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ABSTRACT 

DEVELOPMENT AND CALIBRATION OF A BIOWIN PROCESS MODEL TO 

EVALUATE TREATMENT ALTERNATIVES FOR OPTIMIZED EFFICIENCY 

A biological process model was developed using BioWin to evaluate treatment 

performances at the Truckee Meadows Water Reclamation Facility (TMWRF) in Reno, 

Nevada. Historical flow and loading data for the facility were analyzed and used to develop 

a preliminary BioWin model for the existing plant layout. To aid in model development, 

several different two-week sampling campaigns were implemented to capture the plant 

influent loading and target chemical constituent concentrations in internal recycle streams. 

The sampling campaigns helped determine the influent wastewater fractions needed to 

properly calibrate the BioWin model. Upon further investigation, process data revealed 

that the activate sludge Systems 1 and 2 within the facility operate differently; as such, the 

two systems were modeled and calibrated individually. By sampling both the plant influent 

and recycle streams separately, and modeling each process flow as their own input, the 

model can be readily modified if influent loads or internal processes change in the future. 

The BioWin model for the existing process scheme was developed so that alternative 

processes can be investigated. Research efforts then focused on expanding the model to 

evaluate anticipated performance of alternative treatment configurations. The alternatives 

investigated include activated sludge reconfiguration for biological nutrient removal 

(BNR) treatment and chemical treatment for enhanced phosphorus removal. BNR activated 

sludge configurations investigated include the anaerobic/anoxic/aerobic (A2O), 5-stage 

Bardenpho, Standard and Modified University of Capetown (UCT), Virginia Initiative 
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Plant (VIP), and Modified Ludzack-Ettinger (MLE) processes. In combination with the 

MLE activated sludge configuration, chemical treatment for enhanced phosphorus removal 

was also investigated. After analyzing carbon and nutrient removal between the alternative 

treatment configurations, the aeration demand was investigated to compare requirements 

of the current process to proposed alternatives. Finally, the energy and chemical costs of 

the current TMWRF process were compared to the alternative designs.  
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CHAPTER 1 : INTRODUCTION 

Surface water quality is of vital importance in the environment, and with growing 

population, technology, and urbanization, has become one of the biggest environmental 

concerns. Surface waters can be impaired by pollution from nonpoint and point sources. 

Nonpoint sources can include excess fertilizers, herbicides, and insecticides from 

agricultural or residential lands, oil, grease, and toxic chemicals from urban runoffs, or 

even from atmospheric deposition (EPA, Basic Information about Nonpoint Source (NPS) 

Pollution, 2018). Generally, nonpoint sources are hard to regulate and address, unlike its 

point sources. Point source pollution is easier to identify and address as it comes from a 

single location. Factories and powerplants are common sources of point source pollution, 

but one of the biggest sources are municipal wastewater treatment plants (Society, 2019).  

Nonpoint and point source pollution can be detrimental to surface waters as it releases 

harmful constituents into waterways such as nutrients, toxic chemicals, and harmful 

microorganisms. When it comes to municipal wastewater treatment plant effluents, 

nutrients are one of the biggest concerns. High concentrations of nutrients in wastewater 

effluents can lead to eutrophication, hypoxia conditions, and taste and odor issues that can 

cause problems for the aquatic system, wildlife, and recreational use. 

In order to minimize or eliminate these problems, under the Clean Water Act (CWA), the 

Environmental Protection Agency (EPA) issues National Pollutant Discharge Elimination 

System (NPDES) permits to municipal treatment plants. These permits require the 

discharger to follow technology-based effluent limits and are also required to be in 

compliance with reporting deadlines and monitoring activities (CRS, 2016). Under the 
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Truckee Meadow Water Reclamation Facilities’ (TMWRF) NPDES permit, with respect 

to nutrients, TMWRF has a daily maximum limit for nitrate of 2.0 mg/L NO3-N, a 30-day 

average load for total nitrogen (TN) of 500 lb/d as nitrogen (N), a 30-day average limit of 

total phosphorus (TP) of 0.4 mg/L as P, and a 30-day average phosphorus load of 134 lb/d 

as phosphorus (P). This project was designed to develop a TMWRF process model in order 

to optimize treatment performance by evaluating alternative treatment methods. The 

treatment alternatives investigate the secondary effluents to ensure that water quality 

regulations are still achieved. 

This thesis has been organized as follows: Chapter 2 provides a literature review and 

background information on constituents of concern in water, and associated issues when 

poorly treated, and various treatment methods. Included in the literature review is also an 

introduction to the modeling software, BioWin, and case studies that have utilized the 

BioWin model. Chapter 3 introduces the research project. Chapter 4 covers the methods 

for model development and calibration of TMWRF’s current activated sludge process 

along with model accuracy. Chapter 5 covers the methods for the BNR treatment 

alternatives and a comparison to carbon, nitrogen, and phosphorus (CNP) treatment 

efficiency, aeration requirements, and energy and chemical costs, and Chapter 6 provides 

a conclusion and recommendations for future projects. 
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CHAPTER 2 : LITERATURE REVIEW 

2.1 Contaminants of Concern in Wastewater 

Wastewater treatment effluents can have detrimental effects on surface waters and the 

environment if not properly treated. The effluent may consist of a complex mixture of 

different contaminants, such as organic matter, nutrients, solids, microorganisms and 

bacteria, metals, salt, and pharmaceutical drugs (Pereda et al., 2020). All these pollutants 

can be harmful to surface waters and the aquatic system if left untreated; however, among 

the contaminants, organic matter and nutrients are of biggest concern for wastewater 

treatment plants. 

Organic matter in wastewater varies by location, but in general, organic matter is natural 

and biological material that can come from the decomposition of living organisms, food, 

feces, plants, and soil, essentially, organic matter is anything that is found within natural, 

engineered, terrestrial, and aquatic environments, or is carbon-based. Organic matter 

removal is an essential component of wastewater treatment, as it is the most predominant 

contaminant that enters the treatment plant and is used in the treatment process. Measuring 

specific organic matter constituents can prove difficult, but rather, organic matter is 

generally measured by determining the amount of oxygen needed to consume it, in terms 

of biochemical oxygen demand (BOD) or chemical oxygen demand (COD) (Hamilton, 

2016). Organic matter is a contaminant of concern in wastewater because if left untreated 

can lower oxygen in receiving waters. When analyzing effluent organic matter (EfOM) the 

primary composition of EfOM is the original organic matter that was not removed, soluble 

microbial products (SMPs), which are formed during biological treatment, and harmful 
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chemicals (Shon et al., 2007). In order to alleviate problems associated with organic matter 

in surface waters, wastewater treatment plants need to ensure they are adequately following 

discharge limits. 

Nutrient loading into surface waters is an ongoing concern to the environment. Although, 

a significant portion on nutrient loading into surface waters is due to nonpoint sources, 

such as urban and agricultural runoff, wastewater treatment plant effluents as a point source 

can discharge high loads of nutrients into surface waters if inadequately treated (Carey and 

Migliaccio, 2009). The primary source of nutrients are nitrogen and phosphorus, and 

although essential to maintaining a balance in the aquatic system, can have negative effects 

if left at elevated levels. Nutrients support fish and shellfish production in the aquatic 

system and often times nutrients in the form of fertilizer are added to aquatic systems to 

increase production of fish when nutrients are levels are too low and species of fish are 

endangered (Mischke, 2012). However, while there are some positive roles of nutrients in 

surface waters, more often than not, the negatives effects greatly out way the positives. 

Increased discharge of nutrients into surface waters through nonpoint and point sources 

can lead to impaired water quality issues such as eutrophication, hypoxia, and taste, color, 

and odor issues (Wurtsbaugh et al., 2019).  

2.2 Impact of Contaminants on Surface Waters 

2.2.1 Eutrophication 

Eutrophication at its root means “well nourished” and generally refers to an increase in 

nutrients in surface waters. This phenomenon dates back, and there are accounts of 

indigenous tribe avoiding shellfish at different times in the year due to discolored water 
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and poisonous fish (Anderson et al., 2002). It wasn’t until the late 1800s when scientists 

first classified the phenomenon when noticing the abundance of new species of 

cyanobacteria in Lake Zurich, Switzerland; the scientist also observed that there was a loss 

of oxygen in the waters and that because of this, fish species population, such as the trout 

and whitefish, began to decline (Wurtsbaugh et al., 2019). Eutrophication can lead to the 

creation of harmful algae blooms (HABs) which produce toxins in which the cell’s physical 

structure or accumulated biomass affect organisms and altar the food web dynamics within 

the system (Anderson et al., 2002). Due to the toxicity created by these HABs, the 

environment is put at risk as the aquatic ecosystem is altered. These alterations to surface 

waters can lead to a decline in a sustainable habitat for wildlife and can lead to mass 

mortality rates for wild and fish life. The HABs can also affect human life as the toxins 

produced can affect human health if consuming shellfish, or if using the surface waters for 

recreational use as the toxins can be transferred through inhalation or water contact.  

Studies have been conducted and a relationship between nutrient loading and the harmful 

cyanobacteria blooms show that an increase in nutrient loading results in an increase in 

HABs (Gilbert and Burkholder, 2011). Therefore, it is essential that wastewater treatment 

plants follow discharge limits for nitrogen and phosphorus as to not increase the human 

involvement with the eutrophication phenomenon. 

2.2.2 Hypoxia 

Hypoxia generally occurs in ocean waters, but there are cases where hypoxia occurs in 

fresh surface waters. Hypoxia is a scenario when the dissolved oxygen in the water is at a 

critically low level, or close to anoxic conditions, and dead zones form that can cause fish, 
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shellfish, corals, and aquatic plants to die. The presence of hypoxia has existed throughout 

time, but human activities, primarily in the form of nutrient pollution, which includes 

agricultural runoff, fossil-fuel burning, and wastewater treatment effluents, have increased 

the occurrence of hypoxia in surface waters (NOAA, 2019). Nutrient pollution causes 

eutrophication which leads to large scale hypoxia in aquatic systems all around the world 

(Wu et al., 2003). Hypoxia occurs when there is a decrease in oxygen from its saturation 

level. This happens when thermal and haline stratification of water due to freshwater 

discharge and summer warming, nutrient utilization by phytoplankton, and sequent settling 

of phytoplankton to bottom waters occur (Rabouilla et al., 2008). This condition is closely 

related to the amount of nutrients and organic matter that are discharged into systems. 

When high levels of nutrients are discharged into surface waters, the nutrients can 

accelerate cyanobacteria and algae blooms, which in turn consumes the dissolved oxygen 

for growth; and organic matter will settle and be decomposed by benthic fauna and bacteria 

which utilize the oxygen in the system (Rabouilla et al., 2008). To ensure that hypoxia 

conditions do not occur, it is of vital importance that wastewater treatment plants meet 

nutrient and organic matter discharge limits or ensure that adequate aeration is performed 

at the effluent point. Advance tools, such as biological treatment and simulation models, 

can help treatment plant managers and operators optimize processes to reduce pollutant 

loads to surface waterbodies. 

2.2.3 Taste and Odor 

Although not generally regulated, taste and odor are crucial to the public’s perception of 

surface waters, especially when in an urbanized area. Taste and odor issues of surface water 
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makes society anxious about using the water for drinking purposes, reuse, or recreational 

purposes, even though it is not directly tied to human health, unlike other pathogens or 

chemical pollutants. When it comes to wastewater effluents and taste and odor issues, it is 

normally caused by eutrophication problems where cyanobacteria are produced. Certain 

species of cyanobacteria can produce geosmin and 2-methylisoborneol, which are 

commonly the main source of taste and odor issues in drinking water (Wu and Duirk, 

2013). Other sources of taste and odor issues are sulfur and nitrogen-containing 

compounds. Sulfur-containing compounds often give a “rotten egg” smell and are usually 

released in systems under anaerobic conditions (Urase and Sasaki, 2013). One growing 

concern in the water and wastewater treatment field are the formation of disinfection by-

products (DBPs). DBPs are often formed during the disinfection phase of the treatment 

process. Two major classes of DPBs and are trihalomethanes (THMs) and haloacetic acids 

(HAAs), which are formed during the chlorine disinfection process (Padhi et al., 2019). 

Aside from taste and odor issues, these DPBs can result in health issues such as damage to 

the livers, kidneys, and central nervous system, and are suspected to increase the risk of 

cancer. Another DBP is 2,4,6-tricholoanisole and can be formed from the chlorophenols 

and are among the compounds that have an earthy and musty odors (Urase and Sasaki, 

2013).  

2.3 Wastewater Reuse 

As society grows, water demand increases and there becomes a scarcity for water around 

the world. Water is essential for all life, and although 70% of earth is covered by water, 

only a fraction of it (2.5%) is freshwater. Of that 2.5%, most is trapped in ice and snow 
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surrounding the Antarctic and Artic regions. It is estimated that from the twentieth century 

to the twenty-first century, the total annual water withdrawal increased by six-folds, 

increasing from 600 km3/year to 3,800 km3/year (Becerra-Castro et al., 2015). Due to the 

increase consumption, the use of water has far exceeded the recharge levels and there is 

need for water reuse practices, which makes wastewater effluents a valuable resource, as 

opposed to a waste product. Treated wastewater is often times used as a resource for 

irrigation, urban and recreational, aquaculture, industrial uses, and groundwater recharge 

(Akhoundi and Sara, 2018). 

2.3.1 Irrigation 

One of the most common wastewater reuse applications is using treated wastewater as a 

resource for irrigation purposes. There are many advantages to using reclaimed wastewater 

for irrigation purposes including: nutrient recovery possibilities, socioeconomic 

implications, reduction of fertilizer application, and effluent disposal. When using treated 

wastewater as a resource for irrigation, quality criteria of the wastewater need to be 

implemented focusing on conventional pollutants: BOD, COD, pH, total suspended solids 

(TSS), heavy metals, and microorganisms, such as viruses, bacteria, and protozoa (Fatta-

Kassinos et al., 2011). If not properly monitored, these contaminants can be detrimental 

for humans and the environment. Some contaminants can be problematic when using 

wastewater for irrigation purposes as they persist throughout the treatment process. These 

contaminants include certain inorganic compounds, heavy metals, persistent organic 

pollutants, pharmaceutically active compounds, and disinfection by-products (Fatta-

Kassinos et al., 2011). If not removed from wastewater effluents, these pollutants may limit 
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the suitability of wastewater as a resource for irrigation as it can be harmful to beneficial 

microbes and inhibit function, such as element cycling, pollutant degradation, and plant 

growth. These pollutants often affect the soil microbial communities that are regulated by 

various abiotic and biotic factors; they disrupt physicochemical soil properties, such as pH 

and organic content, and establish microbial community disturbances (Becerra-Castro et 

al., 2015). These pollutants can also be harmful to humans as they can be absorbed by the 

crops and ingested. Other contaminants of concern that can be more commonly found in 

wastewater are common ions such as sodium, potassium, calcium, chloride, and bromide. 

