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ABSTRACT 

Estimation of Greenhouse Gas Emissions through Whole Plant Modeling  

and Emission Factors at Wastewater Treatment Plants 

 

Ryan Lacharity, P.Eng.          Advisor: 
 
University of Guelph, 2017             Dr. Hongde Zhou 

 

 Greenhouse gas emissions particularly CO2, CH4, and N2O are increasing due to 

human activity and causing climate change. Wastewater treatment plants are a 

significant emitter of GHG’s and there are opportunities to reduce them. Quantification 

of GHG generation and emissions are necessary to target reductions. Emission factor 

estimates are the common approach recommended by regulatory agencies across the 

world. As our understanding of the mechanisms behind GHG generation increase, the 

ability to accurately model emissions is now a feasible approach and promises to be 

more accurate. 

 This main objective of this research was to compare GHG emissions from whole 

plant modeling to an emission factor approach. Models, steady state and dynamic, 

were simulated under various operational conditions to quantify emissions from the 

bioreactors. It was found that a CO2 emission factor could estimate emissions 

accurately, while a modeling approach was better suited for CH4 emissions, and 

essential for N2O emissions. 
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1.0 Introduction 

 Climate change is defined as a long-term shift in weather observed through changes 

in temperature, precipitation, wind, among other factors (Government of Canada, 

2015a). Anthropogenic climate change (ACC), climate change resulting from human 

activity, is quite possibly the greatest environmental challenge ever faced by humanity 

bringing along with it a host of cascading effects that reach well beyond historic 

changes in worldwide temperatures. These changes include rising sea levels, potential 

for widespread crop failures, increasing water scarcity and desertification, accelerated 

losses in biodiversity, as well as ocean acidification (Government of Canada, 2015b). 

Anthropogenic climate change is driven by the emission of greenhouse gasses 

(GHG’s). The most significant greenhouse gas for ACC is carbon dioxide (CO2), and is 

primarily emitted through combustion of fossil fuels, followed by methane (CH4), and 

nitrous oxide (N2O) which are predominantly emitted from agriculture. These three 

gases represent approximately 98% of global GHG emissions (IPCC, 2014a). 

1.1 Overview of GHG Emissions from Wastewater Treatment Plants   

 Wastewater treatment plants (WWTP’s) are a significant source of GHG’s and they 

attract considerable research into their respective emissions. Carbon dioxide, methane, 

and nitrous oxide are the major GHG’s generated and emitted throughout the various 

treatment processes within a WWTP. Overall, WWTP’s are responsible for 

approximately 1.5% of the world’s GHG emissions (IPCC, 2014a). A number of 

regulatory agencies including the US Environmental Protection Agency (EPA) as well as 

scientific organizations such as the International Panel on Climate Change (IPCC) 
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provide a wealth of information about GHG emissions produced by WWTP’s as well as 

methodologies to quantify them. Active research programmes from facilities such as the 

Advanced Water Management Centre in Queensland, Australia; and research groups 

such as Kartik Chandran’s at Columbia University help to further elucidate the 

mechanisms of GHG generation and emission throughout WWTP’s. 

 GHG’s are generated during the wastewater treatment process, during the 

generation of energy for the treatment processes, and through consumption of non-

energy materials used to operate a facility (IPCC, 2006). For reporting and 

quantification purposes greenhouse gas emissions at facilities, including WWTP’s, are 

placed into three different categories which are dependent upon the emission source. 

These categories are referred to as Scope 1, Scope 2, and Scope 3 emissions. Scope 1 

emissions, referred to as direct emissions, are generated on site and are directly related 

to operation of the facility. Scope 2 emissions are indirect emissions resulting from 

energy generated off-site and used to operate the facility, for example electricity. Scope 

3 emissions are other indirect emissions which are not generated on site but are 

resultant from the operation of the site; for example, purchased chemicals used in a 

treatment process such as aluminum sulphate (iCompliSustainability, 2016). Estimation 

of Scope 1 emissions, particularly the bioreactor emissions, is the primary focus of this 

research with consideration given to emissions from electricity (Scope 2) and natural 

gas (Scope 1) emissions for comparison purposes. 

 There are many challenges to quantifying GHG’s throughout WWTP’s due to the 

complexity of the processes, data requirements, variability in flow rates, influent loading, 

among many other parameters. Furthermore, monitoring emissions from a facility can 
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be a costly and time consuming process. Organizations such as the EPA and IPCC 

provide guidance for estimation of emissions at WWTP’s and lean heavily on emission 

factor-based accounting protocols. Using emission factors is a currently accepted 

means of estimating emissions; however, they can be inaccurate for several reasons 

including the lack of supporting scientific research, small sample sizes used to 

determine emission factors, geographically limited research (e.g. an facility in a tropical 

climate), and in the case of N2O emission factors the estimates inhabit a wide range 

which can span several orders of magnitude (Willis et al., 2016). 

1.2 Research Objective 

The main objective of the research was to develop and simulate models for two of 

the Region of Waterloo’s (ROW) WWTP’s, Elmira and Galt, in order to estimate GHG 

emissions from the bioreactors under various real-world operational conditions. Elmira 

WWTP utilizes a biological nutrient removal (BNR) process with enhanced biological 

phosphorous removal and has a rated capacity of 7,800 m3/d; and, Galt WWTP utilizes 

a conventional activated sludge treatment process and has a rated capacity of 56,800 

m3/d.  

Models were developed and simulated with a software package called BioWin 

(Version 5.0) from EnviroSim Associates. The respective models utilized process data, 

lab data, as-built drawings, among other sources of information to create the models. 

They were then calibrated to ensure a reasonable fit to the available data followed by 

simulations under varied operational conditions in order to generate estimates of GHG 

emissions from the bioreactors. These operational conditions, in some cases 
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theoretical, are achievable through operational changes within the current facilities’ 

design without significant capital investment. 

1.3 Research Goal and Scope 

The goal of this research is to compare GHG emissions at each plant, based upon 

emission factors, to a model-based approach using historical data. Elmira models 

incorporated data for the year 2012; and, Galt models used data from September 1st, 

2012 to August 31st, 2013 in order to account for seasonality. A base model, used for 

calibration, was developed for each plant and simulated under steady state conditions. 

Models were then developed using various process configurations and simulated under 

steady state and dynamic conditions. These conditions are described thoroughly in 

section 3.3.2 for the Elmira WWTP and section 3.4.2 for the Galt WWTP. 

Other objectives include: 

1. Observation of GHG emissions, through modeling, based upon seasonality at 

Galt WWTP and various process changes at Elmira WWTP. 

2. Comparison of each facilities bioreactor GHG emissions to each facility’s 

emissions resulting from utility-based energy, natural gas and electricity. 
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2.0 Literature Review 

2.1 General Overview 

Greenhouse gases drive climate change through absorption of long-wave infrared 

radiation as it is reflected off of the earth’s surface and atmosphere (Karl, 2003). 

Without naturally occurring GHG’s the surface temperature of Earth would be around 

−19°C instead of the global mean surface temperature of approximately 14°C (Le Treut, 

2005). Carbon dioxide, methane, and nitrous oxide are the three most impactful GHG’s 

to climate change with human activity increasing their concentrations; most commonly 

through industry, agriculture, and energy consumption (Government of Canada, 2015a). 

The 2014 Synthesis Report published by the IPCC provides voluminous evidence of 

deleterious impacts to the atmosphere, ocean, and cryosphere (ice sheets of Antarctica 

and Greenland) resulting from GHG emissions with varying levels of confidence 

depending on the time scale. Significant warming of the planet’s surface has occurred 

with the last three successive decades being warmer than any previous ones since the 

1850’s. Furthermore, the oceans are absorbing 90% of the increased energy 

accumulated over the last 40 years (IPCC, 2014b). Atmospheric concentrations of CO2, 

CH4, and N2O are higher than they have ever been in 800,000 years. Continued 

emission of GHG’s will cause increased warming with enduring impacts in all areas of 

the climate system which will increase the probability of severe, widespread, and 

irreversible impacts for ecosystems and people. Limiting the impacts of climate change 

will require substantial and sustained reductions in emissions (IPCC, 2014a). 
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 While WWTP’s are considered a minor GHG contributor, at approximately 1.5% of 

anthropogenic emissions, they are considered point source contributors with potential 

for significant mitigation opportunities (IPCC, 2014a). Additionally, for a municipality, 

GHG emissions at WWTP’s are a greater contributor overall. For example, water and 

wastewater services are the largest consumer of electricity in most Ontario 

municipalities with estimates ranging from one third to two thirds of the overall cost 

along with the respective GHG emissions (Maas, 2009). Additionally, based on a study 

from de Haas et. al (2009), WWTP processes can account for 33%-67% of overall 

GHG’s emitted while, depending on the sources, electricity consumed can contribute 

23% to 52% of the overall GHG emissions. This elevates the importance of GHG’s 

reductions at WWTP’s on a community level. 

 There are many ways to estimate GHG emissions produced at WWTP’s. The most 

common and currently accepted method of estimation is the use of emission factor. In 

this thesis, an emission factor approach will be used and GHG emissions will be 

estimated by following the Government of Canada’s recommended approach. However, 

as noted in Section 1.1, emission factors can be unreliable and are highly variable 

depending on the process conditions.  

Environment Canada allows for four different methods of estimation: monitoring or 

direct measurement, mass balance, emission factors, and engineering estimates 

(Environment Canada, 2014). The four methods will be unpacked further in Section 2.4 

however it is important to note that modeling of wastewater treatment processes fall into 

the engineering estimate category. Given the challenges with estimation there is an 

opportunity for engineers, operators, and utilities to estimate their GHG emissions via 

6 
 



modeling. In summary, the literature review was conducted with a focus on literature 

related to the estimation of GHG emissions using accepted emission factors, modeling 

of GHG emissions, and the overall sources of GHG emission and production in 

WWTP’s. 

2.2 Overview of GHG Emissions 

This intent of this section is to provide a general overview of the three main GHG’s 

which are driving anthropogenic climate change. These gases are, in order of 

importance and impact, carbon dioxide, methane, and nitrous oxide. 

2.2.1 Carbon Dioxide 

Carbon dioxide (CO2) is a colourless and non-flammable gas, with a density greater 

than air. It is formed during biological respiration, chemical combustion, decomposition 

of organic material, and reactions of carbonates with acids. It is primarily removed from 

the atmosphere by plant photosynthesis and direct absorption into water (Environment 

and Climate Change Canada, 2015a). In the 1930’s a British engineer named Guy 

Stewart Callendar found a correlation between temperature changes during the 1800’s 

and CO2 emissions. However, it wasn’t until the 1950’s and 60’s that his findings were 

taken seriously and validated by more precise instrumentation. By the 1970’s scientists 

determined that CO2 was the cause of more than 50% of human-influenced GHG 

emissions (Weart, 2008). Extensive research since then has greatly increased 

understanding properties of CO2 as a greenhouse gas, its sources, how much is 

anthropogenic, as well as methods for mitigation. 

CO2 is generated by natural and anthropogenic processes with natural sources 

comprising more than 96% of emissions. However, although human sources are less 
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than 4%, they represent a net annual increase in emissions beyond the natural carbon 

balance. Anthropogenic CO2 is primarily due to fossil fuel use with some contributions 

due to land use changes. Table 1, adapted from the IPCC Fourth Assessment report 

(IPCC, 2007a), shows the anthropogenic emissions resulting from fossil fuel burning 

and land use as well as emissions from oceans, and emissions resulting from 

vegetation and land. 

Table 1: Simplified Global Carbon Cycle 

  

Fossil Fuel 
Burning and 

Land Use 
Vegetation and 

Land Ocean 

Change (Gt) 29 ↑ 439 ↑ 450 ↓ 332 ↑ 338 ↓ 

Net (Gt) 29 -11 -6 

 Overall, the net CO2 released to the atmosphere was 12 gigatonnes in 2007 

based upon the IPCC report. By another metric, the National Oceanic and Atmospheric 

Administration (NOAA) reported that the CO2 measured at Mauna Loa Observatory in 

Hawaii increased by 3.05 ppm in 2015. The increase in 2015 is the largest year to year 

increase in 54 years and the fourth consecutive year that atmospheric CO2 increased by 

more than 2% (NOAA, 2016). Additionally, the atmospheric CO2 concentration in 1960 

was less than 320 ppm and has risen to over 400 ppm in 2016. For reference, pre-

industrial CO2 concentrations were approximately 280 ppm. Overall CO2 comprises 

approximately 78% of global CO2eq GHG emissions (WRI, 2013). 

Canada’s rate of warming is roughly twice that of the global average whereby a 2°C 

increase globally equates to a 3 to 4°C increase in Canada. Furthermore, in terms of 

carbon budget, emissions have accumulated to approximately 65% of the maximum 
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amount of GHG emissions allowed in order to limit warming to 2°C globally. It is 

essential to drastically reduce current emissions and ultimately achieve net zero 

emissions by mid-century in order to stabilize warming (Government of Canada, 2015b). 

Lastly, the IPCC states with high confidence that, depending on the scenario, 15-40% of 

human-emitted CO2 will remain in the atmosphere longer than 1,000 years (IPCC, 

2013). 

2.2.2 Methane  

Methane (CH4) is a colourless, odourless, flammable gas, with a density less than 

air. It is primarily removed from the atmosphere through chemical means via hydroxyl 

radicals (Environment and Climate Change Canada, 2015b). Methane’s presence in the 

atmosphere was first discovered in 1948; however, its relationship to climate was not 

recognized until 1976 when it was found to absorb certain frequencies of infrared 

radiation (NASA, 2004). In comparison to CO2, little research was conducted on CH4 

until it was discovered that ice sheets in Greenland and Antarctica contained both gases 

within tiny bubbles in the ice. In 1990 research was published on the ice-core record of 

atmospheric methane dating back 160,000 years (Chappellaz, 1990). These results 

showed that CH4 fluctuated over time and was associated with previous climactic 

changes demonstrating a concentration of 350 ppb during glacial periods and 650 ppb 

during interglacial periods and less than half the 1990 level of 1,700 ppb. In 2016 

atmospheric methane concentrations reached 1,852 ppb (NOAA, 2017). 

Methane is generated by natural and anthropogenic processes with approximately 

64% attributable to human activity (Bousquet, 2006). This estimate and overall CH4 

estimates, regarding the proportion of anthropogenic to natural emissions, carry a large 
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degree of uncertainty. The IPCC’s bottom-up estimates for emissions from natural 

sources from 2000–2009 were approximately 60% larger than their top-down estimates; 

however, the anthropogenic estimates were less than 2% different between top-down 

and bottom-up estimates (IPCC, 2013). 

In terms of its GHG impact CH4 is a potent gas with an estimated CO2eq ranging 

from 25x to 34x, meaning that CH4 generates between 25 and 34 times the global 

warming potential of CO2 (Environment and Climate Change Canada, 2015b). Overall 

CH4 comprises approximately 16% of global CO2eq GHG emissions (WRI, 2013). 

2.2.3 Nitrous Oxide 

Nitrous oxide (N2O) is a colourless and non-flammable gas, with a density greater 

than air (Environment Canada, 2013). It was demonstrated to be a significant 

contributor to the greenhouse effect in the 1970’s (Yung, 1976) and extensive research 

since then has greatly increased understanding properties of N2O as a greenhouse gas, 

its sources, and methods for mitigation. N2O is generated by natural and anthropogenic 

processes with approximately 40% attributable to human activity; however, this is likely 

a conservative estimate due to the difficulty in determining the fraction of aquatic 

emissions that are related to human activity and underestimating agriculture’s role in 

soil emissions (EPA, 2010).  

In terms of its GHG impact N2O is a potent gas with an estimated CO2eq ranging 

from 290x to 310x; additionally, N2O remains in the atmosphere for an average of 120 

years (EPA, 2014). Overall N2O comprises approximately 6% of global CO2eq GHG 

emissions (WRI, 2013). Furthermore, N2O is an ozone depleting substance and may be 
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the single most important ozone depleting substance for the foreseeable future 

(Ravishankara, 2009). 

 Figure 1 summarizes the Intergovernmental Panel on Climate Change (IPCC) 

estimates for anthropogenic sources of N2O, ordered from greatest to least in the 

legend, and is adapted from the 2007 Fourth Assessment Report (IPCC, 2007b). 

 

Figure 1: Global anthropogenic N2O emissions 

While agriculture comprises the majority of anthropogenic N2O emissions, a 

significant portion of emissions result from wastewater treatment. 

2.3 Global Warming Potential 

 Global warming potential (GWP) is a metric used to compare climate change effects 

of various greenhouse gases to carbon dioxide. The GWP of a GHG is defined as its 

ability to trap heat, over a specific time interval, on an equivalent mass basis to CO2. 

Overall, a GWP value for a GHG is a product of three factors: 

67% 
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1) amount of infrared radiation absorbed from the sun as well as radiation reflected 

from the earth, 

2) particular spectra absorbed by the GHG; and, 

3) duration that it remains in the atmosphere  (IPCC, 2013). 

Time intervals most commonly used for GWP calculations are 20, 100, and 500 years. 

While 100 years is the most frequently used comparison period it should be noted that 

there is no scientific basis for choosing one range over another. There are other 

methods for comparing GHG’s including the Global Temperature change Potential 

(GTP); however, GWP is currently the best approach for most cases, particularly in 

explaining the effects of GHG emissions socially and politically (Fuglestvedt, 2003). 

GWP’s for the greenhouse gases of concern at WWTP’s, methane and nitrous oxide, 

have GWP’s of 32 and 298, respectively (IPCC, 2013). 

