 

 

 

 

0.1m/month 

 

 

 

 

 

90 

 

Raw dairy 

wastewater 

effluent 

  

X 

 

 

 

 

Jamieson et 

al., 2007 
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Table 2-5: Applications of SF CW systems in Northern China 

 

Location 

 

 

TP 

 

TN 

 

NH4-N 

 

COD 

 

BOD5 

 

TSS 

 

Flow rate 

(m3/day) 

 

 

Hydraulic 

retention time 

(day) 

 

 

Source of influent 

 

Full-scale 

 

Pilot-scale 

 

References 

 

 

Liaohe Oilfield, Liaoning 

Province 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

 

- 

- 

 

 

 

1.6 

86 

 

 

 

- 

- 

 

 

 

77 

80 

 

 

 

3.9 

88 

 

 

 

- 

- 

 

 

 

18.75 
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Stabilization pond 

effluent, wastewater from 

heavy oil production 

 

 

X Ji et al., 2007 

Changping, Beijing 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

0.42 

55.1 

 

 

5.1 

64.6 

 

- 

- 

 

- 

- 

 

17.8 

85.8 

 

17 

93.8 

 

500 

 

7.3 

Preliminary settling 

effluent, municipal 

sewage 

 X Xianfa and 

Chuncai, 1995 

Qinghe, Beijing 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

0.34 

53.9 

 

3.08 

29.2 

 

 

- 

- 

 

- 

- 

 

5.6 

37.7 

 

6.1 

83.8 

 

120 

 

5.6 

Stable pond and overland 

flow effluent, paper 

making wastewater 

 

X  Xianfa and 

Chuncai, 1995 

CW1, Tianjin 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

0.98 

70.3 

 

19.54 

50.6 

 

- 

- 

 

- 

- 

 

18.1 

84.9 

 

19.5 

79.9 

 

200 

 

1.5 to 3.0 

Preliminary settling 

effluent, municipal 

sewage 

X  Xianfa and 

Chuncai, 1995 

CW2, Tianjin 

(infiltration type) 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

0.32 

86 

 

 

6.15 

83.4 

 

 

- 

- 

 

 

- 

- 

 

 

10.3 

85 

 

 

11.4 

90 

 

 

1,800 

 

 

10 

Preliminary settling 

effluent, municipal 

sewage 

X  Xianfa and 

Chuncai, 1995 
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Canadian applications 

 Near Ottawa, the village of Alfred in Ontario has become one of the first 

municipalities in Canada to use a CW to treat its wastewater; the 10,000 m
2
 experimental 

wetland has been evaluated by Cameron et al. (2003) for its effectiveness to treat 

municipal lagoon wastewater for the municipality. The authors mentioned that the pilot 

scale SF CW system has been built to handle between 5% and 15 % of the flow entering 

the Alfred municipal lagoons, which represents approximately 20,000 - 60,000 m
3
 per 

year. The authors reported that the CW is composed of 3 cells; cell 1 and 3 are SF CWs 

measuring 40 x 78 m and operating at a water depth between 10 and 20 cm and cell 2 is 

an aerobic basin which operates at a depth between 60 and 75 cm. Following are 2 

phosphorus polishing steps; a set of 3 phosphorus adsorption slag filters and a vegetated 

filter strip, which is a 1,280 m
2
 (32 m x 40 m) plot seeded with 30 kg of barley/1,280 m

2
. 

At a flow rate of 57.53 m
3
/d and a HRT of 15 d, the authors reported that the SF CW cells 

treating the lagoon effluent achieved removals as follows: BOD5 (34%), ammonia and 

ammonium (52%), TKN (37%), TSS (93%), TP (90%), ortho-PO4 (82%), and E. coli 

(58%). TN, TP and BOD5 were also reduced by the wetland cells below the maximum 

permissible levels required for direct discharge to nearby receiving waters (TN<3.0 

mg/L, TP<0.3 mg/L, BOD5<3.0 mg/L). Cameron et al., (2003) further indicated that the 

vegetated filter strip treating the effluents from the wetland cells achieved removals as 

follows: BOD5 (18%), ammonia and ammonium (28%), TKN (11%), TSS (22%), TP 

(5%), FCs (28%) and E. coli (22%). The authors stated that the vegetated filter strip was 
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not effective at reducing phosphorus concentrations in the wastewater, perhaps as a result 

of low influent phosphorus concentrations, but that it may serve as an additional 

treatment stage further reducing the concentrations of the parameters previously 

mentioned. In this study, the set of 3 slag filters were concluded to be effective 

phosphorus adsorbers; TP concentrations were reduced by 99.40%, 54.05% and 59.21% 

by Slag 1, Slag 2 and Slag 3, respectively (Cameron et al., 2003). The authors specified 

that the reason Slag 1 outperformed Slag 2 and Slag 3 is most likely due to the influent 

concentration to Slag 1 being much greater than the influents to Slag 2 or Slag 3. 

 The River Hebert Marsh in Nova Scotia is another example of how SF CWs can 

polish sewage lagoon effluent. Kirby et al. (2002) implemented a 18,200 m
2
, 0.37-0.49 m 

deep SF CW, which has met the objectives of effluent polishing at a flow rate of 196.8 

m
3
/d and a HRT of 42 d by achieving removal as follows: BOD5 (76%), TSS (65%), TP 

(83%), TN (77%). The authors reported that this system has provided technical data on 

this type of technology, increased wildlife habitat and demonstrated that CWs can be an 

effective alternative in wastewater treatment. Doku and Heinke (1995) mentioned that the 

effluent quality from the Hay River natural wetland system in the Northwest Territories 

in summer is of secondary- to tertiary-level quality. The system consists of a two-celled 

anaerobic primary lagoon system in series with a third, smaller cell that discharges its 

effluent into the 320,000 m
2
 natural wetland (Doku and Heinke, 1995). At a flow rate of 

2,000 m
3
/d, the authors reported that the system achieved removals of BOD5 (97.7%), 

NH4-N (96.2%), TSS (96.8%), TP (97.6%), COD (75.1%) and total coliform (98.7%). 
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The raw wastewater only received primary-level treatment in the anaerobic lagoons; 

considering this fact, the quality of the system’s effluent affirms the observation that 

properly managed northern wetlands have the potential of removing organic pollutants, 

nutrients, and coliforms from pretreated wastewater and can produce high-quality 

effluent that can be discharged safely into the receiving water (Doku and Heinke, 1995). 

The authors reported that after more than 20 years of operation, there has been no 

significant change in the quality of the effluent from the Hay River CW, and that the 

effluent quality still meets the required standards.  

 Kadlec et al. (2012) implemented a SF CW in the Town of Brighton, Ontario, for 

the purpose of improving water quality before discharge to receiving waters. The authors 

reported that the sewage works consists of an aerated lagoon with two mechanical surface 

aerators, a waste stabilization pond and a 62,000 m
2
 wetland consisting of 2 parallel flow 

paths, each with alternating deep zones and vegetative terraces. The TN loading was 

dominated by ammonia (11.31 mg/L), with smaller amounts of organic (2.24 mg/L) and 

oxidized nitrogen (0.88 mg/L). Ammonia was reduced to 9.42 mg/L; BOD5 was reduced 

from 5.4 to 3.2 mg/L, and TSS was reduced from 13.2 to 7.2 mg/L, both with slightly 

higher values during late winter (Kadlec et al., 2012). At a flow rate of 3,278 m
3
/d and a 

HRT of 9.4 d, the system achieved removals of BOD5 (40.74%), TN (18.49%), TSS 

(45.45%), TP (32.54%), and E. coli (60.45%). In terms of water quality performance, the 

authors mentioned that the relative ranking of the Brighton wetlands was near the median 

for similar treatment wetlands; phosphorus reduction was at the median, but ammonia 
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reduction was lower. There is a possibility that water depth may have contributed to 

moderately sparse vegetation, and to low nitrification, and that both can likely be 

improved by managing water depth to lower values (Kadlec et al., 2012). The authors 

mentioned that it was also possible that excess sulfur, partly due to alum additions in the 

lagoons, may have contributed to microbial toxicity and hence to impairment of nutrient 

reductions, and that closer monitoring of alum addition may reduce sulfur concentration 

and potentially improve nitrification. 

 A pilot-scale SF CW located at the Nova Scotia Agricultural College Bio-

Environment Engineering Centre in Truro, Nova Scotia, was evaluated by Jamieson et al. 

(2007). The wetland was approximately 5 m wide, and 20 m long, and consisted of 2 

deep zones (0.8 m depth) which comprise approximately 40% of the total wetland area, 

and 2 shallow zones (0.15 m depth). The system treated influent wastewater typical of 

high strength livestock wastewater containing BOD5 concentrations in excess of 1,500 

mg/L and NH4-N concentrations in excess of 100 mg/L (Jamieson et al. 2007). At a HLR 

of 0.1m/month and a HRT of 90 d, the system achieved removals of BOD5 (98.05%), 

NH4-N (92.55%), TSS (96.21%) and TP (80.76%). The authors reported that the wetland 

performed poorly with respect to phosphorus removal, and that other researchers have 

reported low TP treatment efficiencies for systems that receive agricultural wastewater, 

more specifically as the wetland ages. The dissolved oxygen (DO) concentration was 

always lower than 0.5 mg/L; due to the strength of the wastewater Jamieson et al. (2007) 
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explained that the wetland was essentially anoxic. Even so, there was very good removal 

of ammonia and BOD5 in the system. 

Chinese applications 

 Ji et al. (2007) treated water from heavy oil production from China’s Liaohe 

Oilfield during a 3 year field experiment using a SF CW. The authors specified that due 

to the temperature of the produced water (about 60°C) the wastewater was pretreated in a 

facultative waste stabilization pond. The pilot scale SF CW consisted of 2 reed beds and a 

control bed, with a total surface area of 1,687.5 m
2
, each being 75 m long, 7.5 m wide, 

and having a depth of 0.25 m (Ji et al., 2007). At a flow rate of 18.75 m
3
/d and a HRT of 

15 d, treatment showed high mean removal efficiencies of 80%, 93%, 88% and 86% 

respectively for COD, oil, BOD and TN. The authors concluded that the results 

demonstrated that SF CW could remove large amounts of oil contained in produced 

water, and the effluent quality of the system remained stable (Ji et al., 2007). 

 Xianfa and Chuncai (1995) reported that the Beijing Institute for Environmental 

Protection studied a SF CW for treating municipal and paper-making industry 

wastewater. At a flow rate of 500 m
3
/d and a HRT of 7.3 d, the system in Changping, 

Beijing achieved removals of BOD5 (85.8%), TN (64.6%), TSS (93.8%) and TP (55.1%), 

and at a flow rate of 120 m
3
/d and a HRT of 5.6 d the system in Qinghe, Beijing achieved 

removals of BOD5 (37.7%), TN (29.2%), TSS (83.8%) and TP (53.9%). No details on the 

dimensions of these systems were provided by the authors. During the same period, 

Xianfa and Chuncai (1995) mentioned that the Tianjin Institute for Environmental 
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Protection researched the use of a SF CW (CW1) and an infiltration wetland (CW2) for 

treating municipal sewage. At a flow rate of 200 m
3
/d and a HRT of 1.5 to 3.0 d, the 

treatment results for CW1 in Tianjin for BOD5, TN, TSS and TP are respectively 84.9%, 

50.6%, 79.9% and 70.3%; again, no details on the dimensions of these systems were 

provided. CW2 was an infiltration type SF CW system on the coastal saline-alkali soil on 

Dagang Oil Field near Tianjin, which was 100,000 m
2
 in area and had a treatment 

capacity of 2,000 m
3
/d for domestic sewage. Xianfa and Chuncai (1995) stated that the 

effluent quality from this CW reaches the water quality standard for recycling water for 

oil wells in China and that the cost of treatment is 37% of conventional secondary 

treatment. At a flow rate of 1,800 m
3
/d and a HRT of 10 d, treatment showed mean 

removal efficiencies for BOD5, TN, TSS and TP of respectively 85%, 83.4%, 90% and 

86%. The operation of this system has shown to have no seasonal effects and was the 

most attractive of all 4 wetland systems studied (Xianfa and Chuncai, 1995). The soil 

salinity in this area is 3-7%, therefore the authors concluded that using CW systems for 

treating domestic sewage with lower salinity (1,5000 mg/L) can improve saline-alkali soil 

significantly.  

 Compared to the discharge standards set by the Canadian Government (cBOD5 < 

25 mg/l, TSS < 25 mg/l) (Government of Canada, 2012), the majority of effluent values 

from the Canadian systems are generally better than that required by discharge standards 

in Canada, except for one system. Compared to the discharge standards set by the 

Chinese Government (COD < 60 mg/L, BOD5 < 20 mg/L, TN<15 mg/L, TP < 0.5 mg/L) 
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(Zhang et al., 2009), all BOD5 effluent values are lower than the discharge standards, and 

the majority of COD, TN and TP effluent values are lower than those required by the 

discharge standards in China. 

2.3.2 Horizontal sub-surface flow and vertical sub-surface flow systems 

 SSF systems are similar to the SF systems in many respects except that the design 

of the SSF system is for the effluent to flow through a porous material such as gravel 

rather than above the substrate. When designing this type of system, the specific surface 

area and porosity of the medium are the most important variables (Hammer 1992b; Crites 

and Tchobanoglous, 1997). The same species of emergent vegetation are usually used in 

both types of systems (Hammer, 1992b; Reed et al., 1995). In HF CW, wastewater is fed 

at the inlet and passes slowly through the soil medium under the surface of the bed in a 

more or less horizontal path until it reaches the outlet zone where it is collected before 

discharge (Figure 2-4). A VF CW, however, is fed intermittently with a large amount of 

wastewater, thus flooding the surface. Wastewater then gradually percolates down 

through the bed, which allows air to refill the bed and provides good oxygen transfer and 

hence the ability to nitrify (Figure 2-5). Nitrification in HF CW is usually limited due to 

the lack of oxygen which is typical in these systems, whereas in VF CWs little 

opportunity is provided for denitrification, but the mostly aerobic conditions provide the 

ideal environment for oxygen-requiring nitrifying bacteria and nitrification can therefore 

be achieved in these systems. Tables 2-6 and 2-7 show the treatment efficiencies of HF 

CW applications in Canada and Northern China. 
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Figure 2-4: Horizontal Sub-Surface Flow System (Swiss Federal Institute of Aquatic Science and 

Technology, 2011) 

 

 

 

 

Figure 2-5: Vertical Sub-Surface Flow System (Swiss Federal Institute of Aquatic Science and 

Technology, 2011) 
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Table 2-6: Applications of HF CW systems in Canada 

 

Location 

 

 

TP 

 

TN 

 

NH4-N 

 

COD 

 

BOD5 

 

TSS 

 

Flow rate 

(m3/day) 

 

 

Hydraulic 

retention 

time (day) 

 

 

Source of influent 

 

Full-scale 

 

Pilot-scale 

 

References 

 

 

Centre for Alternative Wastewater 

Treatment, Lindsay, Ontario 

Aquaculture HW1, HW2 

Effluent value (mg/l) 

14 Feb. to 26 March 2008 

 

1 May to 18 Sept. 2008 

 

3 Oct. to 11 Dec. 2008 

 

Removal efficiency (%) 

14 Feb. to 26 March 2008 

 

1 May to 18 Sept. 2008 

 

3 Oct. to 11 Dec. 2008 

 

 

 

 

 

 

13.28 

10.44 

10.77 

9.41 

13.73 

8.25 

 

13.71 

10.62 

0.37 

- 

- 

- 

 

 

 

 

 

 

- 

- 

- 

- 

- 

- 

 

- 

- 

- 

- 

- 

- 

 

 

 

 

 

 

- 

- 

- 

- 

- 

- 

 

- 

- 

- 

- 

- 

- 

 

 

 

 

 

 

145.1 

72.4 

79.1 

40.7 

80.0 

24.6 

 

47.99 

17.82 

67.74 

19.25 

70.59 

41.29 

 

 

 

 

 

 

42.5 

18.5 

55.8 

19.5 

54.5 

19.9 

 

64.14 

9.31 

57.69 

38.87 

72.53 

11.16 

 

 

 

 

 

 

55 

7 

39 

5 

9 

3 

 

66.67 

22.22 

95.45 

54.54 

79.54 

25 

 

 

 

 

 

12.94 

 

6.27 

 

5.44 

 

 

 

 

 

 

 

0.65 

 

1.34 

 

1.54 

 

 

 

HW1: Septic tank 

effluent 

HW2: HF and VF CWs 

in series effluent, 

aquaculture wastewater 

X  CAWT, pers. 

comm. 

Centre for Alternative Wastewater 

Treatment, Lindsay, Ontario 

Sewage HW1, HW2 

Effluent value (mg/l) 

14 Feb. to 26 March 2008 

 

1 May to 18 Sept. 2008 

 

3 Oct. to 11 Dec. 2008 

 

 

 

 

 

8.91 

8.75 

12.05 

10.36 

14.49 

12.26 

 

 

 

 

- 

- 

- 

- 

- 

- 

 

 

 

 

- 

- 

- 

- 

- 

- 

 

 

 

 

60.0 

44.4 

34.6 

22.6 

75.6 

25.7 

 

 

 

 

14.9 

5.1 

16.7 

9.4 

45.3 

10.7 

 

 

 

 

4 

2 

22 

12 

14 

3 

 

 

 

 

15.50 

 

16.58 

 

3.16 

 

 

 

 

0.54 

 

0.51 

 

2.66 

HW1: Septic tank 

effluent 

HW2: HF and VF CWs 

in series effluent, 

sewage wastewater 

X  CAWT, pers. 

comm. 
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Removal efficiency (%) 

14 Feb. to 26 March 2008 

 

1 May to 18 Sept. 2008 

 

3 Oct. to 11 Dec. 2008 

 

 

6.01 

- 

- 

5.04 

- 

- 

 

- 

- 

- 

- 

- 

- 

 

- 

- 

- 

- 

- 

- 

 

14.04 

4.10 

10.82 

3.42 

42.77 

7.89 

 

38.68 

- 

40.99 

- 

47.69 

5.31 

 

33.33 

- 

33.33 

7.69 

6.67 

95.65 

 

Shermag Industry, Lennoxville, 

Quebec 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

1 

86.30 

 

 

- 

- 

 

 

- 

- 

 

 

- 

- 

 

 

5 

94.56 

 

 

10 

81.48 

 

 

9.8 

 

 

 

- 

Septic tank, domestic 

wastewater effluent 

 

 X HG 

Environnement, 

2009 
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Table 2-7: Applications of HF CW systems in Northern China 

 

Location 

 

 

TP 

 

TN 

 

NH4-N 

 

COD 

 

BOD5 

 

TSS 

 

Flow rate 

(m3/day) 

 

Hydraulic 

retention time 

(day) 

 

Source of influent 

 

Full-scale 

 

Pilot-scale 

 

References 

Liaohe Oilfield, Liaoning 

Province 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

0.07 

- 

 

 

 

- 

- 

 

 

 

- 

- 

 

 

 

77 

81 

 

 

 

3.5 

89 

 

 

 

- 

- 

 

 

 

18 

 

 

 

3 

 

Stabilization pond effluent, 

wastewater from heavy oil 

production 

 

 X Ji et al., 

2002 

 

Constructed Infiltration 

Wetland Treatment System 

(CIW-TS), Tianjin 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

 

 

0.25 

72.96 

 

 

 

 

5.7 

80.04 

 

 

 

 

4.49 

80.13 

 

 

 

 

44 

87.02 

 

 

 

 

9.04 

94.01 

 

 

 

 

13 

84.9 

 

 

 

 

- 

 

 

 

 

 

- 

- 

 

Primary clarifying effluent, mix 

of 70% industrial wastewater 

and 30% municipal sewage 

wastewater. 

 

 

X 

 

 

 

Yin and 

Shen, 1995 

Miyun, Beijing 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

17.6 

73.6 

 

61.8 

85.3 

 

63 

87.1 

 

50 

95.1 

 

- 

- 

 

- 

- 

 

270 

 

72 

Domestic sewage effluent.  X Wang et al., 

2008 
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Canadian applications 

 Six CW cells treat wastewater from Fleming College’s Environmental 

Technology wing at the Centre for Alternative Wastewater Treatment (CAWT) in 

Lindsay, Ontario. The CAWT is connected via pipes to the washrooms in the College’s 

wing, where three CW cells treat this wastewater; the three other CW cells treated 

wastewater from a commercial aquaculture operation. The CW cells are technically 

“oversized” for their inflow capacity. CAWT is a research centre for cold-climate CWs; 

for this reason, sizing was designed to allow for water level changes, particularly to test 

over-wintering treatment efficacy (CAWT, 2011). The wetlands are in series, with water 

flowing from a septic tank to a HF (HW1), then a VF, then a HF (HW2) treatment 

wetland. This varying CW design allows for temperature value testing and water quality 

analysis between each wetland in order to compare design vs. treatment parameters 

(CAWT, 2011). HW1 and HW2 measure 6 x 1 x 4 m and 5 x 1.2 x 4 m, respectively; the 

VF cell measures 3 x 2.1 x 4 m for both systems. During the 14 February to 26 March 

2008 period at a flow rate of 12.94 m
3
/d and a HRT of 0.65 d, the aquaculture HW1 and 

HW2 treatment cells achieved removals of BOD5 (64.14%; 9.31%), TSS (66.67%; 

22.22%), COD (47.99%; 17.82%) and TP (13.71%; 10.62%). During the 1 May to 18 

September 2008 period at a flow rate of 6.27 m
3
/d and a HRT of 1.34 d, the cells 

achieved removals of BOD5 (57.69%; 38.87%), TSS (95.45%; 54.54%) and COD 

(67.74%; 19.25%). During the 3 October to 11 December 2008 period, at a flow rate of 
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5.44 m
3
/d and a HRT of 1.54 d the cells achieved removals of BOD5 (72.53%; 11.16%), 

TSS (79.54%; 25%) and COD (70.59%; 41.29%). 

 For the sewage wastewater during the 14 February to 26 March 2008 period at a 

flow rate of 15.50 m
3
/d and a HRT of 0.54 d, HW1 and HW2 achieved removals of 

BOD5 (38.68; 0%), TSS (33.33%; 0%), COD (14.04%; 4.10%) and TP (6.01%; 0%). 

During the 1 May to 18 September 2008 period at a flow rate of 16.58 m
3
/d and a HRT of 

0.51 d, the cells achieved removals of BOD5 (40.99; 0%), TSS (33.33%; 7.69%) and 

COD (10.83%; 3.52%). During the 3 October to 11 December 2008 period at a flow rate 

of 3.16 m
3
/d and a HRT of 2.66 d, the cells achieved removals of BOD5 (47.69%; 

5.31%), TSS (6.67%; 95.65%) and COD (42.77%; 7.89%). Generally, removal efficiency 

for HW2 was lower than HW1, perhaps as a result of the lower influent concentrations 

once the wastewater reached this cell. However, HW2 in this case may serve as an 

additional treatment stage further reducing the concentrations of the parameters 

previously mentioned. 

 HG Environment (2009) implemented a pilot-scale HF CW at Shermag Industry 

in Lennoxville, Quebec to treat domestic wastewater. The system included a 0.6 m
3
 

grease trap (for kitchen wastewater); a 31 m
3 

septic tank; a 2.1 m
3
 pumping station, and a 

HF CW with a surface area of 155.5 m
2
 and a width of 30.5 m. At a flow rate of 9.8 m

3
/d, 

the company reported that treatment showed high mean removal efficiencies of 86.30%, 

94.56% and 81.48% for TP, BOD5 and TSS, respectively. 
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Chinese applications 

 Ji et al. (2002) implemented a pilot scale HF CW in the Liaohe Delta, to treat 

water from heavy oil production with large amounts of dissolved recalcitrant organic 

compounds. The authors specified that due to the temperature of the produced water 

(about 60°C) the wastewater was pretreated in a facultative waste stabilization pond. The 

system consisted of 2 reed beds and a control bed in parallel with a total surface area of 

900 m
2
, each being 60 m long, 15 m wide, and having a depth of 0.6 m (Ji et al., 2007). 

At a flow rate of 18 m
3
/d and a HRT of 3 d, Ji et al. (2002) reported that treatment 

effectiveness showed high mean removal efficiencies: 81% for COD, 89% for BOD5, 

89% for mineral oil, and 81% for TKN. The authors observed that during the vegetation 

growth period, there was no influence of heavy oil-produced water on the numbers of 

leaves of reeds in CW, whereas, the biomasses and heights of reeds showed significant 

loss with increasing hydraulic loading. 

 Yin and Shen (1995) studied a pilot-scale Constructed Infiltration Wetland 

Treatment System with reed beds in Tianjin to demonstrate that winter operation through 

horizontal infiltration in cold climate is possible and effective. The pilot system measured 

0.7m x 1.0 x 1.3 m. Influent included a mixture of 70% industrial wastewater and 30% 

municipal sewage wastewater after primary clarification. Treatment showed mean 

removal efficiencies for BOD5, TN, TSS, COD and TP of respectively 94.01%, 80.04%, 

84.9%, 87.02% and 72.96%. BOD5 removal was high: the authors suggested that soil 

microbes in winter still have the capacity to decompose organic contaminants even if 
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temperature is low. The reason for this is that the high temperature of the wastewater 

maintained and increased the soil temperature when infiltration occurred (Yin and Shen, 

1995). 