When using wastewater effluents as a resource for irrigation, treatment plants need to 

ensure contaminants are removed from irrigated waters as to not adversely affect the soil 

and crops. 

2.3.2 Groundwater Recharge 

Although treated wastewater is most commonly used for irrigation purposes, water scarcity 

demands that society looks to other alternatives for reuse. One of the fastest growing uses 

for treated wastewater is to artificially recharge subsurface groundwater aquifers. The 

process to use treated wastewater to recharge the groundwater involves transporting the 

reclaimed water where it can be passively or manually inputted into the subsurface. The 

most common ways to inject the water into the ground is using pumps and injection wells, 

or by passive infiltration via percolation basins. There are two main benefits in using 

reclaimed water for groundwater recharge. The first benefit is the health of the aquifer; 

recharging groundwater mitigates overdraft conditions and prevents salt-water intrusions 

in coastal regions (Fournier et al., 2016). The second benefit is that recharging groundwater 
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provides a net saving of water. In other words, the water that would otherwise be lost to 

the environment is being saved, increasing water availability (Fournier et al., 2016). 

2.3.3 Potable Reuse 

One of the most controversial topics in wastewater reuse is using treated wastewater as a 

potable water source; however, the implementation of using treated wastewater for this 

purpose is not limited by the quality of water produced, but rather, social objections. Many 

people see the logic behind using treated wastewater as a potable water source but are 

reluctant to use it. Wastewater provides the “yuck factor” and often creates a barrier for 

water reuse. Studies have been conducted on using treated wastewater as a potable source 

and incorporates models on emotion, attitudes, subjective norms, risk perceptions, 

perceived control, knowledge, trust, environmental obligations, and intended behaviors on 

why society might or might not be acceptable to this reuse application (Nancarrow et al., 

2009).  

There are two types of applications for using treated wastewater as a potable source: direct 

and indirect. Indirect potable reuse is widely more accepted in society and is a water 

recycling application that discharges highly treated wastewater into groundwater or surface 

waters with the intent of recharging drinking water supplies (Rodriguez et al., 2009). By 

discharging the treated wastewater into the environment, the environment acts as a buffer 

that can further purify the water. The second application is direct potable reuse, and of the 

two, is the more controversial topic. Instead of discharging into an existing aquifer or 

surface water, treated wastewater is directly incorporated into the municipal water supply 

system. By incorporating treated wastewater directly into a water supply system, the 
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environment cannot act as a buffer for water purification; however, when treated properly, 

direct potable reuse offers the opportunity to reduce distance that purified water needs to 

travel, reducing costs, and increasing available purified water in urbanized areas (Leverenz 

et al., 2011). Whether wastewater is used for indirect or direct potable reuse, the level of 

treatment is exceedingly advanced and usually employs a combination of microfiltration, 

reverse osmosis, and advance oxidation processes, ensuring exceptional water quality 

(McCurry et al., 2017). 

2.4 Regulations 

2.4.1 Regulation History 

It is a common misconception that water quality regulations started with the Clean Water 

Act (CWA) of 1977, but the history of water regulation dates back even farther. The origin 

of water quality controls dates to the Federal Water Pollution Control Act (FWPCA) of 

1948 and was aimed to restore and maintain the chemical, physical, and biological integrity 

of the Nation’s waters. To achieve this objective, it is declared that with the provisions of 

the FWPCA (33 U.S.C. 1251, 1948)  

➢ Discharge of pollutants into the navigable waters be eliminated by 1985; 

➢ An interim goal of water quality which provides protection and propagation of fish, 

shellfish, and wildlife and provides for recreation in an on the water be achieved by 

1983; 

➢ Discharge of toxic pollutants in toxic amounts be prohibited; 

➢ Federal financial assistance be provided to construct publicly owned treatment 

works for wastewater treatment; 
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➢ Areawide treatment management planning processes be developed and 

implemented to assure adequate control of sources of pollutants in each state; 

➢ Major research and demonstration effort be made to develop technology necessary 

to eliminate the discharge of pollutants into navigable waters, waters of contiguous 

zone and oceans; and 

➢ Programs for the control of nonpoint sources of pollution be developed and 

implemented into an expeditious manner to enable the goals of the Act to be met 

through the control of both point and nonpoint sources of pollution. 

It was these national goals under the FWPCA that helped mold the foundation of 

today’s Clean Water Act and process in which water pollution is addressed. Since the 

creation and of FWPCA of 1948 and its major amendment known as the CWA of 1977, 

the Act has had many other notable amendments that fine-tuned water quality 

regulations and are included in Table 2.1 (CRS, 2016) . The CWA known today has 

two parts and are under Title II and VI; the first part deals with financial assistance for 

municipal sewage treatment plant construction, and the second are the regulatory 

requirements that apply to industrial and municipal dischargers, which include 

wastewater treatment plants. Under the Act, technology-based limitations were 

implemented in order to clean up waste discharges. The first technology-based 

limitations that was implemented was best practicable technologies (BPT) that required 

municipal wastewater treatment plants to meet secondary treatment goals. Originally, 

BPT practices were designed to control conventional pollutants like suspended solids, 

BOD, fecal coliform and bacteria, and pH, but did not focus on more toxic material. 

By 1989, the Act implemented greater control regulations and included best available 
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technology (BAT) treatment practices which focused more on the toxic substances 

(CRS, 2016). From the creation of the FWPCA to what we know as the CWA today, 

and the many amendments in between, regulations and limitations have been 

implemented to ensure discharges into waters do not significantly impact the water 

quality. 

 

Table 2.1: Clean Water Act and Major Amendments (codified generally as 33 §§1251-

1387) 

Year Act Public Law 

1948 Federal Water Pollution Control Act 
P.L. 80-845 

(Act of June 30, 1948) 

1956 Water Pollution Control Act of 1956 
P.L. 84-660 

(Act of July 9, 1956) 

1961 Federal Water Pollution Control Act Amendments P.L. 87-88 

1965 Water Quality Act of 1965 P.L. 89-234 

1966 Clean Water Restoration Act P.L. 89-753 

1970 Water Quality Improvement Act of 1970 P.L. 91-224, Part I 

1972 Federal Water Pollution Control Act Amendments P.L. 92-500 

1977 Clear Water Act of 1977 P.L. 95-217 

1981 
Municipal Wastewater Treatment Construction Grants 

Amendments 
P.L. 97-117 

1987 Water Quality Act of 1987 P.L. 100-4 

2014 
Water Resource Reform and Development Act of 2014 

(Title V) 
P.L. 113-121 

(CRS, 2016) 
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2.4.2 NPDES Permits 

In order to comply with regulations and limitations, the CWA directs the EPA to issue 

NPDES permits, under Title 40 of the CFR Part 122, to industrial and municipal 

dischargers to ensure regulations are met. Under the provisions of this section the EPA 

determines what a state must to do obtain approval to operate its program by establishing 

NPDES permits for discharge of pollutants from point sources into waters of the United 

States (40 CFR Part 122). The EPA uses technology-based effluent limitations, such as 

BPT or BAT, to establish the minimum level of treatment of pollutants from point source 

discharges (EPA, National Pollutant Discharge Elimination System (NPDES), 2016). An 

example NPDES permit for the Truckee Meadows Water Reclamation Facility is provided 

in Table 2.2 (Nevada Division of Environmental Protection, 2012). 
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Table 2.2: Discharge limitations, monitoring, and reporting requirements for TMWRF 

Parameters Units 

Discharge Limitations Monitoring Requirements 

30-day 

Average 

Daily 

Max 

30-day 

Avg 

Load 

(ppd) 

Sampling 

Locations 

Monitoring 

Frequency 

Monitoring 

Type 

Influent 

Flow Rate 
MGD 44.0 M&R - INF (i) Continuous Flow meter 

Effluent 

Flow Rate 
MGD M&R M&R - EFF (ii) Continuous Flow meter 

BOD5 

(uninhibited) 
mg/L 

M&R M&R M&R INF (i) 

3 

Times/Week 
Composite 

20 30 

7,339-

avg 

11,009-

max 

EFF (ii) 

TSS mg/L 

M&R M&R M&R INF (i) 

3 

Times/Week 
Composite 

20 30 

7,339-

avg 

11,009-

max 

EFF (ii) 

TDS mg/L - 500 120,168 EFF (ii) Weekly Composite 

TN as N mg/L - - 500 EFF (ii) Weekly Composite 

TKN as N mg/L M&R M&R - EFF (ii) Weekly Composite 

Nitrate as N mg/L - 2.0 - EFF (ii) Daily Composite 

DON as N mg/L M&R M&R - EFF (ii) Weekly Composite 

Total 

Ammonia as 

N 

mg/L 

- I.A.1.c.2 - EFF (ii) Daily Composite 

- I.A.1.c.1 - iii Weekly Discrete 

TP as P mg/L 0.40 - 134 EFF (ii) Daily Composite 

Alkalinity as 

CaCO3 
mg/L M&R M&R - 

EFF (ii), 

iv 
Weekly Composite 

Hardness as 

CaCO3 
mg/L M&R M&R - iv Quarterly Discrete 

TRC mg/L - 0.10 - EFF (ii) Daily Discrete 

Temperature 
°C 

M&R 
iii, v Weekly Discrete 

ΔT < 2.0 

Fecal 

Coliform 
MPN/100ml 200 400 - EFF (ii) Daily Discrete 

Escherichia 

Coli 
MPN/100ml 126 410 - EFF (ii) Daily Discrete 

DO mg/L - ≥ 5.0 - EFF (ii) Daily Discrete 

pH-SV S.U. 
- 6.5-9.0 - EFF (ii) Daily 

Discrete 
M&R iii Weekly 

(Nevada Division of Environmental Protection, 2012) 
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2.5 Wastewater Nutrient Treatment 

2.5.1 Physical Treatment 

Physical treatment of wastewater is often the first step to remove contaminants but often 

requires additional processes through means of biological or chemical treatment. Some 

examples of physical treatment include screening, mixing and flocculation, gravity 

separation, and grit removal. These physical processes are capable of removing particles 

of various size. Nutrients can be removed by these physical means when the nutrients are 

incorporated into biomass. During primary clarification, approximately 10% of total 

Kjeldahl nitrogen (TKN) (Department of Environmental Conservation) and 1.0 mg/L TP 

(Polson, 2017) is removed through TSS that leaves the system. It is difficult to remove 

large amounts of nutrients through physical processes without the addition of other 

processes such as biological or chemical treatment. 

2.5.2 Biological Treatment 

Biological treatment of wastewater has the following goals (Metcalf and Eddy, 2014): 

➢ Transform dissolved and particulate biodegradable constituents into acceptable end 

products through oxidation; 

➢ Capture and incorporate suspended and non-settleable colloidal solids into biological 

flocs or biofilm; 

➢ Transform or remove nutrients, such as nitrogen and phosphorus; and 

➢ Remove specific trace organic constituents and compounds. 
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Biological treatment is facilitated by microorganisms that oxidize dissolved and particulate 

organic matter by utilizing oxygen, nitrogen, and phosphorus to convert the organic matter 

into simple products such as biomass, water, and gas emissions; these simple end products 

are then able to be readily removed. The microorganisms in biological treatment are 

classified by carbon and energy source, temperature, and oxygen utilization. 

Microorganisms that use organic material as a carbon source are heterotrophic while 

autotrophic microbes use inorganic carbon for cell synthesis. Microorganisms that use light 

as an energy source are phototrophs whereas chemotrophs use energy from chemical 

reactions (Davis, 2010). Each species of microorganism thrives at a certain range of 

temperature and are known as psychrophiles (>20°C), mesophiles (25-40°C), thermophiles 

(45-60°C), and hyperthermophiles (60-100°C) (Davis, 2010). For wastewater treatment, 

probably the most important classification of microorganisms is oxygen utilization. 

Microorganisms that utilize oxygen as an electron acceptor in their oxidation-reduction 

reactions are aerobic, anaerobic if there is an absent of electron acceptors, and anoxic if 

the microorganisms utilize electron acceptors other than oxygen, such as nitrate. This 

classification is the most important because it dictates what kind of treatment performance 

is to be expected, whether its phosphorus uptake and release, nitrification, or BOD 

oxidation. Some important microorganisms in wastewater treatment include bacteria, 

fungi, algae, protozoa, rotifers, and crustaceans. When it comes to types of biological 

treatment processes, there are two types: suspended growth processes and attached growth 

processes. The suspended growth process uses the microorganisms in liquid suspension, 

often requiring aeration and/or mixing to maintain the suspension. Many of these activated 

sludge processes are used for the biodegradation of organic substances, operated under 
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aerobic and anoxic conditions, and occasionally anaerobic conditions when there is a high 

organic concentration (Metcalf and Eddy, 2014). Rather than being suspended in a liquid 

phase, in attached growth processes, the microorganisms are attached to a surface where 

they form a biofilm. The packing material used to grow the microorganisms range from a 

variety of material such as rock, gravel, slag, sand, wood, and synthetic material with a 

high surface area to volume ratio.  These attached growth processes are operated under 

aerobic and anaerobic conditions and can be either submerged in liquid or partially 

submerged creating an air space between the biofilm (Metcalf and Eddy, 2014). The most 

common type of attached growth process is the trickling filter which is typically used for 

BOD removal but is used for nitrification at TMWRF. Table 2.3 provides examples of 

difference type of suspended and attached growth process with their intended uses.  
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Table 2.3: Major biological treatment processes used for wastewater treatment 

Type Common Name Use 

Aerobic Processes: 

Suspended  Activated sludge process CBOD removal, nitrification 

 Aeration lagoons CBOD removal, nitrification 

 Aerobic digestion Stabilization, CBOD removal 

 Membrane bioreactor CBOD removal, nitrification 

 Nitritation process Nitritation 

Attached  Biological aerated filters CBOD removal, nitrification 

 Moving bed bioreactor CBOD removal, nitrification 

 Packed-bed reactors CBOD removal, nitrification 

 Rotating biological contractors CBOD removal, nitrification 

 Trickling filters CBOD removal, nitrification 

Hybrid  Trickling filter/activated sludge CBOD removal, nitrification 

 Integrated fix film activated sludge  CBOD removal, nitrification 

Anoxic Processes: 

Suspended  Suspended-growth denitrification Denitrification 

Attached  Attached growth denitrification filter Denitrification 

Anaerobic Processes: 

Suspended  Anaerobic contact processes CBOD removal 

 Anaerobic digestion Stabilization, solid destruction, 

pathogen kill 

 Anammox process Denitritation, ammonia removal 

Attached  Anaerobic packed and fluidized bed CBOD removal, waste 

stabilization, denitrification 

Sludge Blanket Upflow anaerobic sludge blanket CBOD removal, especially high 

strength wastes 

Hybrid Upflow sludge blanket/attached 

growth 

CBOD removal 

(Metcalf and Eddy, 2014) 
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2.5.3 Nitrification and Denitrification 

Biological nitrogen removal has been widely applied in wastewater treatment in the last 

few decades and is comprised of two steps: nitrification and denitrification. The most 

abundant form of nitrogen in wastewater influents is ammonia. It is important to oxidize 

ammonia into other forms of nitrogen because ammonia is more toxic than nitrate ions due 

to lower oxygen or ammonia toxicity at higher pH. Even when nitrogen is not fully 

removed from wastewater, by oxidizing ammonia, the toxicity of the water can be reduced 

by six-folds (Burnashova et al., 2018). The first step to nitrogen removal utilizes ammonia 

oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB), while the second step 

reduces the nitrate to nitrite and nitrogen gas by denitrifying bacteria (Zeng et al., 2017). 