2.4 GHG Emission Accounting Methods 

 Accounting of GHG emissions is important to understand, quantify, report, and 

ultimately manage emissions for an organization. Greenhouse gas emission accounting 

can be performed in numerous ways. The most commonly used accounting method for 

governments and businesses is the Greenhouse Gas Protocol. It was developed by the 

World Resources Institute (WRI) in partnership with the World Business Council on 

Sustainable Development (WBCSD) (Greenhouse Gas Protocol, n.d.). Canadian GHG 

emitters are required to Environment and Climate Change Canada’s (ECCC) guidance 

on estimating and reporting emissions. ECCC’s approach is discussed in section 2.4.2. 

For this research the Greenhouse Gas Protocol was chosen due to its ubiquity, ease of 

reporting, and compartmentalization of emissions into sections referred to as scopes. 
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2.4.1 Greenhouse Gas Protocol 

 The Greenhouse Gas Protocol initiative was launched in 1998 when the WRI and 

WBCSD partnered to address standardized methods for GHG emissions accounting. A 

steering group was developed, with representatives from environmental groups and 

industry, to guide the process. In 2001, the first publication from the GHG Protocol titled 

The Greenhouse Gas Protocol: A Corporate Accounting and Reporting Standard was 

released. In 2006, the International Organization for Standardization (ISO) incorporated 

the GHG Protocol’s work as a basis for ISO 14064-I: Specification with Guidance at the 

Organization Level for Quantification and Reporting of Greenhouse Gas Emissions and 

Removals. More than 1,000 businesses and organizations around the world, including 

over 60% of Fortune 500 companies, have developed their GHG inventories using the 

standards within the protocol (Greenhouse Gas Protocol, 2012a). The GHG Protocol’s 

inclusion into an ISO standard combined with its widespread use demonstrates the 

value in using the respective standards for GHG emission estimates. 

 Several standards are part of the GHG Protocol and each one’s use is dependent on 

the purpose and requirements of the user. For most cases, including wastewater 

treatment facilities, the Corporate Accounting and Reporting Standard (Scope 1 & 2) is 

used for estimating emissions (WRI, 2004). Additionally, the Corporate Value Chain 

(Scope 3) Standard can be used to estimate emissions from an organization’s supply 

chain. Scope 3 emissions were not considered for this research. Scope 1, 2, and 3 are 

used throughout the GHG Protocol as a way to categorize organizational emissions 

based upon their source. 
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Scope 1 Emissions 

 Emissions resulting from sources that an organization owns or controls are 

considered scope 1 (direct) emissions. These emissions include: 

• Combustion of fuels from stationary sources such as boilers and furnaces; 

• Physical or chemical processing; for example, production of chemicals, or 

treatment of waste including wastewater; 

• Transportation of materials, as well as employees, in company owned mobile 

combustion sources from which emissions result; and, 

• Fugitive emissions resulting from leaks, or intentional releases, such as 

unburned methane emissions from a digester (WRI, 2004). 

 For the purposes of this research emissions from waste treatment, and in particular 

the emissions resulting from the bioreactor portion of wastewater treatment, as well as 

emissions from utility natural gas combustion were considered for scope 1 emissions. 

Scope 1 emission estimates for wastewater treatment will be discussed further in 

sections 2.7 and 2.8. 

Scope 2 Emissions 

 Greenhouse gas emissions resulting from purchased electricity consumed by an 

organization for its operations are considered scope 2 (indirect) emissions. Scope 2 

emissions are one of the largest sources of GHG emissions for many organizations. 

Scope 2 emissions are driven by the amount of electricity consumed and the method in 

which electricity is generated (WRI, 2004). In some jurisdictions hydroelectricity is the 

primary source of electrical generation which results in low CO2 emissions while others 
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rely on coal resulting in significantly higher CO2 emissions. Overall, scope 2 emission 

estimation protocols provide the organization with a method to assess changing, or 

reducing, energy consumption to alter their GHG emissions. 

2.4.2 Environment and Climate Change Canada Reporting Protocol 

 Environment and Climate Change Canada, formerly known as Environment Canada 

(EC), provides guidance on reporting facility GHG emissions and defines the 

requirements in a report titled Technical Guidance on Reporting Greenhouse Gas 

Emissions (Environment Canada, 2014). Reporting requirements for a facility are legally 

bound and any facility that releases 50,000 tonnes or more of carbon dioxide equivalent 

emissions in the calendar year must report their emissions to EC. Facilities need to 

calculate their total direct GHG emissions and if they exceed the reporting threshold the 

facility is required to submit a report through an online reporting system. Direct 

emissions are essentially the same as the GHG Protocol’s scope 1 emissions category. 

 Calculation methods are broken down by accuracy into Tiers 1, 2, and 3 with Tier 3 

being the most accurate. Tier 1 refers to general emission factor estimates, Tier 2 to 

emission factor estimates based upon country or industry-specific factors, and Tier 3 

estimates utilize bottom-up data (IPCC, 2006). Environment Canada’s reporting 

expectations on the methodological approach which fall under Tier 3 estimates are: 

• monitoring or direct measurement, 

• mass balance; and, 

• engineering estimates. 
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This research uses emission factors as well as modeling which falls under the definition 

of an engineering estimate which involved the use of sound engineering principles,  

(Environment Canada, 2014). 

 Table 2 is adapted from EC’s technical guidance report (Environment Canada, 2014) 

and is provided for reference on how GHG’s are accounted for in terms of the sources 

throughout a facility along with industry-specific guidelines for waste and wastewater. 

Table 2: GHG's to be Reported by Facilities and Source Categories 

Source Categories 

Gas 
Stationary 

Fuel 
Combustion 

Industrial 
Process Venting Flaring Fugitive On-site 

Transportation Waste Wastewater 

CO2 ● ● ● ● ● ● ● ● 

CH4 ● ● ● ● ● ● ● ● 

N2O ● ● ● ● ● ● ● ● 

HFCs   ●             

PFCs   ●             

SF6   ●             

 Stationary fuel combustion, fuel burned for the purposes of generating energy, at 

WWTP’s primarily consists of CH4 combustion for boilers. Gas used for boiler operation 

can be a mix of utility gas and gas produced from biomass in anaerobic digestion. For 

both boiler operation and digester gas flaring EC states that CH4 and N2O from utility, as 

well as digester, gas combustion shall be reported. However, for utility gas combustion 

CO2 is reported while digester gas is considered a result of biodegradation of biomass 

(Environment Canada, 2014). Venting and fugitive gases are not expected at WWTP’s 

unless there is an accidental release which would then be reported to the respective 

regulatory authorities. Additionally, on-site transportation emissions are negligible 
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compared to other emissions. An inventory at another Region of Waterloo WWTP found 

that on-site transportation accounted for 0.1% of the total emissions (SGA Energy 

Limited , 2009). 

 Naturally, the wastewater source category is of primary concern when reporting 

WWTP emissions. This category refers to emissions that result from the treatment of 

wastewater and are not included in the other source categories. The guide does not 

consider closed underground sewers to be a significant source of N2O or CH4. Aerobic 

and anaerobic wastewater treatment processes produce N2O and CH4, and advanced 

treatment processes in particular (with nitrification and denitrification) represent a small 

but distinct source of N2O. Emissions of both gases are required to be reported in this 

category. While CO2 is also produced during aerobic and anaerobic treatment it should 

not be reported as it is considered biogenic in origin. Furthermore, a reverse biogenic 

mechanism exists whereby CO2 is removed from the atmosphere unlike CH4 and N2O 

(Environment Canada, 2014). 

 The guidance document notes that a large fraction of N2O leaves a wastewater 

treatment plant in the effluent, is eventually released to the atmosphere, and states that 

it should not be part of the emissions reporting. There are some concerns with this claim 

and the non-reporting expectation for effluent N2O. Minimal N2O leaves the facility 

through the effluent because most aqueous N2O is stripped from the liquid phase during 

aeration. Nitrous oxide is generated through the biological decomposition of nitrogen 

compounds in the effluent, not simply released further downstream (GWRC, 2015).  

Furthermore, the IPCC provides guidelines on calculating, and reporting, N2O emissions 

resulting from wastewater discharge by using the effluent total nitrogen concentration 
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(IPCC, 2006) so it is peculiar that the Canadian government is taking this approach to 

wastewater effluent N2O emissions reporting. However, effluent N2O is not being 

considered in this research, only bioreactor N2O. 

2.5 Sources of GHG’s in WWTP’s 

 Sources of GHG’s in a wastewater treatment plant were discussed at a high level in 

sections 2.4.1 and 2.4.2. The purpose of this section is to expand upon the GHG’s 

emitted within a WWTP during the biological treatment process. The focus of this 

research is on GHG’s emitted during secondary treatment. However, Figure 2 adapted 

from Willis et al. (2016), is provided as a reference and summary of GHG sources within 

a WWTP. Specific information on the mechanisms governing GHG generation in 

bioreactors can be found in Section 2.6. 
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Figure 2: Overview of GHG sources at a typical WWTP 

 Following the process train from the collection system through to biosolids reuse shows CH4, CO2, and N2O being 

emitted in multiple locations. Methane is generated and can be released in the collection system as well as the raw 

sewage pumping and preliminary/primary treatment process (GWRC, 2015). Furthermore, dissolved CH4 can be stripped 

from the liquid phase during preliminary treatment. Methane can be generated and released during primary treatment with 

longer solids retention time increasing its production (Willis et al., 2016). While Willis et al. (2016) do not state that CH4 is 

emitted from secondary treatment some evidence points to it both from upstream processes as well as the potential for 

small amounts to be generated during periods with low dissolved oxygen (Aboobakar, 2014). 
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Dissolved N2O, generated during secondary treatment, can be emitted during 

secondary clarification while effluent discharge of ammonia nitrogen and its products 

results in the production of N2O in the natural environment (GWRC, 2015). Anaerobic 

digestion produces CH4 which has the potential to leak from the process area to the 

atmosphere, referred to as a fugitive emission. Methane produced during anaerobic 

digestion is flared off or used as a fuel source for boilers or cogeneration. A small 

amount of CH4 is emitted unburned, while combustion of CH4 also produces CO2 and 

N2O (Willis et al., 2016). 

2.6 Generation of GHG’s in WWTP Bioreactors 

Bioreactors at WWTP’s predominantly utilize an aerobic conventional activated 

sludge process; however, various configurations and types of treatment exist. Other 

treatment processes include: anaerobic secondary treatment, biofilm reactors such as 

fixed film and moving bed, and rotating biological contactors among others (WEF, 

2010). This section will discuss the generation of GHG’s within the context of the 

bioreactor configurations present at the Elmira and Galt WWTP’s. Elmira utilizes a 

biological nutrient removal treatment process with biological phosphorous removal and 

Galt utilizes a conventional activated sludge process. 

2.6.1 CH4 Generation in WWTP Bioreactors 

As noted in section 2.5, the majority of CH4 emitted to the atmosphere from the 

bioreactors is not generated within them. Instead, it is due to CH4 in solution entering 

from earlier processes such as the collection system as well as centrate from 

dewatering. However, there are suspected environments favouring the generation of 

CH4 in the aerobic activated sludge process. Aboobakar et al. (2014) reported that 
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periods with low dissolved oxygen can retain an outer aerobic area within activated 

sludge flocs while an inner floc region, where anoxic conditions typically prevail, would 

allow for an anaerobic zone which could sustain a population of methanogens. 

Additionally, (Gray, 2002) found that methanogenic archaea, present in activated 

sludge, do not produce CH4 under aerobic conditions; however, archaea did produce 

CH4 under anoxic conditons albeit they’re a minor contribution to bioreactor GHG 

emissions. 

2.6.2 CO2 Generation in WWTP Bioreactors 

 Carbon dioxide is produced during aerobic wastewater treatment of organic matter, 

and anoxic wastewater treatment of  nitrate, by heterotrophic bacteria. Heterotrophs use 

biodegradeable organic matter as an energy source and, during periods where energy 

sources are limited, consume some of their cellular mass through a process called 

endogenous respiration (Vanrolleghem, 2002). The CO2 respiration cycle has been well 

researched and is well understood according to Willis et al. (2016). Carbon dioxide is 

produced during aerobic wastewater treatment of ammonia and nitrite by autotrophic 

bacteria using inorganic carbon as their energy source. The following equations were 

adapted from Metcalfy & Eddy (2003). Hetrotrophic conversion of organic matter occurs 

as shown: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶�����
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 
𝑚𝑚𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜

+ 𝐶𝐶2 + 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 
𝑏𝑏𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜
�⎯⎯⎯⎯⎯� 𝐶𝐶𝐶𝐶2 + 𝐶𝐶𝐶𝐶3 + 𝐶𝐶5𝐶𝐶7𝐶𝐶𝐶𝐶2�������

𝑜𝑜𝑚𝑚𝑛𝑛 𝑜𝑜𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐

+ 𝑜𝑜𝑛𝑛ℎ𝑛𝑛𝑛𝑛 𝑛𝑛𝑛𝑛𝑒𝑒 𝑝𝑝𝑛𝑛𝑜𝑜𝑒𝑒𝑛𝑛𝑝𝑝𝑛𝑛𝑛𝑛 

denitrification produces carbon dioxide as shown: 

𝐶𝐶10𝐶𝐶19𝐶𝐶3𝐶𝐶�������
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 
𝑚𝑚𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑜𝑜

+ 10𝐶𝐶𝐶𝐶3−  
                   
�⎯⎯⎯⎯�  5𝐶𝐶2 + 10𝐶𝐶𝐶𝐶2 + 3𝐶𝐶2𝐶𝐶 + 𝐶𝐶𝐶𝐶3 + 10𝐶𝐶𝐶𝐶−  
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endogenous respiration is represented as: 

𝐶𝐶5𝐶𝐶7𝐶𝐶𝐶𝐶2 +  𝐶𝐶2
𝑏𝑏𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜
�⎯⎯⎯⎯⎯� 5𝐶𝐶𝐶𝐶2 + 2𝐶𝐶2𝐶𝐶 +  𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒 

and, nitrification produces carbon dioxide as follows: 

𝐶𝐶𝐶𝐶4+ + 2𝐶𝐶𝐶𝐶𝐶𝐶3− + 2𝐶𝐶2
                
�⎯⎯⎯�𝐶𝐶𝐶𝐶3− + 2𝐶𝐶𝐶𝐶2 + 3𝐶𝐶2𝐶𝐶 

 Heterotrophic conversion of organic matter in conjunction with endogenous 

respiration is the dominant source of CO2 emissions in WWTP bioreactors due to the 

amount of carbon in the raw wastewater in comparison to nitrogen. 

2.6.3 N2O Generation in WWTP Bioreactors 

Nitrous oxide generation via microbial pathways in WWTP bioreactors is incredibly 

complex in comparison to the formation of carbon dioxide and methane. Widespread 

research has been, and continues to be, undertaken to further the understanding of N2O 

emission and generation at WWTP’s. Studies on N2O range from fundamental research 

on the mechanisms of N2O generation, full scale WWTP monitoring, to predictive 

modeling of its generation and emission, and more (Willis et al., 2016). 

At a high level N2O is an intermediary in the process from which ammonia is 

biologically converted to nitrogen gas. Autotrophic ammonia oxidizing bacteria (AOB) 

and heterotrophic denitrifiers are the two main groups of microbes responsible for N2O 

production. There are three primary pathways for the formation of N2O two of which are 

governed by AOB’s and the third governed by heterotrophic denitrifying bacteria, as well 

as their respective enzymes (Kampschreur, 2009). Figure 3, adapted from (Ni, 2015) is 

a simplified representation of the N2O generation pathways via AOB’s. Ammonia is 

oxidized to hydroxylamine (NH2OH) which is then further oxidized to nitrite (NO2
-); 
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however, incomplete oxidation of NH2OH can result in the production of N2O as a by-

product with it increasing exponentially in correlation to NH3 oxidation (Law, 2012). 

NH3 NH2OH NO2
-

NO

N2O 

N2O 

e
ee

e

ee

1

2

1

2

= NH2OH oxidation pathway

= Nitrifier denitrification pathway

e = pathway specific enzyme

 

Figure 3: Representation of AOB N2O Pathways 

 Pathway number two occurs under conditions with low dissolved oxygen, as well as 

completely anoxic conditions, via heterotrophic denitrification whereby NO2
- is reduced 

to nitric oxide (NO) followed by further reduction to N2O. Although it is not shown in the 

diagram, N2O can be further reduced to N2 (Kampschreur, 2009). 
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Figure 4: Representation of the heterotrophic denitrification N2O Pathway 

 Heterotrophic denitrification produces N2O as an intermediate product as shown in 

Figure 4 which was adapted from (Ni, 2015). In this multistep process, utilizing 

independent enzymes, heterotrophic bacteria reduce the inorganic nitrogen compounds 

to nitrogen gas. Nitrous oxide is produced as an intermediary, which is usually short 

lived before reducing to N2, but can accumulate if there is completion for electrons 

during this step (Pan, 2012). Overall, the three mechanisms in which N2O can be 

produced are well defined and accepted within the scientific community. There are 

some portions of the mechanisms which are not fully understood but they are at a much 

deeper level within the mechanisms (Ni, 2015). 