 Nine aquatic plant species commonly found in northern China were investigated 

by Wang et al. (2008); these plants were transplanted in a HF CW in the Beijing region to 

study their growth vitality in the wetland and their removal ability for the pollutants in 

domestic sewage. No details on the dimensions of these pilot-scale systems were 

provided by the authors. At a flow rate of 270 m
3
/d and a HRT of 72 d, the system 

achieved removals of COD (95.1%), NH4-N (87.1%), TN (85.3%) and TP (73.6%). 

 Compared to the discharge standards set by the Canadian Government 

(Government of Canada, 2012), the majority of the effluent values for the Canadian 

systems for TSS and BOD5 are generally lower than that required by Canadian discharge 

standards. On the Chinese side, (Zhang et al., 2009), all BOD5 effluent values are lower 

than the required discharge standards. One system has TN and TP values higher than that 

required by the discharge standards, but the majority of COD, TN and TP effluent values 

are lower than that required by the Chinese standards. 

 Tables 2-8 and 2-9 present applications of VF CWs in Canada and Northern 

China. VF CWs usually require less land as compared to HF CW systems and are 

therefore an interesting alternative for Northern China where population density is high 

and land is scarce. However, these systems require more maintenance and operational 
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Table 2-8: Applications of VF CW systems in Canada 

 

Location 

 

 

TP 

 

TN 

 

NH4-N 

 

COD 

 

BOD5 

 

TSS 

 

Flow rate 

(m3/day) 

 

 

Hydraulic 

retention 

time (day) 

 

 

Source of influent 

 

Full-scale 

 

Pilot-scale 

 

References 

 

Montreal, QC, Canada 

T1m, T1p, T2, T3, T4, T4+4’ 

Effluent value (mg/l) 

 

 

 

 

 

Removal efficiency (%) 

 

 

 

0.24 

0.38 

0.27 

0.25 

3.07 

0.30 

91.08 

85.87 

89.96 

90.71 

- 

88.85 

 

 

 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

 

 

 

2.99 

5.38 

1.23 

2.34 

0.81 

0.26 

- 

- 

11.59 

- 

41.73 

81.29 

 

 

 

64 

176 

37 

45 

57 

33 

82.84 

52.81 

90.08 

87.94 

84.72 

91.15 

 

 

 

25 

33 

7 

8 

5 

1 

75.96 

68.27 

93.27 

92.31 

95.19 

99.04 

 

 

 

1 

2 

1 

1 

6 

0 

99.46 

98.93 

99.46 

99.46 

96.79 

100 

 

 

 

0.03 m/day 

 

 

 

4 

 

Reconstituted 

fish farm effluent 

  

X 

 

Naylor et al., 2003 

 

Interlake Region of Manitoba 

Site1, Site2 

Effluent value (mg/l) 

 

Removal efficiency (%) 

 

 

 

 

2.02 

4.07 

23.58 

47.14 

 

 

 

 

 

- 

 

- 

 

 

 

- 

 

- 

 

 

 

221.75 

252.33 

27.05 

48.71 

 

 

 

 

6.5 

8 

78.33 

95.32 

 

 

 

11.25 

23.67 

75.94 

76.25 

 

 

 

- 

144 

 

 

 

 

- 

 

Site 1: Settling pond 

and holding pond 

effluent, livestock 

wastewater 

Site 2: Holding pond 

effluent, livestock 

wastewater 

 

 

X  McGarry and 

Pries, 2001 

 

Rol-land Farms Limited, 

Blenheim, ON 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

0.08 

98.52 

 

 

- 

- 

 

 

 

0.0036

9 

95.37 

 

 

- 

- 

 

 

2.50 

98.62 

 

 

3.21 

99.09 

 

 

85 

 

 

- 

Septic tank effluent, 

mushroom leachate 

X 

  

Aqua-TT Inc., 

2003 
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Hoeksema Farms, St-Ann’s, 

ON 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

4.76 

88.36 

 

 

754.30 

41.58 

 

 

- 

- 

 

 

- 

- 

 

 

159.60 

89.17 

 

 

33.20 

95.14 

 

 

1.2 

 

 

- 

Septic tank effluent, 

liquid swine manure 

X 

  

Aqua-TT Inc., 

2006 

 

Table 2-9: Applications of VF CW systems in Northern China 

 

Location 

 

 

TP 

 

TN 

 

NH4-N 

 

COD 

 

BOD5 

 

TSS 

 

Flow rate 

(m3/day) 

 

 

Hydraulic 

retention 

time (day) 

 

 

Source of influent 

 

Full-scale 

 

Pilot-scale 

 

References 

 

Longdao River, Beijing 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

0.061 

98.8 

 

 

- 

- 

 

 

5.2 

77.4 

 

 

19.7 

81.8 

 

 

6 

87.2 

 

 

7.08 

85.1 

 

 

2,000 

 

 

- 

 

River water effluent 

 

X Chen et al., 2008 

Constructed Infiltration 

Wetland Treatment System 

(CIW-TS), Tianjin 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

 

1.09 

44 

 

 

 

23.6 

30 

 

 

 

15.3 

32 

 

 

 

207 

39 

 

 

 

69.4 

54 

 

 

 

48 

44 

 

 

 

- 

 

 

 

 

- 

- 

Primary clarifying effluent, mix 

of 70% industrial wastewater 

and 30% municipal sewage 

wastewater. 

 

X Yin and Shen, 

1995 

Chang Ping, Beijing 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

0.6 

87.8 

 

 

- 

- 

 

3.5 

88.4 

 

- 

- 

 

11.8 

96 

 

3.8 

97 

 

0.12 m/day 

 

- 

Sedimentation tank effluent, 

domestic wastewater 

X  Wu et al., 2011 

Jinhe River, Tianjin 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

0.2 

61.24 

 

2.58 

64.85 

 

1.65 

71.25 

 

68.9 
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- 

- 

 

- 

- 

 

0.23 

 

- 

Eutrophic river water  X Tang et al., 2009 
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attention because of the use of pumps, timers and other electric and mechanical devices 

(Vymazal, 2010). 

Canadian applications 

 Naylor et al. (2003) studied the ability of slag-limestone-granite (SLG), slag-

limestone-granite-peat (SLG-P), and slag-limestone (SL) substrates in VF CWs to 

remove P and the contribution of macrophytes for reducing organic matter and nitrogen 

(N) from diluted trout farm sludge. Twenty plastic basins of 280 L and 1 m
2
, filled up to 

3 cm from the edge with a 5-10 mm substrate, and planted or not with macrophytes, were 

used in the VF CW units (Naylor et al., 2003). The units were arranged in 2 rows, each 

one supporting the same sets of randomly positioned treatments: one SLG unplanted 

control basin (T1 m), one SLG-P unplanted control basin (T1 p), two basins with 

Phragmites in an SLG substrate (T2), two basins with Typha in an SLG substrate (T3) 

and two basins planted with Phragmites in an SLG-P substrate (T4) followed by two 

basins filled with SL substrate (T4’), providing two identical blocks to the experiment 

(Naylor et al., 2003). At a HLR of 0.03 m/d and a HRT of 4 d, the T1m, T1p, T2, T3, T4, 

T4+4’ units achieved removals of COD (82.84%; 52.81%; 90.08%; 87.94%; 84.72%; 

91.15%), BOD5 (75.96%; 68.27%; 93.27%; 92.31%; 95.19%; 99.04%), NH4-N (-%; -%; 

11.59%; -%; 41.73%; 81.29%), TSS (99.46%; 98.93%; 99.46%; 99.46%; 96.79%; 100%) 

and TP (91.08%; 85.87%; 89.96%; 90.71%; -%; 88.85%). P removal was greater than 

86% for all treatments with the exception of one system. Naylor et al., (2003) reported 

that N and organic matter removals were correlated with plant biomass while P removal 
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was better in substrates with steel slag and limestone. However, the authors reported that 

the high pH of the P-adsorbing substrate was detrimental to plant growth so that no 

combination of plants and substrates could in one step optimize the simultaneous removal 

of all evaluated pollutants. 

 In the Interlake area of Manitoba, McGarry and Pries (2001) designed and 

constructed 2 VF CWs to demonstrate and monitor alternative waste treatment 

technology for the livestock industry. The authors explained that the treatment systems 

consisted of a runoff collection system, storage pond(s), and wetland treatment cell(s) 

vegetated with cattails and other emergent wetland species. The CW of Site 1 is a 5,000 

m
2
 single cell system with an average depth of 0.3 m and a working volume of 1,500 m

3 

(McGarry and Pries, 2001). The system achieved removals of BOD5 (78.33%), TSS 

(75.94%), COD (27.05%) and TP (23.58%). The wetland of Site 2 consisted of two 5,000 

m
2
 cells operating in parallel with an average depth of 0.3 m and a working volume of 

about 3,000 m
3
 (McGarry and Pries, 2001). At a flow rate of 144 m

3
/d, the system 

achieved removals of BOD5 (95.32%), TSS (76.25%), COD (48.71%) and TP (47.14%). 

The authors mentioned that the overall performance of the wetland at Site 1 met 

expectations with significant reduction in organic strength and lesser reductions in 

phosphorus, and that the overall performance of the wetland at Site 2 also met 

expectations with significant reduction in contaminant concentrations. 

 Aqua-TT Inc. (2006) assessed the efficacy of using a VF CW for the treatment of 

about 85 m
3
/d of wastewater generated by mushroom growing activities at Rol-land 
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Farms Ltd in Ontario. The author explained that the wastewater this wetland treated 

consisted of irrigation leachate water used to irrigate mushrooms, run-off from barn 

cleaning activities and run-off from outdoor composing toilets, all of which is generated 

year-round. Wastewater is directed into a flow balancing/pre-treatment pond; water from 

the pond is applied to a 3-cell VF CW via submersible pump and electronic timer. Each 

vertical cell measures 21 m x 21 m and is 1.2 m deep (Aqua-TT Inc., 2006). The author 

reported that treated water is directed back into the barns for re-use in irrigation and barn 

cleaning. Water in excess of re-use is used in the compost making process for mushroom 

growing media. Average monthly performance data for this system has resulted in the 

following treatment successes: 98% BOD reduction, 89% COD reduction, 98% TP 

reduction, 98% TSS reduction, and 99.95% E. coli reduction. 

 Aqua-TT Inc. (2003) implemented a Wetland Biofilter System to assess its 

efficacy for the treatment of liquid swine manure in the Niagara Region of Ontario (St-

Ann’s, ON). The main focus of this system was for odor reduction, and to experimentally 

determine the nutrient reduction possible from a wetland system treating swine manure. 

The system consisted of 3 cells operated in series, each cell being 3.7 m x 3.7 m x 1.2 m 

deep. Manure was pumped from an existing concrete storage lagoon into a concrete 

septic tank, and water from this tank was applied to the first cell in the series at a loading 

rate of approximately 1.2 m
3
/d (Aqua-TT Inc., 2003). The author reported that the system 

significantly reduced odor: effluent from the CW has been described as a light, tea-

colored water with an “earthy” smell and little evidence of typical “swine” odor. Average 
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monthly performance data is as follows in percent reduction: BOD (89.17%), TSS 

(95.14%), TP (88.36%), TN (41.58%) and E. coli (99%). 

Chinese applications 

 Chen et al. (2008) built a pilot-scale VF CW near the Longdao River in Beijing, 

China to treat the polluted water and restore the ecosystem health of the Longdao River. 

The authors explained that this river is heavily polluted by the municipal sewage received 

from the residential area; the BOD5, COD, TSS, TP and NH3-N concentration of the river 

water reached 35, 105, 37, 5 and 20 mg/L, respectively according to the survey taken by 

Beijing Municipal Environmental Monitoring Center in March in 2004. Chen et al. 

(2008) mentioned that the vegetated bed area of the CW treating the river water is 602 m
2
 

with length of 28 m and a width of 21.5 m. The depth of the wetland bed is 1.45 m in the 

inlet zone and 1.65 m in the outlet zone. Chen et al. (2008) specified that no pretreatment 

facility was built due to the moderate adjustment to the local conditions, such as low 

pollutant concentration and flow rate. However, steel barriers were installed in the 

entrance of the inlet zone against the large-size suspended solids. The authors further 

described that aeration pipes were set in the CW to increase oxygen content and enhance 

the nitrogen removal. To prevent the leakage of treated water from polluting 

groundwater, PE liner was laid in the bottom of the basin as the protective membrane 

(Chen et al. 2008). At a flow rate of 2,000 m
3
/d, the VF CW has achieved the following 

removal efficiencies for BOD5, TSS, NH4-N, COD and TP: 87.2%, 85.1%, 77.4%, 87.2% 

and 98.8%, respectively. Chen et al. (2008) concluded that the system proved to be a 
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good solution to treat the polluted water and restore the ecosystem health of the Longdao 

River, as well as providing stable performances in cold seasons. 

 Yin and Shen (1995) studied a pilot-scale Constructed Infiltration Wetland 

Treatment System with reed beds in Tianjin to demonstrate that winter operation through 

vertical infiltration in cold climate is possible and effective. The pilot system measured 

0.7 m x 1.0 m x 1.3 m. Influent included a mixture of 70% industrial wastewater and 30% 

municipal sewage wastewater after primary clarification. Treatment showed mean 

removal efficiencies for BOD5, TN, TSS, COD and TP of respectively 54%, 30%, 44%, 

39% and 44%. The authors explained that due to preferential flow paths issues, the 

influent went directly to the collection pipes without good infiltration, which resulted in 

poor effluent quality. 

 Wu et al. (2011) described an integrated household constructed wetland (IHCW) 

system planted with willow (Salix babylonica) to treat household domestic wastewater in 

the backyard of a rural family in Chang Ping, Beijing. The system was an insulated, at-

grade, pilot-scale VF CW to avoid damage from low temperatures in winter. The system 

consisted of a two-stage sedimentation tank and a VF CW bed section. The empty 

volume of the CW bed section is 1.2 m
3
 (area x depth: 1.2m

2
 x 1.0 m). A steel sieve was 

installed in the inlet basin to prevent large solids (such as vegetable leaves and fish scales 

from the kitchen) from flowing into the tank. The authors reported that a 0.4 m biomass 

layer cover on the system provided significant thermal insulation, maintaining high 

treatment performance in freezing winter conditions. At a flow rate of 0.23 m
3
/d, the 
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IHCW has achieved high overall removal efficiencies for BOD5, TSS, NH4-N, and TP: 

96.0%, 97.0%, 88.4% and 87.8%, respectively. Wu et al. (2011) concluded that the 

system demonstrated its feasibility for single-family use in developing countries. 

 Tang et al. (2009) designed 7 experimental pilot-scale VF CWs to assess the 

effect of plants, intermittent artificial aeration and the use of polyhedron hollow 

polypropylene balls (PHPB) as part of the wetland substrate on nutrient removal from the 

eutrophic Jinhe River water in Tianjin. The authors described that each wetland system 

comprised a down-flow wetland and an upflow wetland unit, which were both 

constructed with polyethylene columns of 0.5 m in diameter, 1.3 m in height and 0.196 

m
2
 in surface area. The authors indicated that aerated wetlands containing PHPB 

performed best and the following increase in mass removals if compared to non-aerated 

wetlands without PHPB were noted: 10.38 g COD/ m
2
 day, 1.34 g NH4-N/m

2
 day, 1.04 g 

TN/m
2
 day, 0.07 g SRP/m

2
 day and 0.07 g TP/m

2
 day. At a HLR of 0.12 m/d, the IHCW 

has achieved the following removal efficiencies for TN, COD, NH4-N, and TP: 64.85%, 

35%, 71.25% and 61.24%, respectively. Tang et al. (2009) reported that during the whole 

monitoring period, the majority of the nitrogen (4.59 g/m
2
 day; 78.2%) in the influent 

occurred as NH4-N and 77.1% (0.32 g/m
2
 day) of the phosphorus as soluble reactive 

phosphorus. There were negligible concentrations of suspended solids (<10 mg/L) and 

BOD (<15 mg/L) in the river water; for this reason, the authors mentioned that these two 

parameters were not measured routinely, but that COD was measured to evaluate the 

organic matter removal performance. 
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 Compared to the discharge standards set by the Canadian Government 

(Government of Canada, 2012), the majority of the effluent values of TSS and BOD5 for 

the Canadian systems are generally lower than that required by those standards, except 

for one system where both TSS and BOD5 effluent values are higher than the standards. 

On the Chinese side, (Zhang et al., 2009), the majority of the effluent values of BOD5, 

COD and TP are generally lower than that required by the discharge standard in China, 

except for one system where all parameters are higher than the standards. 

2.3.3 Hybrid systems 

 In order to achieve higher treatment efficiencies, especially for nitrogen, various 

types of CWs may be combined. Hybrid systems most frequently comprise VF and HF 

CW systems arranged in a staged manner, where the advantages of the HF and VF CW 

systems can be combined to complement each other, and any disadvantages overcome. 

With these systems it is possible to produce an effluent low in BOD, which is fully 

nitrified and partly denitrified and therefore has much lower total-nitrogen concentrations 

(Cooper, 2001). Tables 2-10 and 2-11 present applications of hybrid CW systems in 

Canada and Northern China. 
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Table 2-10: Applications of hybrid systems in Canada 

 

Location 

 

 

TP 

 

TN 

 

NH4-N 

 

COD 

 

BOD5 

 

TSS 

 

Flow rate 

(m3/day) 

 

 

Hydraulic 

retention 

time (day) 

 

 

Source of influent 

 

Full-scale 

 

Pilot-scale 

 

References 

Merrick Landfill in North 

Bay, Ontario (PW, AWL) 

Effluent value (mg/l) 

 

Removal efficiency (%) 

 

 

 

0.5 

0.8 

83.3 

73.33 

 

 

 

382 

384 

28.6 

28.22 

 

 

 

- 

 

- 

 

 

 

 

595 

674 

40.2 

32.26 

 

 

 

- 

- 

 

 

 

- 

- 

 

 

 

4 

 

 

 

- 

 

Aerated fixed-film reactor and 

mixing and storage tank 

effluent, landfill leachate 

  

X 

 

Speer et al., 2012 

Biosphere Museum, 

Montreal, Quebec 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

 

2.68 

74.0 

 

 

 

- 

- 

 

 

 

4.51 

94.5 

 

 

 

51.77 

83.3 

 

 

 

2.9 

97.7 

 

 

 

8.09 

85.8 

 

 

 

9.8 

 

 

 

- 

 

Septic tank effluent, domestic 

wastewater 

 

X 

  

Brisson and 

Vincent, 2009 

 

 

Table 2-11: Applications of hybrid systems in Northern China 

 

Location 

 

 

TP 

 

TN 

 

NH4-N 

 

COD 

 

BOD5 

 

TSS 

 

Flow rate 

(m3/day) 

 

 

Hydraulic 

retention 

time (day) 

 

 

Source of influent 

 

Full-scale 

 

Pilot-scale 

 

References 

Yongding River, Beijing 

Effluent value (mg/l) 

Removal efficiency (%) 

 

 

0.1 

91.8 

 

 

6.38 

59.4 

 

 

4.27 

52.8 

 

 

5.47 

67.4 

 

 

5.91 

77 

 

 

12.3 

99.1 

 

 

0.58m3/ 

(m2 d-1) 

 

 

1.43 

 

Stabilization pond effluent, river water 

 

X 

  

Cao et al., 2007 
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Canadian applications 

 Speer at al. (2012) investigated two pilot-scale hybrid-passive landfill leachate 

treatment systems for the Merrick Landfill in North Bay, Ontario, which consisted of a 

peat and wood shaving biological trickle (PW) filter and an Aqua Treatment 

Technologies™ sand and gravel (AWL) wetland. The authors reported that the PW filter 

was constructed as a two-cell VF CW system: each cell was packed with a mixture of 

25% peat and 75% wood shaving. The first cell of the PW filter was designed for aerobic 

treatment, with downward flow of the leachate and passive aeration; the second cell was 

designed for anaerobic treatment as an up-flow system. Speer at al. (2012) mentioned that 

the AWL wetland was a four- cell system packed with gravel and sand media. The first, 

second and fourth cells of the AWL wetland measured 7 m x 7 m x 1.2 m, 3.5 m x 7 m x 

1.2 m and 3.5 m x 7 m x 1.2 m respectively, were designed for aerobic treatment with 

downward flow of leachate, and were intermittently dosed for passive aeration (similar to 

the PW filter). The third cell of the AWL wetland had the same size as the second and 

third cells and was designed for anaerobic treatment. This cell was operated in up-flow 

mode, and included wood shavings mixed with the media as a carbon source for 

denitrification (Speer at al. 2012). At a flow rate of 4 m
3
/d, the authors stated that the 

removal efficiencies of the PW and AWL hybrid systems for TP (83.3% and 73.33%) 

were good, but the removal efficiency of TN (28.6% and 28.22%) and COD (40.2% and 

32.26%) were relatively low. Speer at al. (2012) concluded that the low reduction of 

COD suggested an absence of labile organic matter in the pretreated leachate, and that the 
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abiotic removal of iron and calcium would have limited the availability of these nutrients 

for heterotrophic nitrification, and consequently, decreased COD removal. The authors 

specified that when abiotic removal of iron and calcium has been exhausted, these 

constituents would then become available for heterotrophic nitrification which would 

yield higher TN and COD removals. 

 In the Biosphere Museum treatment wetland in Montreal, Brisson and Vincent 

(2009) implemented a hybrid CW system to treat domestic wastewater. The authors 

mentioned that for design consideration, discharge assessment was based on the most 

optimistic projections for visitors, estimated to 300 000 per year, with a maximum of 

6000 visitors per day at the museum. The design chosen was multi-step: two parallel reed 

beds, one shallow surface-flow unit, and one deep surface-flow unit. Brisson and Vincent 

(2009) explained that pretreatment is achieved by a septic tank, and that the first CW unit 

consists of a 400m
2
 SSF CW planted with common reed (Phragmites australis). The 

second unit is a shallow 300m
2
 SF CW, originally planted with three species each 

occupying 100m
2
: first bulrush (Scirpus lacustris), followed by cattail (Typha latifolia) 

and then by larger blueflag (Iris versicolor). The last unit is a 100m
2
 pond designed for 

polishing purposes (Brisson and Vincent, 2009). At a flow rate of 9.8 m
3
/d, the treatment 

showed removal efficiencies for BOD5, NH4-N, TSS, COD and TP of respectively 

97.7%, 94.5%, 85.8%, 83.3% and 74.0%. The authors reported that the technology 

proved to be efficient both in winter and summer and has proven to be a success; it 
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achieved a high removal efficiency that showed no decrease over 15 years of operation 

and also completely fulfilled its educational mission. 

Chinese applications 

 Cao et al. (2007) examined the water quality variation in a hybrid CW in treating 

influent from the Yongding River in Beijing. The authors described that an overflowing 

dam was built in the river for water storage, and that the influent went to a stabilization 

pond through sluice gates and tunnels; the influent was then distributed to the different 

pilot parts of the wetland system. The area of the CW was 73,000 m
2
. There were a total 

of 5 parallel-connected wetland units, and the water flowed from the emerging plant pond 

(SF); the first-stage plant-gravel bed (SSF); the floating plant pond (SF); the second-stage 

plant-gravel bed (SSF); and the sand-filtration tank (SSF) (Cao et al. 2007). At a HLR of 

0.58 m/d and a HRT of 1.43 d in each wetland unit, the removal of the pollutants in 

Yongding River water by this hybrid system were as follows: TSS (99.1%), COD 

(52.8%), BOD5 (77.0%), TN (59.4%), NH4-N (52.8%), NO3-N (60.3%), and PO4-P 

(92.7%), respectively. 

 Compared to the discharge standards set by the Canadian Government 

(Government of Canada, 2012), the two Canadian systems discussed are below the 

effluent values of TSS and BOD5 required by the discharge standards in Canada. On the 

Chinese side, (Zhang et al., 2009), the one system reviewed has effluent values lower 

than that required by the discharge standard in China. 
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2.4 Summary of system performance and discharge standards  

 

 Table 2-12 shows a summary of the case study presented in Chapter 2 for system 

performance and discharge standards set by the Canadian and Chinese Government. 

Compared to the discharge standards set by the Canadian Government, only one SF CW 

system does not meet the effluent requirements for BOD5 and TSS. Compared to the 

discharge standards set by the Chinese Government, no SF CW systems meet the effluent 

requirement for COD and one SF CW system does not meet the effluent requirements for 

and TN and TP. For HF CWs, all systems meet the discharge standards set by the 

Canadian Government. One system does not meet the discharge standards set by the 

Chinese Government for COD and a different system does not meet the discharge 

standards for TN and TP.  

 Compared to the discharge standards set by the Canadian Government, all of the 

effluent values for TSS and BOD5 for the VF CW systems are lower than that required by 

those standards, except for one system where both TSS and BOD5 effluent values are 

higher than the standards. On the Chinese side, all of the effluent values for BOD5, COD 

and TP are lower than that required by the discharge standard in China, except for one 

system where all parameters are higher than the standards. 