Nitrification itself is a two-step process in where ammonia is oxidized to nitrite in the first 

step generally by Nitrosomonas. These nitrifiers are aerobic and use oxygen to oxidize the 

ammonia. The second step in nitrification is the oxidation of nitrite to nitrate by Nitrospira 

and Nitrobacter bacteria (Rittman and McCarty, 2001). Equations 1 and 2 show the general 

oxidation reactions of nitrification. 

𝑁𝐻4
+ +  1.5𝑂2 =  𝑁𝑂2

− +  2𝐻+ +  𝐻2𝑂   Eq. 1 

𝑁𝑂2
− +  0.5𝑂2 =  𝑁𝑂3

−      Eq. 2 

The second step to nitrogen removal in wastewater treatment is denitrification. 

Denitrification is a biological process in where nitrate and nitrite are converted to nitrogen 

gas, generally by heterotrophic bacteria (Park et al., 2009). Denitrifying bacteria are 

facultative aerobes which means they can use nitrate and nitrite as electron acceptors when 

oxygen is limited. If oxygen is present, however, they may utilize oxygen instead of the 
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nitrogen species. These denitrifiers rely heavily on environmental conditions such as 

temperature, pH, dissolved oxygen, and presence of nitrate and carbon (Foglar and Briski, 

2003). Often when sufficient carbon is not available, an additional carbon source is added; 

the most common additional substrates are methanol, acetate, and ethanol. Like 

nitrification, denitrification is a step-wise process where nitrate is reduced to nitrite, nitric 

oxide, nitrous oxide, and nitrogen gas (Rittman and McCarty, 2001). Equations 3-6 show 

the general reactions for denitrification. 

𝑁𝑂3
− +  2𝑒− + 2𝐻+ =  𝑁𝑂2

− + 𝐻2𝑂    Eq. 3 

𝑁𝑂2
− +  𝑒− + 2𝐻+ =  𝑁𝑂 + 𝐻2𝑂     Eq. 4 

2𝑁𝑂 +  2𝑒− + 2𝐻+ =  𝑁2𝑂 +  𝐻2𝑂     Eq. 5 

𝑁2𝑂 +  2𝑒− + 2𝐻+ =  𝑁2 (𝑔) +  𝐻2𝑂    Eq. 6 

There are two main wastewater treatment processes that induce nitrification and 

denitrification. The most common processes are suspended growth processes, otherwise 

known as the activated sludge process, in where nitrification and denitrification occur in 

the secondary biological treatment train. The second type of process is the attached 

growth process, in which nitrification towers and denitrification filters are used for 

nitrogen removal. 

2.5.3.1 Activated Sludge N Removal 

For nitrogen removal, the activated sludge process is a suspended growth process where 

the heterotrophic and nitrifying bacteria coexist. These activated sludge processes are a 

combination of anoxic and aerobic reactors that remove nitrogen and BOD. The aerobic 
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zones oxidize the ammonia to nitrate, while the anoxic zones convert the nitrate to nitrogen 

gas. Organic carbon (BOD) removal occurs in both zones. For these activated sludge 

processes to be efficient, there are crucial aspects for the reactors. There needs to be mixing 

in the reactors, a quiescent settler, sludge recycle, mixed liquor recycle, and an adequate 

solids retention time (SRT). The most common biological activated sludge processes for 

nitrogen removal are the Modified Ludzack-Ettinger (MLE), 4-stage Bardenpho process, 

and oxidation ditch processes. In the MLE process, an anoxic zone precedes the aerobic 

and received mixed liquor from the aerobic reactor (Song et al., 2015). This mixed liquor 

provides nitrate to the anoxic zone to facilitate denitrification. The second most common 

activated sludge process for nitrogen removal is the 4-stage Bardenpho process which was 

developed in 1973 and was designed to overcome the incomplete denitrification of the 

anoxic/aerobic process (Li et al., 2020). In this process, pre-anoxic/aerobic and post-

anoxic/aerobic reactors are incorporated to remove any residual nitrogen. Additional 

carbon may also be incorporated in the post-anoxic reactor if sufficient carbon is not 

available. Oxidation ditches are typically oriented in a “racetrack” configuration where 

water passes through aerated and unaerated zones to accomplish combined BOD and 

nitrogen removal. 

2.5.3.2 Nitrification Towers and Denitrification Filters 

Aside from suspended growth processes, like the activated sludge process, nitrification can 

occur in attached growth processes. A common process includes the use of nitrification 

towers, otherwise known as nitrification trickling filters. These trickling filters are non-

submerged fixed film biological reactors that use usually use rock or plastic as media to 
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grow the biofilm. Design of the trickling filters depends on what type of treatment is desired 

and whatever the treatment objective may be, trickling filters share three characteristics 

(Rittman and McCarty, 2001): 

➢ Wastewater is applied in a “trickling” condition in which water moves downward along 

the porous biofilm media and air moves upward or downward to supply oxygen; 

➢ Water exiting the bottom of the filter is routed to settlers or filters to reduce suspended 

solid and BOD concentrations; and 

➢ Effluent wastewater is recycled to establish hydraulic loading control throughout the 

filters 

Nitrification works in the trickling filters when the microorganisms create a biofilm on the 

filter media and as water and air is applied to the filter, the AOBs and NOBs oxidize the 

ammonia to nitrate. The advantages of the nitrification towers over activated sludge 

processes are that they require less energy, are simpler to operate with no issues of mixed 

liquor control and sludge wasting, no bulking problems in secondary clarifiers, better 

sludge thickening, less maintenance, and better recovery from shock toxic loads (Metcalf 

and Eddy, 2014). However, despite their advantages, they do come with distinct 

disadvantages. Trickling filters are more susceptible to sudden detachment of the biofilm, 

which can happen during periods of air stagnation (Rittman and McCarty, 2001). This 

detachment of the biofilm can cause deterioration of effluent water quality as the suspended 

solids in the effluent increase and can affect the substrate removal and ammonia oxidation. 

Nitrification towers are able to oxidize ammonia to nitrate; however, they cannot perform 
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denitrification like an activated sludge process and require an additional process to convert 

the nitrate to nitrogen gas.  

In scenarios where nitrification towers are used for the oxidation of ammonia to nitrate, 

attached growth denitrification process are often used as a post-anoxic treatment step. 

Almost any biofilm system works for denitrification, when oxygen is limited within the 

system, and often include rotating biological contactors, submerged fix beds of rock, sand, 

limestone, or plastic media, fluidized beds of sand, or activated carbon, circulating beds, 

and membrane bioreactors (Rittman and McCarty, 2001). Under the correct operating 

conditions, such as providing sufficient carbon, nitrate loading rates, hydraulic loading 

rates, and influent feed conditions, attached growth processes for denitrification are 

effective at converting nitrate to nitrogen gas. One disadvantages of these attached growth 

processes are that they may require backwashing to control solids and the biofilm.  

2.5.4 Phosphorus Removal 

2.5.4.1 Enhanced Biological Phosphorus Removal 

Enhanced biological phosphorus removal (EBPR) is a biological process in which 

heterotrophic bacteria are able to sequester high levels of intracellular polyphosphate (poly 

P) (Rittman and McCarty, 2001). Biomass generated in normal biological processes 

contain 2-3% phosphorus; however, the EBPR processes is capable of increasing this 

faction of P in biomass to as much as 12% (Nielsen et al., 2011). This is achieved because 

the EBPR process takes advantage of a complex microbial ecosystem with the key 

organisms to this process being polyphosphate-accumulating organisms (PAOs). The most 

common configuration to the EBPR process is the Phoredox, otherwise known as the 
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anaerobic/aerobic (A/O) process. This process contains an anaerobic reactor, followed by 

an aerobic, operated at low SRTs. The low SRT allows for PAO growth while inhibiting 

growth of other microorganisms, such as AOBs and NOBs, which could have negative 

impacts on phosphorus removal. For the EBPR process to be efficient, there are for 

essential components (Rittman and McCarty, 2001): 

➢ The influent wastewater and recycle sludge must first enter an anaerobic reactor with 

electron acceptors (oxygen and nitrate) being limited; 

➢ The mixed liquor leaves the anaerobic zone and enters the aerobic where ample electron 

acceptors are available through aeration, which allows the heterotrophic bacteria to 

grow; 

➢ The mixed liquor leaving the bioreactors must be settled and recycled back to the 

anaerobic tank, ensuring alternating anaerobic and aerobic conditions; and 

➢ The sludge is to be wasted once enriched with poly P. 

In the anaerobic zone of the EBPR configuration, the PAOs take up volatile fatty acids 

(VFAs) that are present in the influent wastewater, or produced through fermentation, and 

form polyhydoxyalkanoates (PHAs) (Nielsen et al., 2011). The PAOs require energy to 

perform polymerization which comes from the hydrolysis of poly P. During hydrolysis, 

phosphorus is released into the environment, which is why there is an increase in 

phosphorus concentration in the anaerobic reactors. When the wastewater and 

heterotrophic bacteria enters the aerobic reactor, the process is reversed as there is an ample 

supply of electron acceptors. The PAOs utilize the PHAs and oxygen to consume the 

phosphorus and grow, thus removing phosphorus from the water and incorporating it in 
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cellular material. Under the right operational conditions, the EBPR process is capable of 

achieving very low phosphorus concentrations.  

2.5.4.2 Chemical Treatment 

Although biological treatment for phosphorus removal is more economical, the extent to 

which phosphorus is removed is greatly influenced by wastewater characteristics and other 

environmental factors, and often, biological phosphorus removal is supported by chemical 

precipitation (Mbamba et al., 2019a). Compared to biological processes for phosphorus 

removal, chemical precipitation is often more stable and reliable for high phosphorus 

wastewaters (Sun et al., 2017). The most common metal-salts used in phosphorus chemical 

treatment are aluminum and iron. These cations will form precipitates with the 

orthophosphate anion and will be incorporated into sludge where it can be removed from 

the system. Equations 7 and 8 show the generalized chemical reaction with aluminum, iron, 

and phosphorus. When dealing with chemical treatment of phosphorus, there are many 

factors that must be considered in the chemistry of the metal salt addition, which are 

(Rittman and McCarty, 2001): 

➢ Phosphate forms competing complexes, such as CaHPO4, MgHPO4, and FeHPO4
+, thus 

decreasing the total phosphate that is present; 

➢ Aluminum and iron form other complexes, specifically with organic ligands, or 

precipitate as Al(OH)3 (s), decreasing the available Al3+ and Fe3+; 

➢ Not all total phosphorus is present as orthophosphate, and is incorporated into organic 

compounds; 
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➢ Optimal pH for chemical precipitation may not be compatible with microbiological 

activity; and 

➢ Precipitation reactions may be kinetically controlled and not reach maximum 

efficiency. 

𝐴𝑙3+ +  𝑃𝑂4
3− =  𝐴𝑙𝑃𝑂4 (𝑠)     Eq. 7 

𝐹𝑒3+ +  𝑃𝑂4
3− =  𝐹𝑒𝑃𝑂4 (𝑠)     Eq. 8 

Due to these factors and complications, the chemical dosage of these metal-salts are often 

1.5-2.5 times greater than the theoretical stoichiometric value. Chemical treatment for 

phosphorus removal is a viable option when biological treatment is not sufficient to reduce 

phosphorus levels to pre-established limits, and is usually added into the primary clarifiers, 

activated sludge, or secondary clarifiers (Mbamba et al., 2019a). One of the biggest 

disadvantages of chemical treatment is the increased sludge produced, which may require 

additional sludge handling process.  

2.5.5 Combined CNP Treatment 

Nutrient removal is essential to wastewater treatment and is achievable by nitrification and 

denitrification for nitrogen, and EBPR or chemical treatment for phosphorus. The previous 

sections have provided insight on processes in which nitrogen and phosphorus can be 

removed independently from wastewater, but there are benefits associated with removing 

each contaminant simultaneously. Combined CNP treatment is the most common way to 

remove nitrogen and phosphorus together and is often removed by biological activated 

sludge processes. These BNR processes rely on an arrangement of different environmental 
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redox conditions with separate anaerobic, anoxic, and aerobic reactors where nitrification 

and denitrification occur, and phosphorus is accumulated by heterotrophic organisms 

(Ashrafi et al., 2019). The anaerobic reactors are often placed upstream of the anoxic where 

organic substrate is sequestered by PAOs and phosphorus is released, wastewater then 

flows to the anoxic zone where denitrification occurs after being provided a nitrate recycle 

stream from the final aerobic zone where nitrification and phosphorus uptake take place. 

In some situations, the organic substrate used for phosphorus accumulation leaves little 

substrate for denitrification, resulting in partial nitrogen removal and the need for post-

denitrification processes (Fang et al., 2016). There are many different configurations to 

these BNR activated sludge processes for combined nitrogen and phosphorus removal due 

to the reactor placement and internal recycle streams, which offer numerous opportunities 

for diverse flow paths, and performance greatly depends on the wastewater characteristics 

(Chuler and Xiao, 2008). The most common BNR configurations for combined CNP 

treatment and their process description are (Metcalf and Eddy, 2014): 

➢ Anaerobic/Anoxic/Aerobic (A2O) Process 

▪ The A2O process has an anoxic zone located between the anaerobic and aerobic 

reactors and is used for phosphorus removal with nitrification; 

▪ Nitrate is recycled from the aerobic zone to the anoxic zone for denitrification, 

which minimizes the amount of nitrate in the anaerobic zone; and 

▪ Return activated sludge (RAS) from the secondary clarifier is recycled to the 

anaerobic reactor. 
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➢ 5-Stage Bardenpho Process 

▪ A modified version of the 4-stage Bardenpho process that provide an anaerobic, 

pre-anoxic, pre-aerobic, post-anoxic, and post-aerobic reactors; 

▪ Mixed liquor from the first aerobic reactor is recycled to the pre-anoxic reactor; 

▪ The post-anoxic reactor is used for additional denitrification using nitrate 

produced in the first aerobic reactor, this post-anoxic reactor has the option for 

an additional carbon source; 

▪ The final aerobic reactor is used to strip any residual nitrogen gas and increase 

the DO concentration to prevent phosphorus release in the secondary clarifiers; 

and 

▪ RAS from secondary clarifiers is recycled to the anaerobic reactor. 