2.7 Estimation of Bioreactor GHG Emissions using Emission Factors 

 This section will focus on literature associated emission factor-based estimation of 

GHG emissions from bioreactors as well as emissions resulting from utility energy 

consumption, electricity and natural gas. Bioreactor emissions as well as natural gas 

emissions resulting from on-site combustion fall under scope 1 emissions. Purchased 

electricity used for the operation of the plant falls under scope 2 emissions. 
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2.7.1 Estimation of Bioreactor GHG Emissions 

 The IPCC methodology for categorizing the accuracy of wastewater-related GHG 

emissions is based upon tiers with Tier 1 being the lowest level of accuracy and Tier 3 

being the highest (IPCC, 2006). As explained in Section 2.4.2, Environment Canada 

expands upon the IPCC’s tiers in terms of reporting expectations regarding the method 

used for estimation, particularly with Tier 3 estimates. In this research emission factor 

estimates fall under Tier 1 and Tier 2 while the modeling approach is considered a Tier 

3 estimate. 

Carbon Dioxide 

Carbon dioxide produced during aerobic treatment is considered biogenic in origin 

unless the carbon-based material originates from fossil fuels. As a result, regulatory 

agencies, including Environment Canada, do not consider CO2 from aerobic biological 

wastewater treatment to be a contributor to climate change and do not provide an 

emission factor (Environment Canada, 2014). However, for the purposes of this 

research it is considered to be a worthwhile parameter for comparison to other Scope 1 

GHG emissions, model outputs, and Scope 2 emissions. An EPA report suggests that 

for aerobic treatment processes a reasonable maximum CO2 generation rate in 

proportion to BOD5 treated would be 1.375 kg CO2 per kg BOD5 (RTI International, 

2010). 

Methane 

 Environment Canada requires the reporting of methane emissions from wastewater 

treatment facilities that meet the 50,000 tonne CO2 equivalent emissions threshold. 
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Methane emission estimates, recommended by EC, use the following IPCC equation to 

determine the emission factor for CH4 in domestic wastewater (IPCC, 2006): 

 𝐸𝐸𝐸𝐸 =  𝐵𝐵𝑜𝑜 × 𝑀𝑀𝐶𝐶𝐸𝐸  (1) 

Where: 

• EF = emission factor ( kg CH4
kg BOD5

) 

• Bo = maximum CH4 producing capacity = 0.6 𝑘𝑘𝑜𝑜 𝐶𝐶𝐶𝐶4
𝑘𝑘𝑜𝑜 𝐵𝐵𝐵𝐵𝐵𝐵5

 

• MCF = methane correction factor (fraction) = 0 – 0.1 for a well-managed aerobic 

treatment plant and 0.2 – 0.4 for an aerobic treatment plant with overloaded 

areas, resulting in a range of 0 to 0.06 𝑘𝑘𝑜𝑜 𝐶𝐶𝐶𝐶4
𝑘𝑘𝑜𝑜 𝐵𝐵𝐵𝐵𝐵𝐵5 𝑜𝑜𝑚𝑚𝑚𝑚𝑜𝑜𝑟𝑟𝑚𝑚𝑟𝑟

  for a well-managed aerobic 

treatment plant to 0.12 to 0.24 𝑘𝑘𝑜𝑜 𝐶𝐶𝐶𝐶4
𝑘𝑘𝑜𝑜 𝐵𝐵𝐵𝐵𝐵𝐵5 𝑜𝑜𝑚𝑚𝑚𝑚𝑜𝑜𝑟𝑟𝑚𝑚𝑟𝑟

  removed for an overloaded plant. 

Nitrous Oxide 

Like methane, N2O emissions from WWTP’s are to be reported when a facility meets 

the reporting threshold. Environment Canada does not require reporting on N2O 

resulting from effluent discharge of nitrogen; however, they do require estimates from 

the treatment process itself and direct the user to IPCC guidelines. In the IPCC 

guidelines, the N2O estimate of concern is from the WWTP effluent and a subcategory 

considers emissions from bioreactors of advanced centralized WWTP’s (IPCC, 2006) 

using the following equation: 

 𝐶𝐶2𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃 𝑥𝑥 𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑥𝑥 𝐸𝐸𝐼𝐼𝑃𝑃𝐵𝐵−𝐶𝐶𝐵𝐵𝐶𝐶 𝑥𝑥 𝐸𝐸𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (2) 
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Where: 

• 𝐶𝐶2𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = total N2O emissions from plants in a year (kg N2O/year) 

• P = total serviced population 

• 𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = degree of utilization of modern, centralized WWTP’s (%) 

• 𝐸𝐸𝐼𝐼𝑃𝑃𝐵𝐵−𝐶𝐶𝐵𝐵𝐶𝐶 = Fraction of industrial and commercial co-discharged protein 

(default = 1.25) 

• 𝐸𝐸𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = emission factor, 3.2 g N2O/person/year 

This equation is meant for estimation multiple plants within a geographical area. 

Since the focus is on individual plants the equation simplifies to: 

 𝐶𝐶2𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃 𝑥𝑥 𝐸𝐸𝐼𝐼𝑃𝑃𝐵𝐵−𝐶𝐶𝐵𝐵𝐶𝐶 𝑥𝑥 𝐸𝐸𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃  (3) 

 The IPCC recommendation of a 3.2 g N2O/person/year emission factor is based on 

a single study of one WWTP, with only BOD removal (Czepiel, 1995). It is the only N2O 

emission factor listed by the IPCC in the 2006 guidelines and is based on a single full-

scale study of a facility that did not remove nitrogen (GWRC, 2015). Various studies of 

full-scale and bench-scale N2O emissions have found that emissions can vary 

considerably by several orders of magnitude from as low as 0.0005% of influent 

nitrogen load to as high as 90% in bench-scale tests with artificial wastewater 

(Kampschreur, 2009). 

 They account for this uncertainty by providing ranges for direct WWTP emissions 

using a range of 2-8 g N2O/person/year (IPCC, 2006). While Environment Canada 

expect users to follow the IPCC methodology there are significant challenges with 

estimating the emissions of a facility given the range of uncertainty, type of facility, and 
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because the factor came from a single study with no evidence that it is appropriate to 

use for all WWTP’s. 

 Other organizations recommend various N2O emission factors based upon protein 

intake, whether a facility has nitrification and/or denitrification, and whether significant 

industry is present. Ultimately these estimates are similar to the IPCC in approach and 

only differ in magnitude while ignoring the complexity of N2O generation and emission. 

Concerns with WWTP GHG Estimates Based Upon Emission Factors 

Emission factors provide an easy to use approximation for GHG emissions at 

WWTP’s. However, as mentioned throughout this literature review and many studies, 

the are several concerns with using emission factors to estimate GHG emissions. Some 

factors are generic at a global level, country level, or specific to a single parameter 

(IPCC, 2006). Additionally, some factors such as the N2O factor promulgated by the 

IPCC are based upon one study. Nitrous oxide is a particularly challenging GHG to 

estimate due to multiple pathways in which it can occur and the dynamic nature of its 

generation (GWRC, 2015). 

Overall, the production of GHG’s is a dynamic process dependent upon daily, 

weekly, and seasonal variations. Furthermore, operating conditions affect their 

production. Estimating emissions with a generic factor does not capture variability in the 

emissions related to changes in process configuration, operating conditions as well as 

seasonality (Mannina, 2016). It is possible to develop a variety of factors in order to 

cover most situations; however, it is more accurate to develop and simulate a plant-wide 

dynamic model to evaluate GHG generation and emissions (Corominas, 2012). 
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2.8 Estimation of Bioreactor GHG Emissions through Modeling 

 Modeling of wastewater treatment processes is common for the design as well as 

operation of facilities. In fact, modeling is considered to be the best approach for the 

design of complex BNR facilities (Metcalf & Eddy, 2003). A plethora of models have 

been developed to model specific aspects of wastewater treatment as well as whole 

plant models. In 1982, the currently named International Water Association (IWA) 

formed a task force, which continues to this day with varying members, to develop a 

common platform for models of activated sludge processes. The platform, and models, 

progressed as computational power and understanding of the processes increased 

(Henze, 2000). 

 Activated sludge model (ASM) 1 modeled carbon and nitrogen removal processes, 

ASM2 included biological phosphorus removal along with ASM2d which added some 

features such as simultaneous nitrification-denitrification, and ASM3/3c (Gujer, 1999) 

built upon the previous models and includes a more accurate representation of the 

activated sludge process via storage of substrate and endogenous respiration. While 

carbon removal and related GHG emissions are well understood, and modeled in the 

ASM3 there has been considerable research, and increased understanding, of nitrogen 

emissions since its release. 

 Commercial products have built upon the IWA models and the latest research; for 

example, the addition of mechanisms associated with N2O emissions, in order to 

provide practitioners with the tools to design and operate facilities while being on the 

edge of the current state of the science. One consideration to keep in mind is that the 

models used in commercial products are not open source and limited data is available 
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on the equations which govern them. The following list represents the biological, 

activated sludge, processes which BioWin incorporates into its model: 

• growth and decay of ordinary heterotrophic organisms, 

• growth and decay of methylotrophs, 

• hydrolysis, adsorption, ammonification and assimilative denitrification, 

• growth and decay of ammonia oxidizing biomass, 

• growth and decay of nitrite oxidizing biomass, 

• growth and decay of anaerobic ammonia oxidizers; and, 

• growth and decay of phosphorus accumulating organisms (EnviroSim 

Associates, 2016b). 

 The subsections that follow will discuss how models in general approach GHG 

generation and emissions along with the information available on how BioWin software 

models the respective GHG’s. 

2.8.1 Carbon Dioxide 

 In section 2.6.2 the basic equations which govern CO2 generation in a bioreactor 

during secondary treatment were presented. Models such as the ASM3 and BioWin 

activated sludge/anaerobic digester model (AS/AD) model go much deeper into the 

various mechanisms that govern the microbial reactions which generate CO2. 

Unfortunately, there is minimal literature available directly from EnviroSim Associates on 

the mechanisms of CO2 generation in BioWin. It is possible to infer based upon the 

BioWin process equations and those known to generate CO2 that the model is well 

suited for quantification of biologically produced CO2 emissions. Additionally, BioWin 
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can model pH and alkalinity, which influences CO2 in the liquid phase, as well gas 

transfer and the associated variables. Overall, BioWin is considered to model carbon 

dioxide significantly better than the ASM3 model and other modeling approaches due to 

the biological, chemical, and physical models present within the simulation package 

(Foley, 2010).  

2.8.2 Methane 

 In section 2.6.1 the conditions which favour CH4 generation in a bioreactor during 

secondary treatment were presented. Based on the literature low DO conditions, anoxic 

conditions, and side stream processes such as centrate return can influence methane 

generation and emission.  or Models such as the ASM3 and BioWin activated 

sludge/anaerobic digester model (AS/AD) model go much deeper into the various 

mechanisms which govern the microbial reactions that generate CO2. Unfortunately, 

there is minimal literature available directly from EnviroSim Associates on the 

mechanisms of CO2 generation in BioWin. It is possible to infer, based upon the 

process equations known to generate CO2, that the model is well suited for 

quantification of biologically produced CO2 emissions. Additionally, BioWin can model 

pH and alkalinity, which governs CO2 in the liquid phase, as well gas transfer and the 

associated variables. Overall, BioWin is considered to model carbon dioxide 

significantly better than the ASM3 model and other modeling approaches due to the 

biological, chemical, and physical models present within the simulation package (Foley, 

2010).  

31 
 



2.8.3 Nitrous Oxide 

 In section 2.6.3 the three pathways responsible for N2O generation in secondary 

treatment bioreactors was discussed. There are numerous papers written on modelling 

of N2O emissions in bioreactors. Essentially, most research is focused on modeling N2O 

emissions based upon one or more pathways and in many cases, they attempt to fit the 

data to experiments in order to create a predictive model.  

EnviroSim Associates provides information within their documentation on how it 

models N2O emissions. BioWin aligns with the current research in terms of the three 

main pathways of N2O generation and provides the user with the ability to make 

adjustments to some of the factors which influence it (EnviroSim Associates, 2013). For 

the purposes of this research, default factors were used. See Figure 3 and Figure 4 for 

simplified versions of the pathways. In the documentation EnviroSim Associates 

describes the conditions which favour N2O generation for each pathway. The first 

pathway, NH2OH oxidation during nitrification, occurs within BioWin as follows: 

• If AOB’s are operating at their maximum specific growth rate it follows that 

NO2
- is present and results in a small portion of NH3 being oxidized into N2O, 

• Conditions for occurrence are: 

o Significant ammonia present where the concentration is more than 2x 

the soluble substrate concentration 

o No oxygen limitation where DO is much greater than zero; and, 

o Nitrite will be present as a result of the pathway. 

The second pathway, nitrifier denitrification, occurs within BioWin as follows: 
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• At low DO the N2O comes from NO2
- where nitrite is the terminal electron 

acceptor (TEA). 

•  Conditions for occurrence are: 

o Low DO ranging from 0 mg/L to < 0.4 mg/L, 

o Active AOB’s thus creating NH2OH; and, 

o Presence of NO2
-, free nitrous acid (FNA), as the TEA. 

Lastly, the final pathway, heterotrophic denitrification, occurs within BioWin under 

the following environment: 

• DO ranging from approximately 0.4 mg/L to 0.8 mg/L with NO2
- and pH at 

levels which allow significant FNA to accumulate. 

• Additional conditions require for occurrence: 

o Availability of an organic carbon source, 

o Presence of NO3
- and NO2

- as electron acceptors; and, 

o Inhibiting factors preventing full denitrification to N2: 

 the enzyme responsible for reducing N2O is sensitive to pH, 

 FNA 

 DO does not equal zero, oxic conditions are present. 

2.9 Estimation of GHG Emissions from Utility Energy Consumption 

 Greenhouse gas emission estimates from utility energy consumption can be 

performed in many ways. For this research emission estimates are based upon how 

electricity and natural gas are produced and transported in order to capture the entire 

life cycle of the emissions. Environment Canada advises that emissions resulting from 
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the transmission of electricity and natural gas should be reported by the producer and 

not the end user (Environment Canada, 2014). This makes sense as EC is looking at 

the total emissions from all sources and not the emissions resulting from an individual 

facility in isolation. However, it is important to be aware of the overall emissions 

generated as a result of the energy consumed for operation in order to quantify absolute 

emission reductions resulting from plant optimization as well as other approaches to 

reducing GHG’s. 

Electricity 

Electricity in Ontario is produced from a variety of sources including nuclear, 

hydroelectric, natural gas, wind, solar, biomass, and in 2013 coal-based generation was 

in the process of being phased out (IESO, 2013). Overall, the majority of electricity in 

Ontario comes from low carbon sources based on a life cycle of the generation source. 

However, even after coal generation is phased out, natural gas will still produce 

significant GHG emissions in CO2 equivalents. Table 3 summarizes the sources of 

electricity, the percentage each source contributes to the overall energy mix (OEB, 

2013), and the lifecycle CO2 emissions from respective sources of electricity (Schlömer 

ST, 2014). This information was used to determine the amount, in grams, of CO2 

emitted per kWh of electricity consumed by the WWTP’s resulting in a total of 90.59 

grams of CO2 emitted per kilowatt-hour of electricity generated.  
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Table 3: Ontario's 2013 Electrical Energy Mix with CO2eq GHG Calculations 

Electricity Sources Percent 
Mix 

Lifecycle CO2 
Emissions  

(g CO2eq/kWh) 

Proportional 
Emission 

Factor  
(g CO2eq/kWh) 

Hydroelectric 23.4% 24 5.62 
Alternative Sources 5.7% ---- ---- 

Solar 0.8% 48 0.38 
Wind 3.9% 11 0.43 
Biomass 1.0% 740 7.40 

Nuclear Energy 57.9% 12 6.95 
Natural Gas 10.9% 490 53.41 
Coal 2.0% 820 16.40 
Overall Mix ---- ---- 90.59 

 Lifecycle emission factors were chosen in order to determine the overall impact of 

electricity usage, and reduction, rather than simply consider the emission resulting from 

its production as recommended by Environment Canada. 

Natural Gas 

 Natural gas is used within the facility to heat buildings, water; and, when there is not 

enough gas produced by the anaerobic digester, the boilers which keep the digesters at 

a constant temperature for proper digestion. Distribution, as well as combustion of, 

natural gas results in emissions of CO2, CH4, and N2O. Table 4 shows the amount of 

each GHG emitted per cubic meter of natural gas (Government of Canada, 2013) as 

well as the CO2 equivalent for CH4 and N2O calculated using the respective emission 

factors of 32 and 298 (IPCC, 2013). 
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Table 4: GHG Emission Factors and Overall Emission Factor for Utility-based Natural Gas 

CO2 CH4 N2O Total CO2 
Equivalent 

g 
CO2/m3 

g 
CH4/m3 

g 
CO2eq/m3 

g 
N2O/m3 

g 
CO2eq/m3 

Ʃ (g 
CO2/m3) 

1879 0.037 1.184 0.034 10.132 1,890 
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3.0 Design and Methodology 

3.1 Data Sources 

 Data used for the model design and calibration came from several sources. Sources 

of data include accredited laboratory data, design briefs and drawings (including 

Environmental Compliance Approvals (ECA’s)), historical supervisory control and data 

acquisition (SCADA) records, process control narratives (PCN’s), consultant reports, 

and previous Regional models. Each data source had valuable contributions to the 

overall development of the model; however, it is important to recognize the limitations of 

these sources as well. 

3.1.1 Accredited Lab Data 

 Accredited lab data was retrieved from the Region’s Laboratory Management and 

Information System (LIMS). MOECC compliance data as well as additional process 

monitoring data was used for the model inputs, such as influent characteristics, and 

confirming simulated model unit processes were performing similar to data collected 

through process monitoring (e.g. primary clarifier TSS removals). It is important to note 

that lab data does not provide information related to production, only analytical results 

such as effluent ammonia concentrations. For example, flow rates are not captured 

through the LIMS system. 