 Compared to the discharge standards set by the Canadian Government, the two 

hybrid systems discussed are meeting the effluent values of TSS and BOD5 required by 

the discharge standards in Canada. On the Chinese side, the one system reviewed has 

effluent values lower than that required by the discharge standard in China. 
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Table 2-12: Summary of system performance and discharge standards set by the 

Canadian and Chinese Government 

 

% of CW systems that 

meet discharge standards 

SF CWs HF CWs VF CWs Hybrid systems 

 

Discharge standards set by 

the Canadian Government 

(Government of Canada, 2012) 

 

BOD5 < 25 mg/L 

TSS < 25 mg/L 

 

 

 

 

 

 

80 

80 

 

 

 

 

 

 

100 

100 

 

 

 

 

 

100 

66 

50 

66 

 

 

 

 

 

75 

75 

 

 

 

 

 

66 

33 

50 

50 

 

 

 

 

 

100 

100 

 

Discharge standards set by 

the Chinese Government 

(Zhang et al., 2009) 

 

BOD5 < 20 mg/L 

COD < 60 mg/L 

TN < 15 mg/L 

TP < 0.5 mg/L 

 

 

 

 

100 

0 

80 

75 

 

 

 

 

100 

100 

100 

100 

  

2.5 Plants in constructed wetlands 

2.5.1 Role of plants in removal efficiency: Canadian and Northern China examples 

 Several studies investigating both types of treatment systems, with and without 

plants, demonstrate that performance is higher when plants are present (Chazarenc et al., 

2003; Kadlec and Wallace, 2009). The nutrients N, P and K on average are 2.26, 0.25 and 

2.6 percent dry weight of the plant biomass typically used in wetland treatment systems 

(Kadlec and Wallace, 2009). Studies show that wetland vegetation can directly uptake 

and remove up to 20% of nutrients found within treatment effluent depending on the type 

of vegetation and climatic conditions (Kvet et al., 1999). The uptake capacity of emergent 
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macrophytes is 50 to 150 kg P ha
-1

 year
-1

 and 1000 to 25000 kg N ha
-1

 year
-1

 (Brix, 

1994). Removal of nutrients through direct uptake by plants is however only significant 

in the short term (Kadlec and Wallace, 2009). 

 Tang et al. (2009) in the study of seven experimental pilot-scale VSSF systems 

for nutrient removal from eutrophic Jinhe River water in Tianjing, reported that during 

the entire operating period, the planted wetland showed higher removal performances 

with respect to NH4-N, NO3-N, TN, soluble reactive phosphorus (SRP) and TP removal 

than that of the unplanted wetlands. The improvement was significant and resulted in a 

17.18% increase as compared to the unplanted wetland for NH4-N mean removal 

efficiency (p < 0.05). The authors indicated that insufficient microbial activity in 

unplanted wetland substrate is likely to limit NH4-N removal. Meanwhile, the presence of 

Typha latifolia showed a significant (p < 0.05) additional TN removal of 21.78%. Naylor 

et al. (2003) tested the feasibility of a treatment combining within a single CW the 

contribution of macrophytes for reducing organic matter and nitrogen (N): twenty SSF 

basins with different combinations of plants (Phragmites communis or Typha latifolia) 

and substrates were fed with a reconstituted fish farm effluent in a greenhouse 

experiment in Montreal. The authors concluded that organic matter (BOD5, COD) and N 

removal were superior under strong plant cover, again because of a healthy microbial 

population.  

 Weng et al. (2006) described a laboratory-scale study conducted at the University 

of Saskatchewan for P uptake by broad-leaf plants (Typha latifolia) growing in gravel 
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substrate. P concentrations of the synthetic wastewater at which cattails were fed were 

representative of primary and secondary municipal sewage effluent. The authors reported 

that the partitioning of P between the upper and lower portions of the plants varied 

throughout the growing season simulated. Uptake by cattails at the end of the growing 

season had removed about 40% and 45% of the P mass input under primary and 

secondary effluent conditions, respectively, and adsorption of P to the gravel substrate 

and other fine sediments removed about 43% and 56% of the P mass input under the 

primary and secondary effluent conditions, respectively. Weng et al. (2006) concluded 

that those results provide insight into the potential timing and effectiveness of cattail 

harvesting for removal of P from CW systems. 

 Wang et al. (2008) investigated the growth vitality and the removal ability of 

pollutants in domestic sewage by nine aquatic plant species commonly used in Northern 

China which were transplanted to a HF CW in the Beijing region. The authors reported 

that the wetland’s front unit had greater contribution to the COD, TN and TP removal 

than the rear ones, and all test plant species could grow well in the wetland. For most 

species, the N and P contents were higher in the underground than in the aboveground 

biomass, where the biomass ratio of under/above ground portions was close to or 

exceeded 1. Wang et al. (2008) mentioned that the accumulated N and P in the plants 

ranged from 1.36 to 7.89 g m
-2

 and from 0.19 to 1.07 g m
-2

, respectively. The authors 

reported that among the tested plant species, Iris pseudacorus (with the capacity of high 

N and P removal efficiency) should be the first plants considered for CW, followed by 
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Typha angustifolia, Acorus calamus, and Triarrhena sacchariflora, whereas Alisma 

plantago and Arundo donax were not recommended due to their sensitivity in cold 

winters in Northern China. 

 Ji et al. (2007) studied a SF CW treating water from heavy oil production from 

Liaohe Oilfield in Liaoning Province, and the results showed that in the third year of the 

system’s operation, the oil-produced water had mainly positive impacts on the reed’s 

health parameters. Thus, the authors concluded that reeds can be used as a feasible 

wetland plant for treating such wastewater, and that this SF CW system can operate for a 

long time. 

2.6 The effects of cold-climate on constructed wetlands in Canada and Northern 

China 
 

 Low temperatures present unique challenges for the use of CWs in colder 

climates. It seems logical that treatment processes will slow or stop at cold temperatures, 

as they do in conventional treatment plant operations. Wetlands, however, are far more 

complex than conventional wastewater treatment facilities, and they perform many 

treatment functions efficiently in winter (Kadlec and Wallace, 2009). Treatment does not 

have to rely on slow winter processes; to avoid problems related to diminished treatment 

performance, many northern systems store water during the non-growing season and then 

discharge to the treatment wetland during the spring, summer, and fall (Knight et al., 

2000). The advantage of this approach is the availability of warm weather design 

information; the disadvantage is the cost of the storage lagoons. The thermal 

consequences for biologically or microbiologically mediated treatment processes, and the 



 

51 

 

hydrologic and hydraulic issues, especially ice formation, are the major engineering 

concerns in cold-climates (Wittgren and Maehlum, 1997). Pioneering work on SF CWs 

treating municipal wastewater was conducted at Listowel, Ontario, Canada, from 1980 to 

1984. Allowing an ice layer to form on the surface of the wetland and then dropping the 

water level provided sufficient insulation to prevent freeze-up (Knight et al., 2000). The 

stems of the dense stand of emergent cattails served as supports to keep the ice layer 

elevated; the standing dead cattails trapped snow and added an insulating snow blanket. 

Temperature effects were significant for N reduction, slight for P, and non-existent for 

BOD5 and TSS (Knight et al., 2000).  

 Using CWs in northern areas of Canada includes additional challenges such as 

permafrost, low precipitation, extreme temperatures, and 24 hours of darkness. Yates et 

al. (2012) studied the performance of six tundra wetland systems used for wastewater 

treatment in the Kivalliq Region of Nunavut in Canada. The systems studied service 

communities of approximately 320-2,300 residents, including commercial and 

government buildings, and generally minimal industry, and receive in total a flow rate of 

approximately 28-163 m
3
/day of wastewater (Yates et al., 2012). The authors observed 

reductions of 47-94% cBOD5, 57-96% COD, 39-98% TSS, >99% TC, >99% E. coli, 84-

99% NH3-N and 80-99% TP. The performance of tundra wetlands to treat the wastewater 

demonstrated that they are an appropriate technology for remote Canadian Arctic 

communities where other technologies are not economically or technologically feasible. 

Over the winter period, facultative lakes or large lagoons should be used to store 
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wastewater to prevent spring freshet that contains large volumes of frozen wastewater 

(Yates et al., 2012). Yin and Shen (1995) studied a pilot-scale Constructed Infiltration 

Wetland Treatment System with reed beds for wastewater in Tianjin operated for two 

years. The treatment system was operated all-year round, when the monthly mean 

temperature in winter was lower than -4°C, the 10-day mean temperature was lower than 

-7°C and influent temperature higher than 6°C. The system could operate under ice layers 

under these temperatures, with high removal of N and P (effluent TN < 15mg/l, effluent 

TP < 0.6mg/l). The authors mentioned that appropriate engineering construction is 

critical to regular operation in winter. 

 Wetland plants only provide a temporary removal mechanism in northern 

systems; during fall die-back, some nutrients are released into the environment from 

decaying vegetation. However, Rochfort et al. (1997) found that removal rates of 

orthophosphate could be maintained above 39% even during fall die-back in a SSF CW. 

Wu et al. (2011) described an on-site Integrated Household Constructed Wetland for rural 

household wastewater treatment. The authors explained that an insulating layer, such as a 

surface layer of sawdust, is important to prevent freezing of the wetland bed and also to 

ensure cold temperatures do not inhibit nitrification. The authors found that the 0.4 m 

insulating biomass layer maintained bed temperature above 6°C in the face of freezing 

temperatures common in Northern China winters, and that there was no significant loss of 

treatment during the winter as a result. Kadlec et al. (2012) reported that the SF CW 
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implemented in Brighton, Ontario functioned in all seasons for ten years with essentially 

no difficulties associated with cold temperatures. 

 Ouellette et al. (2006) investigated the effect of artificial root zone aeration on 

removal performance in HF CWs treating a reconstituted trout farm effluent in Montreal, 

Quebec. Treatment performances in planted units were generally higher than in unplanted 

ones, even in winter, but no differences were found between common reed and cattail. 

The authors found that artificial aeration improved organic matter and nitrogen removal, 

especially in winter, where it apparently stimulated heterotrophic bacterial activity 

without reducing denitrification. 

 Smith et al. (2006) investigated two small-scale CWs of differing operational 

depth designed to treat agricultural wastewater at the Bio-Environmental Engineering 

Center of the Nova Scotia Agricultural College. An average loading rate of 44.7 kg BOD 

ha
-1

 d
-1

 was loaded into each wetland, including during winter months. Percent removal 

and mass reductions for BOD5, TSS, TP, and NH3-N in both wetlands, irrespective of 

water levels, ranged from 62 to 99%. However, the treatment of TP was not found to be 

as effective as the other parameters, especially during high loading periods. Information 

generated from this study has shown promising results for the use of CWs within limits in 

cold climates. Speer et al. (2012), in a one-year pilot-scale study, installed two passive 

treatment systems to treat leachate from the Merrick Landfill in North Bay in Ontario. 

The authors determined that hybrid passive landfill leachate treatment was feasible in 

cold climates. Both in Canada and Northern China, CWs applications in cold-climate 
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have demonstrated adequate nutrient removal in wastewater, as long as attention is paid 

to the care and protection of the systems during winter. 

2.7 Capital, operation, and maintenance costs 

 The cumulative cost of land, earthwork, planting and design determine the CW 

construction costs. As an example, capital costs for SF CWs for treating high-strength 

agricultural runoff in cold climate regions of North America were reported to be between 

$4,000 and $50,000 for wetlands ranging in size from 0.01 ha to 1 ha (Knight et al., 

2000). Variables such as liner installation, removal and replacement of topsoil, and 

specialized monitoring equipment are reflected in the range in costs. The price per 

hectare of SSF wetlands can rise to as much as four times the cost of a SF wetland 

because of the high cost of gravel fill (Knight et al., 2000). However, SSF wetlands can 

treat somewhat higher contaminant loading rates than SF wetlands and, therefore, require 

less land. Associated with the higher costs of SSF CWs are also the pumps, valves, and 

control hardware. In Canada and in Northern China, the primary economic disadvantage 

of wetland treatment is the cost of land and the possibility of taking farmland out of 

production. However, operating costs are generally very low and depend on the extent of 

monitoring data collection, exotic plant control, burrowing animal activity, and water 

management (Knight et al., 2000). 

 The costs associated with natural treatment systems are usually significantly 

lower than conventional treatment options; the life span for conventional systems ranges 

from 20-50 years although concrete and steel equipment frequently need replacing or 
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repairing (Knight et al., 2000; Kadlec and Wallace, 2009). CW systems are a fairly new 

treatment option; therefore, there are few examples of long operation periods. The 

stabilization ponds studied by Rockne and Brezonik (2006) were adequately treating 

wastewater after more than 24 years in operation (Knight et al., 2000). Wetlands are land 

intensive systems while conventional treatment is traditionally fossil-fuel intensive, 

which could lead to considerable operation and maintenance costs in a time of fossil fuel 

scarcity. In North America, the estimates for conventional and CW systems indicate a 

potential cost saving of over $6 million for a 25 year life span (Knight et al., 2000).  

 In China, the cost of building a CW system is one-third to one-half that of a 

wastewater treatment system (1000 to 2800 Yuan, the Chinese currency) for a CW 

system and 1500 to 4000 Yuan for a wastewater treatment system per ton for building 

costs, respectively (Liu et al. 2008); 6.13 Yuan = US$1 as of June 2013. Additionally, 

CW systems have low operating and maintenance costs; approximately 0.05 to 0.20 Yuan 

per ton of wastewater, which includes power for pumps, harvesting of vegetation, and 

insect pest control, compared to 0.7 to 1.5 Yuan per ton for wastewater treatment systems 

(Yang et al. 2008; Liu et al. 2008). The investment cost for a CW with reed beds for 

wastewater treatment in Tianjin, was summed up to US$ 20/(m
3
/day) and the operation 

cost was US$ 0.025/(m
3
/day) (Yin and Shen, 1995). Chen et al. (2008) reported that with 

the treating capacity of 200 m
3
/day, the average treatment cost in the Longdao River CW 

is summed up to 0.230 Yuan/m
3
. Considering the total investment of this system divided 

into 20 years of lifetime, the author mentioned that the average construction cost to treat 
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wastewater is calculated to be 0.136 Yuan/m
3
, which is equal to one-fifth of that in 

traditional wastewater treatment facilities. 

2.8 Limitations and recommendations 

 When treating high concentrations of wastewater, large areas of land are required; 

unfortunately, the available land allocated to CW systems is generally restricted to flat 

areas, which are extremely limited in Northern China. Trade-offs among various CW 

types, land resources, funding limitations, and treatment efficiency should be considered 

before decisions are made. There is still an enormous gap in the transfer of knowledge 

about the value of CW systems for wastewater treatment in China; a much greater 

exchange of information from wastewater experts in developed countries to their 

counterparts in developing countries is needed. Long-term efficiency and sustainability of 

CW systems are dependent on an integrated understanding of their biological, chemical, 

and hydrological processes: in China, trained managers and technicians are rare, which is 

one of the many reasons why improper operation of CW systems commonly occurs 

shortly after construction. Therefore, there is a critical need for research and training to 

reinforce the sustainable operation of CWs in China. 

 For treatment wetlands to gain wider acceptance in Canada and China, more 

specific guidelines and Beneficial Management Practices (BMPs) regarding CWs design, 

operation, maintenance, and cost effectiveness need to be established (Wittgren and 

Maehlum, 1997; Kennedy and Mayer, 2002). Before these management and engineering 

concerns can be addressed, a greater understanding of nutrient pathways and 



 

57 

 

biogeochemical processes operating within the wetland environment is needed. Further 

research on CW treatment performance in cold climates is also needed, as well as more 

monitoring data from existing northern treatment wetland systems to adequately assess 

the feasibility of widespread implementation of CWs in Canada and Northern China. 

Much of the available data regarding the performance of CWs is based upon monitoring 

conducted over the course of less than two years, and as such inherently assumes that the 

period of analysis represents the “typical” or “design” conditions under which these 

facilities are intended to operate. While this information has provided guidance regarding 

the mechanisms by which wetlands provide quality treatment of wastewater, it does not 

fully reflect the variability of conditions under which the facilities operate over the 

fullness of time, which is of particular concern to designers and operators (Farrell and 

Scheckenberger, 2003). 

 Lastly, most CW systems in Canada and China appear to be experimental and are 

therefore funded by research grants or the federal government, which does not 

necessarily encourage accurate data for analysis, total-cost accounting or assurance of 

long-term operation. Detailed cost assessments for the construction of natural treatment 

systems would provide municipalities and/or provinces with evidence of the cost-saving 

potential. A national or provincial database for natural treatment systems would facilitate 

knowledge-sharing and cost comparisons, and the results of these studies would inform 

Canadian and Chinese decision-makers of the option to use CWs as secondary or tertiary 

wastewater treatment, and how best to do so. 
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2.9 Conclusion 

 Comparing CWs can be difficult and at times misleading; they are custom built to 

deal with specific target wastewater at specific locations and differ not only in physical 

shape and dimension, but in vegetation cover, hydraulic retention time and pollutant 

loading rates. As observed in the different tables, treatment efficiencies defined by the 

Canadian and Northern China experience vary considerably. Experience in both countries 

shows that the majority of effluent values are generally better than that required by 

discharge standards in Canada and China. Examples provided from both countries 

demonstrated that plants can play an important role in CW systems and make a 

significant difference in treatment efficiency. 

 A review of the available case studies on cold weather treatment in both countries 

indicates that CWs technology is feasible in Canada and Northern China, although further 

monitoring data are needed to optimize wetland design and ensure that the effluent 

quality standards are consistently met. CW systems in Canada and China have an 

apparent advantage in construction costs, and the costs for treatment and operation and 

maintenance of CW systems are much lower than those of conventional wastewater 

treatment plants. Land requirements for CWs present one of the factors most limiting 

their broader use, especially in China, where land resources are scarce and population 

density is high. Finally, several provinces in Canada and China have been implementing 

CW systems over the past two decades, and research on the technology is also growing. 

The quantity and scale of CW systems are, however, still few and small in comparison to 
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the huge quantity of wastewater produced in these countries. Ecological engineering is an 

expanding science, and will most likely eventually lead to a paradigm shift in the 

application of those systems, particularly as the realities of the true cost of mechanical 

systems becomes more evident in these difficult economic times. 
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Chapter 3 

 

Sub-Wet 2.0 Modeling the Performance 

 of Treatment Wetlands in a Cold Climate 
 

3.1 Introduction 

 Treatment wetlands are either natural or constructed systems managed in a 

specific manner for the treatment of wastewaters. Although traditionally applied for the 

treatment of domestic and municipal sewage from both separate and combined sewerage, 

treatment wetlands have been applied globally since the late 1980s to treat various types 

of wastewaters, including agricultural wastewaters (cattle, swine, poultry, dairy), mine 

drainage, food processing wastewaters (winery, abattoir, fish, potato, vegetable, meat, 

cheese, milk, sugar production), heavy industry wastewaters (polymers, fertilizers, 

chemicals, oil refineries, pulp and paper mills), landfill leachate and runoff waters (urban, 

highway, field, airport, nursery, greenhouse) (Babatunde et al., 2010; Kadlec and 

Wallace, 2008; Mander and Jenssen, 2003; Vymazal, 1998; Hammer, 1989). Among the 

treatment wetland types, horizontal subsurface flow constructed wetlands are a widely 

applied design. Treatment is achieved by a variety of physical, chemical and biological 

processes, such as sedimentation, filtration, precipitation, sorption, plant uptake, 

microbial decomposition and nitrogen transformations (Kadlec and Wallace, 2009; 

Wetzel, 2000). 

 The rising application of treatment wetlands for wastewater treatment together 

with increasingly strict water quality standards is an ever growing motive for the 
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development of numerical models to be used as predictive process design tools. The main 

objective of the modeling effort is to increase the predictive insight into the functioning 

of complex treatment wetlands by using process or mechanistic based models that 

describe in detail transformation and degradation processes (Langergraber et al, 2009). 

Once reliable numerical models are developed and validated against experimental data, 

they can be used for evaluating and improving existing design criteria. To date only a few 

numerical models are available and able to describe treatment processes in horizontal 

subsurface flow treatment wetlands. Most of the literature on models refers to simple 

first-order decay models (e.g. Stein et al., 2006; Rousseau et al., 2004) or describes the 

treatment wetland as a black box (e.g. Tomemko et al., 2007; Pastor et al., 2003) 

acknowledging only a limited understanding of the studied facility. The number of 

mechanistic or process based models is very limited. This chapter reviews the SubWet 

2.0 model, a horizontal subsurface flow modeling program designed to predict the level 

of treatment that can be expected based on the characteristics of several parameters 

known to influence treatment (e.g., wetland size, loading rates, etc.). The SubWet model 

is based on 16 rate constants specific to a variety of processes involved in the treatment 

of BOD, Ammonia, Nitrate, Org-N and Total Phosphorus, and uses an integrated 

approach and performance based data to calibrate the model to site conditions. 
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3.2 Model structure 

3.2.1 General considerations 

 SubWet, a software program used in the design of subsurface horizontal flow 

artificial wetlands for water quality improvement and treatment, was originally developed 

by UNEP-DTIE-IETC. After being successfully used as a design tool in 15 cases in 

Tanzania, it was felt that the model should be upgraded for cold climate application. The 

Centre for Alternative Wastewater Treatment of Fleming College further developed a 

new version in collaboration with UNEP-DTIE-IETC creating SubWet 2.0 to 

accommodate temperate and cold climatic conditions including summer Arctic and 

temperate winter conditions. 

 Cold climate wetlands are defined as those where the surface temperature range 

varies from well below freezing in winter months to temperatures above 20°C during the 

summer (applicable to temperate and Arctic climates). This modification was 

accomplished by calibrating the model with data collected from natural tundra wetlands 

currently in use for the treatment of municipal effluents within the Kivalliq region of 

Nunavut, Canada. The application of this software to natural tundra wetlands is beyond 

the original purpose it was designed for. However, the calibration of this model with 

Arctic data has demonstrated its ability to model treatment performance within natural 

tundra wetlands and thus provide an additional predictive tool to aid northern 

stakeholders in the treatment of municipal effluents. 
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The SubWet model can consider the influence of several factors at one time while 

empirical equations are generally not able to consider more than two factors at one time 

and usually in isolation of the other influential parameters. The model has causality 

which means that we know the process behind the model and can therefore put these 

processes into an equation. SubWet can be used to allow managers to predict the impact 

to treatment efficiency based on an alteration to the aerial loading rates, hydraulic 

retention time (HRT) and the desired level of influent treatment. The model can also be 

used as a predictive tool to help managers determine the size of wetland needed to meet 

treatment objectives. This will assist managers in determining if the current wetland size 

can accommodate projected growth in population and anticipated effluent volumes. The 

model can be used to predict treatment performance anticipated from alterations to the 

size of the treatment area that could be increased through the construction of 

infiltration/dispersion ditches and structures that divert flow to other parts of the wetland 

that are not currently involved in treatment of the influent. Ultimately, SubWet can be 

used by resource managers to demonstrate the treatment benefit acquired from the use of 

designated treatment wetlands and can also be used as a predictive tool to forecast the 

potential these areas could provide from the application of selected management 

operations. This will help resource managers in cost benefit analysis when planning for 

future needs. 
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3.2.2 Model parameter ranges and default values 

 SubWet 2.0 has been developed to model both cold and warm climate wetlands. 

This has been accomplished by determining the most appropriate rate coefficient values 

for operation as either a cold climate or a warm climate model. As such, SubWet has 

been programmed with a specific set of cold climate default coefficient values and a 

specific set of warm climate default coefficient values. The choice to operate SubWet in a 

cold climate mode or a warm climate mode will dictate which of the two default sets 

(cold or warm) will be used. Modification of specific coefficient values within either the 

cold or warm set can be undertaken to calibrate SubWet to an individual wetland by 

comparing the simulated treatment values (i.e., modeled water quality parameters) to the 

measured values for that particular wetland. Slight modifications to specific coefficient 

values will often improve the simulation by making the simulated output values closer to 

the measured values. Table 3-1 summarizes the cold climate default coefficient values 

while Table 3-2 lists the warm climate default coefficient values. 

3.3 Model calibration 

 The default coefficient parameters developed for operation of SubWet in either a 

cold or warm climate mode are generally a good starting point for operation of the 

SubWet program. It should be understood that the simulated results will in most cases 

vary from observed (measured) results. The reasons for this are many, but most often 

related to the inability of mathematical formulae to model complex environmental 

processes and, for the sake of simplicity most of these models rely heavily on relatively  
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Table 3-1: The default coefficient values for the operation of SubWet in a cold climate mode 

(Jørgensen and Fath, 2011) 

 

Abbreviations (see glossary 

where full name is provided) 

 

Coefficient 

range 

Default coefficient values 

AC 0.05- 2.0 0.9 (1/24h) 

NC 0.1- 2.5 0.9 (1/24h) 

OC 0.05- 2.0 0.25 (1/24h) 

DC 0.00-5 3.5 (1/24h) 

TA 1.02- 1.06 1.05 (no unit) 

TN 1.02- 1.09 1.07 (no unit) 

TO 1.02- 1.06 1.04 (no unit) 

TD 1.05- 1.12 1.07 (no unit) 

KO 0.01-2 0.01 (mg/l ) 

OO 0.01-2 0.05 (mg/l) 

MA 0.05-2 0.1 (mg/l) 

MN 0.01-1 0.1 (mg/l) 

PA 0.00-1 0.01 (1/24h) 

PN 0.00-1 0.001 (1/24h) 

PP 0.00-1 0.001 (1/24h) 

AF 0-100 0.36 

 

few parameters; thus many influential parameters are either not measured or not known. 