➢ University of Capetown (UCT) Process 

▪ The UCT process has an anaerobic, anoxic, and aerobic configuration and was 

developed to minimize nitrate entering the anaerobic reactors; and 

▪ Has three recycle streams instead of two: internal nitrate recycle from the 

aerobic reactor to the anoxic, mixed liquor from anoxic reactor to anaerobic, 

and RAS from secondary clarifiers to anoxic reactor. 

➢ Modified UCT Process 

▪ The modified UCT process was designed to separate the nitrate recycle stream 

and the RAS and consist of an anaerobic, anoxic, anoxic, and aerobic 

configuration; and 
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▪ Mixed liquor is introduced to the anaerobic zone from the first anoxic zone, 

RAS is introduced from the secondary clarifiers to the first anoxic zone, and the 

nitrate recycle stream is introduced to the second anoxic zone. 

➢ Virginia Initiative Plant (VIP) Process 

▪ The VIP process is similar to the A2O and UCT processes, consisting of an 

anaerobic, anoxic, and aerobic configuration, except for increased staging and 

recycle stream methods; 

▪ Each zone is divided into at least two completely mixed cells in series; 

▪ RAS entered the first anoxic stage, mixed liquor enters the first anaerobic stage 

from the final anoxic stage, and nitrate recycle enters the first anoxic stage from 

the final aerobic stage; and 

▪ The VIP process typically enhances phosphorus removal compared to other 

processes with nitrification still being performed in the aeration reactors. 

2.6 BioWin 

2.6.1 Introduction and Application 

BioWin is a wastewater model simulator software that can tie together biological, 

chemical, and physical processes to provide insight on wastewater treatment plant 

operations. This software is used worldwide by consulting engineers, infrastructure 

owners, regional municipalities, water authorities, equipment manufacturers, academic 

institutions, and wastewater treatment plants. BioWin can be used for many applications 

such as selection of optimal treatment processes, reduce capital investments, energy 

consumption and operating costs, decisions on plant operation, teach students and plant 
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operators of wastewater fundamentals, and to build  models for emerging technologies 

(EnviroSim, 2020). Wastewater treatment systems can be configured using BioWin by 

using the many process modules, which include activated sludge bioreactors, anaerobic 

and aerobic digesters, settling tanks, holding tanks, equalization tanks, and dewatering 

units, all with the option for different input elements (EnviroSim, BioWin Help Manual, 

2020). Although BioWin is a powerful tool for wastewater analysis, it does come with 

limitations as the model needs to be evaluated against extensive data sets to provide the 

most accurate simulation and it is the responsibility of the user to assess and confirm that 

the results generated by the program are appropriate. 

2.6.2 Case Studies 

There are many research studies that use the BioWin modeling software to develop process 

models to predict treatment performance, optimize treatment efficiency, or to compare 

model predicted data to pilot-scale studies and full-scale treatment plants. The following 

provides insight on some research papers that have used the BioWin modeling software to 

investigate model predictions compared to experiment or actual wastewater treatment plant 

data. 

➢ In 2006, a research group in Arizona used the BioWin modeling software to evaluate 

process alternatives when creating a master plan for the expansion of the City of 

Avondale Wastewater Treatment Plant. The group used the model to evaluate 

expansion alternatives that involved additions to the plant including influent 

equalization basins and primary clarifiers, expansion to the aeration basins and 

secondary clarifiers, and converting the existing activated sludge process to membrane 
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bioreactors. Their study showed that BioWin can be an effective tool in comparing 

different secondary treatment options with careful model calibration. The model was 

able to determine that the added equalization basins and primary clarifiers would be the 

most cost effective option when expanding the plant while still maintaining effluent 

water quality (Lei et al., 2006). 

➢ A research group at the Research Center of Biotechnology of the Russian Academy of 

Sciences used the BioWin software to model an anammox process. They used the 

mathematical model to analyze the removal of ammonium nitrogen from wastewater. 

The group used experimental studies to calculate kinetic and stoichiometric coefficients 

that are incorporated into the model. After analyzing the predicted model values with 

experimental data, they concluded that the results obtained from model calculations 

were similar to those obtained from the experiments, indicating that the model 

possessed a high predictive ability for the biotechnology of the anammox process 

(Dorofeev et al., 2017). 

➢ The BioWin software can be used to evaluate full-scale treatment performances in 

order to optimize actual operation which was used by a research group in China to 

simulate a dynamic analysis on advanced nitrate nitrogen removal in a deep bed 

denitrification filter (DBDNF). They used measured data from the DBDNF pilot 

system to develop a BioWin model where they concluded that after model calibration, 

the model values were consistent with measured data, enforcing the effectiveness of 

the model simulations (Ji et al., 2019). 

➢ One advantage BioWin has as a model simulator is the ability to predict effluent values 

when changes are made to the treatment process. Effluent regulations can change based 
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on new strict water quality limitations, and BioWin can be used to predict if treatment 

plants are capable of meeting new regulations. A group of researchers at the University 

of Trieste, Italy, characterized three wastewater treatment plants in the BioWin model 

in order to support upgrades to the plant to meet new effluent requirements. They used 

influent characteristics and activated sludge performances and studies the application 

of respirometry. They calibrated the model and ran the simulations to account for 11 

months of historical data and results showed that the model was in agreement of actual 

effluent data and that the BioWin model was able to predict nitrification and 

denitrification performances (Vitanza et al., 2016). 

➢ Another research group from the Hohai University, China, utilized BioWin to analyze 

three scenarios to improve the performance of a wastewater treatment plant. They 

wanted to investigate the possibility of wasting sludge from either the aeration tank or 

secondary clarifier, the construction of a new oxidation ditch, and the construction of 

an equalization tank. They were able to calibrate the BioWin model based on 

wastewater characteristics to successfully evaluate each scenario. Results showed that 

construction of a new oxidation ditch or equalization tank was not necessary, and that 

the sludge should be wasted from the aeration tank during wet seasons to reduce solid 

loading of the clarifiers (Oleyiblo et al., 2014). 

2.6.3 BioWin Model Inputs and Important Parameters 

When developing a BioWin model, there are key parameters and input values that need to 

be considered. Important values include influent constituents, physical layout of the 

treatment system (e.g., reactor size, configuration, and aeration conditions), and kinetic and 
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stoichiometric parameters. The influent constituents provide information needed for 

BioWin to determine influent fractions and wastewater characteristic, while the kinetic and 

stoichiometric parameters are used to calibrate and evaluate treatment performance. In 

addition to fractions and wastewater characteristics, important parameters in the influent, 

such as carbon, nitrogen, phosphorus, and solids, are also used to analyze model calibration 

and accuracy. Table 2.4 contains the key parameters when developing a BioWin model 

along with their associated purpose. 
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Table 2.4: Important BioWin parameters and purposes 

Parameter Abbreviation 

Purpose 

Influent 

Fractions/WW 

Characteristics 

Model Calibration 

and Accuracy 

Biochemical oxygen 

demand 1 
BOD   

Filtered BOD 1 FBOD   

Carbonaceous BOD 2 CBOD   

Filtered CBOD 2 FCBOD   

Chemical oxygen 

demand 
COD   

Filtered COD FCOD   

Flocculated and Filtered 

COD 
FFCOD   

Ammonia NH3   

Nitrate (NO3) + Nitrite 

(NO2) 
NOx   

Total Kjeldahl nitrogen TKN   

Soluble Kjeldahl 

nitrogen 
SKN   

Orthophosphate OP   

Total phosphorus TP   

Alkalinity -   

Acetate -   

pH -   

Total suspended solids TSS   

Volatile suspended 

solids 
VSS   

Ammonia oxidizing 

bacteria growth rate 
AOB Used to optimize ammonia profile 

Nitrite oxidizing 

bacteria growth rate 
NOB Used to optimize NOx profile 

Phosphorus 

accumulating organisms 
PAO Used to optimize phosphorus profile 

Particulate substrate 

COD:VSS ratio 
- Used to optimize solids profile 

Particulate inert 

COD:VSS ratio 
- Used to optimize solids profile 

Ordinary heterotrophic 

aerobic yield 
OHO yield (aerobic) Used to optimize solids profile 

1 BOD is not as important as COD as BioWin uses COD inputs 
2 The inhibitor used for CBOD and FCBOD interferes with the model and BOD and FBOD is used 
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CHAPTER 3 : PROBLEM STATEMENT/AIM OF RESEARCH 

3.1 Purpose of Project 

The purpose of this project is to evaluate process and treatment performance at the Truckee 

Meadows Water Reclamation Facility through comprehensive data collection. Based on 

the data collection process the University of Nevada, Reno (UNR), in collaboration with 

TMWRF technical and laboratory personnel, developed and calibrated a BioWin process 

model of the current secondary treatment process. Following the development and 

calibration of the BioWin model, multiple treatment alternatives were evaluated, using the 

calibrated model, including modifications to current plant configurations, and 

modifications to account for future expansion. In addition to treatment performance, 

aeration demand and energy and chemical costs between the current and modified 

treatment alternatives were evaluated.  

3.2 Project Tasks 

In order to build, verify, and apply the process model, there were four main research tasks; 

➢ Review existing plant data regarding flows and concentration of key water quality 

parameters and flows necessary to develop a process model 

➢ Based on data analysis, develop sampling campaigns to capture additional data needed 

for model development 

➢ Using data from sampling campaigns, develop and calibrate a BioWin process model 

for current biological treatment and verify model performance 
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➢ Using the calibrated model, investigate alternative process configurations to analyze 

and compare CNP treatment performance, aeration demand, and energy and chemical 

costs to current TMWRF process. 

3.3 TMWRF Process Layout 

The Truckee Meadows Water Reclamation Facility main treatment train consist of primary 

treatment (screening, grit tanks, and primary clarifiers), secondary treatment (biological 

activated sludge and secondary clarifiers), tertiary treatment (nitrification towers, 

denitrification filters, and media filters), and disinfection (chlorine contact tank). The full 

plant layout is contained in Appendix D. The model primarily focuses on the biological 

secondary treatment, consisting of primary clarification, biological activated sludge, and 

secondary clarification. Figure 3.1 shows the process schematic section that the model is 

centered around.  

Figure 3.1: Process schematic section used for model development (TMWRF, 2018) 
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As revealed in the figure, the treatment process consists of two main trains, Systems (Sys) 

1 and 2, denoted by 1A-C and 2A-C for primary and secondary clarification and 1A-B and 

2A-B for biological activated sludge. It should be noted that primary clarifier 2D, activated 

sludge tank 2C, and secondary clarifier 2D represent System 3 and was not modeled since 

this system is used for centrate treatment. When developing the BioWin model, parallel 

primary and secondary clarifiers (i.e., A, B, and C), and activated sludge trains A and B for 

each system were modeled as single units, assuming similar performance in the processes. 

More information is contained in Section 4.3.2. Along with the north and south plant 

influent lines, Figure 3.1 shows some recycle streams that enter the influent through the 

plant drain. The recycle streams are detailed in Sections 4.3.1.2 and 4.3.1.3. 
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CHAPTER 4 : MODEL DEVELOPMENT AND CALIBRATION OF THE TRUCKEE 

MEADOWS WATER RECLAMATION FACILITY 

4.1 Preliminary Analyses and Sampling Campaigns 

4.1.1 Historical Data 

The first step to model development and calibration was to analyze historical TMWRF data 

to determine optimal times for sampling throughout the year. When developing the model, 

it was desired to use maximum loads to account for the “worst case” scenario regarding 

plant performance. In order to investigate when maximum loads occurred, plant influent 

data from 2017 were analyzed. The data were categorized based on the meteorological 

seasons with December-February representing winter, March-May for spring, June-August 

for summer, and September-November for fall. When determining maximum loads, an 

average value over the course of the season was investigated along with its standard 

deviation. Table 4.1 summarizes the plant influent average concentrations with the 

associated standard deviation, and Table 4.2 provides data for the plant influent loads. A 

complete overview of the plant influent data from 2017 is contained in Appendix A. In 

addition to analyzing the maximum average loads for each season, the variances between 

each season were investigated. Figures 4.1-4.11 depict the load variations between each 

season for BOD, COD, Ammonia, NOx, TKN, SKN, OP, TP, Alkalinity, TSS, and TDS. 