3.1.2 Design Briefs, Drawings, and ECA’s 

 Environmental Compliance Approvals (ECA’s) were used for unit processes and 

capacities and then confirmed through as-built drawings and design briefs. However, 

not all unit processes and capacities are included in an ECA. Design briefs and 
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drawings were then used to ensure the models’ unit processes and capacities, such as 

clarifier dimensions and blower capacity, were accurately represented in the models.  

3.1.3 SCADA Data 

 A large amount of SCADA data was available for the Galt WWTP due to its relatively 

new SCADA system while minimal SCADA data was available for the Elmira WWTP 

due to the system’s age and historical data storage format. SCADA data available for 

Galt includes dissolved oxygen and MLSS concentrations in the aeration basins, flow 

rates throughout the facility, equipment run times, and much more. SCADA data 

available for Elmira is generally limited to daily flow totals for influent, effluent, and 

solids processing with some small exceptions. 

3.1.4 Process Control Narratives 

 Process control narratives provided valuable information related to unit processes 

and their design intentions. Furthermore, they were essential in determining the 

appropriate operational characteristics of processes such as centrifuge capacities and 

biosolids processing rates, blower capacities, process layouts, SCADA tagging for 

historical data, and more. 

3.1.5 Consultant Reports 

 A wealth of information exists through consultant reports generated for Galt WWTP 

and Elmira WWTP. For example, both facilities have gone through previous modeling 

exercises and rate (e.g. kinetic) testing to ensure the models were well calibrated and 

these were captured in detailed reports. Report of that nature aided the development 

and calibration of the models. 
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3.1.6 Existing Models 

 Both Galt WWTP and Elmira WWTP have had several models created under past 

Regional projects. These models aided in forming a baseline for the models used in this 

research. Given the wealth of SCADA data available for the Galt WWTP a highly-

customized model was able to be developed for this research while Elmira’s borrowed 

much more from past models as there was limited data available for process flows, 

solids concentrations, and other parameters. The modeling approaches will be 

described in detail in sections 3.3 and 3.4. 

3.2 BioWin Process Simulator 

 BioWin is developed by EnviroSim Associates and brings together biological, 

chemical, and physical process models. It is used throughout the world to design, 

upgrade, and optimize wastewater treatment plants. BioWin utilizes a proprietary 

biological model which is enhanced by other process models; such as, water chemistry 

models for calculation of pH, mass transfer models for oxygen modelling, and other gas-

liquid interactions including GHG emissions (EnviroSim Associates, 2016a). Because of 

its widespread use in the industry and highly developed models, BioWin was used for 

this research to create and simulate models of the Elmira and Galt WWTP’s. 

3.3 Model Design and Calibration for the Elmira WWTP 

3.3.1 General Plant Overview 

Elmira WWTP is designed and operated as biological nutrient removal (BNR) 

process, utilizing biological phosphorous removal, and has an average daily design flow 

of 7,800 m3/d. It was upgraded to this process in 2002 with further capital upgrades in 

2013 to add centrifuge dewatering and improved flow splitting. The plant receives a mix 
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of residential and industrial loads with a direct discharge into the plant from an industrial 

discharger (I.D.). During normal flows the influent passes through screening followed by 

vortex grit separation, primary clarification, and then passes through two parallel 

bioreactors followed by ferric chloride dosing for additional phosphorous removal, 

secondary clarification, tertiary sand filtration, and UV disinfection. 

During heavy rain events, spring snow melts, and other wet-weather conditions 

equalization tanks may be used prior to primary clarification in order to buffer the peak 

flows through the facility. However, data was not available to quantify the equalized flow 

and as a result the model was developed without equalization tanks assuming normal 

flow through the year. 
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3.3.2 Design of the Base Model 

 

 

Figure 5: Base model of the Elmira WWTP 
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A base model of the Elmira WWTP was developed and calibrated for this research 

and is shown in Figure 5. Each process area parameter mentioned in this section 

comes from a combination of SCADA data, process data, as well as the results from 

calibration of the base model to arrive at the values presented herein. It is necessary to 

explain the base model design in detail prior to outlining the calibration process so that 

the reader understands the background of the model. Once calibrated, it was then 

modified to create models, steady state and dynamic, which were used to determine 

GHG emissions under various operational strategies. 

Variables used to alter the base model and create new models were: 

• Constant influent flow vs a dynamic flow curve, 

• air flow rates versus constant a constant dissolved oxygen concentration; and, 

• operation of the swing zone under aerated versus unaerated conditions. 

 Further information on the models can be found in Section 3.5.1 and Table 20. 

 Most unit processes in the model such as the primary clarifiers, aeration tanks, and 

secondary clarifiers represent a simplification of the actual process in order to reduce 

modeling time while retaining an acceptable level of accuracy. Each unit process 

matches existing site conditions from a volumetric perspective and was confirmed 

through as-built drawings. 

 The influent fractions, diffuser layout, and overall configuration were left the same as 

the previously calibrated model while the process data was updated to process data 

from 2012. There was limited operational data such as RAS flow rates, sludge 

processing, et cetera available for model development due to the limited SCADA 
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system. As a result, it was decided that a previously calibrated model, in conjunction 

with updated operational data, was the most appropriate approach to ensure a 

representative model. Unless otherwise noted, BioWin project parameter defaults are 

used for the models. 

 While the SCADA data is lacking for this facility there is a wealth of operational data 

due to an enhanced sampling program that occurred during this research period. 

Enhanced sampling captured a variety of operational data, above and beyond 

compliance requirements, using 24-hour composite samplers at key process locations 

throughout the facility. These locations included the primary clarifiers (upstream and 

downstream), fermenter tank contents, secondary clarifiers, as well as more frequent 

influent and effluent sampling. 

Influent 

 All models use the COD influent object for the raw influent and the I.D. influent. 

Table 5 lists the influent (Raw and I.D.) parameters used as a basis for steady state 

model inputs. All steady state influent parameters, except raw influent flow, were also 

used for the dynamic model inputs. These parameters are based on annual averages of 

24-hour composite samples from an accredited laboratory; with the exception of flow 

which is based on data captured by operations staff as well as calcium, magnesium, 

and dissolved oxygen which used BioWin defaults because there was no data available. 

Lower level influent fractions such as the ratio of readily biodegradable COD to total 

COD can be found in the Appendix. 
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Table 5: Influent parameters for Elmira WWTP base model 

Parameter Influent I.D. 
Flow (m3/d) 3,286 69 
Total COD (mg COD/L) 774 665 
Total Kjeldahl Nitrogen (mg 
N/L) 54.6 18.5 

Total Phosphorus (mg P/L) 6.8 0.4 
Nitrate N (mg N/L) 0 0 
pH 7.7 8.1 
Alkalinity (mmol/L) 8.8 6 
ISS Influent (mg ISS/L) 35 10 
Calcium (mg/L) 80 80 
Magnesium (mg/L) 15 15 
Dissolved O2 (mg/L) 0 0 

 Discrete hourly flows were unavailable for the Elmira WWTP. In order to create a 

dynamic model an approximation was developed based upon an hourly flow curve from 

the Galt WWTP. The annual hourly average flows for the Galt WWTP were converted to 

a ratio of its annual average daily flow (38,758 m3/d). Each ratio was then multiplied by 

the annual average daily flow for Elmira WWTP to develop an hourly flow estimate as 

shown in Table 6 with the final curve in Figure 6. 
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Table 6: Elmira hourly flow curve estimation using Galt WWTP annual hourly average flows 

Time 
Galt 

Hourly 
Flow 
(m3/d) 

 Galt 
Hourly: 
Average 

Daily 
(ratio) 

Elmira 
Hourly 
Flow 
(m3/d) 

 

Time 
Galt 

Hourly 
Flow 
(m3/d) 

Galt 
Hourly: 
Average 

Daily 
(ratio) 

Elmira 
Hourly 
Flow 
(m3/d) 

00:00 35,671 0.920 3,024 
 

 12:00 46,075 1.189 3,907 
01:00 30,737 0.793 2,606 

 
 13:00 45,724 1.180 3,877 

02:00 27,433 0.708 2,326 
 

 14:00 44,774 1.155 3,796 
03:00 26,335 0.680 2,233 

 
 15:00 43,352 1.119 3,676 

04:00 26,355 0.680 2,235 
 

 16:00 42,301 1.091 3,587 
05:00 25,911 0.669 2,197 

 
 17:00 42,556 1.098 3,608 

06:00 26,194 0.676 2,221 
 

 18:00 43,549 1.124 3,692 
07:00 30,631 0.790 2,597 

 
 19:00 44,913 1.159 3,808 

08:00 37,884 0.978 3,212 
 

 20:00 46,191 1.192 3,916 
 09:00 42,507 1.097 3,604 

 
 21:00 46,199 1.192 3,917 

 10:00 44,486 1.148 3,772 
 

 22:00 44,140 1.139 3,743 
 11:00 45,642 1.178 3,870 

 
 23:00 40,550 1.046 3,438 
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Figure 6: Diurnal flow pattern approximation for Elmira WWTP 

Primary Clarification 

All models use the ideal primary settling tank object for this process. The two circular 

primary clarifiers were grouped into a single clarifier unit with the following inputs: 

• volume = 560.6 m3 and depth = 2.40 m 

• underflow/wasting volume = 45.0 m3/d which is pumped to the fermenter 

• settling efficiency of 55% with a sludge blanket fraction set to 0.10 of the settler 

height. 
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Bioreactors 

 Elmira WWTP bioreactors consist of two identical parallel treatment trains. The 

model was built with one large bioreactor train, using five bioreactor model objects in a 

series, representing both tanks from a dimensional and volumetric perspective as 

shown in Figure 7: 

Aerobic

Swing
Zone
(280 m3)

10% Diffuser 
Coverage

Anaerobic
(334 m3)

Anoxic
(334 m3)

Direction of Flow

Internal Recycle
(1x Influent Flow)

(882 m3)

10% Diffuser 
Coverage

(882 m3)

10% Diffuser 
Coverage

  

Figure 7: Simplified process flow diagram of the model bioreactor 

 Mixed liquor can be returned to the beginning of the swing zone at various rates. For 

the models in the research, depending on the scenario, it was set to 0 m3/d or 100% of 

influent flow. For the base steady state model the overall bioreactor hydraulic retention 

time (HRT) is 8.6 hours and the solids retention time (SRT) is 15.8 days. Bioreactor 

temperature was set to 16.1°C for all models and a summary of the dimensions and 

model settings for the bioreactors can be found in the following Table 7. 
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Table 7: Elmira WWTP bioreactor dimensions and model settings 

Tank Vol. 
(m3) 

Area 
(m2) 

Depth 
(m) 

Mixer 
Power 
(W/m3) 

DO 
Setpoint 
(mg/L) 

HRT 
(hrs) 

Constant 
Airflow 

Setpoint 
w/ Swing 

Zone 
(m3/hr) 

Constant 
Airflow 

Setpoint 
w/o 

Swing 
Zone 

(m3/hr) 
Anoxic 334 74.2 4.50 5.00 n/a 1.5 n/a n/a 
Anaerobic 334 74.2 4.50 5.00 n/a 1.5 n/a n/a 

Swing 280 62.2 4.50 5.00 when 
unaerated 

2.0 when 
aerated 0.8 666.7 n/a 

Aerobic 882 196 4.50 n/a 2.0 2.4 666.7 1000 
Aerobic 882 196 4.50 n/a 2.0 2.4 666.7 1000 

Secondary Clarification 

For all models the three circular secondary clarifiers at the Elmira WWTP were 

grouped into a single clarifier unit, using the ideal clarifier object, with the following 

inputs: 

• volume = 3,982.5 m3 and depth = 4.50 m 

• RAS volume = 2,109 m3/d 

• WAS volume = 69 m3/d 

• settling efficiency set at 99.85% with a sludge blanket fraction set to 0.20 of the 

settler height. 

Solids Processing 

 Elmira WWTP utilizes a fermenter to generate volatile fatty acids, a source of readily 

biodegradable carbon, for the anaerobic stage of the treatment process to biologically 

remove phosphorous. It is modelled as an anaerobic digester without heating or mixing 

as neither capability exists for the fermenter. The liquid stream operates through 
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overflow and an ideal clarifier object is used to model the solids separation portion of 

the fermenter. Both the fermenter and clarifier use the following dimensions: 

• volume = 377.0 m3 and depth = 5.80 m 

Solids from the fermenter clarifier are modelled as being removed from the system 

on a continuous basis with an underflow rate of 15 m3/d with the remaining flow of 30 

m3/d returning to the anaerobic zone. 

Chemical Phosphorous Removal and Solids Precipitation 

 While Elmira does utilize biological phosphorous removal, it requires chemical 

dosing to achieve its ECA limits consistently. For this model, a constant ferric chloride 

dosage of 161 L/d was used which was based on the average daily volume for 2012. 

3.3.3 Calibration of the Base Model for Elmira WWTP 

 As noted in the preceding section a previously calibrated model of the Elmira WWTP 

was used for this research however several portions of the process were calibrated to fit 

the available sampling and flow data. Unit processes that were calibrated to fit the 

observed data include primary clarification, secondary treatment, solids processing, and 

the final effluent. 

Primary Clarification 

 An average annual primary clarifier underflow of 45 m3/d was used with a historical 

primary solids removal rate of 55% which resulted in the values presented in Table 8. 
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Table 8: Measured and simulated parameters for primary clarification at Elmira WWTP 

Unit Process Measured 
(mg/L) 

Simulated 
(mg/L) 

% 
Difference 

Primary Clarifier Effluent        
COD (n = 13) 606.2 519.7 15% 

CBOD5 (n = 37) 205.2 283.8 -32% 
TKN (n = 13) 40.6 49.1 -19% 

TP (n = 13) 5.0 5.0 0% 
VSS (n = 13) 123.1 118.6 4% 
TSS (n = 50) 134.0 134.6 0% 

Primary Clarifier 
Underflow        

VSS (n = 51) 10,439 8,024 26% 
TSS (n = 51) 11,847 11,693 1% 

Simulated primary clarifier underflow concentrations match the measured average 

TSS value quite closely and no further adjustments were made to the underflow rate or 

removal rate. Additionally, the simulated primary clarifier effluent values reasonably 

match the measured values especially the TSS concentrations with 50 samples and 

<0.5% difference between the simulated and measured. 

Secondary Treatment 

 Secondary treatment includes the bioreactor as well as secondary clarifier. A single 

secondary clarifier object is used to represent the clarifiers with the RAS returning 

upstream of the bioreactor. See Figure 5 for a graphical representation of the 

configuration. As the primary purpose of this research is to examine GHG emissions 

from the secondary treatment process, namely the bioreactors, ensuring the MLSS 

concentrations matched observed sampling data was the primary goal for calibration. 

Additionally, efforts were made to align the RAS/WAS flow rates and concentrations to 

historical data. TSS and VSS values, in Table 9, for the bioreactor are within 7% and 
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13%, respectively. However, when using the respective annual average RAS and WAS 

flow of 2,178 m3/d and 69 m3/d, it is evident that the solids underflow concentrations do 

not align well with 2012 data. 

Table 9: Measured and simulated parameters for secondary treatment at Elmira WWTP 

Unit Process Measured 
(mg/L) 

Simulated 
(mg/L) 

% 
Difference 

Bioreactor       
VSS (n = 38) 2,471 2,162 13% 

TSS (n = 143) 3,180 2,960 7% 
Secondary Clarifier 
Underflow       

VSS (n = 48) 8,957 5,294 51% 
TSS (n = 120) 11,650 7,314 46% 

 A basic mass balance following a recommended protocol (Metcalf & Eddy, 2003) 

was performed around the bioreactor and secondary clarifier to compare the operational 

data for the primary effluent flow and concentration, from a composite sampler, to the 

operational WAS flow and concentration, from grab samples, while neglecting biological 

generation and the minimal mass leaving in the secondary effluent.  

 

Figure 8: Simplified mass balance diagram for Elmira WWTP bioreactors and secondary clarifier 

 The mass balance revealed a total mass entering the system of 472 kg/d and a total 

mass leaving the system of 804 kg/d, indicating that either the WAS flow or 
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concentration were incorrect. Given that the sampled primary sludge concentration 

averaged 11,847 mg/L it is questionable that the average WAS TSS concentration is 

similar at 11,650 mg/L. This implies that there may have been a routine sampling error 

during the period. Additionally, the median WAS TSS concentration data from 2008 

through 2014 was 8,060 mg/L including the 2012 period of elevated WAS 

concentrations. 

 During the calibration period a concentration similar to the sampled concentration 

was attempted by reducing the WAS flow rates. Ultimately the flow was reduced to 40 

m3/d in order to achieve a concentration of approximately 11,000 mg/L in the RAS/WAS 

stream. However, this resulted in MLSS concentrations for TSS and VSS which were 

well above operational values at 4,436 mg/L and 3,102 mg/L, respectively. Due to the 

results of the mass balance, model MLSS concentrations, as well as the anomalous 

RAS/WAS concentrations it was decided that retaining the actual WAS flow was the 

best approach to approximate the bioreactor solids and volatile solids concentrations. 

This approach resulted in a modeled mass balance of 493 kg/d entering the system and 

505 kg/d leaving the system. 

Final Effluent 

 Elmira WWTP utilizes tertiary sand filtration; however, it was not modeled for this 

project as previous models did not contain the object and it was decided that it added 

complexity with minimal benefit to modeling GHG emissions from the bioreactors. 