It is generally accepted that the standard deviation around sampling and analytical 

procedures is typically between 10-12% and thus the standard deviation to be expected 

for comparisons between measured values and model simulated values can generally be 

expected to be in the range of 15 to 20% [e.g., (12
2 

+ 12
2
)
0.5

 = 17%]. With this in mind, 
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Table 3-2: The default coefficient values for the operation of SubWet in a warm climate mode 

(Jørgensen and Fath, 2011) 

 

Abbreviations (see glossary 

where full name is provided) 

 

Coefficient 

range 

Default coefficient values 

AC 0.05- 2.0 0.5 (1/24h) 

NC 0.1- 2.5 0.8 (1/24h) 

OC 0.05- 2.0 0.5 (1/24h) 

DC 0.00-5 2.2 (1/24h) 

TA 1.02- 1.06 1.04 (no unit) 

TN 1.02- 1.09 1.047 (no unit) 

TO 1.02- 1.06 1.04 (no unit) 

TD 1.05- 1.12 1.09 (no unit) 

KO 0.01-2 1.3 (mg/l ) 

OO 0.01-2 1.3 (mg/l) 

MA 0.05-2 1 (mg/l) 

MN 0.01-1 0.1 (mg/l) 

PA 0.00-1 0.01 (1/24h) 

PN 0.00-1 0.01 (1/24h) 

PP 0.00-1 0.003 (1/24h) 

AF 0-100 1 

 

simulated results that are within 80% of the measured values are generally considered to 

be reasonable approximations. However, if greater agreement is desired or if the 

agreement is less than with 80% then SubWet can be calibrated to the conditions of a 

specific wetland by modification of the coefficient parameters embedded within SubWet. 

The cold climate default coefficient parameter values within SubWet are based on five 

natural wetland data sets from Nunavut within the Canadian Arctic while the warm 

climate parameter values are based on the average of nine constructed wetlands from the 
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United Republic of Tanzania, eastern Africa. 

 SubWet, as is the case with virtually all other wetland models, was developed for 

constructed wetlands which have engineered boundaries, known volumes, defined media 

and regulated flow rates. Natural wetlands are very different in many ways. For example, 

the boundaries of the natural wetlands are not only irregular in shape, but often unknown 

in terms of which part of the wetland is actually involved in the treatment (i.e., what 

portion is active). Secondly, primary features such as media depth, porosity and hydraulic 

conductivity can be quite variable and generally unknown. There is also the aspect of 

changing preferential flow paths, the infiltration of unknown volumes of ground and 

surface waters from the surrounding landscape that all affect hydraulic retention times, 

dilution and flow rates. The use of measured performance data to calibrate the SubWet 

model integrates, in a limited manner, some of the unknown processes influencing 

treatment performance; thus lessening the need to know specific details concerning 

individual influencing processes. Therefore the burden to know precise details regarding 

such factors as soil depth and the influence of melt waters becomes less demanding since 

the model is comparing a simulated integrated treatment response to a measured 

integrated treatment response. Calibration of the model to measured data is accomplished 

by modifying the coefficient parameter values known to be operative in the water quality 

parameter being examined. Thus some knowledge regarding the treatment process for 

each water quality parameter is required in order to correctly calibrate SubWet. It is 

however, recognized that factors such as inter-year variability in climate, loading rates 
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and the composition of the waste stream can still introduce variability in the predicted 

year to year values. However, it is anticipated that increased monitoring and the 

generation of additional measured data will better identify the level of year to year 

variability and overall improve the predictive capability of the model and identify the 

level of uncertainty to be expected.  

 The default parameter values for the cold climate mode and the warm climate 

mode represent average, or typical parameter values for operation of SubWet under cold 

or warm climate conditions. These cold climate and warm climate default parameters are 

an initial good starting point when first attempting to simulate the treatment of municipal 

wastewaters. However, each wetland is unique and the user may be able to find a better 

agreement between observed (measured) values and simulated values after model 

calibration. This implies that some initial testing of the effluent exiting the wetland needs 

to be undertaken so that observed values are available for the user to assess how closely 

the simulated values are matching the observed values.  

3.3.1 Field trials from a cold climate environment (Arctic Canada, natural tundra 

wetland examples) 

 

 The two data sets provided here are used to illustrate how the SubWet model can 

be calibrated to natural tundra wetlands. The first data set was generated from the natural 

tundra wetland located near the hamlet of Chesterfield Inlet situated in the Kivalliq 

region (western Hudson Bay) of Nunavut, Canada. The second data set originates from 

the natural tundra wetland near the hamlet of Baker Lake, also in the Kivalliq region of 
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Nunavut, Canada. Figure 3-1 provides the generalized location of the treatment wetlands; 

Figures 3-2 and 3-3 provide an overview of the treatment wetlands. 

 

Figure 3-1: Generalized location of Chesterfield Inlet and Baker Lake tundra municipal 

wastewater treatment wetland (Geology.com, 2013). 
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Figure 3-2: Chesterfield Inlet tundra municipal wastewater treatment wetland (Yates, 2012) 

 

Figure 3-3: Baker Lake tundra municipal wastewater treatment wetland (Yates, 2012) 
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Chesterfield Inlet data set 

 The following example with the Chesterfield Inlet data set illustrates how SubWet 

2.0 can be calibrated to this tundra wetland (for more details on the steps to follow for a 

simulation/calibration with SubWet 2.0, refer to the Baker Lake case study example in 

Appendix A). Table 3-3 compares the values simulated by SubWet to the values observed 

in the field. An examination of these values reveals that for most parameters there is a 

close approximation of the simulated to the observed results. In this example, the greatest 

discrepancy between simulated and observed is for the parameters BOD5 and ammonium. 

The values in Table 3-3 indicate that SubWet overestimated the decomposition of organic 

matter (e.g., removal of BOD5) and the rate of nitrification (e.g., conversion of 

ammonium to nitrate). This suggests that the coefficients for the decomposition of 

organic matter and nitrification are too high and should be lowered. 

 The magnitude by which these coefficients are altered will most likely be 

approached by those just beginning to use SubWet in a trial and error manner where one 

coefficient at a time is altered and the simulation re-run and the graphical expression of 

the simulated to observed values re-examined. SubWet performs all simulations rapidly, 

thus allowing the operator the ability to quickly investigate several scenarios in a short 

period of time in order to identify the modifications to the coefficients that provide the 

greatest correlation between simulated and observed results. It has been determined that 

for this data set a change in the decomposition rate of organic matter (OC) from 0.25 to 

0.235 and a change in the nitrification rate (NC) from 0.9 to 0.42, and a change in the half 
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Table 3-3: Comparison of simulated and observed values for the Chesterfield Inlet data set 

 

saturation constant for nitrification (KO) from 0.01 to 1.4 produces simulation values for 

BOD5 and ammonium-N that are much closer to the observed values. Table 3-4 shows 

the simulation results after calibration. The simulated ammonium-N value is now closer 

to the observed value. The nitrate concentration has increased, but it is still minor (< 0.1 

mg N/L). Nevertheless, the default values gave acceptable results that could be used for 

wetland design and predictive management needs; however, as shown, calibration can 

improve the model’s ability to produce simulated values that are very close to the 

observed values. 

Table 3-4: Simulation results after calibration for the Chesterfield Inlet data set 

 Unit Simulation Results 

 
Observed Values 

BOD5 mg O2/L 9.4 10.5 

Ammonium-N mg N/L 0.19 1.1 

Nitrate-N mg N/L 0.02 0.01 

Total N mg N/L 0.22 1.1 

Phosphorus mg P/L 0.42 0.4 

 Unit Simulation Results 

 
Observed Values 

BOD5 mg O2/L 10.4 10.5 

Ammonium-N mg N/L 1.1 1.1 

Nitrate-N mg N/L 0.06 0.01 

Total N mg N/L 1.2 1.1 

Phosphorus mg P/L 0.42 0.4 
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 Overall the treatment by the Chesterfield Inlet wetland is good, primarily since 

the wetland is relatively large. The SubWet model can however be used to predict 

wetland performance should land use factors alter the original size of the wetland such as 

the construction of a roadway through the wetland that impedes natural flow paths. In this 

type of scenario, SubWet could be used to determine the treatment performance should 

the active treatment portion of the wetland shrink in size. The following example is 

designed to demonstrate how SubWet could be used to predict treatment performance 

when the size of the Chesterfield Inlet wetland is reduced by half. Table 3-5 summarizes 

the initial and modified design values for this test. Notice that the length of the wetland 

has been reduced from 720 m to 360 m which in effect reduces the wetland and effluent 

holding capacity by 50% to 7,495 m
3
 and the water volume to 2,061 m

3
, plus the 

hydraulic retention time in a box (RTB) has been reduced from 23 to 11.5 days. With 

these changes SubWet predicts that BOD5 will rise to > 30 mg/L, while the ammonium-

N, nitrate-N, phosphorus and organic nitrogen treatment remain acceptable. The 

phosphorus concentration remains below 1 mg P/L and the nitrate-N is also very low due 

to the effective denitrification. Further simulations of SubWet predict that if the wetland 

size was reduced by 25% instead of the example of 50%, the BOD5 concentrations of the 

treated effluent exiting the wetland would be predicted to be approximately 15 mg/L 

while the corresponding treatment efficiency of ammonium, nitrate, phosphorus and 

organic nitrogen would remain high. 
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Table 3-5: Initial and modified design values for Chesterfield Inlet 

 

 

 

 

 

 

 

 

Baker Lake data set 

 The data set from Baker Lake is interesting in that the BOD5, ammonium and 

organic nitrogen concentrations of the wastewater entering the wetland are much higher 

than normally encountered in municipal wastewater effluents. Baker Lake was unique; it 

had a very small holding cell (residency time of minutes) and then a short wetland to a 

lake, then wetland, then lake, etc. There is substantial dilution right after the first wetland; 

therefore the only thing that SubWet can model is the short first wetland. The physical 

size of the Baker Lake wetland is smaller than many other typical wetlands in Nunavut, 

Canada. Because of this, the default coefficient parameters for the cold climate operation 

of the SubWet model do not provide an adequate prediction for most of the simulated 

wastewater parameters. The initial simulations (Appendix A) were performed with the 

default coefficient parameters set for the operation of SubWet in the cold climate mode. 

As shown in Table 3-6, the simulated BOD5 and total phosphorus values are relatively 

 Initial Design Values 

 
Modified Design Values 

 

Width (m) 69.4 69.4 

Length (m) 720 360 

Depth (m) 0.3 0.3 

Area (m
2
) 49,968 24,984 

Volume (m
3
) 14,990.4 7,495 

Flow rate (m
3
/24h) 36 36 

RTB  22.9 11.45 
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close to the observed values for these two parameters. However, the values for nitrate, 

ammonium and organic nitrogen are not acceptable, but can be improved when SubWet 

is calibrated for this specific site. Table 3-6 summarizes the differences between the 

observed and simulated results for BOD5, ammonium, nitrate, organic nitrogen, total 

phosphorus along with the rates of ammonification (expressed as mg organic nitrogen 

converted to ammonium), nitrification (expressed as mg ammonium converted to nitrate) 

and denitrification (expressed as mg nitrate converted to di-nitrogen gas). The values in 

Table 3-6 represent values prior to calibration of the program. 

Table 3-6: Comparison of simulated and observed concentrations and rates for the Baker Lake 

data set 

 

 

 Although the simulated results for BOD5 and total phosphorus are relatively close 

to the actual observed concentrations measured in the effluent exiting the wetland, the 

nitrogen compounds show less agreement between simulated and observed results 

suggesting that SubWet requires calibration for these compounds. For example, the 

 Unit Simulation Results 

 
Observed Values Deviation % 

BOD5 mg O2/L 281 247 15 

Ammonium-N mg N/L 84.3 61.9 36 

Nitrate-N mg N/L 4.5 0.52 - 

Organic-N mg N/L 5.5 0.0 - 

Phosphorus mg P/L 8.3 9.4 13 

Ammonification mg N/L 51.9 57.4 10 

Nitrification mg N/L 49.8 76.4 36 

Denitrification mg N/L 44 75.5 42 
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simulated value for nitrate is approx. 4.5 mg/L and yet the observed value is 0.52 mg/L. 

The large difference is unacceptable and is likely caused by an underestimation of the 

denitrification rate or an overestimation of the nitrification rate. The simulated nitrate 

concentration is a product of both denitrification (conversion to nitrogen gas) which 

removes nitrate from the effluent stream, and nitrification (conversion of ammonium to 

nitrate) which produces nitrate. Likewise the model results for ammonium once again 

shows a large discrepancy between the simulated ammonium concentrations (approx. 84 

mg/L) in comparison to the observed value which is closer to 62 mg/L. The initial 

concentration of organic nitrogen within the effluent entering the wetland was 

approximately 57 mg/L and although the difference between the simulated (5.5 mg/L) 

and observed results (0 mg/L)  of the effluent exiting the wetland is closer than found for 

nitrate and ammonium, calibration of SubWet should improve the predictability for 

organic nitrogen.  

 A comparison of the observed (measured) concentrations of the nitrogenous 

compounds within the wastewater (pre and post treatment) to SubWet simulated results 

can provide insight into which processes (e.g., ammonification, nitrification and 

denitrification) require calibration within the model. Once identified, the cold climate 

default coefficient parameters can be modified and the simulation re-run until the best 

calibration is achieved. Table 3-7 summarizes the concentrations of organic nitrogen, 

ammonium and nitrate within the wastewater both entering the wetland (pre-treatment) 

and exiting the wetland (post-treatment) and identifies the net change in these compounds  
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Table 3-7: Comparison of observed (measured) and simulated removal rates for nitrogen compounds within Baker Lake effluent after wetland 

treatment prior to calibration. This comparison is being made to determine which processes within the SubWet 2.0 could be improved through 

calibration to this site. 

 

  Ammonification  Nitrification  Denitrification  

 Org N 
→ 

Ammonium 
→ 

NO2 
- / NO3 

- 
→ 

N2 

(gas) 

Obs Δ (mg/L) 57.4 to 0  81 to 62   0.55 to 0.52    

Obs Mass Δ (mg/L) (+ 57.4)  (+ 19)  (+ 0.03)   

Total Obs loss from Ammonification (mg/L)  57.4      

Total Obs loss from Nitrification (mg/L)    (57.4 + 19) = 76.4    

Total Obs loss from Denitrification (mg/L)      (57 + 19 + 0.03) = 75.5  

Sim Δ (mg/L) 57.4 to 5.5   81 to 84  0.55 to 4.5   

Obs Sim Mass Δ (mg/L) (+ 51.9)  (- 3)  (- 3.95)   

Total Sim loss from Ammonification (mg/L)  51.9      

Total Sim loss from Nitrification (mg/L)    (51.9 – 3) = 48.9    

Total Sim loss from Denitrification (mg/L)      (51.9 – 3 – 3.95) = 44  
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(e.g., mg/L ammonium loss during treatment). A review of these data indicates that the 

simulation is underestimating the rate of nitrification since the predicted concentration of 

ammonium increases (e.g., 81 to 84 mg/L) when in fact the observed values indicate it 

actually declines (e.g., 81 to 62 mg/L). Likewise, the rate of denitrification is also too 

low. The observed loss of nitrate is low, changing only 0.03 mg/L in concentration; 

however, the SubWet simulation predicted a dramatic increase from 0.55 to 4.5 mg/L. 

 The rate of ammonification predicted by SubWet appears to be more appropriate 

and simulated results are approximately 10% of the observed results and with the range 

of acceptability. However, the observed results indicate a complete removal of organic 

nitrogen from the effluent stream, while the model predicts a lower removal rate that 

results in a final effluent concentration of approximately 5.5 mg/L. Thus the rate of 

ammonification could also be improved slightly through calibration, although it is not 

completely necessary. A review of the overall loss of all nitrogenous compounds (e.g., 

denitrification) determined through observation (measured) indicates that the 

concentration was reduced by approximately 75.5 mg/L whereas SubWet predicts only a 

concentration decrease of 44 mg/L; a significant underestimation of the overall capacity 

of the wetlands efficiency. In summary, the data suggests that the greatest calibration 

gains can be made by altering the coefficient parameters associated with both nitrification 

and denitrification and to a lesser extent ammonification in a manner that increases the 

rate of conversion. However, one should understand the interplay between nitrification 

and the decomposition of organic matter (e.g., BOD5) remembering that both these 
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processes are competing for oxygen and thus increasing the rate of nitrification may limit 

the availability of oxygen for the decomposition of organic matter and result in a higher 

predicted BOD5 concentration. 

 The best way to approach the required modifications for the Baker Lake example 

is to start by modifying the coefficient parameters associated with denitrification and 

once done then to increase the coefficient rate associated with nitrification and lastly with 

ammonification. The rate of denitrification can be increased by: i) increasing the value 

for the “denitrification rate” (DC) parameter, ii) reducing the “half saturation constant for 

denitrification” (MN) and iii) reducing the “temperature coefficient of denitrification” 

(DC) to better reflect the wetland temperature of 8.4°C. [Note: the temperature 

coefficient influences only the rate of the reaction, and thus reducing this coefficient 

makes the model less sensitive to temperature changes]. The rate of nitrification can be 

increased by increasing the value for the “nitrification rate” (NC) parameter. The rate of 

ammonification can be increased by increasing the “decomposition rate of organic 

nitrogen” (AC) parameter. It should be noted that increasing nitrification will mean that 

more oxygen is consumed in this process resulting in less oxygen available for the 

decomposition of organic matter which will eventually be expressed as higher BOD5 

values. This would not be wanted since the simulated BOD5 values are already close to 

the observed values and any increasing of the BOD may mean that the simulated values 

become unacceptably high. This effect can be partially overcome by slightly increasing 
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the value of the coefficient parameter governing the “decomposition rate of organic 

matter” (OC). 

 A series of simulations were run with modified coefficient parameter values using 

a trial and error approach to determine which modifications provided the best overall 

simulations. The trial and error approach determined that the following parameter 

modifications provided the best results; Table 3-8 lists the parameters changed and the 

final values chosen. The calibration efforts significantly improved the nitrification of 

ammonium. The simulation of nitrate did improve (e.g., down from a simulated 

concentration of 5.5 mg/L to 3.5 mg/L) but did not reach the observed value of 0.52 

mg/L. However, Table 3-9 shows that the overall denitrification rate improve 

substantially. The data shown in Table 3-9 indicate that the overall observed loss of 

nitrogen from the waste stream was 75.5 mg/L and the simulated loss calculated by 

SubWet after calibration was 70.9 mg/L, a substantial improvement from the 44 mg/L 

(see Table 3-7) predicted by SubWet prior to calibration. 

 It is generally advisable to assess the success of the calibration effort by 

monitoring the rates of denitrification, nitrification and ammonification rather than the 

concentrations of individual wastewater parameters. A comparison of the rate values 

between observed and simulated results is a more robust way to assess the success of the 

calibrations. For example, in the Baker Lake data set, the final calibration values chosen 

indicated that the overall removal of nitrogenous compounds from the waste stream was 

between 4 to 6 % of the observed values (see Table 3-10). This is well within the 
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Table 3-8: Coefficient parameters for the calibration of SubWet 2.0 to the Baker Lake wetland 

data set 

 

acceptable limit for models, despite the still relatively high dissimilarity between the 

simulated and observed values for nitrate. Although the difference for nitrate does appear 

unacceptably great, the overall proportional contribution of nitrate is small in comparison 

to the improved removal of ammonium which was a larger component of the overall loss 

of the total nitrogenous compounds. It should be noted that these efforts did lower the 

simulated value for BOD5. However, even with the lowering of this value, the simulated 

BOD5 result was still within 7% of the observed value and thus an acceptable estimate.  

The Baker Lake data set provides an example of one of the more challenging 

calibration exercises. However, despite the unusually high strength of the waste stream, 

the calibration of SubWet demonstrated that this model can provide a reasonable 

approximation of treatment efficiencies. 

Rate coefficient parameters Abbreviations 

 

Initial 

Values 

Final Chosen 

Values 

Units 

Max. nitrification rate 
 

DC 

 

3.5 

 

5.0 

 

1/24h 

 

Half saturation constant for denitrification 

 

MN 

 

0.1 

 

0.01 

 

mg N/L 

 

Temperature coefficient of denitrification 

 

TD 

 

1.07 

 

1.05 

 

unitless 

 

Max. nitrification rate 

 

NC 

 

0.9 

 

1.7 

 

unitless 

 

Max. decomposition rate of organic nitrogen 

 

AC 

 

0.9 

 

1.2 

 

unitless 

 

Max. decomposition rate of organic matter 

 

OC 

 

0.2 

 

0.22 

 

1/24h 
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Table 3-9: A comparison of observed (measured) and simulated removal rates for nitrogen compounds within Baker Lake effluent after wetland 

treatment. 

 

  Ammonification  Nitrification  Denitrification  

 Org N 
→ 

Ammonium 
→ 

NO2 
- / NO3 

- 
→ 

N2 

(gas) 

Obs Δ (mg/L) 57.4 to 0  81 to 62   0.55 to 0.52    

Obs Mass Δ (mg/L) (+ 57.4)  (+ 19)  (+ 0.03)   

Total Obs loss from Ammonification (mg/L)  57.4      

Total Obs loss from Nitrification (mg/L)    (57.4 + 19) = 76.4    

Total Obs loss from Denitrification (mg/L)      (57 + 19 + 0.03) = 75.5  

Sim Δ (mg/L) 57.4 to 3.1  81 to 61.5  0.55 to 3.45   

Obs Sim Mass Δ (mg/L) (+ 54.3)  (+ 19.5)  (- 2.9)   

Total Sim loss from Ammonification (mg/L)  54.3      

Total Sim loss from Nitrification (mg/L)    (54.3 + 19.5) = 73.8    

Total Sim loss from Denitrification (mg/L)      (54.3 +19.5) – 2.9 = 70.9  
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Table 3-10: Comparison of simulated and observed concentrations and rates for the Baker Lake 

data set 

 

Overall, the treatment efficiency of the Baker Lake wetland was poor; in part due 

to the relatively small size of the wetland, but also as a result of the unusually high 

strength waste that is being treated. SubWet can also be used to predict the treatment 

efficiency if the Baker Lake wetland were increased in size by a factor of four. The 

simulated output indicates that the BOD5 concentration would have been reduced from 

250 mg/L to about 75 mg/L. This represents a sharp increase in efficiency but still at an 

effluent BOD5 concentration that is too great for most regulatory regimes. In reality 

however, the Baker Lake wetland is only one small portion of the Baker Lake complex 

through which the municipal effluent flows. This complex contains other ponds and 

wetland systems that ensure the overall treatment of the effluent at the point of discharge 

is good.  

 Unit Simulation Results 

 
Observed Values Deviation % 

BOD5 mg O2/L 230 247 7 

Ammonium-N mg N/L 61.5 61.9 0.6 

Nitrate-N mg N/L 3.5 0.52 - 

Organic-N mg N/L 3.1 0.0 - 

Phosphorus mg P/L 8.3 9.4 13 

Ammonification mg N/L 54.3 57.4 6 

Nitrification mg N/L 73.8 76.4 4 

Denitrification mg N/L 70.9 75.5 6 
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3.3.2 Field trial from a warm climate environment (Iringa, Tanzania – a constructed 

wetland example) 

 

 Iringa is a large village situated 350 km southwest of Dar es Salaam, Tanzania 

(Figure 3-4). The warm climate wetland located in Iringa is a constructed wetland and not 

a natural tundra wetland as were the two previous examples from Chesterfield Inlet and 

Baker Lake (Figure 3-5). Thus the characteristics of this wetland have been engineered 

and as such the volume, bed type, bed depth, flow rates and many other parameters are 

well known and in many cases under greater control (e.g., flow rates). This example is 

being provided to demonstrate how SubWet performs for a constructed wetland and 

within a warm climate. It also provides insight into the flexibility of the SubWet program 

by demonstrating how a temporary change in influent strength influences the overall 

performance and how quickly the treatment processes within the wetland can be expected 

to respond. 

 Table 3-11 compares the SubWet simulated values to the observed values 

measured at the wetland site. In this example, it should be noted that there is better 

agreement for this wetland between the SubWet simulated values and the observed values 

than for either of the previous natural wetland examples prior to model calibration. This 

should be expected since the Iringa wetland is a constructed wetland were parameters are 

better known and less variable than found in natural tundra wetlands. 



 

85 

 

 

Figure 3-4: Generalized location of Iringa constructed wetland in Tanzania (Geology.com, 2013) 
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Figure 3-5: The constructed wetland in Iringa under construction (CAWT, 2013, pers. comm.) 

 

Table 3-11: Simulated results are compared with observed values for treated wastewater for the 

Tanzania data set. 

 

Within this table it can be seen that the simulated nitrate-N and organic-N are within 10% 

of the measured values while these difference are even less for BOD5, ammonium-N and 

phosphorus at approximately 3%, 1% and 4% respectively. Therefore good agreement 

 Unit Simulation Results 

 
Observed Values 

BOD5 mg O2/L 26.7 26.0 

Nitrate-N mg N/L 0.45 0.5 

Ammonium-N mg N/L 9.2 9.1 

Phosphorus-P mg P/L 5.2 5.0 

Organic-N mg N/L 0.45 0.5 
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was achieved with the model’s warm climate default values with no need for calibration 

of SubWet to this specific wetland.  

 The BOD5 for the treated water in this example was found to be 26 mg/L, but 15 

mg/L is often the required standard. SubWet can be used to determine to what extent the 

wetland would need to be increased in order to achieve a BOD5 of 15 mg/L or lower. 