The figures are whisker plots that show the variation of the constituents during the 

corresponding seasons. The figures show the average value, represented by the solid circle, 

quartiles 1 and 3, representing the median of the lower and upper half of the data set, and 

error bars, showing the variation. 
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Table 4.1: Average concentrations and standard deviation for seasonal 2017 data 

Parameter (mg/L) Winter Spring Summer Fall 

BOD 250.1 ± 47.5 245.3 ± 45.3 236.6 ± 24.7 243.8 ± 20.8 

COD 431.1 ± 140.1 415.4 ± 137.2 405.1 ± 91.9 428.5 ± 113.0 

Ammonia 26.6 ± 3.8 26.1 ± 3.8 27.1 ± 1.2 29.0 ± 1.9 

NOx 0.1 ± 0.2 0.1 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 

TKN 41.4 ± 5.3 40.5 ± 5.2 41.6 ± 2.0 45.2 ± 3.6 

SKN 31.5 ± 3.0 31.0 ± 3.1 31.0 ± 0.7 33.5 ± 1.1 

OP 3.3 ± 0.6 3.2 ± 0.6 3.1 ± 0.1 3.3 ± 0.3 

TP 5.4 ± 0.8 5.1 ± 0.7 4.8 ± 0.3 5.3 ± 0.6 

Alkalinity 212.2 ± 21.9 210.0 ± 18.9 211.3 ± 7.4 231.0 ± 14.5 

TSS 206.3 ± 44.6 199.2 ± 38.2 202.8 ± 34.9 210.0 ± 31.5 

TDS 422.8 ± 43.1 443.3 ± 43.4 432.5 ± 19.1 440.9 ± 35.3 

n = 13 – 92 for each season
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Table 4.2: Average load and standard deviations for seasonal 2017 data 

Parameter (mg/L) Winter Spring Summer Fall 

BOD 63,289 ± 7,717 62,740 ± 7,755 55,248 ± 5,990 56,228 ± 5,253 

COD 101,017 ± 32,824 97,343 ± 32,158 94,916 ± 21,524 100,401 ± 26,489 

Ammonia 6,230 ± 883 6,123 ± 879 6,341 ± 262 6,800 ± 452 

NOx 34 ± 49 30 ± 44 17 ± 18 27 ± 30 

TKN 9,700 ± 1,237 9,495 ± 1,217 9,747 ± 467 10,584 ± 842 

SKN 7,377 ± 720 7,269 ± 724 7,270 ± 168 7,855 ± 268 

OP 764 ± 138 748 ± 141 725 ± 69 775 ± 72 

TP 1,275 ± 176 1,193 ± 156 1,124 ± 152 1,240 ± 138 

Alkalinity 49,721 ± 5,143 49,214 ± 4,436 49,504 ± 1,742 54,131 ± 3,408 

TSS 48,353 ± 10,445 46,689 ± 8,951 47,528 ± 8,188 49,212 ± 7,388 

TDS 103,754 ± 10,110 103,880 ± 10,169 101,339 ± 4,472 103,321 ± 8,283 

n = 13 – 92 for each season 
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Figure 4.1: BOD seasonal load variance for 2017 

 

Figure 4.2: COD seasonal load variance for 2017 
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Figure 4.3: Ammonia seasonal load variance for 2017 

 

Figure 4.4: NOx seasonal load variance for 2017 
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Figure 4.5: TKN seasonal load variance for 2017 

 

Figure 4.6: SKN seasonal load variance for 2017 

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

Winter Spring Summer Fall

L
o

ad
 (

p
p

d
)

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

Winter Spring Summer Fall

L
o

ad
 (

p
p

d
)



45 

 

 

Figure 4.7: OP seasonal load variance for 2017 

 

Figure 4.8: TP seasonal load variance for 2017 
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Figure 4.9: Alkalinity seasonal load variance for 2017 

 

Figure 4.10: TSS seasonal load variance for 2017 
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Figure 4.11: TDS seasonal load variance for 2017 
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differences between fall and winter as the P-values are less than the alpha value of 0.05. It 

should be noted that although TDS has a maximum load during the spring, analysis shows 

that the P-value for spring compared to winter is 0.41, and 0.44 for the spring to fall 

comparison, indicating no significant difference between the seasons. The season with the 

maximum load for each parameter, along with whether there are significant differences 

between fall and winter is contained in Table 4.3. 

Figure 4.12: T-test analysis and corresponding P-values for significant differences 
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Table 4.3: Seasons with maximum loads and significant difference between fall and 

winter 

Parameter Winter Spring Summer Fall 
Significant 

Difference 

BOD     Yes 

COD     No 

Ammonia     Yes 

NOx     No 

TKN     Yes 

SKN     Yes 

OP     No 

TP     No 

Alkalinity     Yes 

TSS     No 

TDS 1     No 

1 The TDS maximum loads in spring are not significantly different from fall and winter 

4.1.2 Initial Sampling Campaigns 

After analysis of historical data to determine maximum load seasons, the initial sampling 

campaigns were developed. Based on the previous analysis, data revealed that sampling 

should occur in both fall and winter to capture all maximum loads. Two-week sampling 

campaigns were developed for both fall and winter and were in effect from October 28 – 

November 8, 2018 for the fall, and January 27 – February 7, 2019 for the winter.  After 

investigation of the BioWin model inputs, a list of parameters needed for model calibration 

was developed. Most of the parameters needed for model calibration are routinely analyzed 

by TMWRF personnel in the facility laboratory; however, there are some analyses not 

performed that were needed for model calibration. Table 4.4 provides information on the 

additional analyses needed for model calibration including sample type, sample frequency, 
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and which lab was to perform the analysis. It should be noted that the additional plant 

influent samples for CBOD and VSS were added to the winter sampling campaign and 

were not performed during the fall.  

Table 4.4: Additional data requested in fall and winter for model development 

Parameter Sample Type Frequency 

Performed by: 

TMWRF UNR 

Plant INF 

CBOD 1 Composite 3-times/wk   

VSS 1 Composite 3-times/wk   

Primary EFF Sys 1 & 2 

Acetate Composite 5-times/wk   

CBOD Composite 3-times/wk   

FCBOD Composite 3-times/wk   

FCOD Composite 3-times/wk   

FFCOD Composite 3-times/wk   

pH Grab 3-times/wk   

TKN Composite 3-times/wk   

VSS Composite 3-times/wk   

1 Additional analysis added to winter campaign 

4.1.3 Additional Sampling Campaign 

After the initial sampling campaigns and model calibration, it was realized that more data 

was needed to fully and accurately calibrate the BioWin model, specifically dealing with 
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recycle streams. Initially, plant influent and primary effluent were the focal points of 

sample analysis, but after further investigation, process schematics showed that recycle 

streams combined with plant influent at the headworks and just before primary clarification 

and initial sampling and model calibration did not account for the recycle streams. After 

consulting with engineers at Brown & Caldwell (the firm performing the TMWRF Facility 

Plan review), it was decided to change the CBOD and FCBOD analyses to BOD and FBOD 

as the inhibitor used in the CBOD and FCBOD analyses can negatively affect wastewater 

characterization (Harrison, 2019). Another change that was made from the fall and winter 

campaign to the new campaign was the analysis of acetate. During the fall sampling 

campaign, ion chromatography was used to determine acetate concentrations. 

Unfortunately, the ion chromatography instrument at UNR did not perform well and 

resulted in incomplete acetate data. For the winter campaign, UNR outsourced the acetate 

samples to WetLabs where the acetate analysis would be conducted. For the additional 

sampling campaign, acetic acid analysis was used instead of acetate as TMWRF has the 

means to perform this analysis and can be used in the future without the need to outsource 

samples to an outside lab. With these changes, a new sampling campaign was developed 

to provide an extensive analysis on plant influent, primary influent, primary effluent, 

secondary effluent (SE), RAS, aeration, and recycle streams. The new sampling campaign 

was another two-week campaign and was in effect during the summer from June 23 – July 

6, 2019. Table 4.5 provides information on the summer sampling campaign for the 

composite samples and Table 4.6 for the grab samples. As detailed in the table, this 

sampling campaign was much more extensive than the previous fall and winter campaigns, 

comprising of most of the constituents at every location in the primary and secondary 
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treatment trains. As stated before, the fall and winter sampling campaigns did not account 

for the recycle streams, and significantly impacted wastewater characterization. The 

summer sampling campaign incorporated the recycle streams, which included the gravity 

thickeners (GT), waste from the denitrification filters (denite waste), thickened wasted 

activated sludge (TWAS), and phosphorus rich supernatant (PRS) recycle streams. By 

incorporating the recycle streams, model calibration would be able to categorize the true 

plant influent for biological treatment.
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Table 4.5: Summer campaign composite sample analyses information 

  Plant INF 
Primary INF  

(Sys 1 & 2) 

Primary EFF 

(Sys 1 & 2) 

Secondary EFF 

(Sys 1 & 2) 

RAS 

(Sys 1 & 2) 

Aeration  

(Sys 1 & 2) 

Day Date 

COD, FCOD, 

OP, TP, FTP, 

Alkalinity, 

NH3, TKN, 

FTKN 

BOD, 

FBOD 

TSS, 

VSS, 

FFCOD 

(UNR) 

BOD, FBOD, 

COD, FCOD, 

OP, TP, FTP, 

Alkalinity, NH3, 

TKN, FTKN 

TSS, 

VSS, 

FFCOD 

(UNR) 

BOD, FBOD, 

COD, FCOD, 

OP, TP, FTP, 

Alkalinity, NH3, 

TKN, FTKN 

FBOD 

TSS, VSS, 

FFCOD (UNR) 

OP, 

TP, 

NH3, 

NO3, 

NO2 

BOD, FBOD, 

COD, FCOD, 

TSS, TKN, 

FTKN, FTP, 

Alkalinity 

FFCOD 

(UNR) 

TSS 

TSS, VSS 

(UNR) 

OP, NH3, NO3 (10 

grab samples each) 

S 23-Jun               

M 24-Jun              10 

T 25-Jun              10 

W 26-Jun              10 

T 27-Jun               

F 28-Jun               

S 29-Jun               

S 3-Jun               

M 1-Jul              10 

T 2-Jul              10 

W 3-Jul              10 

T 4-Jul               

F 5-Jul               

S 6-July               
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Table 4.6: Summer campaign grab sample analyses information 

  

Primary EFF 

(Sys 1 & 2) + Gravity 

Thickener 

Denite 

Waste 

Biomass 

TWAS 

Underflow 
PRS 

Day Date 
COD, FCOD, TSS, 

VFA 
FFCOD (UNR) 

COD, TSS, Alkalinity, NO3, 

NO2 
TSS, TP 

COD, TSS, TP, 

Alkalinity, NH3, OP 

S 23-Jun      

M 24-Jun      

T 25-Jun      

W 26-Jun      

T 27-Jun      

F 28-Jun      

S 29-Jun      

S 3-Jun      

M 1-Jul      

T 2-Jul      

W 3-Jul      

T 4-Jul      

F 5-Jul      

S 6-July      

 

4.2 TMWRF Sampling Campaign Data 

After the three sampling campaigns were conducted, the UNR coordinated with TMWRF 

personnel to compile the data into multiple spreadsheets for further analysis. The summer 

campaign data was primarily used for model calibration as it was the most extensive data 

collection campaign and included the changes made from the previous fall and winter 
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campaigns, including the incorporation of the recycle streams.  In collaboration with the 

plant engineer at TMWRF, Mr. Casey Mentzer, the data set for the summer campaign was 

analyzed for potential outliers that would skew wastewater characterization. Potential 

outliers were compared with historical data to investigate the percentiles of when values 

occurred, or if lab errors occurred in analysis, to justify removal from the data set. Once 

the outliers were removed from the data set, an average value for the constituents over the 

course of the campaign were calculated and used to develop a steady-state BioWin model. 

The average values of the more important parameters (BOD, COD, nitrogen and 

phosphorus species, alkalinity, and solids) for the three sampling campaigns are 

summarized in Table 4.7 for the plant influent, Table 4.8 for the primary influents, Table 

4.9 for the primary effluents, Table 4.10 for the secondary effluents, and Table 4.11 for the 

aeration systems. Table 4.12 also provides the information for the recycle streams during 

the summer campaign. The full data set for the fall, winter, and summer sampling 

campaigns is in Appendix B. 
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Table 4.7: Average plant influent values for the three sampling campaigns 

Parameter (mg/L) Fall Winter Summer 

Flow (mgd) 25.8 28.2 27.2 

BOD 263.7 267.0 263.8 

FBOD n/m n/m 103.7 

COD 535.9 544.8 544.8 

FCOD n/m n/m 213.6 

FFCOD 1 160.8  163.4 147.7 

Ammonia 31.4 29.4 28.3 

NO2 0.1 0.1 0.1 

NO3 0.0 0.0 0.8 

TKN 47.4 44.3 44.0 

OP 3.6 3.2 3.0 

TP 5.6 5.1 4.9 

Alkalinity 225.3 210.2 208.2 

TSS 214.3 234.5 212.6 

VSS n/m 218.0 193.3 

1 Using updated FFCOD:COD ratio – explained in Section 4.3.1.1 

n/m = not measured 
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Table 4.8: Average primary influent values for the sampling campaigns 

Parameter (mg/L) Fall Winter Summer 

Primary INF Sys 1 

Flow (mgd) 16.0 17.1 16.2 

BOD 258.0 257.0 250.0 

COD 546.8 494.7 505.5 

FCOD n/m n/m 184.2 

Ammonia n/m n/m 36.3 

TKN n/m n/m 52.6 

OP n/m n/m 4.0 

TP n/m n/m 7.0 

Alkalinity n/m n/m 239.3 

TSS 200.5 191.2 230.6 

VSS n/m n/m 211.2 

Primary INF Sys 2    

Flow (mgd) 17.9 15.8 18.8 

BOD 218.0 247.0 228.2 

COD 489.5 502.5 513.3 

FCOD n/m n/m 181.3 

Ammonia n/m n/m 35.5 

TKN n/m n/m 50.8 

OP n/m n/m 4.0 

TP n/m n/m 6.7 

Alkalinity n/m n/m 229.3 

TSS 186.8 198.2 210.4 

VSS n/m n/m 185.7 

n/m = not measured 
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Table 4.9: Average primary effluent values for the sampling campaigns 

Parameter (mg/L) Fall Winter Summer 

Primary EFF Sys 1 

BOD 175.0 188.0 175.8 

COD 339.5 313.3 357.3 

FCOD 193.0 177.0 198.0 

Ammonia 29.7 37.2 65.5 

NO2 0.6 0.3 0.2 

NO3 1.0 0.3 0.2 

TKN 41.0 46.2 48.0 

OP 4.3 3.9 4.1 

TP 5.6 5.2 5.8 

Alkalinity 226.9 230.3 235.9 

TSS 86.7 81.0 93.7 

VSS 79.0 76.5 84.4 

Primary Sludge 

(mgd) 
0.2 0.2 0.2 

Primary EFF Sys 2 

BOD 163.5 165.0 152.3 

COD 311.0 333.0 326.2 

FCOD 181.3 186.8 187.1 

Ammonia 28.5 33.7 34.8 

NO2 0.3 0.2 0.1 

NO3 0.9 0.1 0.2 

TKN 36.3 44.7 45.5 

OP 4.2 3.5 4.0 

TP 5.5 5.0 5.5 

Alkalinity 221.4 222.4 228.2 

TSS 77.8 80.5 82.0 

VSS 68.0 78.2 71.3 

Primary Sludge 

(mgd) 
0.2 0.2 0.2 
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Table 4.10: Average secondary effluent values for the sampling campaigns 

Parameter (mg/L) Fall Winter Summer 

Secondary EFF Sys 1 

BOD 41.3 15.6 54.5 

COD 52.1 55.0 68.3 

FCOD 42.5 41.2 42.8 

Ammonia 14.6 32.6 25.4 

NO2 3.4 0.3 1.8 

NO3 3.0 0.5 1.8 

TKN n/m n/m 28.5 

OP 0.3 0.3 0.2 

TP 0.7 0.6 0.8 

Alkalinity n/m n/m 190.6 

TSS 9.5 9.9 17.2 

VSS 10.7 9.3 n/m 

Secondary EFF Sys 1 

BOD 55.2 36.8 41.8 

COD 55.6 57.5 57.7 

FCOD 41.8 37.2 42.7 

Ammonia 14.1 27.3 23.8 

NO2 3.1 0.4 2.4 

NO3 2.6 0.7 2.3 

TKN n/m n/m 26.4 

OP 0.5 0.1 0.3 

TP 0.9 0.7 0.7 

Alkalinity n/m n/m 177.7 

TSS 9.9 16.1 12.1 

VSS 11.5 14.5 n/m 

n/m = not measured 
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Table 4.11: Average aeration system values for the sampling campaigns 