Composite sampling data exists for secondary effluent and final effluent but the same 

analytes are not captured for both processes. Table 10 lists the median and average for 

each analyte. It was decided to include both as final effluent results can vary much more 
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that other unit processes due to dynamic changes within the plant e.g. solids carryover 

from the secondary clarifier. Secondary effluent COD is used because there is no final 

effluent COD and TSS as that most closely resembles the model output given the 

exclusion of tertiary filters.  

Table 10: Measured and simulated parameters for secondary and final effluent at Elmira WWTP 

Unit Process 
Measured  

(average / median) 
(mg/L) 

Simulated 
(mg/L) 

Secondary Effluent      
COD (n = 121) 49.6 / 50.0 47.8 
TSS (n = 146)  5.6 / 3.0 7.3 

Final Effluent      
Ammonia-N (n = 72) 0.91 / 0.10 0.21 

Nitrate-N (n = 51)  11.1 / 12.0 12.9 
TKN (n = 51) 2.24 / 1.30 2.46 

TP (n = 51) 0.14 / 0.12 0.24 
CBOD5 (n = 52) 2.11 / 2.00 3.21 

 Final effluent analytes with the exception of ammonia, which was essentially the 

same as the secondary effluent concentration, were not analyzed in the secondary 

effluent samples and had to be included as final effluent values. Detection limits also 

impact the data and can skew some of the calculations such as ammonia (0.10 mg/L) 

and CBOD5 (2.00 mg/L). COD, nitrate, and TKN are quite close to the sample averages 

and medians indicating a well calibrated model for final effluent when compared to 

process data. 

Solids Processing 

 Solids processing was simplified for this model to consider raw sludge from the 

fermenter and WAS from secondary treatment as the solids streams leaving the facility 
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while eliminating the biosolids processing. It was simplified in this manner as there is 

limited data available during 2012. A third party processed biosolids, using a belt filter 

press, for a portion of the year during capital upgrades related to centrifuge dewatering 

and the rest of the year processing varied between raw sludge and WAS which 

complicates the data analysis. Both process flows going to the dewatering system were 

documented along with the WAS concentration. It is reasonable to assume that a 

negligible mass of solids is returned to the system through fermenter overflow. For 

reference, fermenter overflow contributes volatile fatty acids to the bioreactors. Table 11 

lists the simulated biosolids processing values. 

Table 11: Simulated values for biosolids processing at Elmira WWTP 

Unit Process Flow 
(m3/d) 

Simulated 
Concentration 

(mg/L) 

Simulated 
Loading 

(kg/d) 
Fermenter       

TSS 15 31,870 478 
WAS       

TSS 69 7,314 505 

 Based upon the simulated loading, biosolids processed in terms of dry weight in 

2012 was 359 tonnes. A reported 17,540 m3 of biosolids were processed yielding 2,234 

tonnes of dewatered biosolids at an unknown average solids concentration and final 

volume. Assuming a density of 1000 kg/m3 results in a total of 2,234 m3 of dewatered 

biosolids during 2012. Dividing the simulated dry solids mass by the dewatered 

biosolids volume yields a dewatered biosolids concentration of approximately 16% 

which is within the range of concentrations expected from a belt filter press (Metcalf & 

Eddy, 2003). Based on the limited data available this concentration and volume is 
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acceptable for the total solids leaving the system. That being said, these values are not 

as important given the good fit of upstream values to the model. 

3.4 Model Design and Calibration for the Galt WWTP 

3.4.1 General Plant Overview 

 Galt WWTP is designed and operated as a conventional activated sludge treatment 

process with nitrification. Treatment capacity was expanded in 1989 to meet an average 

daily design flow of 56,800 m3/d. There have been various process improvements since 

then including centrifugal biosolids dewatering in 2008 and a full plant SCADA upgrade 

in 2010. The plant receives a mixture of residential and industrial loads. Influent passes 

through screening followed by aerated grit removal, flow then splits into two parallel 

treatment plants each utilizing primary clarification, aerated bioreactors, alum dosing, 

secondary clarification, tertiary sand filtration, and UV disinfection. The influent 

fractions, diffuser layout, and overall configuration were left the same as the previously 

calibrated model while the process data was updated to September 2012 to August 

2013 process data in order to model seasonal effects during a one year period.
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3.4.2 Design of the Base Model 

 

Figure 9: Base model of the Galt WWTP
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A base model of the Galt WWTP was developed and calibrated for this research 

and is shown in Figure 9. While there are previously developed Regional models for 

Galt, all models for this research were developed independently due to the extensive 

datasets that were available. Furthermore, previous models did not include hauled 

biosolids loads from the Hespeler WWTP, and new data existed to add that to the 

models. 

Each process area parameter mentioned in this section comes from a 

combination of SCADA data, process data, as well as the results from calibration of the 

base model to arrive at the values presented herein. It is necessary to explain the base 

model design in detail prior to outlining the calibration process so that the reader 

understands the background of the model design. Once calibrated, it was then modified 

in several ways to create models, both steady state and dynamic, which were used to 

determine GHG emissions under various operational strategies. Variables used to alter 

the base model were temperature and flow rates based on seasonality, dissolved 

oxygen concentration and air flow rates, as well as centrate flow patterns. Further 

information on the models can be found in Section 3.5.2 and Table 21. 

Most unit processes in the model such as the primary clarifier, aeration tanks, 

and secondary clarifiers represent a simplification of the actual process in order to 

reduce modeling time while retaining an acceptable level of accuracy. Each unit process 

matches existing site conditions from a volumetric perspective and was confirmed 

through as-built drawings and the process control narrative. Extensive SCADA data as 

well as process data was available for the Galt WWTP which allowed for a more 

detailed base model to be developed in comparison to the Elmira’s base model. 
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However, the greater complexity resulted in extensive testing and calibration challenges 

to achieve reasonable model outputs. 

Influent 

All models use the COD Influent object for the raw influent and the Stream (SV) 

Influent object for the Hespeler WWTP biosolids. Table 12 lists the influent parameters 

used for steady state model inputs with the COD influent object. All steady state influent 

parameters, except raw influent flow, were also used for the dynamic model inputs. 

Flow curves for dynamic models were developed based upon annual hourly average 

flows as well as seasonally average hourly flows. These parameters are based on 

annual averages of 24-hour composite samples from an accredited laboratory; with the 

exception of flow which is based on data captured by operations staff as well as 

calcium, magnesium, and dissolved oxygen which used BioWin defaults because there 

was no data available. Lower level influent fractions such as the ratio of readily 

biodegradable COD to total COD can be found in the Appendix along with Hespeler 

biosolids input parameters. 

Table 12: Influent parameters for the Galt WWTP 

Name Value 
Flow (m3/d) 38,758 
Total COD (mg COD/L) 549.2 
Total Kjeldahl Nitrogen (mg N/L) 35 
Total P (mg P/L) 5.88 
Nitrate N (mg N/L) 0.48 
pH 7.62 
Alkalinity (mmol/L) 8.32 
ISS Influent (mg ISS/L) 31.5 
Calcium (mg/L) 80 
Magnesium (mg/L) 15 
Dissolved O2 (mg/L) 0 
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 Figure 10 is a graphical representation of the flow curves, annual and seasonal, 

used for the dynamic models. As expected, the wet spring period from March to May 

exhibits the highest flow rates while drier summer months, June to August, had the 

lowest flow rates. 

 

Figure 10: Hourly average influent flow curves for the Galt WWTP 

Primary Clarification 

All models use the ideal primary settling tank model object for this process. The five 

circular primary clarifiers, four for Plant A and one for Plant B, were grouped into a 

single clarifier unit with the following inputs: 

• volume = 6,168 m3 and depth = 4.00 m 
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• underflow/wasting volume = 250.0 m3/d which goes to primary digester 

• settling efficiency of 65% with a sludge blanket fraction set to 0.10 of the settler 

height. 

Bioreactors 

 Galt WWTP consists of two independent bioreactor plants, Plants A and B. Flow is 

split proportionally, based on an annual average, between Plant’s A and B with Plant A 

receiving 47.4 % of the flow and Plant B receiving 52.6 %. Plant A has four parallel 

treatment trains while Plant B has two treatment trains with three passes each. For 

modelling purposes, as shown in Figure 9, Plant A bioreactors are modelled with four 

tanks in series and Plant B bioreactors are modelled with three tanks in series. All tanks 

use the bioreactor model object. For the base steady state model the overall bioreactor 

HRT in Plant A is 5.2 hours and 4.8 hours for Plant B. The total SRT for Plant A and B 

bioreactors is 10.1 days. Bioreactor temperatures used for each season are shown in 

Table 13 and a summary of the dimensions and model settings for the bioreactors can 

be found in Table 14. 

Table 13: Average seasonal bioreactor temperatures 

Period Bioreactor 
Temperature 

Sep-Nov 17.1°C 
Dec-Feb 13.2°C 
Mar-May 13.6°C 
Jun-Aug 19.4°C 
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Table 14: Galt WWTP model bioreactor dimensions and aeration setpoints 

Tank Volume 
(m3) 

Area 
(m2) 

Depth 
(m) 

DO 
Setpoint 
(mg/L) 

HRT 
(hrs) 

Constant 
Airflow 

Setpoint 
(m3/hr) 

Plant A - AT1 1,785 420 4.25 2.0 1.3 3,102 
Plant A - AT2 1,785 420 4.25 2.0 1.3 3,012 
Plant A - AT3 1,785 420 4.25 2.0 1.3 3,102 
Plant A - AT4 1,785 420 4.25 2.0 1.3 3,102 
Plant B - Pass 1 2,584 608 4.25 2.0 1.6 4,282 
Plant B - Pass 2 2,584 608 4.25 2.0 1.6 4,282 
Plant B - Pass 3 2,584 608 4.25 2.0 1.6 4,282 

Secondary Clarification 

 For all models the four circular secondary clarifiers for Plant A were grouped into 

a single ideal clarifier object and the two secondary clarifiers for Plant B were grouped 

into a single ideal clarifier object with each serving their respective plants. RAS is 

returned to the respective plants while WAS is combined and enters the rotating drum 

thickener (RDT). Table 15 lists the dimensions used for the model secondary clarifiers 

as well as the respective RAS and WAS flow rates. 

Table 15: Secondary clarifier model dimensions and flow rates 

 
Plant A Plant B 

Volume (m3) 5,007 5,736 
Depth (m) 3.05 3.80 
RAS (m3/d) 14,205 17,270 
WAS (m3/d) 325 330 
Removal Efficiency (%) 99.75 99.75 
Blanket Fraction 0.15 0.15 
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Solids Processing Overview  

Figure 11 presents an overview of the BioWin model solids processes with additional 

labels added to the unit processes and process lines for clarification. 

Figure 11: Galt WWTP solids processing 

 Plant A and B WAS combine and flow into a single dewatering model unit which 

represents the three RDT’s at the Galt WWTP. Filtrate from the RDT’s returns upstream 

of the primary clarifiers and the thickened waste activated sludge (TWAS) combines 

with the primary sludge and then enters the primary digester which is modeled as an 

anaerobic digester model object. There is only one primary and secondary digester at 

the Galt WWTP. Sludge flows from the primary digester to the secondary digester which 

is modelled as an ideal clarifier object where the solids for further processing are treated 

as clarifier underflow and the supernatant is the clarifier effluent. Solids underflow 

combines with the anaerobically digested Preston WWTP biosolids prior to entering the 

centrifuge.  

62 
 



The two centrifuges at the facility are modelled as a single dewatering model unit 

with the dewatered biosolids cake leaving the facility as sludge model output and the 

centrate returning upstream of the primary clarifiers. Centrate equalization, a constant 

flow of centrate, is used for all models and the absence of equalization is modelled as 

an unaerated variable volume bioreactor model object with no biological activity. This 

bioreactor model operates on a schedule representing typical operating hours from 8:00 

am to 3:00 pm. 

Solids Processing Unit Dimensions 

All of the solids processes were initially based upon annual average flows from 

SCADA data and various solids process settings, such as percent of solids removal, 

based on sampling data. However, the flows and data presented in this section are 

post-calibration values and may not match initial values. A detailed description on the 

calibration process can be found in Section 3.4.3. The following dimensions and 

parameters were used for the model design: 

• Plant A and B WAS flows are listed in Table 15 and total 655 m3/d entering the 

RDT. 

• The model RDT uses a solids capture rate of 97.0%; and, a filtrate flow of 554.0 

m3/d, and a TWAS flow of 101.0 m3/d. 

• Primary sludge, 250 m3/d, combines with the TWAS and enters the primary 

digester which has a volume of 3991 m3 resulting in an HRT of 11.4 days, a 

depth of 8.535 m, and operates at 35°C. 

• All flow that entered the primary digester enters the secondary digester which is 

modelled as a clarifier with a depth of 7.01 m and surface area of 359.7 m2, a 
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solids removal efficiency of 99.75%, an underflow of 350.96 m3/d, and a very 

small volume of supernatant at 0.04 m3/d. A small supernatant volume was used 

to satisfy BioWin’s expectation that a clarifier object has an overflow stream. The 

underflow volume was determined during the calibration phase to balance the 

overall solids stream. 

• 68.3 m3/d of biosolids from the Preston WWTP combines with the secondary 

digester flow and enters the centrifuge, additional information on Preston 

biosolids characteristics can be found in the Appendix. 

• The model centrifuge is set to a solids capture rate of 97.0% and produces 38.0 

m3/d of biosolids cake with a centrate flow of 381.26 m3/d directed upstream of 

the primary clarifiers. 

3.4.3 Calibration of the Base Model for the Galt WWTP 

 With such a complex model, calibration is a challenging and time consuming 

process. Data quantity and quality varies depending upon the source. Some of the 

process data is captured via SCADA in discrete intervals as frequently as once per 

minute, other data is such as effluent characteristics consists of a 24-hour composite 

sample once per week, while there is sampling data which may be only be gathered 

once a week as a grab sample; for example, the biosolids being received from Preston 

and Hespeler. Additionally, some of the parameters required for model inputs are not 

captured in the sampling data which requires adjustments to model input ratios. For 

example, the stream influent model object required for biosolids inputs does not have a 

total solids input but it does have an inert suspended solids input. The lab data provides 

total solids and volatile solids values.  Total solids and volatile solids values are used to 
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calculate the inert solids while adjusting other parameters such as partially inert COD to 

match the lab total solids values to the stream values from the input element. 

 In order to account for the various sources of data hourly average flows from 

SCADA were used in conjunction with lab data in order to form the initial basis for model 

calibration. Each unit process was evaluated using lab data with SCADA flow data and 

comparing the model outputs with what was expected based on lab data. 

Primary Clarification 

  Primary clarification was a challenge to calibrate due to the internal and external 

waste streams, sampling frequency, and the impacts to clarifier effluent on adjusting 

flow and removal rates. Hespeler biosolids data is captured weekly however several 

truck loads are received each day. Additional flows upstream of the primary clarifiers 

include centrate from the centrifuges, filtrate from the RDT’s, and backwash from the 

sand filters. 

 Underflow rate and concentration for the primary clarifier were initially based on an 

observed average daily flow of 127.7 m3/d with an expected total solids concentration of 

3.0%. However, at that flow rate, with a field-observed primary solids removal rate of 

65%, a raw sludge solids concentration of 6.0% was achieved. Performing a desktop 

mass balance around the primary clarifiers confirmed that the reported underflow rate 

resulted in a solids concentration of approximately 6% which did not match the total 

solids concentrations from sampling data. This combined with the Region’s historical 

models using underflow rates in the range of 225 m3/d to 300 m3/d indicated that the 

initial clarifier underflow rate was not reliable to achieve a sludge solids concentration 
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around 3.0%. A simulated underflow flow rate of 250 m3/d resulted in a concentration of 

approximately 3.0%. During the one year sampling period used for this research there 

were no samples above 6.0% indicating that it may be a flow measurement error rather 

than sampling error. Table 16 lists the measured and simulated values for the primary 

clarification process along with the percent difference between the two for reference. 

Table 16: Measured and simulated parameters for primary clarification at Galt WWTP 

Unit Process Measured 
(mg/L) 

Simulated 
(mg/L) 

% 
Difference 

Primary Clarifier Effluent        
COD (n = 47) 396.0 301.7 -27% 
TKN (n = 47) 40.6 34.7 -16% 

TP (n = 47) 4.3 4.0 -7% 
VSS (n = 47) 66.0 85.4 26% 
TSS (n = 47) 78.0 100.2 25% 

Primary Clarifier 
Underflow        

VSS (n = 47) 26,209 26,022 -1% 
TSS (n = 47) 33,077 30,552 -8% 

Secondary Treatment 

 Secondary treatment includes Plant A and B aeration tanks as well as secondary 

clarifiers. Each plant uses a single secondary clarifier object to represent the clarifiers 

with the RAS returning to beginning of their respective aeration tanks. See Figure 9 for 

further details on the configuration. As the primary purpose of this research is to 

examine GHG emissions from the secondary treatment process, namely the 

bioreactors, ensuring the MLSS concentrations matched observed sampling data was 

the primary goal for secondary treatment calibration while attempting to align with the 

RAS and WAS flows reported from the SCADA system. 
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Table 17: Measured and simulated parameters for secondary treatment at Galt WWTP 

Unit Process Measured 
(mg/L) 

Simulated 
(mg/L) 

% 
Difference 

Plant A Bioreactors       
VSS (n = 118) 2,022 2,008 -1% 
TSS (n = 240) 2,848 2,931 3% 

Plant B Bioreactors       
VSS (n = 118) 2,417 2,206 -9% 
TSS (n = 240) 3,271 3,259 0% 

Plant A Secondary Clarifier 
Underflow       

VSS (n = 59) 4,323 4,607 6% 
TSS (n = 118) 5,996 6,764 12% 

RAS Flow (m3/d) 14,177 14,205 0% 
WAS Flow (m3/d) 354 325 -9% 

Plant B Secondary Clarifier 
Underflow       

VSS (n = 59) 4,278 4,831 12% 
TSS (n = 118) 5,844 7,172 20% 

RAS Flow (m3/d) 17,172 17,270 1% 
 WAS Flow (m3/d) 432 330 -27% 

Historical mixed liquor suspended solids concentrations (MLSS) averaged 2,848 

mg/L for plant A and 3,271 mg/L for plant B based on sampling data. An average MLSS 

concentration of 2,931 mg/L was achieved for plant A and 3,259 mg/L for plant B with 

return rates of 14,205 m3/d and 17,270 m3/d, respectively. The model’s return rates 

match SCADA flow data quite closely at 14,180 m3/d for plant A and 17,170 m3/d for 

plant B. Waste activated sludge flows were adjusted to ensure MLSS concentrations in 

the aeration tanks were similar to historical data while attempting to match the overall 

concentrations observed between each plant as well as the flow received by the RDT’s.  
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Filter Influent and Final Effluent 

Filter influent concentrations result from secondary clarifier settings, particularly 

solids removal efficiencies. As shown in Table 18, the simulate COD concentration was 

approximately 20% lower than the measured values while the simulated TSS 

concentration was approximately 20% higher. Adjusting the removal efficiencies 

resulted in further deviations so it was kept as the default. 