Through trial and error it was found that increasing the volume of the wetland to 1000 m
3
 

(e.g., 40 m long * 25 m wide * 1 m deep) increases the hydraulic retention time from 1.25 

days to 2 days and reduces the BOD5 of the treated wastewater from an original 26mg/L 

to 13.7 mg/L (Table 3-12). Likewise nitrate-N is reduced from 0.45 mg/L to 0.26 mg/L; 

ammonium-N from 9.2 mg/L to 5.8 mg/L; total phosphorus from 5.2 mg/L to 4.4 and  

Table 3-12: Initial and modified design values for Tanzania CW 

 

 

 

 

 

 

 

organic nitrogen from 0.45 mg/L to 0.13 mg/L. Larger treatment wetlands generally 

result in:  

 

 Initial Design Values 

 
Modified Design Values 

 

Width (m) 25 40 

Length (m) 25 25 

Depth (m) 1 1 

Area (m
2
) 625 1000 

Volume (m
3
) 625 1000 

Flow rate (m
3
/24h) 50 50 

RTB  1.25 2 
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- greater nitrification resulting in reduced effluent ammonium –N,  

- greater denitrification can occur even when more nitrate is formed from the 

nitrification of ammonium 

- more phosphorus is removed due to longer retention times that facilitate greater 

adsorption and more uptake by plants (typical only of a warm climate system 

where growth is occurring essentially all the time) 

- organic nitrogen generally decreases in response to the solubilization of organic 

matter. 

SubWet can also be used to predict changes in treatment performance should the 

organic loading to the wetland be temporarily altered. For example, if the loading to a 

wetland is temporarily increased, SubWet can be used to model how treatment is 

impacted in terms of efficiency and duration. In a simulation (see Appendix B) the 

volume and strength of the wastewater entering the Iringa wetland was temporarily 

increased for a five day period and then monitored to determine how the treatment 

efficiency was impacted and for how long. During this five day period the flow rate was 

increased from 50 m
3
/24h to 60 m

3
/24h and the BOD5 concentration was increased from 

123 mg/L to 200 mg/L and ammonium-N was increased from 12 mg/L to 20 mg/L. Using 

these values, SubWet predicted that the hydraulic retention time would be reduced from 

1.25 days to 1.04 days. SubWet also predicted that the removal of BOD5 would decrease 

and the concentration exiting the wetland would increase from 26 mg/L to 75 mg/L, 

however, the normal treatment efficiency of the wetland would be restored back to the 26 
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mg/L level within one to two days after the overloading had ceased. In a similar fashion, 

the overloading caused ammonium-N concentrations within the treated effluent to rise 

from 9.2 mg/L to 14.5 mg/L, however, once again, these peak levels dropped back down 

to the normal treatment level within one to two days after overloading. SubWet can 

therefore be used by managers in a predictive manner to a priori determine the outcome 

of operational procedures such as increasing the rate at which the effluent from a sewage 

lagoon is decanted to a treatment wetland. 

3.4 Advantages of SubWet in comparison to other predictive tools 

 The options available for modeling the performance of natural tundra wetlands 

are limited. This is primarily due to the fact that these wetlands are not engineered and 

because of this much less is known regarding media depth, flow rates, the influence of 

preferential flow paths and infiltration of surface or ground waters and many other 

characteristics required for model input. The options available beside SubWet 2.0 include 

relatively simple design models like rules of thumb and regression equations along with 

first order kinetic models or sophisticated 2-dimensional or 3-dimentional models.  

Rules of thumb (empirical) are considered the fastest but also the least precise 

design tool. Since they are based on observations from a wide range of systems, 

wastewater types, and climatic conditions, they inherently contain a large degree of 

uncertainty and are therefore better be used after more extensive calculations and designs 

have been made as a rapid check of anticipated results (Rousseau et al., 2004). Moreover, 
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most of the rule of thumb approaches have been generated for warmer climates and are 

based on constructed wetlands, not natural wetlands. 

The first-order k-C* models are based on areal rate constants (k), flow rates, and 

wastewater concentrations entering the wetland. Once they were considered as the state-

of-the-art in the modeling of treatment wetlands. They consist of first-order equations 

which under the influence of ideal plug-flow behaviour and constant conditions (e.g. 

influent, flow and concentrations) predict an exponential profile between inlet and outlet 

(Kadlec and Wallace, 2009). The parameters k, C* and θ group a large number of other 

characteristics representing a complex matrix of interactions in a treatment wetland as 

well as external influences like weather conditions. Therefore, there can be high 

variability in reported values for kA, kV, C* and θ (Rousseau et al., 2004). Many if not 

most of the areal rate constants used for these models have been developed in more 

southern locations under warmer climatic conditions and with data generated from 

constructed wetlands, not natural wetlands similar to those found in the Arctic.  

Sophisticated 2D and 3D models, such as HYDRUS, WASP, TABS-2, STELLA, 

ANN, BASINS and NPS-WET require model input parameters which are often unknown 

for natural wetlands, and thus their overall precision suffers greatly from a reliance on 

default parameters which most likely do not adequately reflect tundra wetland conditions.  

The majority of the investigations on treatment wetlands have mainly been 

focused on input-output data rather than on data reflective of internal processes; despite 

this fact, regression equations seem to be a useful tool in interpreting and applying these 
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input-output data (Rousseau et al., 2004). However, these black box models cluster 

complex system processes of the treatment wetland into only two or three parameters, 

which clearly is an oversimplification. Influential factors such as climate and bed design 

(length, width, depth) are neglected, which in turn leads to a wide variety of regression 

equations and a large degree of uncertainty in the design and predicted treatment 

performance. Furthermore, most of these regression equations rely on wastewater 

concentrations with only a limited number of these regression equations that rely on both 

hydraulic loading rates and influent concentration in the forecast of effluent 

concentration. As a result, in order to predict the maximum allowable hydraulic loading 

rates based on a given influent concentration and a desired effluent standard, only those 

regression equations which combine both hydraulic loading rates and influent 

concentrations can be used; this effectively limits the number of regression equations 

currently available for use (Rousseau et al., 2004). 

 SubWet 2.0 provides what is believed to be a good compromise between first-

order kinetic models and the more sophisticated 2D, 3D models. SubWet utilizes 16 rate 

constants in an integrated manner to predict the treatment of BOD, organic nitrogen, 

ammonium, nitrate and total phosphorus. SubWet also provides the user the ability to 

calibrate these rate constants to site conditions in order to better reflect actual measured 

values. The calibration method to some extent accommodates for some of the influential 

processes that could be occurring within the wetland for which input data do not exist. 

For example, in most northern tundra wetlands, the area involved in the actual treatment 
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process is likely smaller than the physical borders of the wetland. Modification 

(calibration) of specific rate constants within SubWet can therefore be used to ensure that 

simulated results closely match measured results as has been illustrated in the examples 

in this chapter. Obviously, variability between seasons and years may require more 

frequent calibrations although it is anticipated that the accuracy of the SubWet 

predictions will only increase as the data set for the wetland increases, thus providing 

greater insight into seasonal and yearly variability. 

3.5 Summary and Conclusions 

 Calibration of this model with Arctic data has clearly demonstrated its ability to 

model treatment performance within natural tundra wetlands and thus provide an 

additional predictive tool to aid northern stakeholders in the treatment of municipal 

wastewaters. The example with the Chesterfield Inlet data set has illustrated how SubWet 

2.0 can be used to predict treatment performance anticipated from alterations to the size 

of the treatment area. The data set from Baker Lake showed that it is generally advisable 

to assess the success of the calibration effort by monitoring the rates of denitrification, 

nitrification and ammonification rather than the concentrations of individual wastewater 

parameters. Despite the unusually high strength of the waste stream in the Baker Lake 

wetland, the calibration of SubWet has proven that this model can provide a reasonable 

approximation of treatment efficiencies. 

 The warm climate constructed wetland located in Iringa provided an insight into 

the flexibility of the SubWet program by demonstrating how a temporary change in 
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influent strength influences the overall performance and how quickly the treatment 

processes within the wetland can be expected to respond. In this example, a better 

agreement was achieved between the SubWet simulated values and the observed values 

than for either of the Arctic tundra previous natural wetland examples prior to model 

calibration; this should be expected since the Iringa wetland is a constructed wetland 

where parameters are better known and less variable than those found in natural tundra 

wetlands.  

 To date only a few numerical models are available and able to describe treatment 

processes in horizontal subsurface flow treatment wetlands. It has been shown that the 

SubWet 2.0 model can consider the influence of several factors at one time, whereas 

empirical equations are generally not able to consider more than two factors at one time 

and usually in isolation of the other influential parameters. The model has causality 

which means that we know the processes behind the model and can therefore put these 

processes into equation form. 

 Ultimately, SubWet will allow resource managers to demonstrate the current 

treatment benefit acquired from the use of individual wetlands and will be suitable to be 

used as a predictive tool to forecast the potential these areas could provide and determine 

the size of wetland needed to meet treatment objectives. This in turn will help resource 

managers in cost benefit analysis when planning for future needs such as projected 

growth in population and anticipated effluent volumes. 
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Chapter 4 
 

Application of SubWet 2.0 to Model the 

Performance of Twelve Individual Northern Municipal 

Treatment Wetlands in the Canadian Arctic 
 

4.1 Introduction 

 The Canadian Council of Ministers of the Environment (CCME) developed the 

Canada-wide Strategy for the Management of Municipal Wastewater Effluent in 2009, 

which details regulatory changes to be implemented through the Canadian Fisheries Act. 

The intent of the strategy is to provide a harmonized national framework for managing 

wastewater (Hayward et al., 2012; Yates et al., in press). This strategy has identified 

specific national performance standards (NPS) for effluent of Canadian wastewater 

treatment facilities at 25 mg/L for the parameters cBOD5 and total suspended solids 

(TSS), 1.25 mg/L for un-ionized ammonia expressed as NH3-N at 15°C±1°C and a 

standard of 0.02 mg/L of total residual chlorine (CCME, 2009). However, at this time 

standards have not been set for Canada’s Far North because of logistical and 

environmental issues (Yates et al., in press). The Federal Government recognizes that 

extreme climatic conditions and remoteness in portions of Canada’s Far North (Nunavut, 

Northwest Territories, and regions located north of the 54
th

 parallel in Quebec and 

Newfoundland and Labrador) are unique, and therefore should have separate 

performance standards for municipal wastewater effluent in order to produce a viable 

means to improve environmental health protection (Hayward et al., 2012; Yates et al., in 
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press). Given the absence of performance data and knowledge on Arctic systems, the 

CCME granted a five-year grace period to conduct research on existing northern systems 

to develop appropriate performance standards (Hayward et al., 2012; Yates et al., in 

press). 

 Communities in the Canadian Arctic and sub-Arctic have small populations of 

100 to 2,000 people and many can only be accessed by air, or by sea during the brief 

summer season, making them dependent upon self-supported infrastructure to deliver 

community services, such as wastewater treatment, solid waste disposal and provision of 

potable water (Jamieson and Krkosek, 2013; Yates et al., in press). The extreme climate, 

the logistical challenges of bedrock and/or permafrost together with the lack of financial 

and human resources represent significant impediments to the development and operation 

of mechanized wastewater treatment infrastructure commonly used in more southern 

locations of Canada (Balch et al., 2012). Therefore, people living in the Arctic often have 

to rely on a trucked system for water delivery and wastewater collection. In most 

communities in the Canadian Arctic, the collected municipal sewage is then deposited to 

lagoons, engineered lagoons, facultative lakes and/or directly discharged to land for the 

reduction of suspended solids and biochemical oxygen demand. This disposal of 

wastewater has been seen as the most feasible historical options available for those 

communities; however, the treatment of the wastewaters is not sufficient to produce 

municipal effluents that would meet the proposed NPS (Balch et al., 2012). 
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 Many locations in the Canadian Arctic have also relied on direct discharge into 

tundra wetlands (Wootton and Yates, 2010). These tundra wetlands, that have either by 

design or serendipitously developed downstream of sewage lagoons, are now being 

viewed by some as part of a hybridized treatment system that includes not only the 

lagoon but also the associated wetland (Balch et al., 2012). In the Canadian Arctic, 

regulatory monitoring of many systems has been very limited, and those which have been 

monitored have been poorly documented (Hayward et al., 2012; Yates et al., 2012; Yates 

et al., in press). Considering continuous exploration for natural resource development and 

rapid population growth, demand for monitoring of existing systems and the construction 

of treatment systems have become warranted (Yates et al., in press). Because they are 

cost-effective and an easily managed method for the treatment of wastewater in Arctic 

communities, tundra wetland systems have been recognized as a treatment method (Yates 

et al., 2012; Yates et al., in press). During the summer months, Yates et al. (2012) 

observed that the performance of treatment wetlands in several Arctic communities met 

performance standards set for temperate regions of Canada. 

4.2 Tundra wetland for the treatment of wastewater 

Common to all wetlands are processes such as sedimentation, phytoremediation, 

microbial transformation, volatilization, and sorption operative in the treatment of 

municipal sewage and effluents (Kadlec and Wallace, 2009; Balch et al., 2012). The 

literature underlying mechanisms of action published in recent years mainly contains 

references to the efficient and effective use of constructed wetlands or engineered 



 

97 

 

wetlands for the treatment of municipal effluents (Balch et al., 2012). The term 

constructed wetland is often associated with manmade structures designed to control 

many of the treatment processes within defined operational conditions, spatial 

dimensions and process parameters. Similarly, engineered wetlands generally refer to 

wetlands designed to optimize specific treatment processes necessary for the effective 

treatment of a specific waste stream such as the removal of particular trace elements or 

organic constituents (Balch et al., 2012). By contrast, tundra wetlands have developed 

through natural or spontaneous processes; therefore, many of the characteristics regarding 

the biochemical, chemical, physical processes and spatial conditions are unknown and/or 

unregulated. Because of this, each tundra wetland tends to have highly variable functional 

components which make them unique. Many of the characteristics of the treatment 

process remain undocumented (Hayward et al., 2012; Balch et al., 2012). 

 Temperature is the greatest factor directly limiting the treatment of wastewater in 

an Arctic environment by negatively impacting on a number of process functions 

important for the mineralization of organic matter and nutrient cycling (Hobbie, 2007; 

Yates et al., in press). Organic matter removal from wastewater through anaerobic and 

aerobic bacteria can remain active to 5
o
C; however, prolonged temperatures below 5

o
C 

have many limitations for treatment of wastewater in wetlands (Chapin and Shaver, 1985; 

Vymazal, 2002). Environmental variables that may indirectly or directly affect 

performance include freezing (ice), reduction in microbial community biomass, plant 

dynamics and the mineralization of organics (Yates et al., in press). Microbial 
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communities are at their lowest population levels during the summer months in natural 

Arctic environments. Edwards and Jefferies (2010) mentioned that the reason for this is a 

lack of available nutrients, after microbial communities have used much of the available 

C and N in the soil in the early spring. Treatment wetlands are an environment enriched 

with nutrients and carbon, and N and C should not be the limiting factor of microbial 

growth; therefore temperature and oxygen are the most likely causes of reduced 

decomposition of organic matter and other wastewater contaminants in a treatment 

wetland environment (Yates et al., in press). 

In remote communities of the Canadian Arctic, natural tundra wetland systems 

have been extensively used for the treatment of wastewater. In Nunavut, Wootton et al. 

(2008) mentioned that eleven such wetland treatment systems are currently being used. 

Due to the climate, treatment during the winter months using treatment wetlands is not 

feasible (Yates et al., in press). However, the successful use of natural wetlands in the 

Canadian Arctic suggests that constructed wetlands could also have the potential for 

practical application of the technology for remote northern communities during the 

summer months (Hayward et al., 2012; Yates et al., in press).  

 With knowledge of the recent introduction of the proposed Canadian federal 

wastewater effluent discharge regulations in the Canadian Arctic, standardized 

assessment methods and predictive tools are needed to aid northern stakeholders in the 

treatment of municipal wastewaters. There are currently a variety of approaches that can 

be applied to predict the future efficiency of constructed wetlands. However, use of these 
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approaches becomes particularly difficult when attempts are made to apply them to 

natural wetlands where the hydrology and physical dimensions of the natural wetlands 

are not fully known. The best approaches are likely those that incorporate site specific 

performance data into the model as an attempt to calibrate the model to an individual 

wetland. The objectives of this study are to review the applicability of SubWet 2.0 to 

model the performance of twelve individual northern municipal treatment tundra 

wetlands in the Canadian Arctic in order to refine the calibration of this model for it to be 

used with greater precision as a predictive tool, and to further illustrate how SubWet 2.0 

can be calibrated to specific wetlands. More details on this model and its application can 

be found in Chapter 3. 

4.3 Model calibration 

 SubWet 2.0 is a horizontal subsurface flow modeling program initially intended to 

provide support for the design of constructed wetlands by providing environmental 

engineers and planners answers to the size of wetlands needed to accommodate 

anticipated flow rates and desired levels of treatment. The recent SubWet 2.0 version has 

been modified to allow its application to cold climate areas; this modification was 

accomplished by calibrating the model with data collected from natural tundra wetlands 

currently in use for the treatment of municipal effluents within the Kivalliq region of 

Nunavut, Canada. Initial calibration of this model with Arctic data has demonstrated its 

ability to model treatment performance within natural tundra wetlands (see Chapter 3). 
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4.3.1 Field trials from twelve natural tundra wetlands in Arctic Canada 

 In addition to the work described in Chapter 3, the collected data sets in this 

chapter are used to illustrate how SubWet 2.0 can be calibrated to model the performance 

of twelve individual northern municipal treatment tundra wetlands in the Canadian 

Arctic. The site characteristics of each tundra wetland surveyed along with an overview 

of the volume of municipal effluent passing through these areas is briefly summarized. 

Most wetlands are part of a hybrid system in the treatment of municipal wastewater 

which includes some form of pre-treatment prior to the release to the wetland portion of 

this hybrid system. Treatment wetlands in Whale Cove, NU, Coral Harbour, NU, Arviat, 

NU, Repulse Bay, NU, Paulatuk, NT, Pond Inlet, NU, Edzo, NT, Fort Providence, NT, 

Gjoa Haven, NU, Ulukhaktok, NT, Taloyoak, NU and CFS Alert, NU (Figure 4-1) were 

monitored by the Center for Alternative Wastewater Treatment (CAWT), Fleming 

College, Lindsay, Ontario under contract with Environment Canada and the Department 

of National Defence. The data that were generated during the surveys are used to refine 

the calibration of SubWet. The wetlands in these communities varied in size, geographic 

orientation, substrate (type and depth) and vegetation community, and all of the systems 

were heterogeneous landscapes, with various amounts of dilution because of surface 

water and percent cover of different plant communities (Yates et al., 2012). Furthermore, 

the volume of wastewater transferred to the site provides an estimation of the volume of 

wastewater entering the wetland, but determining as an example the flow
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Figure 4-1: Generalized location of the twelve northern municipal treatment wetlands in the 

Canadian Arctic (CAWT, pers. comm.) 

 

volumes exfiltrating from the lagoon berm as well as determining how much of this flow 

travels overland and what portion travels subsurface is difficult. Similarly, determining 

the volume of new water entering the wetland either via surface or subsurface flow and 

how this might influence wastewater strength through dilution is challenging. 

Precipitation is minor in the far north which is near desert like conditions. 

Evapotranspiration (ET) is a major factor in wetlands, but not in lagoons. This is because 

there is constant sunshine and plants are photosynthesizing and transpiring throughout the 

day and it is very dry. In some locations there is very little discharge leaving the wetland 
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at the end of the system; the wetlands just absorbs the wastewater and very little is left at 

the end. 

 For all locations in the Canadian Arctic presented in this chapter, sewage is stored 

in retention lagoons, facultative lakes or natural depressions until thaw during the winter 

season and is then discharged in the treatment tundra wetlands during the summer season. 

The decanting systems discussed in some locations operate as batch discharge systems, 

and the flow rate is only flowing during decanting (a period typically around 2 weeks, 

depending on the size). This then means the wetland treatment component is only active 

during and just after the decanting period, which is very different from a continuous flow 

system. 

Whale Cove, NU data set  

 Whale Cove (62°11’N; 92°35’W, Figure 4-1) is located on the western shores of 

Hudson Bay, and has a population of 407 (Statistics Canada, 2011). The average 

temperatures in Whale Cove range from a maximum and minimum of -24.7 ºC and -32.2 

ºC in January, and 12.9 ºC and 3.7 ºC in July (Environment Canada, 2013). The 

community sewage trucks collect wastewater from short-term holding tanks at individual 

residences and other serviced buildings, and wastewater is dumped into a 15,000 m
3
 

facultative lake located 0.7 km SW of the community (Yates et al., 2012). Based on the 

community’s water use, it is estimated that approximately 28 m
3
/day of wastewater is 

discharged into the facultative lake (made through creation of a berm). Before 

discharging into the Hudson Bay, the effluent continuously discharges into a tundra 
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wetland (Figure 4-2). The wetland length is approximately 860 m with a width ranging 

between 30 and 55 m, an area of approximately 36,550 m
2
 and a slope estimated at 

approximately 3% with steeper and lower elevation changes between the inlet and the 

outlet (Yates et al., 2012). 

 

Figure 4-2: Whale Cove tundra municipal wastewater treatment wetland (Yates, 2012) 

 

 The following example with the Whale Cove data set illustrates how SubWet 2.0 

can be calibrated to this tundra wetland. Table 4-1 compares the values simulated by 

SubWet to the values from the effluent after the wetland treatment observed in the field, 

and provides the percent deviation of concentration values before calibration. It is 

generally accepted that the standard deviation around sampling and analytical procedures  
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Table 4-1: Comparison of simulated and observed values before calibration for the Whale Cove, 

NU data set 

 

 

typically is between 10-12% and thus the standard deviation to be expected for 

comparisons between measured values and model simulated values can generally be 

expected to be in the range of 15 to 20%. In the following comparisons, we will try to 

target a percent deviation of concentration values below 5% by altering the input 

variables in the model (a sample calculation of the percent deviation of concentration 

values is presented for this data set in Appendix C). An examination of the values in 

Table 4-1 reveals that there is discrepancy between the simulated to the observed results 

for all parameters. The values indicate that SubWet may be overestimating the 

decomposition of organic matter (e.g., removal of BOD5) and the inverse phosphorus 

adsorption capacity and underestimating the rate of nitrification. This suggests that the 

coefficients for the decomposition of organic matter and for the inverse phosphorus 

adsorption capacity are too high and should be lowered, and that the coefficient for the 

rate of nitrification is too low and should be increased. 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 8.60 21 64 

Ammonium-N mg N/L 0.90 0 10 

Phosphorus mg P/L 1.46 0.1 34 
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 The magnitude by which these coefficients are altered was approached in a trial 

and error manner where one coefficient at a time is altered and the simulation re-run and 

the graphical expression of the simulated to observed values re-examined, such as 

described in Chapter 3. It has been determined that for this data set a change in 

decomposition rate of organic matter (OC) from 0.25 to 0.05, a change in the inverse 

phosphorus adsorption capacity (AF) from 0.36 to 0.2 and a change in the nitrification 

rate (NC) from 0.9 to 2.5 produces simulation values for BOD5 ammonium-N and total 

phosphorus that are much closer to the observed values (see the Glossary of symbols 

applied in SubWet 2.0 for a description of these coefficients). Table 4-2 shows the 

simulation results and the percent deviation of concentration values after calibration. 

 

Table 4-2: Simulation results after calibration for the Whale Cove, NU data set 

 

 

 The simulated parameters values are now closer to the observed values, and the 

percent deviations of concentration value all are below 5%. 

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 20.89 21 0.52 

Ammonium-N mg N/L 0.14 0 1.56 

Phosphorus mg P/L 0.23 0.10 3.25 
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Coral Harbour, NU data set 

 Coral Harbour, NU (64°08’N; 83°10’W, Figure 4-1), is located on Southampton 

Island, which is situated in the north of Hudson Bay, and has a population of 834 

(Statistics Canada, 2011) with an average growth rate of 1.75% over the past ten years 

(Yates et al., 2012). The average temperatures in Coral Harbour range from a maximum 

and minimum of -25.8 ºC and -34.1 ºC in January, and 13.9 ºC and 4.6 ºC in July 

(Environment Canada, 2013). The wastewater generated in Coral Harbour is domestic in 

nature, and is collected from individual dwellings and establishments with pump trucks 

and transported to the disposal site which is comprised of a single-cell lagoon located 

approximately 3 kilometers north of the community (Hayward et al., 2012). The effluent 

discharged from the lagoon continuously flows into a natural wetland (Figure 4-3) 

receiving with a 650 m flow path before entering a small shallow lake during the frost 

free period. The area of the wetlands is approximately 100,000 m
2
, and the wetland width 

ranges from 100 to 160 m, on very gradual slope (<1%). It is estimated that 95 m
3
/day of 

wastewater is discharged into the lagoon, and approximately the same flow is discharged 

into the wetland, (Yates et al., 2012).  