Parameter (mg/L) Fall Winter Summer 

Aeration Sys 1 

MLSS 1,177 1,507 1,207 

MLVSS 1,091 1,296 984 

EFF OP 0.2 0.1 0.1 

RAS (mgd) 8.9 8.7 8.4 

WAS (mgd) 0.7 0.5 0.7 

WAS SS 3,219 4,505 3,243 

Aeration Sys 2 

MLSS 1,084 1,578 1,140 

MLVSS 991 1,328 977 

EFF OP 0.4 0.1 0.1 

RAS (mgd) 9.8 8.2 9.4 

WAS (mgd) 0.7 0.5 0.7 

WAS SS 2,743 4,384 3,338 
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 Table 4.12: Average recycle stream values for the summer campaign 

1 Using updated FFCOD:COD ratio – explained in section 4.3.1.1 

n/m = not measured 

4.3 BioWin Model Calibration 

Once the data were collected an organized, the next task was to develop and calibrate the 

BioWin model. As stated before, the summer campaign data was used for model 

development since it is more accurate for wastewater characteristics due to the 

incorporation of recycle streams. Once calibrated to the summer campaign, the models 

were simulated using fall and winter data to determine the accuracy of the model, as 

outlined in Section 4.4.2. The steps used for model calibration follow the Water 

Environment Research Foundation’s methods for wastewater characterization in activated 

Parameter 

(mg/L) 

Gravity Thickener 

Denite 

Waste 

TWAS PRS 

Flow (mgd) 0.1 0.2 1.3 0.3 

COD 1265 1080 n/m 1815 

FCOD 680.0 n/m n/m n/m 

FFCOD 1 575.9 n/m n/m 847.3 

Ammonia n/m n/m n/m 98.7 

OP n/m n/m n/m 137.3 

TP n/m n/m 7.9 1392 

TSS 287.3 734.3 26.5 2890 

Alkalinity n/m 127.8 n/m n/m 

Acetic Acid 168.8 n/m n/m n/m 
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sludge modeling (Melcer et al., 2003) and the BioWin calibration steps provided by 

EnviroSim; however, before model development could begin, there were additional 

corrections to the data that needed to be investigated, specifically involving uncertainties 

to the data, see Section 4.3.1. Once the corrections were applied to the data, the model 

could be developed and calibrated. The typical procedure for model calibration involves 

the following steps: 

➢ Set up plant configuration in the simulator, assuming typical influent wastewater 

characteristics and default kinetic and stoichiometric parameters (Melcer et al., 2003).  

➢ Specify data on physical parameters: unit dimensions, input influent and recycle flows, 

and temperature (Melcer et al., 2003). 

➢ Use the BioWin influent specifier to calculate wastewater characteristics and fractions 

(EnviroSim, 2020). 

➢ Calculate primary effluent percent solids removal based on system data and input into 

BioWin. Check primary effluent solids concentration to verify results and adjust if 

necessary (EnviroSim, 2020). 

➢ Fit the secondary effluent solids concentration. Adjust percent solids removal or sludge 

settling parameters for secondary clarifiers until predicted TSS matches measured data 

(Melcer et al., 2003). 

➢ Check model predictions for MLSS, MLVSS, and WAS SS. If values do not match up, 

it may be necessary to adjust stoichiometric parameters such as ordinary heterotrophic 

yield coefficient to obtain match (Melcer et al., 2003). 

➢ Check the ammonia profile in the activated sludge tanks and fine-tune the maximum 

specific growth rate for AOBs (Melcer et al., 2003). Perform an iterative analysis on 
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different growth rates and observe the effect on effluent ammonia and nitrification 

performance to achieve optimized parameter (EnviroSim, 2020).  

➢ Check the orthophosphate profile in activated sludge. If there is no P release/uptake, 

check DO, VFA, and nitrate concentrations. Use model parameters to fine-tune effluent 

P quality (Melcer et al., 2003). 

➢ Input DO values in activated sludge tanks and check aeration demand based on plant 

data. 

4.3.1 TMWRF Data Corrections 

4.3.1.1 COD Fractions 

The first data correction that was made involved the FFCOD:COD ratios. Upon initial data 

collection and analysis, the FFCOD:COD ratio appeared to be on the lower side of typical 

values. The engineers at Brown & Caldwell suggested that the FFCOD:COD could be 

inaccurate and would negatively alter the wastewater characteristics and affect treatment 

performance. From previous work, Brown & Caldwell has observed a FFCOD:COD ratio 

of 0.20 – 0.34 for plant influent (Harrison, 2019). The summer campaign data analysis 

determined that the FFCOD:COD ratio for plant influent was 0.22 and 0.20 for primary 

influent. These ratios are on the lower end of the range and could be susceptible to error. It 

was hypothesized that the error could have originated from the holding time on the COD 

samples. TMWRF personnel carried out the analysis for COD and FCOD, while UNR 

performed the FFCOD analysis. The COD samples were 24-hour composite samples, and 

while TMWRF could perform the analysis after the 24-hour collection period, UNR 

researchers were able to obtain the samples from the plant the following day, adding 
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approximately an extra 12 hours before analysis was performed. To determine if the COD 

ratios were accurate, TMWRF performed analyses on COD, FCOD, and FFCOD from grab 

samples and measured the concentration of the three parameters immediately after 

sampling, alleviating any holding time inaccuracies. These COD analyses were performed 

for the plant influent, primary influent, primary effluent, and gravity thickener. Analysis 

showed that the FCOD:COD ratio was consistent with that of the sampling campaign while 

the FFCOD:COD ratio increased, being more on par with the average of typical ratios 

provided by Brown & Caldwell. Table 4.13 provides information on the original 

FFCOD:COD ratios from the sampling campaign and the updated ratios. It should be noted 

that during the fall and winter, a FFCOD:COD ratio of 0.30 was used, making the updated 

ratios more consistent with this value than the original ratios obtained for summer 

sampling. The primary effluent and gravity thickener ratios were markedly higher than 

influent ratios due to soluble COD being more predominant at these treatment locations.  

These updated ratios were used to determine the FFCOD concentrations that were used 

during the sampling campaign using the sampling campaign’s COD values.  

 

Table 4.13: Original and updated FFCOD:COD ratios 

Location Original FFCOD:COD Updated FFCOD:COD 

Plant INF 0.22 0.27 

Primary INF 0.20 – 0.21 1 0.26 – 0.28 1 

Primary EFF 0.29 – 0.30 1 0.43 – 0.46 1 

Gravity Thickener 0.43 0.46 

1 The range is due to Systems 1 and 2 having different ratios 
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.3.1.2 Recycle Stream Flows 

One of the first challenges encountered when analyzing the summer dataset was that the 

hydraulics were not balanced. Plant influent flow was measured at 27.20 mgd and 

measured recycle stream flows totaled 1.99 mgd, but primary influent flows measured at 

34.94 mgd, leaving 5.75 mgd unaccounted. The plant engineer at TMWRF indicated that 

the unaccounted flow entering the primaries could be from septage or other flows entering 

the primary plant drain that get recycled back to the front of the plant. Due to the 

unaccounted flows, an additional flow stream termed “unknown” was incorporated into the 

model. In order to balance the hydraulics, assumptions were made on each influent stream. 

The plant influent, denite waste, TWAS, and PRS were assumed to combine at the 

headworks and get split 50/50 to Systems 1 and 2, noting that System 3 was offline during 

the summer campaign. TMWRF’s plant engineer shared that the gravity thickener recycle 

stream does not enter the headworks, but still gets split 50/50 to Systems 1 and 2, and so 

this assumption was made on the gravity thickener stream. Finally, the unknown stream 

was used to balance the hydraulics in the primaries for both systems. Table 4.14 provides 

information on the flow split for each system utilizing these assumptions and Figures 4.13 

and 4.14 in Section 4.3.3 show visual representations of the flow splits. It should be noted 

that all the recycle streams are split 50/50 to each system except for the unknown stream, 

which has a significantly larger flow to System 2. This assumption to the unknown stream 

could be accurate as System 2 generally handles a higher flow than System 1.  
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Table 4.14: Plant influent and recycle stream flows for Systems 1 and 2 

Stream (mgd) Total Flow To Sys 1 To Sys 2 

Plant INF 27.20 13.60 13.60 

Gravity Thickener 0.12 0.06 0.06 

Denite Waste 0.23 0.12 0.12 

TWAS 1.30 0.65 0.65 

PRS 0.34 0.17 0.17 

Unknown 5.75 1.56 4.20 

Primary INF 34.94 16.15 18.79 

 

4.3.1.3 Recycle Stream Constituents 

One of the biggest issues with the data was the fact that all parameters needed for the 

BioWin influent specifier were not measured during the sampling campaign for the recycle 

streams. Table 4.15 provides information on which parameters were measured, represented 

by an , and which were not, represented by a blank space. As seen from the table, there 

are many parameters that were still needed to determine the wastewater characteristics of 

the recycle streams. To fully characterize the recycle streams, some key assumptions had 

to be made. The following provides the assumptions that were made for each recycle stream 

where data were not measured: 

➢ Gravity thickener: 

► Average primary effluent values from both systems were used to determine the 

ammonia, TKN, OP, TP, and alkalinity 

► NOx and pH were assumed based on input from TMWRF’s plant engineer 

► Updated COD ratios were used to determine the FFCOD 
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► Average BOD:COD and FBOD:BOD ratios from the primary effluents were 

used to determine BOD and FBOD 

► A typical VSS:TSS ratio of 0.90 was used to determine VSS (Metcalf and Eddy, 

2014) 

➢ Denite waste: 

► TKN and TP were determined by the stoichiometric ratio of nitrogen and 

phosphorus in biomass since this is the primary solid composition in this stream 

► NOx, OP, acetate, and pH were assumed based on input from TMWRF’s plant 

engineer 

► Updated COD ratios were used to determine the FCOD and FFCOD 

► Average BOD:COD and FBOD:BOD ratios were used to determine BOD and 

FBOD 

► A typical VSS:TSS ratio of 0.90 was used to determine VSS 

➢ TWAS: 

► Average secondary effluent values from both systems were used to determine 

the COD, ammonia, NOx, TKN, OP, TP, and alkalinity 

► Acetate and pH were assumed based on input from TMWRF’s plant engineer 

► FCOD and FFCOD were determine using average COD ratios from secondary 

effluent 

► Average secondary BOD:COD and FFBOD:COD ratios were used to determine 

BOD and FBOD 

► A typical VSS:TSS ratio of 0.90 was used to determine VSS 
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➢ PRS: 

► TKN was assumed to be present as ammonia 

► NOx, acetate, and pH were assumed based on input from TMWRF’s plant 

engineer 

► Updated COD ratios were used to determine FCOD and FFCOD 

► Average BOD:COD and FBOD:BOD ratios were used to determine BOD and 

FBOD 

► A typical VSS:TSS ratio of 0.90 was used to determine VSS 

➢ Unknown 

► A spreadsheet was developed to calculate the weighted flow balance 

concentrations of the unknown stream 

► Weighted flow balance concentrations were compared to measured primary 

influent data and the percent difference was minimized 

► FCOD and FFCOD were determined by the updated COD ratios using the 

calculated COD value 

► It should be noted that the plant influent acetate concentration was unknown, 

but the flow weighted balance assumption was used to calculate the acetate in 

the plant influent 

By applying these assumptions to the recycle streams, the UNR research team was able to 

determine the wastewater characteristics and apply them to the BioWin model. The 

assumptions to the influent and recycle streams and their corresponding values is 

summarized in Appendix C. 
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Table 4.15: BioWin influent specifier parameters measured during summer campaign 

Parameter Gravity Thickener Denite Waste TWAS PRS 

Flow     

BOD     

FFBOD     

COD     

FCOD     

FFCOD     

Ammonia     

NOx     

TKN     

OP     

TP     

Alkalinity     

VSS     

TSS     

Acetate     

pH     
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4.3.2 Process Units and Plant Configuration 

After all the data corrections were made, the next step of the model development process 

was to build the model in BioWin. The model focuses on biological treatment and consist 

of the influent and recycle streams, primary clarifiers, the activated sludge process, and 

secondary clarifiers. TMWRF’s process schematic of the full plant was used as resource 

for model configuration and is contained in Appendix D. Following data analysis, it 

became clear that Systems 1 and 2 operate differently with different concentrations and 

flows (e.g. see Table 4.8 for primary influent data). For this reason, two separate models 

were constructed to represent Systems 1 and 2 individually. They were distinguished by 

the splitting of the influent and recycle flows as needed to match actual system flows. 

Figure 4.13 provides the overall schematic with both systems before each system was 

separated and Figure 4.14 is the BioWin representation.  The BioWin schematics for each 

individual system are contained in Appendix E. 
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Figure 4.13: Process schematic for TMWRF’s current 2° biological treatment of both systems 
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 Figure 4.14: BioWin model for TMWRF’s current 2° biological treatment of both systems   
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As seen from the figures, the influent and recycle streams were modeled as separate inputs 

since each stream had different wastewater characteristics. The advantage of modeling 

each stream as a separate input is that in the future the streams can be modified individually 

as opposed to one combined input. The streams are split to each system based on the 

assumptions made in Section 4.3.1.2. After the flow split, the first treatment process is the 

primary clarifiers. TMWRF uses three primary clarifiers for each system, but for the 

purpose of the model, the three clarifiers were combined into one and performance of each 

clarifier is assumed to be the same. After the primary clarifiers, the flow enters the activated 

sludge process. Like the primary clarifiers, the activated sludge tanks were combined, 

incorporating trains A and B of each system into one train. TMWRF’s activated sludge 

process models that of an EBPR A/O process and consists of an anaerobic and aerobic 

zone. The anaerobic zone is approximately 14% of the activated sludge volume, with 86% 

being the aerobic zone. The activated sludge process simulates a PFR performance and has 

three passes, with the anaerobic and aerobic zones being split into smaller cells. In the 

model, the anaerobic zone consists of two cells, while the aerobic zone has three cells per 

pass, with a total of nine aerobic cells. It is important to note that the first cell in the aerobic 

zone acts as a swing zone and is operated under anaerobic conditions to mimic actual 

process operation. After the activated sludge process the flow enters the secondary 

clarifiers, which again are simplified in the BioWin model, combining the three clarifiers 

per system into one. Included in the model configuration is the sludge from the primary 

clarifiers and the RAS and WAS from the secondary clarifiers.  