Table 18: Measured and simulated parameters for final effluent at Galt WWTP 

Unit Process 
Measured 

(avg / 
median) 
(mg/L) 

Simulated 
(mg/L) 

Filter Influent      
COD (n = 118) 53.5 / 52.0 42.5 
TSS (n = 240)  11.8 / 11.7 13.9 

Final Effluent      
Ammonia-N (n = 52) 0.44 / 0.15 0.16 

Nitrate-N (n = 52)  23.8 / 24.1 26.2 
TKN (n = 52) 2.24 / 1.30 1.98 

TP (n = 52) 0.32 / 0.31 0.22 
TSS (n = 52)  9.0 / 8.4 6.5 

COD  n/a 35.0 
CBOD5 (n = 52) 3.07 / 2.90 2.40 

Final effluent results for ammonia, nitrate, and TKN were quite close to the 

measured values indicating the biological treatment portion of the model fit well. Total 

phosphorus, TSS, and CBOD5 were somewhat lower than the measured values 

indicating that the solids removal efficiency of the sand filter unit may be too high. No 

adjustments were made to lower the efficiency as these values may be slightly skewed 

by sampling location and process upsets during this period. 
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Solids Processing 

 Calibration of the solids processing at the Galt WWTP focused on the RDT, primary 

digester, secondary digester, and centrifuge. Flow into the RDT comes from the WAS of 

Plant A and B and flow out of the RDT results in a thickened WAS (TWAS) and filtrate 

flow. As discussed in the section on secondary treatment calibration WAS flows were 

adjusted to ensure appropriate MLSS concentrations in the bioreactors. As shown in 

Table 19, the TSS entering the RDT matches the observed data while the simulated 

flow into the RDT is 16% lower than reported SCADA flows. There is significant 

variability between for the RDT effluent TSS and flow however in terms of overall 

loading there is a 6% difference between measured and simulated values. Additionally, 

simulated filtrate TSS for the RDT was below 250 mg/L which aligned with observed 

data but wasn’t a primary goal of solids calibration. 
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Table 19: Measured and simulated parameters for solids processing at Galt WWTP 

Unit Process Measured 
(%) 

Simulated 
(%) 

% 
Difference 

RDT       
TSSin (n = 365) 0.69 0.69 0% 

Flowin (m3/d) 770 655 -16% 
TSSout (n = 365) 5.61 4.40 -24% 

Flowout (m3/d) 83.9 101 18% 
Primary Digester Effluent       

VSS (n = 48) 1.47 1.46 -1% 
TSS (n = 89) 2.34 2.22 -5% 

Secondary Digester Effluent       
VSS (n = 44) 1.29 1.40 8% 
TSS (n = 79) 2.20 2.14 -3% 

Centrifuge       
TSSin (n = 79) 2.20 2.14 -3% 

Flowin (m3/d) 423 419 -1% 
TSSout (n = 236) 21.5 22.9 6% 

Flowout (m3/d) 30.0 38.0 24% 

Raw sludge combines with TWAS and enters the primary digester. As noted in the 

calibration section for the primary clarification process, the raw sludge flows did not 

match the SCADA flow; however, the loadings were acceptable. As a result, there was 

no calibration of the digesters. Table 19 highlights the closely aligned effluent data 

between measured and simulated VSS and TSS for the digesters. 

 Centrifuge calibration focused on ensuring the solids concentration of the 

dewatered biosolids leaving the centrifuge was close to observed data. Historical 

centrifuge influent flow and total solids concentrations for influent as well as effluent 

were well documented. Centrifuge cake flow was not as well documented due to the 

plant configuration. Cake leaving the centrifuge enters a storage hopper with a scale; 
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however, truck loading often occurs while hoppers are being filled with dewatered 

biosolids. 

3.5 Simulation of Models 

Elmira and Galt models were developed and simulated based on influent 

characteristics, routine operational conditions, and potential process changes - that are 

possible within the current infrastructure - in order to compare GHG emissions resulting 

from these changes. The principal variables were influent flow, wastewater temperature, 

dissolved oxygen concentration and air flow rate. Additionally, centrate equalization was 

investigated at Galt; internal recycle flows and zone-based aeration were investigated at 

Elmira. 

3.5.1 Elmira WWTP 

For reference, Figure 7 is a simplified diagram of treatment zones in the bioreactors 

at the Elmira WWTP. Wastewater and return activated sludge combine upstream of the 

bioreactors and pass through the anoxic zone, followed by the anaerobic, and then the 

swing zone which can be aerated or unaerated, and lastly the aerobic zone which is 

constantly aerated. Internal recycle pumping is available as a treatment process. 

Internally recycling returns a portion of the mixed liquor suspended solids to the 

beginning of the swing zone. Inorganic nitrogen compounds, nitrate – NO3 and nitrite – 

NO2, are used by bacteria as a source of oxygen during the anoxic treatment process. 

Dissolved oxygen concentration and air flow rate were the two main factors simulated 

followed by variations in swing zone aeration and internal recycle flow. Each 

combination of the aforementioned variations was simulated under steady state 
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(constant influent flow) and dynamic (influent flow curve, aeration) conditions which are 

summarized in Table 20. 

Table 20: Models developed and simulated for the Elmira WWTP 

2.0 mg/L Dissolved Oxygen  Constant Airflow 

Aerated Swing 
Zone 

Unaerated Swing 
Zone  

Aerated Swing 
Zone 

Unaerated Swing 
Zone 

Internal 
Recycle 

No 
Internal 
Recycle 

Internal 
Recycle 

No 
Internal 
Recycle  

Internal 
Recycle 

No 
Internal 
Recycle 

Internal 
Recycle 

No 
Internal 
Recycle 

3.5.2 Galt WWTP 

Figure 9, base model of the Galt WWTP, shown in Section 3.4.2 is the simplified 

diagram of treatment zones in the bioreactors at the Galt WWTP. Similar to Elmira 

WWTP simulations a dissolved oxygen concentration and air flow rate were used as the 

main factors; however, in comparison, there are limited process configuration changes 

possible. As a result, seasonally adjusted influent flow rates in conjunction with 

bioreactor temperatures were used to simulate seasonal changes. Additionally, for the 

dynamic models, seasonal flow curves were used along with either centrate 

equalization or no centrate equalization for all iterations. This resulted in eight (8) steady 

state simulations and sixteen (16) dynamic simulations because dynamic centrate flow 

is not possible in a steady state model. The model iterations are summarized in Table 

21. 

Table 21: Models developed and simulated for the Galt WWTP 

2.0 mg/L Dissolved Oxygen  Constant Airflow 

Sep-Nov Dec-Feb Mar-May Jun-Aug  Sep-Nov Dec-Feb Mar-May Jun-Aug 
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4.0 Results and Discussion 

 This section will provide an overview of the data produced by models both steady 

state and dynamic, as well as emissions factors. Additionally, GHG emissions are 

compared across various operating conditions and estimation methods to highlight the 

magnitude and benefits of each operational condition and/or approach. 

4.1 Data Acquisition from Model Simulations 

Sections 3.5.1 and 3.5.2 outline the ways in which the Elmira and Galt WWTP’s 

were simulated, respectively. GHG emission data was exported from simulations using 

the BioWin Album feature. For each steady state simulation, a page in the album was 

created using the table option. In the table option bioreactors were chosen as the 

elements to monitor with element specific parameters of off-gas carbon dioxide, 

methane, and nitrous oxide, showing the mass rates in kg/d.  

After a model is successfully simulated, the table is populated with the off-gas flow 

rates which are then copied from the album and analyzed in the context of this 

research. Tables in the BioWin album only capture the final data point of each 

parameter so results from dynamic simulations are captured using a chart which shows 

the change in data over time. An example chart of the off-gas rates is shown in Figure 

12 which exemplifies the dynamic nature of GHG emissions. The chart is then exported 

as text data into a spreadsheet, an example can be seen in Appendix. The exported 

results are shown on an hourly basis with units of kg/d which are converted to kg/hour 

and then summarized for a daily total. 
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Figure 12: Example GHG off-gas emissions chart from a BioWin album 

 

Tanks 1&2 - C1 Off gas Carbon dioxide
Tanks 1&2 - C1 Off gas Methane
Tanks 1&2 - C1 Off gas Nitrous oxide
Tanks 1&2 - C2 Off gas Carbon dioxide
Tanks 1&2 - C2 Off gas Methane
Tanks 1&2 - C2 Off gas Nitrous oxide
Tanks 1&2 - C3 Off gas Carbon dioxide
Tanks 1&2 - C3 Off gas Methane
Tanks 1&2 - C3 Off gas Nitrous oxide
Tanks 1&2 - C4 Off gas Carbon dioxide
Tanks 1&2 - C4 Off gas Methane
Tanks 1&2 - C4 Off gas Nitrous oxide
Tanks 1&2 - C5 Off gas Carbon dioxide
Tanks 1&2 - C5 Off gas Methane
Tanks 1&2 - C5 Off gas Nitrous oxide
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4.2 Scope 1 Emissions from Elmira WWTP 

 Scope 1 emissions are estimated for the Elmira WWTP bioreactors through 

modeling, steady state and dynamic; as well as using emission factors for utility natural 

gas consumption. 

4.2.1 Graphical Daily Bioreactor Emission Data from All Models 

 Steady state and dynamic models are displayed graphically on a daily basis with 

respect to each GHG and are divided into the respective sections. Graphical daily 

emissions are used to highlight the differences in emissions based upon operating 

conditions. 

CO2 Emissions 

 Figure 13 summarizes the CO2 emissions for all model iterations and simulations. 

Carbon dioxide emissions under all conditions, with the aerated swing zone in 

operation, are essentially identical with less than 0.5% difference between the lowest 

and highest values. 
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Figure 13: Total CO2 emissions from Elmira WWTP bioreactors under various process configurations 

 The unaerated swing zones do exhibit some variability between the operation of the 

internal recycle with a 4% difference between the lowest emissions and the highest. 

However, it is difficult to speculate on the cause and whether 4% is a significant 

difference. 

CH4 Emissions 

 Figure 14 summarizes the CH4 emissions for all model iterations and simulations. 

Methane emissions, ranging from 1 kg/d to nearly 4 kg/d, exhibit significant variability in 

comparison to CO2. Interestingly, both aerated swing zones are nearly identical in 

emissions while the unaerated zones are higher and exhibit some variability within the 

category. 
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Figure 14: Total CH4 emissions from Elmira WWTP bioreactors under various process configurations 

 The unaerated swing zone simulation with no internal recycle is approximately 35% 

higher than the unaerated swing zone with the internal recycle active. This aligns well 

with the research indicating that CH4 is generated during aerobic treatment as a result 

of low oxygen conditions (Aboobakar, 2014) as the unaerated zone contributes to an 

increased volume of wastwater experiencing low to no DO paricularly when there is no 

internal recycle which brings back additonal oxygen in the form on nitrates. 

N2O Emissions 

 Figure 15 summarizes the N2O emissions for all model iterations and simulations. 

Nitrous oxide emissions, ranging from 0.5 kg/d to about 3.0 kg/d, exhibit unique 

behaviour in comparison to CO2 and CH4. 
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Figure 15: Total N2O emissions from Elmira WWTP bioreactors under various process configurations 

 These results align with the research showing that fluctuations in DO concentrations 

result in increased N2O emissions (Law, 2012) as well as research showing that internal 

recycle flow reduces N2O emissions (Song, 2015). Interestingly, dynamic simulation 

emissions are generally greater at 2.0 mg/L of DO while they are lower when constant 

airflow is applied. The first observation may be due to the changes in loading under 

dynamic conditions which results in greater fluctuations in nitrogen species while the 

DO concentration remains constant. As already noted the substantial jump in emissions 

for constant air flow is likely due to greater fluctuations in DO but the slightly lower 

emissions under dynamic situations could be due to  changes in the nitrogen species 

concentrations somewhat limiting the opportunity for N2O formation as discussed in 

section 2.8.3.  
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4.2.2 Tabular Annual Emission Data from All Models 

 Annual GHG emission totals, represented by kilograms of CO2eq for the Elmira 

WWTP, in steady state and dynamic simulations are summarized in tables for this 

section. A tabular format for annual data was chosen over a graphical format in order to 

provide a quick reference to the data as to well more effectively summarize the large 

amount of data and showcase the overall magnitude of emissions from the facility in 

GHG equivalents. 

Steady State 

 Steady state emissions in Table 22 are an annual summary, in CO2eq, of all 

respective GHG emissions in the bioreactors resulting from the various steady state 

models. The annual totals were calculated by summarizing the daily totals, multiplying 

them by 365, and then multiplying each GHG by their respective CO2eq factor, 32 for 

CH4 and 298 for N2O. 

Table 22: Annual Bioreactor GHG Emissions in CO2eq at Elmira WWTP (Steady State Modeling) 

 
2.0 mg/L Dissolved Oxygen  Constant Aeration 

 

Aerated Swing Zone Unaerated Swing Zone  
Aerated Swing 

Zone Unaerated Swing Zone 

 
IR Non-IR IR Non-IR  IR Non-IR IR Non-IR 

All 774,888 781,410 786,316 847,475  900,700 1,011,433 860,863 1,066,457 
CO2 725,408 726,609 683,802 711,104  721,163 721,134 683,933 700,209 
CH4 12,498 12,381 33,989 43,917  12,614 12,381 34,339 45,552 
N2O 36,982 42,420 68,525 92,455  169,681 280,627 150,103 330,661 
w/o  
CO2 

49,479 54,801 102,514 136,371  182,296 293,007 184,442 376,213 

 As discussed in Section 2.4.2, CO2 is considered biogenic in nature and is not 

supposed to be reported on for regulatory purposes. It is included in this research for 

comparison. When considering CO2 emissions as part of the overall emissions from 

bioreactors is it evident that it is the dominant greenhouse gas; however, under some 
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process configurations nitrous oxide reaches nearly one third of the overall emissions. 

When neglecting emissions related to CO2, nitrous oxide emissions are 4 to 10 times 

higher than methane emissions from the bioreactors. 

Dynamic 

 Dynamic emissions in Table 23 are an annual summary, in CO2eq, of all respective 

GHG emissions in the bioreactors resulting from the various dynamic models. The same 

process was used to calculate annual totals as the steady state values. 

Table 23: Annual Bioreactor GHG Emissions in CO2eq at Elmira WWTP (Dynamic Modeling) 

 
2.0 mg/L Dissolved Oxygen  Constant Aeration 

 
Aerated Swing Zone Unaerated Swing Zone  Aerated Swing Zone Unaerated Swing Zone 

 
IR Non-IR IR Non-IR  IR Non-IR IR Non-IR 

All 793,609 804,428 783,483 843,906  872,824 952,099 835,291 1,037,512 
CO2 725,598 726,837 684,689 711,625  723,140 723,575 690,189 706,180 
CH4 12,441 12,248 33,172 43,305  12,460 12,276 32,962 44,796 
N2O  55,570 65,343 65,622 88,976  137,225 216,248 112,140 286,536 
w/o  
CO2 68,011 77,591 98,794 132,281  149,684 228,524 145,102 331,332 

 Dynamic CO2 and CH4 emissions do not vary much in comparison to steady state 

emissions with less than a 5% difference between the two methods. There are some 

differences in N2O values between steady state and dynamic. 

4.2.3 Monthly Emission Data from Utility Natural Gas Consumption 

 Utility natural gas consumed for WWTP processes including building heat and hot 

water is considered a scope 1 emission. Table 24 lists the total kilograms of CO2eq 

emitted, on a monthly and annual basis, resulting from on-site consumption. 
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Table 24: GHG's Emitted through Consumption of Natural Gas at the Elmira WWTP 

2012 Consumption 
(m3) kg CO2eq 

January 18,333 34,650 
February 11,939 22,565 
March 9,144 17,283 
April 7,236 13,676 
May 3,053 5,770 
June 529 1,000 
July 26 49 
August 118 223 
September 1,054 1,992 
October 4,912 9,284 
November 9,425 17,814 
December 12,466 23,561 
Total 78,235 147,869 

 Greenhouse gas emissions from utility gas range from approximately two-fifths to 

three times the non-CO2 bioreactor emissions depending on the process configuration. 