 Table 4-3 compares the values simulated by SubWet to the values from the 

effluent after the wetland treatment observed in the field, and provides the percent 

deviation of concentration values before calibration. An examination of the values in 

Table 4-3 reveals that for all parameters monitored there is discrepancy between the  
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Figure 4-3: Coral Harbour tundra municipal wastewater treatment wetland (Yates, 2012) 

 

Table 4-3: Comparison of simulated and observed values before calibration for the Coral 

Harbour, NU data set 

 

 

simulated and the observed results. The values indicate that SubWet may be 

overestimating the decomposition of organic matter (e.g., removal of BOD5) and the rate 

of nitrification (e.g., conversion of ammonium to nitrate), and underestimating the rate of 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 6.45 14 4.52 

Ammonium-N mg N/L 0.09 2.8 14.30 

Phosphorus mg P/L 0.43 0.8 7.90 
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ammonification and the inverse phosphorus adsorption capacity. This suggests that the 

coefficients for the decomposition of organic matter and nitrification rate are too high and 

should be lowered, and the coefficients for the ammonification rate and the inverse 

phosphorus adsorption capacity should be increased. 

 With a percent deviation of concentration value of 4.52 %, calibration of BOD5 

was not necessary, but was performed to demonstrate how close it is possible to get the 

simulated value to the observed value with the model. It has been determined that for this 

data set a change in OC from 0.25 to 0.17 and a change in NC from 0.9 to 0.1, a change 

in AC from 0.9 to 1.5, and a change in AF from 0.36 to 0.38 produces simulation values 

for BOD5, ammonium-N and TP that are much closer to the observed values. Table 4-4 

shows the simulation results and the percent deviation of concentration values after 

calibration. 

 

Table 4-4: Simulation results after calibration for the Coral Harbour, NU data set 

 

 

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 14.58 14 0.35 

Ammonium-N mg N/L 3.12 2.8 1.68  

Phosphorus mg P/L 1.04 0.8 0.20 
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 The simulated parameters values are now closer to the observed values, and the 

percent deviations of concentration value all are very low. The default values gave 

acceptable results that could be used for wetland design and predictive management 

needs; however, as shown, calibration can improve the model’s ability to produce 

simulated values that are very close to the observed values, and by extension, very close 

to the real values and therefore producing a model that is more realistic in its predictive 

capabilities. 

Arviat, NU data set 

 Arviat, NU (61°05’N; 94°00’W, Figure 4-1) is located on the northern shore of a 

peninsula on the west coast of Hudson Bay. The community has a total population of 

2,318 (Statistics Canada, 2011) and is the most southern in the Kivalliq Region (Yates et 

al., 2012). The mean high and mean low temperatures in July are respectively 13.1 °C 

and 4.5 °C; in January, the mean high and mean low temperatures are respectively -27.9 

°C and -35.0 °C (Environment Canada, 2013). Wastewater is collected by the 

community’s sewage trucks, which dump into a 55,000 m
3
 exfiltration lagoon, located 

2.8 km from the center of the community. Approximately 235 m
3
/day of wastewater is 

discharged into the lagoon; wastewater continuously exfiltrates from the lagoon berm and 

flows into the adjacent wetland (Yates et al., 2012). The actual loading rate of the 

wetland is not known. The wetland is approximately 480 m in length, 120-160 m in 

width, has an area of approximately 78,000 m
2
 with varying flow paths throughout, and a 
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slope of 1% (Yates et al., 2012). Figure 4-4 provides an overview of the Arviat, NU 

tundra wetland. 

 The data set from Arviat, NU is interesting in that the ammonium concentration of 

the effluent entering the wetland are much higher (11 mg/L) than normally encountered 

in municipal wastewater effluents (such as the Baker Lake case study presented in 

Chapter 3). As shown in Table 4-5, the simulated total phosphorus values are relatively 

close to the observed values for this parameter. However, the values for BOD5 and 

ammonium-N are not acceptable, but can be improved when SubWet is calibrated for this 

specific site. Table 4-5 summarizes the differences between the values from the effluent 

after the wetland treatment observed in the field and the simulated results and provides 

the percent deviation of concentration values before calibration. The values in Table 4-5 

indicate that SubWet may be overestimating the decomposition of organic matter (e.g., 

removal of BOD5), the rate of nitrification (e.g., conversion of ammonium to nitrate) and 

the rate of denitrification (for an explanation of the modification of the rates, see the 

Baker Lake data set under section 3.3.1 in Chapter 3). This suggests that the coefficients 

for the decomposition of organic matter, nitrification and denitrification rate are too high 

and should be lowered. In the Canadian Arctic, denitrification is all likelihood a 

combination of bacterial conversion and plant uptake. 
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Figure 4-4: Arviat tundra municipal wastewater treatment wetland (Yates, 2012) 

 

Table 4-5: Comparison of simulated and observed values before calibration for the Arviat, NU 

data set 

 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 0 16 18.40 

Ammonium-N mg N/L 6.42 11 7.40 

Phosphorus mg P/L 2.5 2.3 2.22 
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 It has been determined that for this data set a change in OC from 0.25 to 0.05, a 

change in NC from 0.9 to 0.6 and a change in the denitrification rate coefficient (DC) 

from 3.5 to 0.2 produces simulation values for BOD5 and ammonium-N that are much 

closer to the observed values. The unusually high ammonium present in the wastewater 

resulted in the need for the calibration of the denitrification rate constant. This type of 

wastewater typically forms high nitrate content in the anaerobic zone, which can induce 

higher denitrification under the proper conditions (mainly temperature and presence of 

sufficient organic carbon as substrate). In the case of the Arviat's system, the lagoon is 

massive and very anaerobic; treatment is minimal, and the wetland is undersized. Table 

4-6 shows the simulation results and the percent deviation of concentration values after 

calibration. 

 

Table 4-6: Simulation results after calibration for the Arviat, NU data set 

 

 

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 12.24 16 4.32 

Ammonium-N mg N/L 11.79 11 1.30  

Phosphorus mg P/L 2.5 2.3 2.22 
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 The Arviat, NU data set provides an example of one of the more challenging 

calibration exercises. Despite the unusually high strength of the waste stream, the 

calibration of SubWet demonstrated that this model can provide a reasonable 

approximation of treatment efficiencies. The calibration efforts significantly improved 

the BOD5 and ammonium-N values, and the percent deviations of concentration value are 

now well within the acceptable limit for the model. Furthermore, since this wetland has 

variable flow paths, the model is capable of accommodating these differences in tundra 

wetland operation, despite the variability in the wetland type and operation. 

Repulse Bay, NU data set 

 The community of Repulse Bay, NU (66°31’N; 86°14’W, Figure 4-1) is located 

on the northern shore of Repulse Bay, which is situated on the southern shore of the Rae 

Isthmus (Yates et al., 2012). The total population of this community is 945 (Statistics 

Canada, 2011). The mean high and low temperatures in July are respectively 15.7 °C and 

5.8 °C. In January, the mean high and low temperatures are -29.4 °C and -36.4 °C 

(Environment Canada, 2013). Wastewater is collected by the community’s sewage 

trucks, which dump 1 km from the community. No lagoon currently exists at the site; 

therefore, wastewater is discharged into a shallow natural depression, which then flows 

into the tundra wetland (Yates et al., 2012). Approximately 60 m
3
/day of wastewater is 

discharged into the wetland; the sewage is treated by passing through the tundra wetland 

along a flow path of 1,400 m in length before the effluent enters Hudson Bay (Figure 4-

5). The wetland is 50-90 m in width, has an area of approximately 95,000 m
2
 and a slope  
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Figure 4-5: Repulse Bay tundra municipal wastewater treatment wetland (Yates, 2012) 

 

of approximately 2% (Yates et al., 2012). 

 Table 4-7 compares the values simulated by SubWet to the values from the 

effluent after the wetland treatment observed in the field for Repulse Bay, NU, and 

provides the percent deviation of concentration values before calibration. An examination 

of the values in Table 4-7 reveals that for all parameters there is discrepancy between the 

simulated and the observed results. However, the percent deviations of concentration  
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Table 4-7: Comparison of simulated and observed values before calibration for the Repulse Bay, 

NU data set 

 

 

values are relatively low (all below 5%). Nevertheless, we can experiment with this 

example to see how closely the observed and simulated values can be matched. The 

values indicate that SubWet may be overestimating the decomposition of organic matter 

(e.g., removal of BOD5) and the rate of nitrification (e.g., conversion of ammonium to 

nitrate), and underestimating the inverse phosphorus adsorption capacity. This suggests 

that the coefficients for the decomposition of organic matter and nitrification rate are too 

high and should be lowered, and the coefficients for the inverse phosphorus adsorption 

capacity should be increased. 

 It has been determined that for this data set a change in OC from 0.25 to 0.15, a 

change in NC from 0.9 to 0.23 and a change in AF from 0.36 to 0.45 produces simulation 

values for BOD5, ammonium-N and TP that are much closer to the observed values. 

Table 4-6 shows the simulation results and the percent deviation of concentration values 

after calibration. 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 7.34 25 5 

Ammonium-N mg N/L 0.17 2.8 3.90 

Phosphorus mg P/L 1.07 1.4 4.23 
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Table 4-8: Simulation results after calibration for the Repulse Bay, NU data set 

 

 

 The simulated parameters values are now closer to the observed values, and the 

percent deviations of concentration value all are extremely low, and show that by 

improving the precision of the calibration, simulation is in turn improved. 

Paulatuk, NT data set 

 Paulatuk, NT (29°21’N; 124°04’ W, Figure 4-1) has a population of 313 

(Statistics Canada, 2011). The mean high and low temperatures in July are respectively 

13.3 °C and 4.9 °C. In January, the mean high and low temperatures are -21.2 °C and -

28.1 °C (Environment Canada, 2013). Municipal sewage is truck hauled from the 

community and directly deposited into Dead Lake, which now is a facultative lake, as 

opposed to a lagoon/pond (Balch et al., 2012). From Dead Lake, the discharge flows into 

the tundra wetland (Figure 4-6) at a rate of approximately 34 m
3
/d. The width of the

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 25.35 25 0.10 

Ammonium-N mg N/L 2.8 2.8 0.00  

Phosphorus mg P/L 1.31 1.4 1.15 
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Figure 4-6: Paulatuk tundra municipal wastewater treatment wetland (Balch et al., 2012) 

 

wetland between Dead Lake and the ocean varies between 40 and 80 m, extends to a 

distance of approximately 275 m from the outflow of Dead Lake to Darnley Bay of 

Amundsen Gulf in the Arctic Ocean, and has an area of approximately 15,125 m
2
 with a 

slope estimated at approximately 1% (Balch et al., 2012). 

 Table 4-9 compares the values simulated by SubWet to the values from the 

effluent after the wetland treatment observed in the field in Paulatuk, NT, and provides 

the percent deviation of concentration values before calibration. An examination of the 

values in Table 4-9 reveals that there is discrepancy between the simulated and the 

observed results for BOD5 and ammonium-N. The values indicate that SubWet may be 
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underestimating the decomposition of organic matter (e.g., removal of BOD5), the rate of 

nitrification (e.g., conversion of ammonium to nitrate), and the rate of ammonification. 

 

Table 4-9: Comparison of simulated and observed values before calibration for the Paulatuk, NT 

data set 

 

 

This suggests that the coefficient for the decomposition of organic matter, the 

nitrification rate and the coefficient for the ammonification rate are too low and should be 

increased. 

 It has been determined that for this data set a change in OC from 0.25 to 0.88, a 

change in NC from 0.9 to 2.5 and a change in AC from 0.9 to 2 produces simulation 

values for BOD5 and ammonium-N that are much closer to the observed values, and 

percent deviation concentration values which are reasonable. Table 4-10 shows the 

simulation results and the percent deviation of concentration values after calibration. 

 

 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 13.23 2 29.55 

Ammonium-N mg N/L 0.36 0.01 9.75 

Phosphorus mg P/L 0.03 0.04 0.41 
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Table 4-10: Simulation results after calibration for the Paulatuk, NT data set 

 

 

Pond Inlet, NU data set  

 Pond Inlet, NU (72°42’N; 77°59’W, Figure 4-1) is a community of 1,300 people 

(Statistics Canada, 2011) on Northern Baffin Island. The mean high and low temperatures 

in July are respectively 9.8 °C and 2.1 °C. In January, the mean high and low 

temperatures are -28.8 °C and -35.9 °C (Environment Canada, 2013). Wastewater 

generated within Pond Inlet is truck hauled to an engineered facultative lagoon; it is 

estimated that a total of approximately 27,200 m
3
 of wastewater is deposited to the 

sewage lagoon annually. Effluent from the lagoon is decanted annually in the fall to the 

tundra wetland (Figure 4-7) at an approximate flow rate of 104 m
3
/d (Balch et al., 2012). 

The wetland has a width of approximately 70 m, a length of approximately 1,400 m from 

the outflow of the lagoon to Baffin Bay on the Arctic Ocean, and has an area of 

approximately 98,000 m
2
 with a slope estimated at approximately 3%. This wetland is 

best described as a steep bluff composed of a series of small plateaus maintaining an

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 1.9 2 0.26 

Ammonium-N mg N/L 0.08 0.01 2.20  

Phosphorus mg P/L 0.03 0.04 0.41 
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Figure 4-7: Pond Inlet tundra municipal wastewater treatment wetland (Balch et al., 2012) 

 

upland tundra ecosystem (Balch et al., 2012). 

 Table 4-11 compares the values simulated by SubWet to the values from the 

effluent after the wetland treatment observed in the field at Pond Inlet, NU and provides 

the percent deviation of concentration values before calibration. An examination of the 

values in Table 4-11 reveals that there is discrepancy between the simulated and the 

observed results for BOD5, ammonium-N and total phosphorus. As with Repulse Bay, 

NU, the percent deviations of concentration values for these parameters are relatively low 

(below 5%). Nevertheless, we will also experiment with this example to see how closely  
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Table 4-11: Comparison of simulated and observed values before calibration for the Pond Inlet, 

NU data set 

 

 

the observed and simulated values can be matched through calibration. The values 

indicate that SubWet may be overestimating the decomposition of organic matter (e.g., 

removal of BOD5), and the rate of nitrification (e.g., conversion of ammonium to nitrate), 

and underestimating the inverse phosphorus adsorption capacity. This suggests that the 

coefficients for the decomposition of organic matter and nitrification rate are too high and 

should be lowered, and that the coefficient for the inverse phosphorus adsorption capacity 

should be increased. 

 It has been determined that for this data set a change in OC from 0.25 to 0.15, a 

change in NC from 0.9 to 0.23 and a change in AF from 0.36 to 0.45 produces simulation 

values for BOD5, ammonium-N and total phosphorus that are much closer to the 

observed values. Table 4-12 shows the simulation results and the percent deviation of 

concentration values after calibration, which are now extremely low and therefore quite 

acceptable. 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 7.34 25 4.90 

Ammonium-N mg N/L 0.17 2.8 3.90 

Phosphorus mg P/L 1.07 1.4 4.23 
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Table 4-12: Simulation results after calibration for the Pond Inlet, NU data set 

 

 

Edzo, NT data set

 Edzo, NT (62°48’09”N; 116°02’47”W, Figure 4-1) is located on the northwest 

shore of Great Slave Lake. The total population of this community is 320 (Statistics 

Canada, 2011). There are no climate data gathered by Environment Canada for Edzo; the 

closest community where weather data are available is Yellowknife, NT, which is 87 km 

southeast of Edzo, and has a mean high and low temperatures in July of respectively 21.1 

°C and 12.4 °C. In January, the mean high and low temperatures are - 22.7 °C and - 30.9 

°C (Environment Canada, 2013).Wastewater generated by the hamlet of Edzo is truck 

hauled and discharged to three engineered lagoons; each lagoon continuously discharges 

to a spillway consisting of an 80 m channel which ends in four 20 m long dredged ditches 

(fingers) operating in parallel (Balch et al., 2012) (Figure 4-8). Each of these ditches 

(fingers) is situated within a mixed boreal forest which consists primarily of Black 

Spruce (Picea mariana) and Paper Birch (Betula papyrifera). The boreal forest gradually 

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 25.35 25 0.10 

Ammonium-N mg N/L 2.79 2.8 0.01  

Phosphorus mg P/L 1.31 1.4 1.15 
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transitions to a wet meadow followed by shrub / reed wetlands of estuary wetlands of 

Great Slave Lake (Balch et al., 2012). The effluent flowing through the boreal portion of 

the wetland complex follows two preferential flow paths, but become much more diffuse 

once it enters the wet meadow. The wetland ultimately discharges into a large open water 

marsh (Figure 4-9), separated from Great Slave Lake by a vegetated sand bar. The 

approximate flow rate entering the wetland is 325 m
3
/d. The wetland has a width of 

approximately 70 m, a length of approximately 300 m from the end of the spillway to 

Great Slave Lake, and has an area of approximately 21,300 m
2
 with a slope estimated at 

approximately 1% (Balch et al., 2012). 

 Table 4-13 compares the values simulated by SubWet to the values from the 

effluent after the wetland treatment observed in the field in Edzo, NT, and provides the 

percent deviation of concentration values before calibration. An examination of the 

values in Table 4-13 reveals that for all parameters there is discrepancy between the 

simulated and the observed results. The values indicate that SubWet may be 

underestimating the rate of nitrification (e.g., conversion of ammonium to nitrate) and the 

inverse phosphorus adsorption capacity and either overestimating or underestimating the 

rate of denitrification. This suggests that the coefficients for the nitrification and the 

inverse phosphorus adsorption capacity are too low and should be increased, and that the 

denitrification rate is too high or too low and should be modified. 
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Figure 4-8: Effluent flowing to wetland from one of the engineered pathway “fingers” (Balch et 

al., 2012) 

 

Figure 4-9: Effluent discharging into a large open water marsh (Balch et al., 2012) 
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Table 4-13: Comparison of simulated and observed values before calibration for the Edzo, NT 

data set 

 

 

The value for the decomposition of organic matter (e.g., removal of BOD5) suggests that 

the model overestimated the coefficient for the decomposition of organic matter. Through 

calibration of the other parameters, it has been determined that no calibration of this 

specific coefficient was necessary; calibration of the other parameters was sufficient to 

improve the discrepancy between the simulated and observed values for BOD5. 

 It has been determined that for this data set a change in NC from 0.9 to 2.5, a 

change in DC from 3.5 to 0.1, and a change in AF from 0.36 to 0.55 produces simulation 

values for BOD5, ammonium-N and TP that are much closer to the observed values. 

Table 4-14 shows the simulation results and the percent deviation of concentration values 

after calibration. 

 

 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 0 2 8.30 

Ammonium-N mg N/L 2.67 0.31 15 

Phosphorus mg P/L 0.08 0.16 9.20 
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Table 4-14: Simulation results after calibration for the Edzo, NT data set 

 

 

 The calibration efforts significantly improved the parameters values, and the 

percent deviations of concentration values are now within the acceptable limit for the 

modeling for these parameters.  

Fort Providence, NT data set 

 Fort Providence, NT (61°21’N; 117°39’W, Figure 4-1) is a community of 

approximately 734 people (Statistics Canada, 2011) and is located on the McKenzie 

River at the west end of Great Slave Lake (Balch et al., 2012). The mean high and low 

temperatures in July are respectively 23 °C and 9 °C. In January, the mean high and low 

temperatures are -21 °C and -31 °C (Environment Canada, 2013). The community has a 

municipal serviced sewer system, which pumps to a three celled lagoon system. The 

lagoon system is decanted every fall (September-October) into an adjacent wetland 

complex (Figure 4-10), which eventually drains into the Mackenzie River  

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 2.41 2 1.71 

Ammonium-N mg N/L 0.41 0.31 0.63  

Phosphorus mg P/L 0.16 0.16 0 
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Figure 4-10: Fort Providence wetland complex (Balch et al., 2012) 

 

(Balch et al., 2012). The wetland (discharge area) is approximately 160 m in length and 

55 to 80 m in width with an approximate area of 8,755 m
2
 which was identified by 

observing where standing water was located during the decant period. The approximate 

flow rate entering the wetland is 76 m
3
/d, and the slope estimated at approximately 1%. 

Effluent draining from the discharge area eventually flows into a larger wetland complex, 

which is made up of a series of ponds containing large stands of cattails (Typha spp.) 

(Balch et al., 2012). 

 Table 4-15 compares the values simulated by SubWet to the values from the 

effluent after the wetland treatment observed in the field for Fort Providence, NT, and  
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Table 4-15: Comparison of simulated and observed values before calibration for the Fort 

Providence, NT data set 

 

 

provides the percent deviation of concentration values before calibration. An examination 

of the values in Table 4-15 reveals that for all parameters there is discrepancy between 

the simulated and the observed results. The values indicate that SubWet may be 

overestimating the decomposition of organic matter (e.g., removal of BOD5), and the rate 

of nitrification (e.g., conversion of ammonium to nitrate), and underestimating the 

inverse phosphorus adsorption capacity. This suggests that the coefficients for the 

decomposition of organic matter and nitrification rate are too high and should be lowered, 

and the coefficient for the inverse phosphorus adsorption capacity should be increased. 

 It has been determined that for this data set a change in OC from 0.25 to 0.2, a 

change in NC from 0.9 to 0.1, and a change in AF from 0.36 to 2.5 produces simulation 

values for BOD5, ammonium-N and total phosphorus that are much closer to the 

observed values. Table 4-16 shows the simulation results and the percent deviation of 

concentration values after calibration. 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 9.77 32 79.39 

Ammonium-N mg N/L 5.28 18.5 56.73 

Phosphorus mg P/L 5.10 8.94 56.25 
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Table 4-16: Simulation results after calibration for the Fort Providence, NT data set 

 

 The simulated parameters values are now closer to the observed values; however, 

in this case BOD and ammonium-N are not within the 5% range targeted, especially 

ammonium-N. Considering the unusually high ammonium-N content in the wastewater, 

this is the best percent deviation concentration value that could be obtained with the 

model for both cases. Furthermore, these values are still within the acceptable 15% of the 

modeling standards. 

Gjoa Haven, NU data set 

 Gjoa Haven, NU (61°05’N; 94°00’W, Figure 4-1) is located on King William 

Island just north of the Arctic Circle, in the Kitikmeot Region of Nunavut (Balch et al., 

2012). The community has a population of approximately 1,279 (Statistic Canada, 2011). 

The mean high and low temperatures in July are respectively 14.5 °C and 4.6 °C. In 

January, the mean high and low temperatures are -29.5 °C and -38.1 °C (Environment 

Canada, 2013). Municipal effluent is truck hauled to an engineered lagoon, and the 

lagoon continuously discharges into the adjacent wetland (Figure 4-11) by permeating  

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 33.79 32 6.40 

Ammonium-N mg N/L 19.23 18.5 9.73  

Phosphorus mg P/L 8.88 8.94 2.80 
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Figure 4-11: Gjoa Haven tundra municipal wastewater treatment wetland (Balch et al., 2012) 

 

through the berm walls of the lagoon (Balch et al., 2012). The wetland area is 

characterized by a preferential flow path of wastewater which continuously flows from 

the lagoon berm. The wetland length between the berm and the ocean is estimated to be 

approximately 700 m long with a width between 150 and 220 m. The total wetland area 

was estimated to be 200,000 m
2
, with an approximate flow rate entering the wetland of 

356 m
3
/d, and a slope estimated at approximately 1% (Balch et al., 2012). 

 Table 4-17 compares the values simulated by SubWet to the values from the 

effluent after the wetland treatment observed in the field for Gjoa Haven, NU, and 

provides the percent deviation of concentration values before calibration. An examination  
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Table 4-17: Comparison of simulated and observed values before calibration for the Gjoa Haven, 

NU data set 

 

 

of the values in Table 4-17 reveals that there is discrepancy between the simulated and 

the observed results for total phosphorus. The values indicate that SubWet may be 

overestimating the inverse phosphorus adsorption capacity. This suggests that the 

coefficient for the inverse phosphorus adsorption capacity is too high and should be 

lowered. 

 With a percent deviation of concentration value of 3.31% for ammonium-N, 

calibration was not necessary, but was performed to demonstrate how close it is possible 

to get the simulated value to the observed value with the model. It has been determined 

that for this data set a change in AF from 0.36 to 0.3 and a change in NC from 0.9 to 2.5 

produces simulation values for total phosphorus and ammonium-N that are closer to the 

observed values. Table 4-18 shows the simulation results and the percent deviation of 

concentration values after calibration. 

 

 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 9.60 7 1.82 

Ammonium-N mg N/L 1.79 0.12 3.31 

Phosphorus mg P/L 1.31 0.78 12 
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Table 4-18: Simulation results after calibration for the Gjoa Haven, NU data set 

 

 

 The simulated parameters values are now closer to the observed values, and the 

percent deviations of concentration value are well within acceptable limits for the model. 

Ulukhaktok, NT data set  

 Ulukhaktok, NT (70°44’N; 117° 45’ W, Figure 4-1) is located on Victoria Island, 

in the Inuvialuit Region of the Northwest Territories (Balch et al., 2012), and has 

approximately 400 residents (Statistic Canada, 2011). The average temperatures in 

Ulukhaktok range from a maximum and minimum of -24.7 ºC and -32.3 ºC in January, 

and 13 ºC and 5.3 ºC in July (Environment Canada, 2013). The community makes use of 

a single-celled lagoon, and it is estimated that the community generates approximately 

14,800 m
3
 of wastewater per year (Balch et al., 2012). The lagoon effluent continuously 

permeates through the berm wall into the adjacent wetland complex (Figure 4-12). The 

wetland is approximately 72,000 m
2
 in size with an estimated length of 480 m and a 

width of 120 m, a slope estimated at approximately 1%, and an approximate flow 

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 9.60 7 1.82 

Ammonium-N mg N/L 0.16 0.12 0.08 

Phosphorus mg P/L 0.55 0.78 5.20 
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Figure 4-12: Ulukhaktok tundra municipal wastewater treatment wetland complex (Balch et al., 

2012) 

 

rate entering the wetland of 121 m
3
/d (Balch et al., 2012). 