After the process units were constructed in the BioWin model, the next step was to input 

the physical parameters of each unit. The flows were inputted into each influent stream and 
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the wastewater was characterized, see Section 4.3.3. Primary clarifiers, activated sludge 

tanks, and secondary clarifiers’ physical dimensions were sized based on the values in 

Tables 4.16, 4.17, and 4.18. It should be noted that the activated sludge tanks were split 

according to the percent of volume each cell has compared to the total activated sludge 

volume. Finally, the primary sludge, RAS, and WAS flows were incorporated based on the 

values in Tables 4.9 and 4.11. 

 

Table 4.16: Physical parameters for the primary clarifiers 

Parameter TMWRF Data BioWin Values 

No. per System 3 1 

Length (ft) 82 - 

Width (ft) 82 - 

SWD (ft) 11 11 

Effective Surface Area, each (ft2) 5,280 15,840 
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Table 4.17: Physical parameters for the activated sludge tanks 

Parameter TMWRF Data BioWin Values 

No. per System 2 1 

Length (ft) 540 - 

Width (ft) 27 27 

SWD (ft) 15.5 15.5 

Anaerobic Volume, each (MG) 0.24 0.48 

ANA 1A Volume (MG) - 0.24 

ANA 1B Volume (MG) - 0.24 

Aerobic Volume, each (MG) 1.45 2.90 

AER 1A Volume (MG) - 0.44 

AER 1B Volume (MG) - 0.18 

AER 1C Volume (MG) - 0.37 

AER 2A Volume (MG) - 0.25 

AER 2B Volume (MG) - 0.33 

AER 2C Volume (MG) - 0.32 

AER 3A Volume (MG) - 0.33 

AER 3B Volume (MG) - 0.34 

AER 3C Volume (MG)  0.34 

 

Table 4.18: Physical parameters for the secondary clarifiers 

Parameter TMWRF Data BioWin Values 

No. per System 3 1 

Length (ft) 92 - 

Width (ft) 92 - 

SWD (ft) 11.5 11.5 

Effective Surface Area, each (ft2) 6,640 19,920 
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4.3.3 Influent Wastewater Characteristics 

As previously discussed, BioWin has an influent specifier that determines the wastewater 

characteristics of each influent and recycle stream. The influent specifier has input 

measurements for flow, BOD, FBOD, COD, FCOD, FFCOD, ammonia, NOx, TKN, OP, 

TP, alkalinity, VSS, TSS, acetate, and pH. Using the measured data and assumptions made 

on the recycle stream, the values were entered into individual specifiers for each influent 

and recycle stream as summarized in Table 4.19. After inputting the values into the 

specifier, the next step was to estimate the Fup (unbiodegradable particulate [gCOD/g of 

total COD]), Fzbh (ordinary heterotrophic COD fraction [gCOD/g of total COD]), and 

Fxsp (non-colloidal slowly biodegradable [gCOD/g of slowly degradable COD]), until the 

specifier calculated values matched measured values. Once a match was achieved, the 

specifier determined the particulate substrate and inert COD:VSS ratios and COD influent 

wastewater fractions, as summarized in Tables 4.20 and 4.21. It should be noted Table 4.21 

provides information only on the fractions that were changed from default values, all other 

fractions remained at the BioWin default values. The particulate substrate and inert 

COD:VSS ratios were calculated for each influent and recycle streams, however, these 

parameters are a global parameter in BioWin. To alleviate this problem, a flow weighted 

calculation was used to determine the average ratios from all streams of 1.50.
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Table 4.19: COD influent data for plant influent and recycle streams 

Parameter 

(mg/L) 
Plant INF 

Gravity 

Thickener 
Denite Waste TWAS PRS Unknown 

Flow (mgd) 27.20 0.12 0.23 1.30 0.34 5.75 

COD 544.8 1,265.7 1,079.5 64.5 1.814.5 300.0 

NOx 0.8 0.0 0.0 4.1 0.0 0.0 

TKN 44.0 46.7 92.0 27.5 847.3 43.0 

TP 4.9 5.7 20.5 7.9 137.3 8.5 

Alkalinity 

(mmol/L) 
4.2 4.6 2.6 3.7 57.8 4.0 

ISS 19.3 28.7 73.4 2.7 139.2 20.0 

pH (-) 7.3 6.1 8.8 6.7 7.6 7.4 

 

Table 4.20: Particulate substrate and inert COD:VSS ratios 

Parameter Plant INF 
Gravity 

Thickener 
Denite Waste TWAS PRS Unknown 

Particulate substrate COD:VSS ratio 1.71 2.26 0.69 0.91 0.61 0.71 

Particulate inert COD:VSS ratio 1.71 2.26 0.69 0.91 0.61 0.71 
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Table 4.21: COD influent fractions based on BioWin influent specifier 

Parameter 
Plant 

INF 

Gravity 

Thickener 

Denite 

Waste 
TWAS PRS Unknown 

Fbs - Readily biodegradable (including 

Acetate) [gCOD/g of total COD] 
0.195 0.422 0.417 0.023 0.432 0.427 

Fac Acetate [gCOD/g of readily 

biodegradable COD 
0.188 0.310 0.000 0.000 0.000 0.000 

Fxsp - Non-colloidal slowly biodegradable 

[gCOD/g of slowly degradable COD] 
0.800 0.800 0.650 0.600 0.650 0.700 

Fus - Unbiodegradable soluble [gCOD/g of 

total COD] 
0.076 0.033 0.038 0.504 0.023 0.028 

Fup - Unbiodegradable particulate [gCOD/g 

of total COD] 
0.250 0.130 0.200 0.130 0.200 0.130 

Fcel - Cellulose fraction of unbiodegradable 

particulate [gCOD/gCOD] 
0.000 0.000 0.000 0.000 0.000 0.000 

Fna - Ammonia [gNH3-N/gTKN] 0.643 0.751 0.000 0.896 0.990 0.581 

Fnox - Particulate organic nitrogen [gN/g 

Organic N] 
0.500 0.500 0.500 0.500 0.000 0.500 

Fnus - Soluble unbiodegradable TKN 

[gN/gTKN] 
0.020 0.020 0.020 0.020 0.000 0.020 

FupN - N:COD ratio for unbiodegradable 

part. COD [gN/gCOD] 
0.035 0.035 0.035 0.035 0.000 0.035 

Fpo4 - Phosphate [gPO4-P/gTP] 0.612 0.570 0.007 0.035 0.718 0.447 

Fsr - Reduced sulfur [H2S] [gS/gS] 0.000 0.000 0.000 0.000 0.000 0.000 
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4.3.4 Solids and Nutrients Calibration 

Once the wastewater fractions were updated for each influent and recycle stream, the model 

calibration process could begin. The model calibration process is described in Section 4.3, 

but essentially, the calibration process consists of primary effluent solids calibration, solids 

inventory consisting of the secondary effluent and activated sludge solids calibration, and 

nutrients calibration.  Before these three calibration steps could be performed, primary 

influent concentrations needed to be optimized. This was done by establishing a hydraulic 

balance and optimizing the concentrations in the influent and recycle streams; see Sections 

4.3.1.2 and 4.3.1.3. Once primary influent values were optimized, the second step in 

calibration was to compare measured versus model primary effluent values. The main step in 

calibrating primary effluent values was to adjust the primary clarifier percent removal of solids. 

Upon investigation, adjusting the primary clarifier percent solids removal from a default value 

of 65% in BioWin version 5.3, and 55% in version 6.0, to 61% proved optimal. It should be 

noted that after the primary solids calibration, a new version of BioWin was introduced 

(version 6.0) and this used for the remainder of the project. After the primary effluent values 

were optimized, the solids inventory from the aeration tanks and secondary clarifiers were 

evaluated as the next calibration step. When calibrating the solids inventory, two parameters 

played a key role in optimizing model values with measured TMWRF values, which were the 

secondary clarifier percent solids removal and the OHO aerobic yield in the stoichiometric 

parameters section of the model. Both parameters were adjusted to calibrate the solids 

inventory and a default value of 99.8% percent removal was adjusted to 99.1% for the 

secondary clarifiers, and an OHO aerobic yield of 0.66 was adjusted to 0.75. Table 4.22 

provides information on the adjusted parameters for solids calibration. 
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Table 4.22: Adjusted BioWin parameters for solids calibration 

Parameter Default Adjusted Value 

Primary Clarifier Percent Removal (%) 65 (55 1) 61 

Secondary Clarifier Percent Removal (%) 99.8 99.1 

OHO Aerobic Yield (-) 0.66 0.75 

1 BioWin version 6.0 

After the solids in the model were calibrated, the next step was to analyze the nitrification and 

phosphorus removal performance. For nitrification performance, the AOB growth rate was 

reviewed and updated as needed using the iterative process described in Section 4.3. Initially, 

the same global AOB growth rate for both systems was used, but upon further inspection of 

the plant data collected during the summer sampling campaign and historical plant operational 

data, this did not seem appropriate. Systems 1 and 2 had average SRTs of 1.73 and 1.62 days, 

respectively, during the two-week sampling campaign. When reviewing the nitrification 

performance between the two systems, collected data revealed that System 2 exhibited more 

nitrification than system 1 (NOx ~ 4.7 mg/L for System 2 compared to ~3.6 mg/L for System 

1) despite having a lower SRT and a higher flow rate. A lower SRT is generally associated 

with lower nitrification performance but since System 2 had more nitrification at a lower SRT 

it was hypothesized that System 2 had a higher AOB maximum growth rate and the model was 

calibrated as such. To optimize calibration, System 1 AOB maximum growth rate was adjusted 

to 1.15/day and System 2 AOB maximum growth rate was adjusted to 1.25/day. These values 

are higher than typical AOB growth rates and it is hypothesized that the reason for the high 

values is that TMWRF’s activated sludge process achieves nitrification at relatively low SRTs 

when judged by typical industry standards. Another potential reason for the high nitrification 

performance is that TMWRF’s tertiary processes may contain nitrifiers in the recycle streams, 
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thereby increasing the nitrification performance (i.e., by having AOB and NOBs in the influent 

from recycle streams). When analyzing the nitrate and nitrite concentrations in the secondary 

effluent, measured data revealed that NOx levels were split approximately equal between nitrate 

and nitrite, but default kinetic values in BioWin predicted that most of the NOx consisted of 

nitrite. Therefore, the NOB growth rate was adjusted to 1.51/day and 1.62/day for Systems 1 

and 2, respectively, to match the measured concentrations of nitrate and nitrite. 

Once the nitrification performance was optimized, the phosphorus removal performance was 

the next step in the calibration process. According to Brown & Caldwell process engineers, the 

phosphorus kinetic and stoichiometric parameters are not typically adjusted, but since TMWRF 

operates very differently from most plants (e.g., high nitrification at low SRT), it was not 

possible to achieve the measured phosphorus removal with default parameters. The maximum 

specific growth rates for PAO were adjusted in the iterative process in order to optimize the 

BioWin predictions for OP and TP values to measured plant data. The PAO growth rate default 

value was adjusted from 0.95/day to 1.35/day for System 1, and 1.50/day for System 2. Similar 

to the nitrification performance, the values are different for each system due to different 

treatment performances. Table 4.23 shows the adjustments made to the nitrogen and 

phosphorus kinetic parameters in order to achieve measured nitrification and phosphorus 

removal. 

Table 4.23: Adjusted BioWin kinetic parameters for N and P removal 

Parameter (1/d) Default Sys 1 Value Sys 2 Value 

AOB maximum growth rate 0.90 1.15 1.25 

NOB maximum growth rate 0.70 1.51 1.62 

PAO maximum growth rate 0.95 1.35 1.50 
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4.3.5 Aeration Calibration 

The final calibration step, once solids and nutrients were optimized, was to investigate the 

aeration demand in the activated sludge. Before the aeration demand could be optimized 

in the model, the aeration parameters within the model first needed to be adjusted to 

account for TMWRF specifications. BioWin’s aeration parameters consist of parameters 

for aeration, diffuser, Henry’s law constants, mass transfer, surface aerators, blower, 

anaerobic digester, and emission factor specifications. In collaboration with TMWRF’s 

plant engineer, the parameters for aeration, diffuser, and blower specifications were 

updated in BioWin to account for the plant’s actual specifications. Table 4.24 provides 

information for the updated aeration, diffuser, and blower parameters. It should be noted 

that the parameters listed are only the ones that were updated, all other parameters were 

left at default values in BioWin. TMWRF does not use surface aerators or anaerobic 

digesters in this part of the treatment process so these parameters were not adjusted. 

Information on Henry’s law constants, mass transfer, and emission factors were not 

assessed on-site, so the parameters were kept at BioWin default values. After the aeration 

parameters were updated to match TMWRF specifications, the next step was to input the 

number of diffusers into each aeration zone. This information was provided by the plant 

engineer and is summarized in Table 4.25. The number of diffusers provided for each zone 

are for individual activated sludge trains. To accommodate the combination of both trains 

in each system, the number of diffusers were doubled to account for the doubled volume. 

Finally, once aeration parameters and the number of diffusers in each aeration zone were 

updated, the final step was to input DO values for each zone. As stated previously, the 

BioWin model incorporates trains A and B of the activated sludge process into one train. 
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For this reason, an average DO value for each pass was determined from the two trains, 

using data from the summer campaign, and inputted into the model. Table 4.26 summarizes 

the DO values in each aeration pass for the two systems.  