4.3 Scope 1 Emissions from Galt WWTP 

 Scope 1 emissions are estimated for the Galt WWTP bioreactors through modeling, 

steady state and dynamic; as well as using emission factors for emissions resulting from 

utility natural gas consumption. 

4.3.1 Graphical Daily Bioreactor Emission Data for all Models 

 Data from steady state models, as well as with dynamic models, is displayed 

graphically on a daily basis. Sections are divided by the respective GHG emission. 

Graphical daily emissions are used to highlight the differences in emissions based upon 

operating conditions. 
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CO2 Emissions 

 Figure 16 displays the steady state carbon dioxide emission data for the various 

process conditions while Figure 17 displays the respective dynamic models. 
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Figure 16: Total CO2 emissions from Galt WWTP bioreactors under steady state process configurations 

 

Figure 17: Total CO2 emissions from Galt WWTP bioreactors under dynamic process configurations 

 Carbon dioxide emissions are quite similar between steady state and dynamic 

simulations when comparing data from each respective season and aeration strategy. 

For example, for Dec-Feb months the 2.0 mg/L steady state simulation is within 3% of 

the dynamic simulation. For the same period dynamic and steady state simulations with 

constant air flow are also within 3%. 

 CH4 Emissions 

Figure 18 displays the steady state methane emission data for the various process 

conditions while Figure 19 displays the respective dynamic models. 

0

2000

4000

6000

8000

10000

12000

14000

16000

Sep-Nov Dec-Feb Mar-May Jun-Aug

kg
/d

 Constant - No EQ

Constant - EQ

2.0 mg/L - No EQ

2.0 mg/L - EQ

83 
 



 

Figure 18: Total CH4 emissions from Galt WWTP bioreactors under steady state process configurations 

 Methane emissions are very consistent across all steady state models with less than 

5% difference between the lowest and highest emissions. Methane emissions at Elmira 

were much more variable and ranged from 1 kg/d to 4kg/d. Galt’s average influent flow 

is approximately 11.8 times greater than Elmira’s. Elmira WWTP methane emissions, 

when scaled to Galt, result in emissions ranging from approximately 11.8 kg/d to 47.2 

kg/d. This indicates conditions are much more favourable for methane generation at 

Galt WWTP compared to Elmira WWTP. 
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Figure 19: Total CH4 emissions from Galt WWTP bioreactors under dynamic process configurations 

 Figure 19 displays the total daily emissions at Galt WWTP under dynamic 

conditions. When the model is simulated without equalization it results in approximately 

twice the methane emissions as equalized centrate. Figure 20 displays the influent flow 

over a 24-hour period, the centrate flow when equalized, and the centrate flow when 

discharged during centrifuge operating hours. It appears that the lack of centrate flow 

for no-EQ simulations, during hours when the centrifuge is not operating, inhibits or 

prevents the generation and emission of CH4. However, there is no satisfactory 

explanation for the variability at this time. 
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Figure 20: Dynamic methane flows (no EQ and EQ) from a Galt WWTP bioreactor compared to influent flow 

N2O Emissions 

 Figure 21 summarizes the daily N2O emissions for steady state simulations and 

Figure 22 summarizes daily emissions for dynamic simulations at the Galt WWTP. 

0

10

20

30

40

50

60

70

80

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

50,000

O
ff-

ga
s 

M
et

ha
ne

 (k
g/

d)
 

In
flu

en
t F

lo
w

 (m
3 /d

) 

Flow

No EQ

EQ

86 
 



 

Figure 21: Total N2O emissions from Galt WWTP bioreactors under steady state process configurations 

 In comparison to N2O emissions at the Elmira WWTP, for steady state and dynamic 

simulations, the emissions at Galt are relatively similar across the various simulations. 

The lowest emissions for steady state and dynamic simulations were 3.6 kg/d and 3.4 

kg/d, respectively. The highest emissions under both steady state and dynamic 

conditions were 4.6 kg/d. For reference, the highest daily N2O emissions at Elmira were 

approximately 3.0 kg/d. There does not appear to be favourable conditions present for 

significant N2O production within the conventional activated sludge process at Galt. The 

only pathway of the three described in section 2.6.3 which applies to Galt WWTP is the 

hydroxylamine pathway during the nitrification process. Additionally, based on the 

conditions specified in the BioWin documentation for N2O production, the environment 
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is not favourable for producing N2O, particularly the DO at 2.0 mg/L was not “much 

greater than zero” (EnviroSim Associates, 2013). 

 

Figure 22: Total N2O emissions from Galt WWTP bioreactors under dynamic process configurations 

4.3.2 Tabular Annual Bioreactor Emission Data for All Models 

 Annual GHG emission totals, represented by kilograms of CO2eq for the Galt 

WWTP, in steady state and dynamic simulations are summarized in tables for this 

section. A tabular format for annual data was chosen over a graphical format in order to 

provide a quick reference to the data as to well more effectively summarize the large 

amount of data and showcase the overall magnitude of emissions from the facility in 

GHG equivalents. 
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Steady State 

Table 25: Annual Bioreactor GHG Emissions in CO2eq at Galt WWTP (Steady State) 

 
2.0 mg/L  Constant Aeration 

 
Sep-Nov Dec-Feb Mar-May Jun-Aug  Sep-Nov Dec-Feb Mar-May Jun-Aug 

All 7,275,311 7,244,903 7,567,450 7,219,872  7,435,298 7,343,815 7,703,537 7,416,326 
CO2 5,128,761 5,026,397 5,306,735 5,149,292  5,278,411 5,188,468 5,459,093 5,292,055 
CH4 1,711,470 1,751,883 1,761,461 1,682,270  1,713,106 1,753,986 1,763,680 1,684,840 
N2O 435,080 466,623 499,254 388,309  443,782 401,361 480,763 439,431 
w/o  
CO2 2,146,550 2,218,507 2,260,715 2,070,579  2,156,887 2,155,347 2,244,443 2,124,271 

 Overall, emissions across the steady state simulations are quite consistent 

compared to the Elmira WWTP. However, methane emissions are significantly higher 

than Elmira especially when centrate equalization is utilized. 

Dynamic 

Centrate Equalization 

Table 26: Annual Bioreactor GHG Emissions in CO2eq at Galt WWTP (Dynamic, Centrate Equalization) 

 
2.0 mg/L  Constant Aeration 

 
Sep-Nov Dec-Feb Mar-May Jun-Aug  Sep-Nov Dec-Feb Mar-May Jun-Aug 

All 7,253,294 7,234,617 7,553,182 7,256,635  7,406,260 7,341,875 7,670,764 7,445,825 
CO2 5,106,790 4,998,183 5,272,449 5,124,695  5,252,370 5,157,467 5,420,182 5,263,434 
CH4 1,732,509 1,771,357 1,781,231 1,703,269  1,734,536 1,773,131 1,782,861 1,705,547 
N2O 413,994 465,077 499,502 428,672  419,354 411,276 467,720 476,844 
w/o  
CO2 2,146,503 2,236,434 2,280,733 2,131,941  2,153,890 2,184,408 2,250,581 2,182,391 
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No Centrate Equalization 

Table 27: Annual Bioreactor GHG Emissions in CO2eq at Galt WWTP (Dynamic, No Centrate Equalization) 

 
2.0 mg/L  Constant Aeration 

 
Sep-Nov Dec-Feb Mar-May Jun-Aug  Sep-Nov Dec-Feb Mar-May Jun-Aug 

All 6,056,958 5,998,607 6,286,815 6,015,573  6,208,545 6,110,206 6,414,060 6,204,060 
CO2 4,964,367 4,861,676 5,127,120 4,980,712  5,115,349 5,015,587 5,279,414 5,126,235 
CH4 679,077 706,641 699,728 660,649  679,460 707,920 699,938 661,460 
N2O 413,514 430,291 459,967 374,212  413,735 386,699 434,709 416,366 
w/o  
CO2 1,092,592 1,136,932 1,159,695 1,034,861  1,093,196 1,094,620 1,134,647 1,077,826 

 Annual greenhouse gas emissions at Galt, without CO2, range from approximately 

1.0 million kg of CO2 equivalent to 2.3 million kg, with N2O contributing 0.4 million kg of 

CO2 equivalent emissions. 

4.3.3 Monthly Emission Data from Utility Natural Gas Consumption 

 In contrast to Elmira the emissions associated with Galt WWTP’s consumption of 

natural gas are a small fraction of the overall emissions as shown in Table 28. 
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Table 28: GHG's Emitted through Consumption of Natural Gas at the Galt WWTP 

2013 Consumption 
(m3) kg CO2eq 

January 23,295 44,029 
February 20,799 39,311 
March 13,459 25,438 
April 5,158 9,749 
May 1,953 3,691 
June 918 1,735 
July 1,191 2,251 
August 978 1,848 
September 2,946 5,568 
October 6,882 13,007 
November 11,331 21,416 
December 25,970 49,085 
Total 114,880 217,130 

4.4 Scope 1 GHG Emissions from Bioreactors using Emission Factors 

For the purposes of this research only the bioreactor emissions were considered and 

estimated. CH4 and N2O emissions were estimated using emission factors from the 

IPCC while a simple approximation from the EPA was used for CO2. 

4.4.1 CO2 Emission Factor-Based Calculations 

Elmira and Galt WWTP CO2 estimates were calculated using the EPA’s factor of 

1.375 kg of CO2 generated per kg of BOD5 treated. In 2012, Elmira treated 818 kg of 

BOD5 per day resulting in a total of 1,125 kg of CO2 produced per day. During the 

period of modeling, from September 2012 to August 2013, Galt treated 6,124 kg of 

BOD5 per day resulting in a total of 8,421 kg of CO2 per day. 
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Daily CO2 emissions at Elmira WWTP, based on modeling, range from 1,880 to 

1990 kg/d which is approximately 65 to 75% higher than the rough EPA estimate, 

respectively. However, that is not surprising given the BNR process at Elmira and 

additional CO2 generated during nitrification and denitrification. 

Daily CO2 emissions at Galt WWTP, based on modeling, range from 13,300 to 

14,960 kg/d which is approximately 60 to 75% higher than the rough EPA estimate, 

respectively. Overall, given the similar range between both plants, it appears that the 

EPA emission factor could adjusted to approximately 2.35 kg of CO2 produced per kg of 

BOD5 treated to land within middle of the range to fit both. 

4.4.2 CH4 Emission Factor-Based Calculations 

 As shown in section 2.7.1, methane emission estimates recommended by the IPCC 

range from 0 to 0.06 and 0.12 to 0.24 kg of CH4 produced per kg of BOD5 removed for 

well managed aerobic treatment and overloaded treatment, respectively. 

For Elmira WWTP the maximum CH4 emission if well managed is calculated as follows: 

 
𝐸𝐸𝐸𝐸 × 𝐵𝐵𝐶𝐶𝐵𝐵5 = 0.06 × 818 

𝑘𝑘𝑒𝑒
𝑒𝑒

 𝐵𝐵𝐶𝐶𝐵𝐵5 =  𝟒𝟒𝟒𝟒
𝒌𝒌𝒌𝒌
𝒅𝒅

 𝑪𝑪𝑪𝑪𝟒𝟒 
(4) 

 

 And, if overloaded is calculated as follows: 

 
𝐸𝐸𝐸𝐸 × 𝐵𝐵𝐶𝐶𝐵𝐵5 = 0.24 × 818 

𝑘𝑘𝑒𝑒
𝑒𝑒

 𝐵𝐵𝐶𝐶𝐵𝐵5 =  𝟏𝟏𝟒𝟒𝟏𝟏
𝒌𝒌𝒌𝒌
𝒅𝒅

 𝑪𝑪𝑪𝑪𝟒𝟒 
(5) 
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 Elmira’s modeled CH4 emissions ranged from approximately 1 kg/d to 4 kg/d 

indicating that it is very well managed. 

For Galt WWTP the maximum CH4 emission if well managed is calculated as follows: 

 
𝐸𝐸𝐸𝐸 × 𝐵𝐵𝐶𝐶𝐵𝐵5 = 0.06 × 6,124 

𝑘𝑘𝑒𝑒
𝑒𝑒

 𝐵𝐵𝐶𝐶𝐵𝐵5 =  𝟑𝟑𝟏𝟏𝟑𝟑
𝒌𝒌𝒌𝒌
𝒅𝒅

 𝑪𝑪𝑪𝑪𝟒𝟒 
(6) 

 And, if overloaded is calculated as follows: 

 
𝐸𝐸𝐸𝐸 × 𝐵𝐵𝐶𝐶𝐵𝐵5 = 0.24 × 6,124 

𝑘𝑘𝑒𝑒
𝑒𝑒

 𝐵𝐵𝐶𝐶𝐵𝐵5 = 𝟏𝟏,𝟒𝟒𝟑𝟑𝟒𝟒
𝒌𝒌𝒌𝒌
𝒅𝒅

 𝑪𝑪𝑪𝑪𝟒𝟒 
(7) 

 Galt’s modeled CH4 emissions ranged from approximately 75 kg/d to 150 kg/d 

indicating that it also very well managed. 

4.4.3 N2O Emission Factor-Based Calculations  

 The most common emission factor for direct (Scope 1) nitrous oxide emission from 

WWTP’s is 0.0032 kg N2O/person/year and is provided by the IPCC (Kampschreur, 

2009). As noted in section 2.7.1, the emission factor is based upon a secondary 

treatment facility that does not remove nitrogen and the IPCC provides a range of 0.002 

to 0.008 kg N2O/person/year to account for the uncertainty. 

 Elmira and Galt’s population serviced by their WWTP’s during this research period 

were approximately 9,850 and 84,300, respectively (Region of Waterloo, 2016).  

 Annual emissions for both facilities based on the IPCC emission factor, ranges, and 

CO2eq are shown in Table 29. Table 22 and Table 23 list model-based GHG emissions 

at Elmira WWTP. N2O emissions, as CO2eq, range from 36,982 kg/year to 330,661 

kg/year exceeding even the highest IPCC emission factor estimate by over 50% and 

1400%, respectively. 
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Table 29: Emission Factor Estimates for Bioreactor N2O at Elmira and Galt WWTP 

Emission Factor (kg N2O/person/year) 0.0020 0.0032 0.0080 

Elmira N2O Emission (kg/year) 20 32 79 

Galt N2O Emission (kg/year) 169 270 674 

Elmira N2O Emission (kg CO2eq/year) 5,871 9,393 23,482 
Galt N2O Emission (kg CO2eq/year) 50,243 80,388 200,971 

 Table 25 through Table 27 list model-based GHG emissions for the Galt WWTP. 

N2O emissions, as CO2eq, range from 374,212 kg/year to 499,502 kg/year exceeding 

even the highest IPCC emission factor estimate by over 85% and 245%, respectively. 

Overall, this demonstrates the need to develop more appropriate emission factors which 

are specific to processes; as well as, consider modeling as an estimation method 

especially for BNR facilities. 

4.5 Scope 2 Emissions 

Scope 2 emissions are indirect GHG emissions from consumption of purchased 

electricity required to operate the facility (Greenhouse Gas Protocol, 2012b). Section 

2.9 outlines the methodology involved in calculating emissions. To summarize, an 

emission factor of 0.091 kg of CO2eq per kWh of electricity generated, transmitted, and 

consumed is used for the calculations. 
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4.5.1 Scope 2 Emissions for the Elmira WWTP 

Elmira’s 2012 GHG emissions resulting from electricity usage are shown in Table 30. 

Table 30: GHG's Emitted through Consumption of Electricity at the Elmira WWTP 

2012 Consumption 
(kWh) 

kg 
CO2eq 

January 151,166 13,694 
February 136,194 12,337 
March 145,118 13,146 
April 133,217 12,068 
May 121,166 10,976 
June 120,940 10,956 
July 122,128 11,063 
August 115,664 10,478 
September 113,086 10,244 
October 128,811 11,669 
November 139,993 12,682 
December 150,621 13,644 
Total 1,578,104 142,956 

 Elmira’s greenhouse gas emissions from electricity usage are within 5% of the 

emissions resulting natural gas consumption and range from approximately two-fifths to 

three times the non-CO2 bioreactor emissions depending on the process configuration. 
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4.5.2 Scope 2 Emissions for the Galt WWTP 

Galt’s 2013 GHG emissions resulting from electricity usage are shown in Table 31. 

Table 31: GHG's Emitted through Consumption of Electricity at the Galt WWTP 

2013 Consumption 
(kWh) 

kg 
CO2eq 

January 785,522 71,158 
February 725,687 65,738 
March 803,993 72,831 
April 778,339 70,507 
May 755,015 68,395 
June 710,323 64,346 
July 722,433 65,443 
August 735,889 66,662 
September 720,507 65,269 
October 768,776 69,641 
November 785,268 71,135 
December 837,063 75,827 
Total 9,128,815 826,952 

 Galt’s greenhouse gas emissions from electricity usage are nearly 4x the amount 

resulting natural gas consumption and range from 3/4 to 2.3x the non-CO2 bioreactor 

emissions depending on the process configuration. 
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5.0 Conclusions and Recommendations 

5.1 Conclusions 

 Elmira and Galt WWTP’s were investigated for a one-year period to determine the 

CH4, CO2, and N2O emissions resulting from the bioreactors, electricity usage, and 

natural gas consumption. Whole plant models were developed, calibrated, and 

simulated under multiple process configurations to determine the GHG emission from 

the bioreactors. Emission factors were used to develop GHG estimates for the 

bioreactors, electricity usage, and natural gas consumption. 