 Table 4-19 compares the values simulated by SubWet to the values from the 

effluent after the wetland treatment observed in the field for Ulukhaktok, NT, and 

provides the percent deviation of concentration values before calibration. An examination 

of the values in Table 4-19 reveals that for all parameters there is discrepancy between 

the simulated and the observed results. The values indicate that SubWet may be 

underestimating the decomposition rate of organic matter, the rate of nitrification (e.g., 

conversion of ammonium to nitrate), and the rate of ammonification and overestimating 

the inverse phosphorus adsorption capacity. This suggests that the coefficients for the 
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Table 4-19: Comparison of simulated and observed values before calibration for the Ulukhaktok, 

NT data set 

 

 

decomposition rate of organic matter, nitrification rate and ammonification are too low 

and should be increased, and the coefficients for the inverse phosphorus adsorption 

capacity should be decreased. 

 It has been determined that for this data set that a change in OC from 0.25 to 0.31, 

NC from 0.9 to 2.5, a change in AC from 0.9 to 1.5, and a change in AF from 0.36 to 

0.24 produces simulation values for BOD5, ammonium-N and total phosphorus that are 

much closer to the observed values. Table 4-20 shows the simulation results and the 

percent deviation of concentration values after calibration. 

 With a percent deviation of concentration value of 4.50 %, calibration of BOD5 

was not necessary, but was performed to demonstrate how close it is possible to get the 

simulated value to the observed value with the model. The simulated parameters values  

 

 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 8.03 5 4.50 

Ammonium-N mg N/L 1.09 0.09 16 

Phosphorus mg P/L 1.47 0.2 10.50 
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Table 4-20: Simulation results after calibration for the Ulukhaktok, NT data set 

 

 

are now closer to the observed values, and the percent deviations of concentration value 

all are within acceptable limits for the model. 

Taloyoak, NU data set  

 Taloyoak, NU, (69°32’N; 93°31’W, Figure 4-1) formerly known as Spence Bay, 

is located on the west coast of the Boothia Peninsula in the Kitikmeot Region of Nunavut 

(Balch et al., 2012), and has a population of approximately 900 people (Statistics Canada, 

2011). The average temperatures in Taloyoak range from a maximum and minimum of -

32.3 ºC and -38.7 ºC in January, and 14.6 ºC and 4.3 ºC in July (Environment Canada, 

2013). Wastewater is collected by truck and then discharged into a lagoon (Figure 4-13). 

The lagoon continually flows into the upper portion of the wetland (Figure 4-14) and 

from there the wastewater follows a varied flow path down a gentle slope that culminates 

in a small stream channel which discharges into Spence Bay (Arctic Ocean) (Balch et al., 

2012). The wetland is approximately 62,400 m
2
 in size with an estimated length of 480 m 

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 5.03 5 1.14 

Ammonium-N mg N/L 0.12 0.09 0.31 

Phosphorus mg P/L 0.19 0.2 0.12 
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Figure 4-13: View of lagoon effluent entering wetland (Balch et al., 2012) 

 

 

Figure 4-14: Taloyoak wetland upstream view (Balch et al., 2012) 
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and a width of 130 m, a slope estimated at approximately 1%, and an approximate flow 

rate entering the wetland of 257 m
3
/d (Balch et al., 2012). 

 Table 4-21 compares the values simulated by SubWet to the values from the 

effluent after the wetland treatment observed in the field for Taloyoak, NU, and provides 

the percent deviation of concentration values before calibration. An examination of the 

values in Table 4-21 reveals there is discrepancy between the simulated and the observed 

results for BOD5 and phosphorus. The values indicate that SubWet may be 

overestimating the decomposition of organic matter (e.g., removal of BOD5) and 

underestimating the inverse phosphorus adsorption capacity. This suggests that the 

coefficients for the decomposition of organic matter is too high and should be lowered, 

and that the coefficient for the inverse phosphorus adsorption capacity is too low and 

should be increased. 

Table 4-21: Comparison of simulated and observed values before calibration for the Taloyoak, 

NU data set 

 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 16.68 25 15.13 

Ammonium-N mg N/L 0.21 0.13 1.80 

Phosphorus mg P/L 0.00 0.32 8.94 

Nitrate mg N/L 0.03 0.02 0.89 
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 With a percent deviation of concentration value of 1.80 %, calibration of 

ammonium-N was not necessary, but was again performed to demonstrate how close it is 

possible to get the simulated value to the observed value with the model. It has been 

determined that for this data set a change in OC from 0.25 to 0.17, a change in AF from 

0.36 to 0.83 and a change in NC from 0.9 to 1.2 produces simulation values that are much 

closer to the observed values. Table 4-22 shows the simulation results and the percent 

deviation of concentration values after calibration. The simulated parameters values are 

now closer to the observed values, and the percent deviations of concentration value all 

are within acceptable limits for the model. 

 

Table 4-22: Simulation results after calibration for the Taloyoak, NU data set 

 

 

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 25.41 25 0.75 

Ammonium-N mg N/L 0.13 0.13 0 

Phosphorus mg P/L 0.32 0.32 0 

Nitrate mg N/L 0.03 0.02 0.89 
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CFS Alert, NU data set  

 Alert, NU (82°30’1”N; 62°20’37”W, Figure 4-1) is a weather/military station 

located on the northeastern tip of Ellesmere Island in Nunavut, with an approximate 

population of 100 (Balch et al., 2012). The average temperatures in Alert range from a 

maximum and minimum of -28.8 ºC and -35.9 ºC in January, and 5.9 ºC and 0.7 ºC in 

July (Environment Canada, 2013). The base continually discharges wastewater through a 

distribution pipe, and the water continuously flows throughout the distribution network to 

prevent freezing (Figure 4-15). Therefore, the sewage exiting the distribution is not pre-

treated other than through dilution from the continued flow of clean water to ensure that 

the pipe does not freeze (Balch et al., 2012). In the summer of 2010, a new treatment 

facility was constructed to replace the original outflow that was located in a different 

section of the military station. The new facility contained a series of berms to re-direct 

and slow flows down the hill slope to the ocean; the berms along with the slowing of 

flow allow a wetland to establish. The wetland in Alert is approximately 1,120 m
2
 in size 

with an estimated length of 280 m and a width of 4 m, a slope estimated at approximately 

1%, and an approximate flow rate entering the wetland of 538 m
3
/d (Balch et al., 2012). 

 Table 4-23 compares the values simulated by SubWet to the values from the 

effluent after the wetland treatment observed in the field for CFS Alert, NU, and provides 

the percent deviation of concentration values before calibration. An examination of the 

values in Table 4-23 reveals that for both parameters there is discrepancy between the 
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Figure 4-15: CFS Alert distribution pipe and municipal wastewater treatment wetland (Balch et 

al., 2012) 

 

simulated and the observed results. The values indicate that SubWet may be 

underestimating the decomposition of organic matter (e.g., removal of BOD5) and the 

rate of nitrification (e.g., conversion of ammonium to nitrate), and either overestimating 

or underestimating the rate of ammonification. This suggests that the coefficients for the 
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Table 4-23: Comparison of simulated and observed values before calibration for the CFS Alert, 

NU data set 

 

 

decomposition of organic matter and nitrification rate are too low and should be 

increased, and the coefficient for the ammonification rate should be decreased. 

 It has been determined that for this data set a change in OC from 0.25 to 1.7, a 

change in NC from 0.9 to 2.1, and a change in AC from 0.9 to 0.5 produces simulation 

values that are much closer to the observed values. Table 4-24 shows the simulation 

results and the percent deviation of concentration values after calibration. 

 

Table 4-24: Simulation results after calibration for the CFS Alert, NU data set 

 

 Unit Simulation 

Results 

Observed 

Values 

% deviation of 

concentration 

values  

 

BOD5 mg O2/L 80.22 14 62.47 

Ammonium-N mg N/L 0.94 0.32 23.13 

 Unit Simulation 

Results 

 

Observed 

Values 

% deviation of 

concentration 

values 

BOD5 mg O2/L 13.77 14 0.22 

Ammonium-N mg N/L 0.34 0.32 0.75  
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 The simulated parameters values are now closer to the observed values, and the 

percent deviations of concentration value all are within acceptable limits for the model. 

4.4 Summary of the coefficient changes 

 Calibration of coefficients for systems subject to the same climatic conditions 

should result in coefficients that will work across all the same sites. In this chapter, it 

must be kept in mind that even if the percent deviation of concentration values before 

calibration for most system were below the 15% acceptable by modeling standard, a 

percent deviation of concentration values below 5% was targeted, which explains the 

alteration of some of the input variables in the model (Table 4-25). This was done to 

experiment how closely the observed and simulated values can be matched with the 

model. 

 The analysis of the various simulations with SubWet 2.0 indicates that the tundra 

treatment wetland in Fort Providence has distinctly the poorest percent deviation of 

concentration values before calibration of all sites. Interestingly the effluent transfer from 

the pre-treatment lagoons to the wetlands was through decanting whereas this transfer for 

other sites (excluding Alert and Pond Inlet) was through continuous flow throughout the 

frost free season. The impact to treatment process caused by a sudden discharge related to 

a decant event or spring freshet is unknown. It is anticipated that higher flow volumes can 

decrease HRTs and increase organic loading to the point that the treatment system is 

overwhelmed and treatment efficiency decreases (Balch et al., 2012). Decanting
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Table 4-25: Summary of the coefficient changes for the 12 tundra treatment wetlands from the 

Canadian Arctic presented in Chapter 4 
 

12 Tundra Treatment 

Wetlands from the 

Canadian Arctic 

Coefficient changes Coefficient range and 

default coefficient values 

used in calibration 

Range of coefficient 

changes 

 

Whale Cove, NU 

 

 

OC: 0.05 

AF: 0.2 

 

 

 

 

 

 

 

 

 

     AC: 0.05- 2.0 

     0.9 (1/24h) 

 

     NC: 0.1- 2.5 

     0.9 (1/24h) 

 

     OC: 0.05- 2.0 

     0.25 (1/24h) 

 

     DC: 0.00-5 

     3.5 (1/24h) 

 

     AF: 0-100 

     0.36 

 

 

 

 

 

 

 

 

 

     AC: 0.5- 2.0 

      

 

     NC: 0.1- 2.5 

 

      

     OC: 0.05- 1.7 

 

      

     DC: 0.1-0.2 

 

      

     AF: 0.2-2.5 

      

 

Coral Harbour, NU 

 

 

OC: 0.17 

AF: 0.38 

NC: 0.1 

AC: 1.5 

 

Arviat, NU 

 

 

OC: 0.05 

NC: 0.6 

DC: 0.2 

 

Repulse Bay, NU 

 

 

OC: 0.15 

AF: 0.45 

NC: 0.23 

 

Paulatuk, NT 

 

 

OC: 0.88 

NC: 2.5 

AC: 2 

 

Pond Inlet, NU 

 

 

OC: 0.15 

NC: 0.23 

 

Edzo, NT 

 

 

AF: 0.55 

NC: 2.5 

DC: 0.1 

 

Fort Providence, NT 

 

 

OC: 0.2 

AF: 2.5 

NC: 0.1 

 

Gjoa Haven, NU 

 

AF: 0.3 

 

Ulukhaktok, NT 

 

 

OC: 0.31 

AF: 0.34 

NC: 2.5 

AC: 1.5 

 

Taloyoak, NU 

 

 

OC: 0.17 

NC: 1.2 

 

CFS Alert, NU 

 

 

OC: 1.7 

NC: 2.1 

AC: 0.5 
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of lagoons is also typically done at the end of the frost free period; therefore wetlands 

have less time to assimilate the nutrients and other pollutants. This could have an effect 

on the model simulations and could be other reasons why there is discrepancy between 

observed and simulated values. 

 The system at CFS Alert also shows poor percent deviation of concentration 

values before calibration. At this location, garburatored food waste and sewage is directly 

discharged to the wetland at the highest flow rates and in the smallest wetland of all sites. 

For these reasons this system is not expected to provide accurate simulations without 

calibration of the model. The percent deviation of concentration values before calibration 

from the tundra treatment wetland in Whale Cove, NU and Paulatuk, NT are also poor. 

These two sites are the only locations where pre-treatment of the wastewater is through a 

facultative lake, and it is unknown if this can have an influence on the accuracy of the 

simulations before calibration. 

 Nonetheless some commonalities were found among the different systems; some 

systems can be classified as more ideal, meaning that they are more homogeneous, that 

they have a continuous regular flow, and that they are simpler in characteristics such as in 

Coral Harbour, NU, Pond Inlet, NU, Gjoa Haven, NU, Ulukhaktok, NT, Taloyoak, NU 

which all show a percent deviation of concentration values before calibration around the 

15% acceptable by modeling standard. All these wetlands except Pond Inlet are relatively 

flat, allowing a slow progression of effluent over the length of the wetland. Due to the 

complexity of the setting of the tundra treatment wetland located in Edzo, NT, it would 
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be expected that the model would not provide accurate simulation without calibration. 

However, this was not the case; the percent deviation of concentration values before 

calibration of the model for this wetland is also around the 15% acceptable by modeling 

standard.  

 The main challenges in modeling tundra treatment wetlands in the far north is that 

they are extremely heterogeneous (patchy systems, with both preferential flow and dead 

zones), have fast and slow retention times and good and poor conductivity. Furthermore, 

there is the problem of measuring these variables and parameters. In some cases hidden 

dilution from groundwater might be a problem. However, permafrost stops that in nearly 

all cases, and therefore only surface water which is easily seen is the only source of 

dilution. These systems are very one of a kind and the measurements of some of the key 

inputs were not always very accurate; this could have a substantial effect on the model 

simulations and could be other reasons why there is discrepancy between observed and 

simulated values. 

 SubWet 2.0 was created with coefficients for the removal of certain components 

(like NO3 or PO4); mechanisms were grouped together and called what is believed to be 

the dominant mechanism. However, it is felt that the model terminology does not 

adequately explain the mechanisms (e.g. denitrification would be more appropriately 

called NO3 removal as denitrificaton implies it is bacterially mediated) and that SubWet 

2.0 should therefore have subcomponents. 
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4.4.1 Best fit to the model 

 The percent deviations of concentration values before calibration for the 

simulation of the tundra treatment wetland from the community of Repulse Bay, NU was 

below 5% for all parameters, which is excellent in terms of fit to the model. Repulse Bay 

is one of the only systems presented in this chapter where no lagoon currently exists at 

the site: wastewater is discharged into a shallow natural depression, which then flows into 

the tundra wetland. According to the fit to the model and the setting of the tundra 

treatment wetland, this system could be qualified as ideal and could therefore potentially 

serve as a template system in the far north. 

4.5 Summary and Conclusions 

 The difficulty of regulating Arctic treatment systems has been briefly discussed in 

this chapter in terms of logistical constraints imposed upon managing and regulating 

natural treatment wetlands in the Arctic. A variety of approaches can currently be applied 

to predict the performance of constructed wetlands, and a few numerical models are 

available and able to describe treatment processes in horizontal subsurface flow treatment 

wetlands. However, these become particularly problematic when attempts are made to 

apply these models to natural wetlands: these are by nature open and diffuse systems, 

often with poorly defined boundaries, flow patterns and permeable borders (Kadlec and 

Wallace, 2009). These conditions present challenges for wastewater regulators who 

require well defined points of control. The best approaches are likely those that 

incorporate site specific performance data into the model as an attempt to calibrate the 
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model to the unique characteristics of individual wetland, particularly those described 

here in Arctic environments. In this chapter, this approach was used with SubWet. 

 Further calibration of SubWet with twelve northern municipal treatment wetlands 

in the Canadian Arctic has clearly demonstrated its ability to model treatment 

performance within natural tundra wetlands and thus provide an additional predictive tool 

to aid northern stakeholders in the treatment of municipal effluents. The decanting 

systems presented, where the flow rate is only flowing during decanting, shows the 

robustness and wide applicability of SubWet. Similarly to the Baker Lake case study 

presented in Chapter 3, the system in Arviat has shown that despite the unusually high 

strength of the waste streams at this location, the calibration of SubWet has proven that 

this model can provide a reasonable approximation of treatment efficiencies. Overall, the 

default values gave acceptable results that could be used for wetland design and 

predictive management needs; however, as demonstrated, calibration can improve the 

model’s ability to produce simulated values that are very close to the observed values and 

which are thus more realistic. 

 Nevertheless, it is anticipated that increased monitoring and the generation of 

additional measured data would better identify the level of year to year variability and 

improve the overall predictive capability of the model. A better understanding of spring 

freshet, when subsurface soils are still frozen and the wastewater that has accumulated 

over the winter time on top of the wetland surface begins to melt, would provide insight 

into the effects of dilution from spring meltwater, where dilution from meltwater may 
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alleviate concentration based effects. Furthermore, this would provide an understanding 

of early season variability where wetlands may be overwhelmed by high organic loadings 

and where they have the capacity to assimilate high spring time loadings. Also generally 

lacking for most wetland sites is information regarding subsurface and surface flows. The 

volume of waste conveyed to the site provides an estimation of the volume of wastewater 

entering the wetland, but determining the flow volumes exfiltrating from the lagoon berm 

as well as determining how much of this flow travels overland and what portion travels 

subsurface is difficult. 

 Likewise determining the volume of new water entering the wetland either via 

surface or subsurface flow and how this might influence wastewater strength through 

dilution is challenging. Identifying this information could significantly help in predicting 

how the wetland would perform under different organic loading regimes and in result 

interpretations. To minimize variability between actual and modeled results, larger and 

more robust data sets, analysis of different systems, the improvements of the model by 

using subcomponents and the ability to do easy sensitivity analysis or parametric analysis 

on the coefficients are recommended. Ultimately, more research is required to determine 

ideal rate coefficients for Arctic environments, as well as other variables, such as plant 

transpiration, evaporation and nutrient uptake by plants. Despite all these needs, it is felt 

that a valuable contribution was made to this field through the application of SubWet 

with site specific calibration data.  
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Chapter 5 

Conclusion and Recommendations for Further Work 

 This master’s thesis investigated the application of constructed wetlands in cold 

climate regions and the modeling applications in the Canadian Arctic using SubWet 2.0. 

The results presented in Chapter 2 showed that comparing constructed wetlands can be 

difficult and at times misleading; they are custom built systems that deal with specific 

targeted wastewater at specific locations and differ not only in physical shape and 

dimension, but in vegetation cover, hydraulic retention time and pollutant loading rates. 

As observed in the different tables presented in Chapter 2, treatment efficiencies defined 

by the Canadian and Northern China experience vary considerably. Experience in both 

countries showed that the majority of effluent values are generally better than that 

required by discharge standards in Canada and China, and that plants can play an 

important role in CW systems and make a significant difference in treatment efficiency. 

The available case studies in Canada and Northern China indicated that this technology is 

feasible in both of these countries, although further monitoring data are needed to 

optimize wetland design and ensure that the effluent quality standards are consistently 

met. 

 The preliminary calibration of SubWet 2.0 in Chapter 3 with three data sets 

illustrated how the SubWet 2.0 model can be calibrated to specific wetlands. The 

example with the Chesterfield Inlet data set has showed how SubWet 2.0 can be used to 

predict treatment performance anticipated from alterations to the size of the treatment 
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area. The data set from Baker Lake illustrated that it is generally advisable to assess the 

success of the calibration effort by monitoring the rate of denitrification, nitrification and 

ammonification rather than the concentrations of individual wastewater parameters. 

Despite the unusually high strength of the wastewater in Baker Lake, the calibration of 

SubWet has proven that this model can provide a reasonable approximation of treatment 

efficiencies. 

 The warm climate constructed wetland in Iringa provided an insight into the 

flexibility of the SubWet program by demonstrating how a temporary change in influent 

strength influences the overall performance and how quickly the treatment processes 

within the wetland can be expected to respond. In this example, a better agreement was 

achieved between the simulated and observed values than for either of the previous 

natural wetland examples prior to model calibration; the Iringa wetland is a constructed 

wetland were parameters are better known and less variable than found in natural tundra 

wetlands. Compared to other models, it was suggested that SubWet provides one of the 

best modeling options available for natural tundra wetlands.  

 In Chapter 4, further calibration of SubWet with twelve northern municipal 

treatment wetlands in the Canadian Arctic clearly demonstrated its ability to model 

treatment performance within natural tundra wetlands and thus provide an additional 

predictive tool to aid northern stakeholders in the treatment of municipal effluents. 

Similarly to Baker Lake, the data set from the treatment tundra wetland in Arviat has 

shown that despite the unusually high strength of the waste stream at this location, the 
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calibration of SubWet can provide a reasonable approximation of treatment efficiencies. 

Overall, the default values gave acceptable results that could be used for wetland design 

and predictive management needs; however, calibration can improve model’s ability to 

produce simulated values that are generally very close to the observed values. A better 

understanding of spring freshet and more information regarding subsurface and surface 

flow would better identify the level of year to year variability. Furthermore, in order to 

determine ideal rate coefficients for Arctic environments, as well as other variables, such 

as plant transpiration, evaporation and nutrient uptake by plants, more research would be 

necessary. Finally, to minimize variability between actual and modeled results, more 

sampling, larger and more robust data sets, analysis of different systems, the 

improvements of the model by using subcomponents and the ability to do easy sensitivity 

analysis or parametric analysis on the coefficients are recommended. 

 As freshwater resources are becoming an increasingly scarce commodity, 

treatment and reuse of polluted water are becoming tremendously important. Treatment 

wetlands are one of several technologies that can contribute to the overall effort of 

making the most of our available freshwater resources. This research marks a 

contribution to the growing body of knowledge in treatment wetland and ecological 

modeling to aid in the treatment of wastewater, and it is hoped that the work presented 

here will serve as a springboard for further research in this field. 
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Appendix A: Baker Lake, NU natural tundra wetland: a case study step-by-step to 

illustrate how SubWet 2.0 can be applied 

 

The use of the software will in this case study illustrate: 

A) The results that can be obtained with the default parameter values and a selected 

wetland area and volume. As the wastewater is more concentrated than the 

average municipal wastewater, the results obtained are not acceptable. Further 

reductions of most of the values are required.  

B) To illustrate how the model can be calibrated to provide a better accordance 

between observed and simulated values. Although the accordance between the 

two sets of values is not completely unacceptable, it can be improved 

considerably.  

C) To use the calibrated model to see how the results can be improved to an 

acceptable level. This case study is illustrative to address this concern since the 

concentrations of the untreated wastewater are significantly higher than for 

average municipal wastewater, as stated previously. 

 

Subwet 2.0 has a cold and a warm climate entrance; see Figure A-1, which is the opening 

screen window. This case study is based on the cold climate entrance using natural 

wetlands for wastewater treatment in Arctic Canada. 
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Figure A-1: Opening image. There are two possibilities: cold climate or warm climate 

 

 We will follow step-by-step how the software is applied to point A. If the cold 

climate in the start-up window is chosen, the cold climate design window will appear. All 

cold climate windows are ice-blue, while all warm climate windows are green. The input 

data (the left side of the screen image) must be given, i.e. the physical dimensions for the 

selected wetland, the slope, the hydraulic conductivity, the precipitation factor (1.0 means 

that the precipitation does not dilute the wastewater, while a precipitation factor 2.0 

means that the wastewater is diluted by a factor 2.0), the particulate matter (%) and the 
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flow rate of wastewater. Whether the system is a constructed or a natural wetland must be 

indicated. In this case the wetland is natural. Press “calculate” and the right side of the 

screen image will emerge and give the design information. Figure A-2 shows the input 

data and the results of the design calculations. 

 

Figure A-2: The area (AA), the volume (VO) and the hydraulic loading (HL) are all calculated 

on basis of the input data. The recommended flow is the smallest flow out to: a) an empiric 

recommended flow = 25 – 8*AC, b) the hydraulic conductivity (HC). In this case HC was 

selected as recommended horizontal flow. To be able to get this value, it is necessary to apply the 

length as the width and the width as the length. Thereby a flow rate of 3*148*0.4 = 178 m
3 
/ 24h 

is achieved, which is sufficient, while by using the width as width we would have got 3*73*0.4 = 

87.6 m
3 
/ 24h which is insufficient (167 m

3 
/ 24h is needed). 
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 Press “Forcing Functions” to obtain the next image. The forcing functions for 

Baker Lake should be used to fill out the table. The “Length of simulation” must be 

indicated. If a too short simulation time is chosen, a warning with red letters will indicate 

that the Length of simulation is too short to be able to reach steady state. If there is no 

need to reach steady state, which in most cases is needed, it is possible to run the model 

in spite of this warning, but the steady state will not be attained. The volume is 

transferred from the design window, while the flow rate (recommended flow rate which 

includes the rain water, but in this case and in many cases PF = 1.0) must be indicated by 

the user. Furthermore, the user must in the first line indicate the temperature and the 

concentrations of BOD5, nitrate-N, ammonium-N, total phosphorus-P and organic 

nitrogen in mg/L and % particulate organic matter (POM), particulate organic nitrogen 

(PON) and particulate phosphorus (POP); see Figure A-3 and A-4. This window needs 

two figures due to the width. Moreover, the user must indicate the porosity as fraction, 

and the oxygen concentrations in each of the five boxes A,B,C,D and E. Notice that the 

oxygen concentration is low in this case because the wastewater has a very high BOD5, 

ammonium-N and organic N concentrations. Press “Calculate water volume”; the water 

volume = volume (VO) * porosity fraction. 
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Figure A-3: The left side of the Forcing Functions window is shown 

 

 Press “Calculate RTB values” and the retention time in days per box is calculated; 

see the last column in Figure A-4 (the right side of the Forcing Functions window). In 

this case it is 1.16 days, which is relatively short. However, it implies that the Length of 

simulation (60 days were selected; see Figure A-3) will be more than sufficient to reach 

steady state. When we want to use SubWet 2.0 to find the obtainable results and  
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Figure A-4: The right side of the “Forcing Functions window” 

determine whether the wetland area and volume is sufficient to obtain the required results 

for the treated water, it is necessary to run the model to steady state. The first line 

analyses are repeated by pressing “Fill empty days”. By pressing “Reset grid” all the data 

can be erased. In some cases it is necessary to fill out all the analytical data day by day, if 

for instance the use of daily and varying determinations of the inflowing water for the 

calibration of the model is needed or if utilizing such daily analytical determinations is 

wanted to be able to observe which varying results can be expected for the treated water. 
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If “Apply PF” is pressed, the analytical data for the inflowing water will be divided by 

PF. 