 Several conclusions can be made regarding the modeled bioreactor emissions at 

each WWTP. Conclusions from Elmira WWTP are as follows: 

• There is minimal variation, less than 4%, between steady state and dynamic 

models for CO2 emissions across all process configurations and less than 1% 

variation between steady state and dynamic models within a process 

configuration. 

• There is significant variation across the process configurations for CH4 

emissions, ranging from 1.0 kg/d to 3.9 kg/d. However, within the 

configurations between steady state and dynamic models there is less than 

5% variability. The correlation between increased CH4 emissions and low DO 

to anaerobic environments is confirmed in this study. 

• There are significant variations for N2O emissions both across the process 

configurations and within them. 
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 Modeled bioreactor emissions of CO2 for Galt WWTP exhibited similar variability to 

Elmira WWTP. However, there were unique conclusions from the other two GHG’s: 

• There is minimal variability, less than 3%, between steady state models for CH4 

across the process configurations.  Dynamic models took into account centrate 

loading under dynamic as well as constant conditions. This resulted in methane 

emissions that were 50% lower when the centrate was released during centrifuge 

operating hours compared to constant flow. 

• There was some variability for N2O emissions across the steady state and 

dynamic models with a 25% span between the lowest and highest emissions. 

However, in terms of the magnitude, Galt’s highest N2O emissions are 

approximately 12 times lower than Elmira’s. 

 The applicability of emission factors to the processes at Galt and Elmira were mixed 

with the following conclusions: 

• The CO2 emission factor used was 1.375 kg of CO2 per kg of BOD5 treated. It 

was found that both modeled CO2 emissions were a similar range above the 

expected emission factor range. From this a new emission factor of 2.35 kg of 

CO2 per kg of BOD5 treated was found to fit the data well at both facilities.  

• CH4 emission factors from the IPCC for well managed facilities as well as 

overloaded facilities were found to greatly exceed the emissions generated 

through modeling. 

• N2O emission factors are known to be very rough estimates due to the variability 

in plant design, loading, operation, and limited research which is likely due to the 

challenges of a single factor approach. Elmira’s modelled N2O emissions were 

98 
 



significantly higher than emission factor estimates with the highest emissions 

being more than 1400% higher. Galt’s modelled emissions also exceeded 

emission factor estimates with the highest emissions being 285% higher than the 

emission factor. 

 Emissions from electricity and natural gas also formed a significant proportion of 

GHG emissions at each facility, particularly when neglecting biogenic CO2 emissions. 

 Lastly, as GHG regulations and carbon pricing evolves, emitters could face a 

significant penalty if emission factors are used instead of a modeling approach due to 

overestimation of GHG emissions.  

5.2 Recommendations 

  From the results and conclusions presented in this thesis several 

recommendations can be made to improve future research and they are as follows:  

1) It appears that a CO2 emission factor based upon BOD5 removal is feasible and 

the adjusted value found during this research fits with two WWTP’s well. It is 

recommended that additional whole plant modeling is carried out to confirm that 

the factor fits for other facilities. 

2) It appears that CH4 emission factor ranges are too high for these facilities. More 

work is needed to create emission factor estimates for well-managed facilities as 

the current factors trend towards overloaded facilities. Modeling may be more 

appropriate for estimating methane emissions. 
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3) Based upon the current literature, as well as this research, emission factor 

estimation of N2O emissions is not feasible or appropriate and a whole plant 

modeling approach should be used for estimation. 

4) Facilities should consider operational changes to control the DO concentration 

which provides the benefit of reduced energy consumption as well as N2O 

emissions.  
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Appendix 

Steady State Output Example for Elmira WWTP 

  
2.0 mg/L Dissolved Oxygen 

 
Constant Air Flow 

  
Aerated Swing Zone Unaerated Swing Zone 

 
Aerated Swing Zone Unaerated Swing Zone 

Parameter Locations IR Non-IR IR Non-IR 
 

IR Non-IR IR Non-IR 

CO2 (kg/d) 

Anoxic - C1 3.73 3.72 3.99 3.71 
 

3.75 3.74 3.98 3.78 
Anaerobic - C2 3.68 3.67 3.92 3.63 

 
3.70 3.69 3.90 3.70 

Swing - C3 496.44 525.50 3.06 3.05 
 

496.28 522.96 3.04 3.10 
Aerated - C4 974.80 991.70 1225.02 1342.19 

 
879.79 900.59 1109.14 1142.83 

Aerated - C5 508.77 466.12 637.44 595.65 
 

592.27 544.73 753.73 764.97 

 Total 1987.42 1990.71 1873.43 1948.23 
 

1975.79 1975.71 1873.79 1918.38 

           

CH4 (kg/d) 

Anoxic - C1 0.00 0.00 0.01 0.01 
 

0.00 0.00 0.01 0.01 
Anaerobic - C2 0.01 0.01 0.03 0.03 

 
0.01 0.01 0.03 0.03 

Swing - C3 0.87 0.92 0.02 0.04 
 

0.87 0.92 0.02 0.04 
Aerated - C4 0.17 0.12 2.62 3.50 

 
0.17 0.12 2.57 3.54 

Aerated - C5 0.02 0.01 0.23 0.18 
 

0.03 0.01 0.31 0.28 

 
Total 1.07 1.06 2.91 3.76 

 
1.08 1.06 2.94 3.90 

           

N2O (kg/d) 

Anoxic - C1 0.00 0.00 0.00 0.00 
 

0.00 0.00 0.00 0.00 
Anaerobic - C2 0.00 0.00 0.00 0.00 

 
0.00 0.00 0.00 0.00 

Swing - C3 0.18 0.22 0.00 0.00 
 

0.20 0.27 0.00 0.00 
Aerated - C4 0.14 0.16 0.57 0.80 

 
1.17 2.09 1.23 2.81 

Aerated - C5 0.02 0.01 0.06 0.05 
 

0.19 0.22 0.15 0.23 

 Total 0.34 0.39 0.63 0.85 
 

1.56 2.58 1.38 3.04 
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Elmira Influent WW Fractions from BioWin 

Name Default Value 
Fbs  -  Readily biodegradable (including Acetate)    [gCOD/g of total COD] 0.1600 0.1780 
Fac  - Acetate    [gCOD/g of readily biodegradable COD] 0.1500 0.1500 
Fxsp - Non-colloidal slowly biodegradable    [gCOD/g of slowly degradable COD] 0.7500 0.7500 
Fus  - Unbiodegradable soluble    [gCOD/g of total COD] 0.0500 0.0500 
Fup  - Unbiodegradable particulate    [gCOD/g of total COD] 0.1300 0.1000 
Fna  - Ammonia    [gNH3-N/gTKN]  0.6600 0.6600 
Fnox - Particulate organic nitrogen    [gN/g Organic N] 0.5000 0.5000 
Fnus - Soluble unbiodegradable TKN    [gN/gTKN] 0.0200 0.0200 
FupN - N:COD ratio for unbiodegradable part. COD    [gN/gCOD] 0.0350 0.0350 
Fpo4 - Phosphate    [gPO4-P/gTP] 0.5000 0.5000 
FupP - P:COD ratio for unbiodegradable part. COD    [gP/gCOD] 0.0110 0.011 
FZbh - OHO COD fraction    [gCOD/g of total COD] 0.0200 1.00E-04 
FZbm - Methylotroph COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZaob - AOB COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZnob - NOB COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZaao - AAO COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZbp - PAO COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZbpa - Propionic acetogens COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZbam - Acetoclastic methanogens COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZbhm - H2-utilizing methanogens COD fraction   [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZe - Endogenous products COD fraction  [gCOD/g of total COD] 0 0 
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Elmira I.D. WW Fractions 

Name Default Value 
Fbs  -  Readily biodegradable (including Acetate)    [gCOD/g of total COD] 0.1600 0.8000 
Fac  - Acetate    [gCOD/g of readily biodegradable COD] 0.1500 0.1500 
Fxsp - Non-colloidal slowly biodegradable    [gCOD/g of slowly degradable COD] 0.7500 0.7500 
Fus  - Unbiodegradable soluble    [gCOD/g of total COD] 0.0500 0.0500 
Fup  - Unbiodegradable particulate    [gCOD/g of total COD] 0.1300 0.0100 
Fna  - Ammonia    [gNH3-N/gTKN]  0.6600 0.6600 
Fnox - Particulate organic nitrogen    [gN/g Organic N] 0.5000 0.5000 
Fnus - Soluble unbiodegradable TKN    [gN/gTKN] 0.0200 0.0200 
FupN - N:COD ratio for unbiodegradable part. COD    [gN/gCOD] 0.0350 0.0350 
Fpo4 - Phosphate    [gPO4-P/gTP] 0.5000 0.5000 
FupP - P:COD ratio for unbiodegradable part. COD    [gP/gCOD] 0.0110 0.011 
FZbh - OHO COD fraction    [gCOD/g of total COD] 0.0200 1.00E-04 
FZbm - Methylotroph COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZaob - AOB COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZnob - NOB COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZaao - AAO COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZbp - PAO COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZbpa - Propionic acetogens COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZbam - Acetoclastic methanogens COD fraction    [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZbhm - H2-utilizing methanogens COD fraction   [gCOD/g of total COD] 1.00E-04 1.00E-04 
FZe - Endogenous products COD fraction  [gCOD/g of total COD] 0 0 
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Galt Wastewater Influent Table for Hespeler Biosolids: 

Name Value 
 

Name Value 
Flow 86.1 

 
Dissolved CH4 mg/L 0 

Ordinary heterotrophic organisms (OHO) mgCOD/L 2150 
 

Ammonia N mgN/L 6.28 
Methylotrophs mgCOD/L 0.75 

 
Sol. bio. org. N mgN/L 1.03 

Ammonia oxidizing biomass (AOB) mgCOD/L 31.84 
 

Nitrous Oxide N mgN/L 0 
Nitrite oxidizing biomass (NOB) mgCOD/L 20.29 

 
Nitrite N mgN/L 2.43 

Anaerobic ammonia oxidizers (AAO) mgCOD/L 1.42 
 

Nitrate N mgN/L 32.25 
Polyphosphate accumulating organisms (PAO) mgCOD/L 0.29 

 
Dissolved N2 mgN/L 17.65 

Propionic acetogens mgCOD/L 0.02 
 

PO4-P (Sol. & Me Complexed) mgP/L 0 
Methanogens - acetoclastic mgCOD/L 0.01 

 
Sol. inert COD mgCOD/L 17.64 

Methanogens - hydrogenotrophic mgCOD/L 0.01 
 

Sol. inert TKN mgN/L 2.45 
Endogenous products mgCOD/L 2900 

 
ISS Influent mgISS/L 2272 

Slowly bio. COD (part.) mgCOD/L 11.28 
 

Struvite mgISS/L 0 
Slowly bio. COD (colloid.) mgCOD/L 0 

 
Hydroxy-dicalcium-phosphate mgISS/L 0 

Part. inert. COD mgCOD/L 1700 
 

Hydroxy-apatite mgISS/L 0 
Part. bio. org. N mgN/L 650 

 
Magnesium mg/L 15 

Part. bio. org. P mgP/L 0.25 
 

Calcium mg/L 79.99 
Part. inert N mgN/L 300 

 
Metal mg/L 0 

Part. inert P mgP/L 75.5 
 

Other Cations (strong bases) meq/L 6.33 
Stored PHA mgCOD/L 0 

 
Other Anions (strong acids) meq/L 8.42 

Releasable stored polyP mgP/L 0.01 
 

Total CO2 mmol/L 0.27 
Fixed stored polyP mgP/L 0 

 
User defined 1 mg/L 0 

Readily bio. COD (complex) mgCOD/L 300 
 

User defined 2 mg/L 0 
Acetate mgCOD/L 0 

 
User defined 3 mgVSS/L 0 

Propionate mgCOD/L 0 
 

User defined 4 mgISS/L 0 
Methanol mgCOD/L 0 

 
Dissolved O2 mg/L 0 

Dissolved H2 mgCOD/L 0 
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Dynamic (Flow Curve) Example for Elmira WWTP 

  2.0 mg/L Dissolved Oxygen 
 

Constant Air Flow 

  
Aerated Swing Zone Unaerated Swing Zone 

 
Aerated Swing Zone Unaerated Swing Zone 

Parameter Locations IR Non-IR IR Non-IR 
 

IR Non-IR IR Non-IR 

CO2 (kg/d) 

Anoxic - C1 4.19 4.18 4.34 4.22 
 

4.24 4.24 4.49 4.29 
Anaerobic - C2 4.14 4.13 4.26 4.14 

 
4.19 4.18 4.39 4.21 

Swing - C3 497.66 528.16 3.37 3.46 
 

509.75 538.38 3.46 3.52 
Aerated - C4 967.80 984.49 1218.57 1334.10 

 
869.57 888.52 1144.15 1184.12 

Aerated - C5 514.15 470.38 645.32 603.73 
 

593.46 547.07 734.44 738.59 

 Sum 1987.94 1991.33 1875.86 1949.66 
 

1981.21 1982.40 1890.93 1934.74 

           

CH4 (kg/d) 

Anoxic - C1 0.00 0.00 0.01 0.01 
 

0.00 0.00 0.01 0.01 
Anaerobic - C2 0.01 0.01 0.03 0.03 

 
0.01 0.01 0.03 0.03 

Swing - C3 0.85 0.90 0.02 0.04 
 

0.86 0.91 0.02 0.04 
Aerated - C4 0.18 0.12 2.55 3.43 

 
0.17 0.12 2.47 3.48 

Aerated - C5 0.02 0.01 0.23 0.19 
 

0.03 0.01 0.29 0.27 

 
Sum 1.07 1.05 2.84 3.71 

 
1.07 1.05 2.82 3.84 

           

N2O (kg/d) 

Anoxic - C1 0.00 0.00 0.00 0.00 
 

0.00 0.00 0.00 0.00 
Anaerobic - C2 0.00 0.00 0.00 0.00 

 
0.00 0.00 0.00 0.00 

Swing - C3 0.18 0.23 0.00 0.00 
 

0.19 0.24 0.00 0.00 
Aerated - C4 0.30 0.35 0.55 0.77 

 
0.92 1.58 0.91 2.43 

Aerated - C5 0.04 0.03 0.06 0.05 
 

0.16 0.17 0.12 0.20 

 Sum 0.51 0.60 0.60 0.82 
 

1.26 1.99 1.03 2.63 
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Example dynamic export with calculations 

Time 

Tanks 
1&2 - C5 
Off gas 
Carbon 
dioxide 

kg/hr 
Calculation Time 

Tanks 
1&2 - C5 
Off gas 

Methane 

kg/hr 
Calculation Time 

Tanks 
1&2 - C5 
Off gas 
Nitrous 
oxide 

kg/hr 
Calculation 

40192 815.9323   40192 0.253732   40192 0.228792   

40192.04 785.0836 33.354 40192.04 0.226716 0.010 40192.04 0.203575 0.009 

40192.08 744.1826 31.860 40192.08 0.202935 0.009 40192.08 0.178954 0.008 

40192.13 704.1688 30.174 40192.13 0.19137 0.008 40192.13 0.163474 0.007 

40192.17 672.5195 28.681 40192.17 0.194897 0.008 40192.17 0.157534 0.007 

40192.21 648.0386 27.512 40192.21 0.206818 0.008 40192.21 0.156071 0.007 

40192.25 625.2837 26.528 40192.25 0.215559 0.009 40192.25 0.152905 0.006 

40192.29 607.6343 25.686 40192.29 0.22765 0.009 40192.29 0.150857 0.006 

40192.33 608.698 25.340 40192.33 0.269718 0.010 40192.33 0.161356 0.007 

40192.38 631.744 25.843 40192.38 0.334714 0.013 40192.38 0.184489 0.007 

40192.42 662.5542 26.965 40192.42 0.369255 0.015 40192.42 0.205368 0.008 

40192.46 693.1276 28.243 40192.46 0.367075 0.015 40192.46 0.2197 0.009 

40192.5 723.3453 29.510 40192.5 0.350443 0.015 40192.5 0.229703 0.009 

40192.54 750.9148 30.714 40192.54 0.328096 0.014 40192.54 0.234292 0.010 

40192.58 772.628 31.740 40192.58 0.304539 0.013 40192.58 0.233198 0.010 

40192.63 786.7163 32.486 40192.63 0.283519 0.012 40192.63 0.228048 0.010 

40192.67 792.5636 32.902 40192.67 0.266284 0.011 40192.67 0.220413 0.009 

40192.71 793.8353 33.050 40192.71 0.256918 0.011 40192.71 0.214372 0.009 

40192.75 797.1002 33.145 40192.75 0.259372 0.011 40192.75 0.214567 0.009 

40192.79 803.7369 33.351 40192.79 0.268513 0.011 40192.79 0.219856 0.009 

40192.83 813.8002 33.699 40192.83 0.280109 0.011 40192.83 0.229136 0.009 

40192.88 825.9736 34.162 40192.88 0.289821 0.012 40192.88 0.240511 0.010 

40192.92 834.4402 34.592 40192.92 0.28951 0.012 40192.92 0.247665 0.010 

40192.96 832.0412 34.718 40192.96 0.275165 0.012 40192.96 0.243563 0.010 

40193 816.1482 34.337 40193 0.252726 0.011 40193 0.227666 0.010 

         Sum 
 

738.590 
  

0.271 
  

0.205 
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