 The next window “Initial values” is where the concentrations in the five boxes 

have to be indicated at day zero, at the start of the simulation. Figure A-5 shows the 

values applied in this case. Step-wise decreasing concentrations are applied from box A 

to box E. It is not important that the exact values are entered as the model will go to 

steady state. A low fluctuation before the steady state has been attained means that the 

exact values are closed to be reached. In this case the approximate analyses for the 

untreated water for box A and for the treated water (a previous simulation) for box E 

were used. The values applied for box B, C and D are approximate values corresponding 

to a step-wise change of the analyses from box A to box E. It is also possible to apply the 

values that were obtained by previous simulations. Notice that the nitrate for instance is 

increasing from B to C. Nitrate is effectively removed due to the anaerobic conditions, 

but nitrate is also formed continuously from ammonium-N by nitrification. 

 The next window is “Parameters”. Figure A-6 shows the default values that were 

also used for Chesterfield as the first parameter set before calibration. The values are 

chosen to give reasonably acceptable results for temperate and Arctic climate, the cold 

climate case studies. Pointing the cursor on the symbols used for the parameters indicates 

their range. 
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Figure A-5: The initial values applied for the Baker Lake case study 
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Figure A-6: The default parameter values are shown 

 

 Figure A-7 shows the next window, the simulation window. Since we have 

untreated wastewater with high concentrations, we would like in this case to see all the 

simulation results for BOD5, nitrate, ammonium-N, total phosphorus and organic-N. For 

all simulations we can use the time step 50 or 70, meaning that we have 50 or 70 

integration steps per day. We have to choose a proper Y-axis maximum value to get a 

graph that is illustrating the best possible results. The observed values should be 
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Figure A-7: The simulation window is shown. The BOD5 results are shown on the graph. The red 

line indicates the simulation results and the blue line the observed values. Y-axis maximum value 

has been chosen to 400 mg/L and the time to 50 steps per time unit (per day). 

 

included on the graph. Figure A-7 shows the results for BOD5. There are almost no 

fluctuations on the red curve showing the simulation results; the reason for this is that the 

initial values have been chosen close to the steady state values for all the boxes. The 

difference between observed and simulated values is 283 – 247 mg/L = 36 mg/L or less 

than 15%, which is completely acceptable. Both the simulated and the observed values 

have a standard deviation of about 12% which implies that the comparison has a standard 

deviation of about 17%. 



 

176 

 

 Figure A-8 gives the nitrate results. The Y-axis maximum value has been chosen 

to be 10 mg/L. The simulated steady state value is about 4.5 mg N/L and the observed 

value is about 0.52 mg N/L. The difference is unacceptably high, which might be due to 

an underestimation of the denitrification rate or an overestimation of the nitrification rate. 

The nitrate concentration is a result of these two processes as denitrification removes 

nitrate and nitrification produces nitrate. We will discuss this problem further in the next 

section, where a calibration will be presented.  

 Figure A-9 gives the ammonium-N results and it is possible based on these results 

to decide whether the nitrification or the denitrification rates is wrong, because as the 

ammonium concentration is a result of nitrification (ammonium is decreasing) and the 

decomposition of organic-N (ammonium is formed), the nitrification is simulated 

acceptably if organic-N also gives acceptable simulation results. If the organic-N and the 

ammonium-N are simulated acceptably, the denitrification rate might be wrong and the 

nitrification rate close to acceptable. Figure A-9 indicates that the simulated value of 

ammonium-N is 84 mg N/L and the observed value about 62 mg N/L. The difference is 

about 26%, which is not acceptable. However, the model is using the default parameters 

and has not yet been calibrated. 
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Figure A-8: The simulation window is shown with the nitrate-N results. The discrepancy 

between simulated values (the red line) and the observed values (the blue line) is not acceptable, 

indicating that either the nitrification rate or the denitrification rate is wrong and a better 

accordance should be obtained by calibration. A time steps of 70 have been chosen this time. 
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Figure A-9: The ammonium-N results are shown. The simulated value of Ammonium-N is 84 

mg N/L and the observed value about 61.9 mg N/L. The difference is not acceptable. 

 

 Figure A-10 gives the results of the organic-N concentration. The simulated value 

at steady state is 5.5 mg N/L while the observed value is 0.0 mg N/L. The difference is 

expressed as percentage standard deviation, but it will be shown below that using the 

rates will provide a better comparison than using the concentrations. From the results in 

Figures A-9 and A-10, it can be concluded that the denitrification rate has been 
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Figure A-10: The results of the organic-N concentration are shown. The simulated value at 

steady state is 5.5 mg N/L while the observed value is 0.0 mg N/L. The difference is expressed as 

percentage deviation. As the ammonium-N, the nitrate and the organic-N are not in good 

accordance with the observed values, it can be concluded that the denitrification rate, the 

nitrification rate and the decomposition rate for organic-N should be calibrated. 

 

underestimated and it should be attempted by calibration to improve the nitrate results. 

An increased denitrification rate means, however, that also more BOD5 is removed 

because the denitrifying microorganisms are using organic carbon as the energy source. 
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Therefore, the calibration of the nitrification and denitrification rate needs to consider the 

influence on the BOD5 concentration. 

 As mentioned previously, the ammonium-N removal is not acceptable. The 

starting value is as high as 81 mg N/L and after the treatment the concentration is 61.9 

mg N/L. The wetland has removed much more ammonium-N than 81 – 62 = 19 mg N/L, 

because the untreated wastewater has 57 mg N/L in the form of organic-N and the treated 

water has 0.0 mg N/L in the form of organic-N. It means that the wetland has removed 

about 19 + 57 = 76 mg N/L of ammonium-N by nitrification minus the nitrate-N 

concentration in the treated wastewater which is 0.52 mg N/L. Therefore, according to 

the observations 75.5 mg N/L has been nitrified by the wetland, which is probably as 

expected when it is considered that the BOD5 has a high concentration, as it implies that a 

lot of oxygen is used for the decomposition of organic matter and therefore less oxygen is 

available for nitrification. It is also consistent with the need for a calibration of the 

denitrification rate. 

 The final results for the total phosphorus concentrations, both simulated and 

observed, are illustrated in Figure A-11. The phosphorus concentration in the untreated 

wastewater is 12.6 mg P/L, which is also high. Average municipal wastewater contains 

about 7-10 mg P/L. The removal is simulated to 8.3 mg P/L and observed to 9.4 mg P/L. 

The phosphorus removal is independent of the removal of the nitrogen components and 

the BOD5, as the removal processes are by adsorption and by plant uptake of phosphorus. 

By comparing the observed value of 9.4 mg P/L with the simulated value of 8.3 mg P/L, 
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Figure A-11: The total phosphorus concentrations, both simulated and observed, are illustrated. 

The phosphorus concentration in the untreated wastewater is 13.2 mg P/L which is a relatively 

high concentration for untreated wastewater. The removal is simulated to 8.9 mg P/L and 

observed to 9.1 mg P/L. 

 

it can be seen that the results are fully acceptable and there should be no reason to try to 

improve the phosphorus removal by the calibration. As shown on the simulation window, 

it is also possible to get the efficiencies of the removal processes. The Additional results 

give a table of all the concentrations and efficiencies for all five boxes as a function of 
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time. The values at day 60 give the final results and these values may be used as initial 

values if it is desirable to have no fluctuations on the simulation results. 

 The Observed values are shown in Figure A-12. Notice that the nitrate removal 

efficiency is indicated to be 5.9% corresponding to 0.52 mg N/L after the treatment and 

0.55 mg N/L before the treatment. The simulated efficiency value would be indicated as 

0.0001, which tells that it is zero or even in this case we may quote a negative value, 

because the simulated nitrate concentration is higher after the treatment than before. As 

we have previously calculated we have under all circumstances a substantial nitrification, 

namely 75.5 mg N/L. The simulated nitrification rate is 81-84 mg N/L = - 3 mg N/L 

corresponding to the simulated ammonium-N concentrations after the treatment, 84 mg 

N/L. In addition, the simulated value has shown that 5.5 mg N /L of organic-N remain 

after the treatment. It implies that the decomposition of organic-N from 57.4 mg N/L to 

about 5.5 mg N /L has produced about 52 mg N/L of ammonium-N, which has also been 

nitrified. However, 4.5 mg N/L was the simulated nitrate-N concentration in the treated 

water. Therefore, the simulated nitrification has been 52 mg N/L - 3 mg N/L – 4.5 mg /L 

= 44.5 mg N /L. This figure has to be compared with the previously indicated 75.5 mg 

N/L. The difference is unacceptably high and it is clear that the nitrification and the 

denitrification rates have been underestimated. A calibration should therefore focus 

particularly on these two rates. The simulated ammonification rate is 52 mg N/L and the 

observed rate is the 57.4 mg N/L. This is a difference of about 10% relatively, which is 

fully acceptable. 
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Figure A-12: Observed values. Notice the nitrate removal efficiency is 5.9% corresponding to an 

inflow concentration of 0.55 mg N/L and an outflow concentration of 0.52 mg N/L and that 

organic-N is removed at 100%. 

 

Calibration 

 As discussed previously, the nitrate-N and ammonium-N did not give acceptable 

results and both the denitrification rate and the nitrification rate are underestimated. 

Therefore it is required to calibrate the model to reach a better accordance between 

observed and simulated values for nitrate and ammonium-N, and between the simulated 

and observed rates of nitrification and denitrification. The other results are acceptable.  

 It is necessary to increase the denitrification rate. If we change DC to 5.0 1/24h (it 
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is the maximum value according to the recommended range for the parameters), we 

obtain a lower nitrate concentration. It is possible to increase the denitrification further by 

reducing MN; a reduction to 0.01 mg/L is possible. Furthermore, we can change the 

sensitivity of the rate of the temperature. As the temperature is low (about 8.4 °C), it 

implies an increased rate to reduce the temperature coefficient from 1.07 to the lowest 

realistic value of 1.05. As for BOD5, the organic-N and ammonium-N after treatment 

should be lower; therefore, it is required to increase AC, NC and OC. The new parameter 

values are shown in Figure A-13.  

 Figure A-14 shows the nitrate-N concentration after these parameters are reduced 

to about 3.5 mg N/L, while the observed value is 0.52 mg N/L. There is evident 

discrepancy between these values. However, as discussed previously we should not 

require that the final nitrate-N concentration is close to the observed value, but rather that 

the simulated denitrification rate, the total amount of nitrate removed by the wetland, is in 

accordance with the observed denitrification rate. Figure A-15 shows the BOD5 as 

function of time for a change of OC from 0.20 to 0.22 1/24h. It is possible to obtain a 

BOD5 after treatment at 230 mg/L which is only 17 mg/L lower than the observed value 

(247 mg/L). The difference is of 7% relatively, which is fully acceptable and better than 

the results obtained with the default parameter values.  

 

 

 



 

185 

 

 

Figure A-13: The following parameters have been changed partly by trial and error: AC, NC, 

OC, DC TD and MN. Thereby an acceptable calibration is attained; see Figures 14-16 and Table 

3-10 from Chapter 3. 
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Figure A-14: Nitrate-N in mg N/L as a function of time after modification of the parameters. For 

the new parameters see Figure A-13. 
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Figure A-15: BOD5 as function of time after modifying the parameters, including that OC has 

been changed from 0.2 to 0.22 1/24h. 

 

 The ammonium-N which was not simulated satisfactory with the default 

parameter values is also changed by calibration. The nitrification rate is increased from 

0.9 to 1.7 1/24h. The results obtained after the calibration for ammonium-N are shown in 

Figure A-16. The ammonium-N concentration after the treatment is now 61.5 mg N L, 

which is very close to the observed value of 61.9 mg N/L. The difference is 0.4 mg N /L 

or 0.6 % relatively, which is fully acceptable. 
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 Generally, it is recommended to compare observed and simulated rates rather than 

very small value of concentrations after the treatment, because they may differ 

considerably, particularly when we calculate the difference in percentage of the observed 

value. In Table 3-10 from Chapter 3, the simulated values of the concentrations and the 

rates of ammonification, nitrification and denitrification are compared with the observed 

values and the deviations in percentage between the two sets of values are calculated. The 

phosphorus concentrations are unchanged, as we have not changed the parameters that 

determine the phosphorus removal processes. Notice that we do not calculate the 

deviation between simulated and observed nitrate-N and organic-N values because they 

are small and a calculation of the deviation in percentage would not give any useful 

result. In this context, the comparisons of the process rates are important. The deviation 

of all the concentrations and the process rates are now acceptable, which implies that the 

calibration is giving satisfactory results. 

Improving the treatment results to an acceptable level 

 The treatment results are not satisfactory. The BOD5 and the ammonium-N 

concentration are too high. The nitrate-N concentration, organic N concentration and TP 

concentration may be acceptable, depending on the local standards. If we presume that a 

BOD5 < 20 mg/L and an ammonium-N < 10 mg N/L are required or at least desirable, it 

would be natural to try to obtain these results. The area is obviously too small to give a 

satisfactory treatment for a wastewater with a BOD5 concentration twice as much as 

average municipal waste water and an ammonium-N concentration three times 
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Figure A-16: The nitrification rate is by the calibration increased from 0.9 to 1.7 1/24h. The 

results obtained after the calibration for ammonium-N are shown in Figure A-16. The 

ammonium-N concentration after treatment is now 61.5 mg N/L, which is very close to the 

observed value of 61.9 mg N/L.  

 

as much as average municipal wastewater. Let us therefore try to use twice the area and 

volume and use the calibrated model to see if the treatment results are satisfactory. The 

design window for this experiment is shown in Figure A-17. The width has been doubled. 

It means that the volume, the water volume and the RTB are also doubled = 2.33 days 

(see the previous values in Figures A-3 and A-4). 
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The initial values are the same as previously, but the parameters are in accordance with 

what we found by calibration, which means that: 

DC = 5.0 1/24h,  

MN = 0.01 mg N/L,  

TD = 1.05, AC = 1.2,  

NC = 1.7 and  

OC = 0.22 1/24h.  

The results of doubling the area and volume for ammonium-N and BOD5 at steady state 

are 31 mg N/L and 142 mg/L, respectively. This is still not satisfactory for BOD5 and 

ammonium-N; they both are too high. Nitrate- N, Organic-N and TP concentrations were 

reduced due to the doubling of the area and the volume. The following results were 

obtained: 

Nitrate-N is 1.7 mg N/L,  

Organic-N is 0.5 mg N/L and  

TP is 6.1 mg P/L.  

 A further doubling of the width, and thereby the area and the volume, is also 

tested. The design window is shown in Figure A-18. Notice that now the width is applied 

as the width for the flow. The Forcing function window will be changed accordingly, 

meaning that the total volume is now 43,216 m
3 

and the water volume = the volume* 

porosity = 3,889 m
3
. The RTB becomes correspondingly higher, namely 4.66 days.  
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Figure A-17: The design window for the case where we want to test the results that can be 

obtained by doubling the area and volume. The width is doubled, while the length and the depth 

are unchanged. 
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Figure A-18: The design window in the case that a width of four times as much is used: 292 m. 

The area and the volume are changed correspondingly. 

 

The initial values will not be changed, but the number of simulation days is increased to 

120 days to be sure that steady state will be reached. It is necessary to press again Fill 

empty days, because we have increased the simulation days from 60 to 120 days. The 

initial values are the same and the parameters are unchanged. 
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 Figure A-19 illustrates the simulation results of ammonium-N mg N/L. The 

treated wastewater now has a concentration of 9.3 mg N/L ammonium-N, which is 

satisfactory. Notice that fluctuations are generated the first 60 days, which as indicated 

previously was expected as we have not changed the initial values to the new conditions, 

which are four times the area and volume. The initial values are now too high. 

The results of four times the area and volume are: 

Nitrate-N is now reduced further to 0.53 mg N/L, while Organic-N is 0.45 mg N/L and 

TP concentrations is 4.3 mg P/L.  

 BOD5 as f(time) is plotted in Figure A-20. The values are still not acceptable, at 

least not if for instance 20 mg/L is required. As seen the BOD5 is reduced to only about 

74 mg/L. By calibration, OC is found to be 0.22 1/24h which is on the low side of the 

range from 0.05-2.0 1/24h. Therefore, if it is required to obtain a BOD5 of the treated 

water of 20 mg/L or below, it is recommended to get more analytical values from the 

tundra treatment wetland in Baker Lake, particularly for BOD5 before and after the 

treatment to be able to eventually recalibrate the model and thereby potentially get more 

realistic value for OC. Generally, a model is a synthesis of what we know about the 

processes and the rates and in addition the observations that we have got. It implies that 

additional observations inevitably will add to our knowledge that should be synthesized 

in the model. The conclusion in short: obtain (eventually) more observations to reach a 

higher certainty of the parameters. 
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Figure A-19: Ammonium-N mg/L is plotted versus time. Notice the fluctuations during the first 

60 days, which is caused by too high initial values in this case where the volume and area are four 

times as much as the simulation values in Figure A-9. The treated water has an ammonium-N 

concentration of 9.5 mg N /l, which is acceptable. 
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Figure A-20: BOD5 as f(time) is plotted for an expansion of the area and volume to four times 

the original size. Now the BOD5 for the treated water is 74 mg/L which may still not be 

satisfactory in spite of the high BOD5 concentration for the untreated wastewater. If it would be 

possible to obtain more observations, it cannot be excluded that we could obtain by a 

recalibration a higher OC value that may provide slightly different results. 
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Appendix B: Simulation from the CW in Tanzania presenting how SubWet can be 

used to predict changes in treatment performance should the organic loading to the 

wetland be temporarily altered 

 

 Let us presume that the wetland is receiving a higher loading for a week from day 

14 to day 20, for instance due to discharge of more wastewater by a temporary higher 

population. Figure B-1 shows the forcing function window (the left side) corresponding 

to the higher loading. The higher loading is a higher flow rate, a higher BOD5 and higher 

ammonium-N concentration, namely: 

The loading is for a week - day 14 to day 20 - as follows:  

the flow rate is 60 m
3
/24h instead of 50 m

3
/24h,  

the BOD5 is 200 mg/L instead of 123 mg/L and  

the ammonium-N is 20 mg/L instead of 12 mg N L.  

The other concentrations are unchanged. Figure B-1 shows these changes. Figure B-2 

shows the right side of the forcing function window and as seen here the RTB is changed 

corresponding to the higher flow rate. The RTB from day 14 to day 20 is 1.04 day. 

 Figure B-3 shows the results of BOD5 of the treated wastewater. For the week 

with the higher loading the BOD5 is reaching a peak value of about 75 mg/L, which is 

however maintained very shortly. It is also noticeable that the normal BOD% of the 

treated wastewater - about 26 mg/L - is reached within 1-2 days after the overloading has 

stopped. 
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Figure B-1: The forcing function window is shown. The loading is higher for a week - day 14 to 

day 20. The flow is 60 m
3
/24h instead of 50 m

3
/24h, the BOD5 is 200 mg/L instead of 123 mg/L 

and the ammonium-N is 20 mg/L instead of 12 mg N/L. The other concentrations are unchanged. 
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Figure B-2: The right side of the forcing function window. It can be seen on this side of the 

window that the ammonium- N is from day 14 to day 20, 20 mg N/L instead of 12 mg N/L. RTB 

is also reduced these 7 days due to the higher flow rate, namely from 1.25 to 1.04. The other 

shown concentrations are unchanged from day 14 to day 20. 
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Figure B-3: The BOD5 for the treated wastewater with an overloading as described from day 14 

to day 20. The BOD5 is clearly higher in this period but the peak value of about 75 mg/L is only 

reached very shortly. It is noticeable that the normal steady state value of about 26 mg/L is 

reached 1-2 days after the overloading has stopped. 

 

The ammonium-N react similarly as it is illustrated in Figure B-4. A peak value is 

reached at day 17 or 18 at 14.5 mg N/L but this high concentration is only maintained 

shortly and 1-2 days after the overloading has stopped the steady state value of 9.2 mg  
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Figure B-4: The ammonium-N as function of time for a case where an overloading occurs from 

day 14 to day 20. A peak value is reached at day 17 or 18 at about 14.5 mg N/L but this high 

concentration is only maintained shortly and 1-2 days after the overloading has stopped (at day 

20), the steady state value of 9.2 mg N/L is regained. 

 

N/L is regained. It can be concluded that higher loadings are reflected rapidly in the 

results but also that the steady state results are recovered relatively fast.  

 Figure B-5 shows the efficiency of BOD% removal as function of time. It can be 

seen that the efficiency increases shortly after the overloading has started at day 14, 

because the concentration of BOD5 of the inflowing water has increased from 123 mg/L  
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Figure B-5: The efficiency of BOD% removal as function of time is shown. It can be seen that 

the efficiency increases shortly after the overloading has started at day 14, because the 

concentration of BOD5 of the inflowing water has increased from 123 mg/L to 200 mg/L, while 

the treated water at day 14 and part of 15 still have the same low BOD5 of about 26 mg/L. When 

the treated water reaches peak value of about 75 m/L, the efficiency drops to about 50%. 

 

to 200 mg /L, while the treated water at day 14 and part of 15 still have the same low 

BOD5 of about 26 mg/L. When the treated water, however, reaches the above mentioned 

peak value of about 75 m/L, the efficiency drops to about 50%, but the normal efficiency 

is reached again at day 21-22 - about 79% (almost the same value is observed and 
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simulated). It can be concluded that the model is able to illustrate clearly the results of 

temporary changes imposed on the wetland, in this case higher flow rate and higher 

BOD% concentration. The results simulated by the model reflect the approximately 

expected changes in BOD5 removal and the efficiency of BOD5 removal, resulting from a 

temporary over-loading.  

 Figure B-6 shows the nitrate-N in mg N/L as function of time. It should be 

expected that nitrate-N shortly after day 14 increases at least slightly due to the higher 

ammonium concentration which will imply more nitrification. A fast recovery of the 

steady state concentration should be expected due to the effective denitrification. Figure 

B-6 illustrates the expectations.  

 The organic-N and TP concentrations are hardly changed due to the temporary 

overloading, as these two concentrations are the same in the untreated wastewater. The 

results of this section have shown how it is possible to get an answer of management 

questions from the model. In this case the question was how a temporary overloading 

would influence the results; the model is able to provide clear and logic answers. 
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Figure B-6: The nitrate-N in mg N/L as function of time is plotted. It should be expected that 

nitrate shortly after day 14 increases at least slightly due to the higher ammonium concentration 

which will imply more nitrification. The steady state concentration of 0.4 mg N /L is, however, 

recovered rapidly. 
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Appendix C: Sample calculation of the percent deviation of concentration values for Whale Cove, NU data set 

Table C-1: Sample calculation of the percent deviation of concentration values for Whale Cove, NU data set 

 

Effluent observed 

values (mg/L) 

 

 

 

 

BOD5 = 21 

 

TP = 0.1 

 

NH3-N = ok, no 

calibration 

 

Simulated effluent 

values before 

calibration (mg/L) 

 

 

Model parameter 

default values 

 

 

Parameter 

value after 

calibration 

 

 

Effluent 

concentration 

values after 

calibration (mg/L) 

 

 

% deviation of 

effluent values 

before 

calibration 

(mg/L) 

 

% deviation of 

concentration 

values after 

calibration 

(mg/L) 

 

BOD5 = 8.6 

 

OC = 0.25 

 

OC = 0.05 

 

BOD5 = 20.89 

 

64% * 

 

0.52% ** 

 

TP = 1.46 

 

AF = 0.36 

 

AF = 0.2 

 

TP = 0.23 

 

34% 

 

3.25% 

* 40.3 mg/L (observed influent value) - 21 mg/L (obs. effluent value) = 19.3 mg/L 

40.3 mg/L - 8.6 mg/L (simulated value before calibration) = 31.7 mg/L 

40.3 mg/L - 20.89 mg/L (simulated value after calibration) = 19.4 mg/L 

Therefore: 31.7 mg/L - 19.3 mg/L = 12.4 mg/L  

12.4 mg/L / 19.3 mg/L = 64% 

 

** 19.4 mg/L - 19.3 mg/L = 0.1 mg/L 

0.1 mg/L / 19.3 mg/L = 0.52% 
 