 

Table 4.24: Updated BioWin aeration parameters 

Parameter Default Adjusted Value 

Aeration  

Surface Pressure (kPa) 101.325 85.771 

Diffuser   

Area of One Diffuser (ft2) 0.441 0.442 

Diffuser Mounting Height (ft) 0.820 0.900 

Min. Air Flow Rate per Diffuser [20°C, 1 atm] 

(ft3/min) 
0.294 0.750 

Max. Air Flow Rater per Diffuser [20°C, 1 atm] 

(ft3/min) 
5.886 4.000 

‘A’ in Diffuser Pressure Drop = A + B*[Qa/Diff] 

+ C*[Qa/Diff]2 (psi) 
0.444 0.508 

Blower   

Intake Filter Pressure Drop (psi) 0.508 0.200 

Pressure Drop Through Distribution Sys 

[Piping/Valves] (psi) 
0.435 0.630 

‘A’ in Blower Efficiency = A + B*Qa + C*Qa2 0.750 0.700 
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Table 4.25: Number of diffusers for the aeration zones in the activated sludge 

Pass Zone No. Diffusers per Train No. Diffusers in BioWin 

1 1A 0 1 0 1 

1 1B 319 638 

1 1C 698 1,396 

2 2A 597 1,194 

2 2B 597 1,194 

2 2C 597 1,194 

3 3A 478 956 

3 3B 478 956 

3 3C 478 956 

1 Although zone 1A has diffusers, the zone is operated under anaerobic conditions and so the number of diffusers are set 

to 0 

 

Table 4.26: Average DO values for each pass in both systems 

Pass Sys 1 Sys 2 

1 1.85 1.77 

2 1.99 1.98 

3 2.50 2.48 

 

Following initial aeration demand calibration, analysis revealed that the BioWin predicted 

air flow rates in each pass did not accurately match measured data. It was hypothesized 

that the reason for this was that the DO values during the summer campaign were measured 

at the end of pass one, middle of pass two, and end of pass three and were not representative 

of the whole pass. Originally, the DO values in each pass were assumed to be constant 

throughout each pass, based on measured values, seen in Figure 4.15. In the figure, the 

solid colors indicate where DO was measured, with the hatched colors being the 
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assumption that the DO values of each pass corresponded to the measured value. The model 

showed that this assumption was not accurate. To alleviate this problem, three DO 

sampling campaigns were implemented to determine the DO ratios in each pass compared 

to the DO probe readings at the end of pass one, middle of pass two, and end of pass three. 
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Figure 4.15: Original DO assumptions for the activated sludge tanks 

 

 

 



87 

 

 

The first DO sampling campaigned assumed that variation in DO only occurs between the 

anaerobic zone and the aeration zones in pass one. This assumption was made because DO 

variation likely occurs when the activated sludge goes from zero DO to a set-point of 2.0 

mg/L. Once the DO reaches the set-point value, little variation will occur in passes two and 

three. Grab samples for DO were measured for the activated sludge system trains 1A, 1B, 

2A, and 2B on October 23, 2019. The DO measurements were determined for post-

anaerobic, midway of pass one, and end of pass one, corresponding with zones 1A, 1B, 

and 1C in the model. The average system DO ratio for each zone was then calculated. The 

second DO sampling campaign assumed that all activated sludge trains have similar DO 

values, but variation occurs in all passes. DO sampling for this campaign occurred on 

October 30, 2019, and the DO values were measured in activated sludge train 2B at the 

middle of first pass, end of first pass, and the beginning, middle, and end of passes two and 

three, corresponding to zones 1B, 1C, 2A, 2B, 2C, 3A, 3B, and 3C. The DO ratios were 

then determined and applied to both Systems 1 and 2 in the model. The final DO sampling 

campaign was much more extensive and assumed that all activated sludge trains were 

different and had variation in all passes. This campaign consisted of four days of grab 

sample DO measurements with data collected November 6-8 and November 12, 2019, with 

two grab sample measurements on November 8. The DO measurements were determined 

for all four activated sludge trains at the beginning, middle, and end of each pass, 

corresponding to the zones A, B, and C of all passes. The DO ratios were determined by 

taking an average value of trains A and B for System 1, and trains A and B for System 2, 

over the course of the four days. Figure 4.16 shows the DO ratio variation of the three DO 

sampling campaigns for System 1, and Figure 4.17 for System 2. As revealed in the two 



88 

 

 

figures, the ratios follow the same pattern for both systems, with the largest variation 

between the three campaigns being in zones 1B and 3A for System 1 and zones 1B, 2A, 

and 3A for System 2. It should be noted that the first DO sampling campaign only focused 

on pass one, and no data points were collected for the other two passes. The DO in zone 

1A is left at zero due to this zone being operated anaerobically. The data for the three DO 

sampling campaigns, including measured DO values and calculated ratios, are summarized 

in Appendix F. 

 

 Figure 4.16: System 1 DO ratios for the three DO sampling campaigns 
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Figure 4.17: System 2 DO ratios for the three DO sampling campaigns 

 

After these DO ratios were determined from the three DO sampling campaigns, each of 

sampling campaign ratios were applied to the original summer campaign DO values to 

evaluate the aeration demand. Table 4.27 provides the corrected DO values for the summer 

campaign data utilizing the updated DO ratios from each DO sampling campaign for 

System 1 and Table 4.28 summarizes values for System 2. Figure 4.18 provides the model 

predicted aeration profile using the corrected DO values for System 1 and Figure 4.19 

contains data for System 2. 
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Table 4.27: System 1 updated summer DO values using calculated  

Zone DO Sampling #1 Do Sampling #2 DO Sampling #3 

1A 0.00 0.00 0.00 

1B 0.89 1.15 0.46 

1C 1.85 1.85 1.85 

2A 1.99 2.05 2.05 

2B 1.99 1.99 1.99 

2C 1.99 2.91 2.99 

3A 2.50 2.85 2.45 

3B 2.50 2.45 2.33 

3C 2.50 2.50 2.50 

 

Table 4.28: System 2 updated summer DO values using calculated ratios 

Zone DO Sampling #1 Do Sampling #2 DO Sampling #3 

1A 0.00 0.00 0.00 

1B 1.36 1.10 0.90 

1C 1.77 1.77 1.77 

2A 1.98 2.04 2.24 

2B 1.98 1.98 1.98 

2C 1.98 2.89 2.99 

3A 2.48 2.83 2.48 

3B 2.48 2.43 2.58 

3C 2.48 2.48 2.48 
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Figure 4.18: System 1 aeration profile using updated DO ratios 

 

Figure 4.19: System 2 aeration profile using updated DO ratios 
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As revealed from the figures, even with updated DO ratios, it proved difficult to obtain 

aeration optimization on a pass-by-pass basis. The updated DO ratios greatly increased the 

optimization for passes one and three; however, it remains unclear why pass two exhibited 

marked differences. Based on the data, it appears that DO sampling campaign #3 has the 

best fit to measured data. To confirm this, the total aeration over the entire activated sludge 

systems was investigated. Figures 4.20 and 4.21 show the total aeration demand for System 

1 and System 2, respectively. The figures confirm the previous analysis that when looking 

at both systems, DO sampling campaign #3 proved optimal and was used for the model 

calibration. All BioWin input values that were used for model calibration are contained in 

Appendix E, following the BioWin schematics for the A/O process. The BioWin input 

values include process unit dimensions, aeration operation within the activated sludge 

tanks, influent characteristics of all influent streams, kinetic and stoichiometric parameters, 

flows, and other operational parameters. 
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Figure 4.20: System 1 total aeration demand using updated DO ratios 

 

Figure 4.21: System 2 total aeration demand for using updated DO ratios 
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4.4 Model Predictions and Accuracy 

Once the BioWin models were fully calibrated, the next task was to compare model 

predicted values with measured data. For model accuracy, typical differences are within 

10% for most constituents, except for NOx, phosphorus species, and secondary effluent 

solid concentrations, which have a typical difference of 1 mg/L for NOx, 0.5 mg/L for 

phosphorus, and 5 mg/L for solids (Rieger et al., 2012). Model calibration was performed 

based on the summer sampling campaign as it provided the most in-depth analysis of 

TMWRF data. Once model accuracy was confirmed using this data set, the model was 

applied to the initial fall and winter campaigns.  

4.4.1 Main (Summer) Sampling Campaign 

When determining model accuracy, the main locations that were investigated were the 

primary influent, primary effluent, solids inventory, and secondary effluent. The 

parameters that were analyzed were the main constituents of concern, which included 

COD, FCOD, nitrogen species, phosphorus species, alkalinity, and solids. Tables 4.29 and 

4.30 provide the comparison of model predicted values to measured values for Systems 1 

and 2, respectively.  
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Table 4.29: System 1 measured vs. model data comparison 

Location 
Parameter 

(mg/L) 

Measured 

Value 

Model 

Value 
Difference Typical 

Primary INF 

COD 505.5 521.8 3.2% <10% 

FCOD 184.2 202.4 9.9% <10% 

Ammonia 36.3 36.2 0.3% <10% 

TKN 52.6 52.1 0.9% <10% 

OP 4.0 4.0 0.0 0.5 mg/L 

TP 7.0 6.9 0.1 0.5 mg/L 

Alkalinity 239.3 234.5 2.0% <10% 

TSS 230.6 233.7 1.3% <10% 

VSS 211.2 213.4 1.0% <10% 

Primary EFF 

COD 357.3 328.2 8.1% <10% 

FCOD 198.0 202.4 2.2% <10% 

Ammonia 35.3 36.2 2.5% <10% 

NOx 0.4 0.8 0.4 1 mg/L 

TKN 48.0 46.1 4.0% <10% 

OP 4.1 4.0 0.2 0.5 mg/L 

TP 5.8 5.1 0.7 0.5 mg/L 

Alkalinity 235.9 234.5 0.6% <10% 

TSS 93.7 92.0 4.8% <10% 

VSS 84.4 84.0 0.5% <10% 

Solids 

Inventory 

MLSS 1,260 1,163 3.6% <10% 

MLVSS 984 1,000 1.6% <10% 

MLVSS:MLSS 0.8 0.9 5.4% <10% 

WAS SS 3,052 3,240 6.1% <10% 

SRT (d) 1.7 1.8 1.2% <10% 

Secondary 

EFF 

COD 68.3 60.3 11.7% * <10% 

FCOD 42.8 40.3 5.9% <10% 

Ammonia 25.4 26.1 3.1% <10% 

NOx 3.6 3.6 0.1 1 mg/L 

OP 0.2 0.1 0.1 0.5 mg/L 

TP 0.8 0.6 0.2 0.5 mg/L 

TSS 17.2 16.2 0.9 5 mg/L 

* Outside typical accuracy range 
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Table 4.30: System 2 measured vs. model data comparison 

Location 
Parameter 

(mg/L) 

Measured 

Value 

Model 

Value 
Difference Typical 

Primary INF 

COD 513.3 490.9 4.4% <10% 

FCOD 181.3 198.2 9.3% <10% 

Ammonia 35.5 34.5 2.4% <10% 

TKN 50.8 50.8 0.2% <10% 

OP 4.0 4.0 0.0 0.5 mg/L 

TP 6.7 7.1 0.4 0.5 mg/L 

Alkalinity 229.3 229.5 0.1% <10% 

TSS 210.4 215.8 2.6% <10% 

VSS 185.7 195.5 5.3% <10% 

Primary EFF 

COD 326.2 313.3 4.0% <10% 

FCOD 187.1 198.2 5.9% <10% 

Ammonia 34.8 34.7 0.5% <10% 

NOx 0.3 0.7 0.4 1 mg/L 

TKN 45.5 44.8 1.5% <10% 

OP 4.0 4.0 0.0 0.5 mg/L 

TP 5.5 5.2 0.3 0.5 mg/L 

Alkalinity 228.2 229.5 0.6% <10% 

TSS 82.0 84.9 3.5% <10% 

VSS 71.3 76.9 7.9% <10% 

Solids 

Inventory 

MLSS 1,140 1,181 3.6% <10% 

MLVSS 977 1,004 2.8% <10% 

MLVSS:MLSS 0.9 0.9 0.8% <10% 

WAS SS 2,925 3,394 16.0% * <10% 

SRT (d) 1.6 1.6 2.5% <10% 

Secondary 

EFF 

COD 57.7 56.2 2.6% <10% 

FCOD 42.7 36.3 15.1% * <10% 

Ammonia 23.8 24.2 1.4% <10% 

NOx 4.7 4.4 0.3 1 mg/L 

OP 0.3 0.1 0.2 0.5 mg/L 

TP 0.7 0.7 0.1 0.5 mg/L 

TSS 12.1 16.2 4.1 5 mg/L 

* Outside typical accuracy range 
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As outlined in the tables, the model predicted values are within typical differences of 

measured data except for a few parameters. The first parameter that was not within the 

typical difference is the TP value of System 1 in the primary effluent. This error is most 

likely due to the assumptions in the recycle streams regarding flow splits. It is possible that 

the phosphorus in the recycle streams due not split according to the assumptions made. 

When analyzing the difference of both Systems 1 and 2, the observed average difference 

is 0.5 mg/L which is within the typical difference. The second model predicted value that 

does not fall within the typical range is the WAS SS for System 2. This error is likely 

caused by the wastewater fractions for solids and the OHO aerobic yield value used. 

BioWin can have a difficult time providing accurate results, especially when multiple 

influent streams are used as each stream has different wastewater characteristics. Another 

reason for the error could be that Systems 1 and 2 have different OHO aerobic yield values, 

similar to the kinetic parameters for nutrients, but in the calibration process, the same value 

was used for both systems. It is important to note that when calibrating solids, the entire 

solids inventory must be optimized as a whole, not just one parameter. When analyzing 

System 1 WAS SS, the difference between the model predicted value and measured value 

did fall within the typical range. The last parameters that was out of typical ranges are the 

secondary effluent COD for System 1, and the FCOD for System 2. Again, these 

parameters can be difficult to calibrate accurately as the influent wastewater fractions of 

each stream affect the model as a whole. It is also important to note that the average 

measured COD value is higher than previous analyses. When investigating the difference 

of the parameters, System 1 had an overall difference of approximately 4% and overall 

difference of approximately 6% for System 2, both within the established typical difference 
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of 10%. Visual representations of the model’s accuracy for Systems 1 and 2 is provided in 

Figures 4.22 and 4.23 for solids, Figures 4.24 and 4.25 for NOx and phosphorus species, 

Figures 4.26 and 4.27 for ammonia and TKN, and Figures 4.28 and 4.29 for COD and 

FCOD.  

 

Figure 4.22: System 1 solids model vs. measured data profile 
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Figure 4.23: System 2 solids model vs. measured data profile  

 

Figure 4.24: System 1 NOx and P model vs. measured data profile 
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Figure 4.25: System 2 NOx and P model vs. measured data profile 

 

Figure 4.26: System 1 ammonia and TKN model vs. measured data profile 
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Figure 4.27: System 2 ammonia and TKN model vs. measured data profile 

 

Figure 4.28: System 1 COD and FCOD model vs. measured data profile 
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Figure 4.29: System 2 COD and FCOD model vs. measured data profile 
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4.4.2.1 Fall and Winter Flows 

As stated previously, during the fall and winter periods, the PRS recycle stream was not 

operational, there was a centrate recycle sidestream, and System 3 was online. The previous 

flow assumptions made for the summer sampling campaign no longer applied and needed 

to be adjusted. In the model, the PRS recycle stream was made inactive, and because there 

was little data on the centrate stream, it was incorporated into the unknown stream. Since 

System 3 was online, the previous 50/50% split to Systems 1 and 2 was adjusted to a 

48/48/4% split for the three systems. This value was provided by TMWRF’s plant engineer 

as a reasonable estimate based on system operation at that time. It was also assumed that 

the other recycle streams (gravity thickener, denite waste, and TWAS) remained consistent 

with summer data as data were not collected during the fall and winter for these process 

flows. Again, the unknown stream was used to balance the hydraulics in all systems. Using 

these assumptions, the model was updated to account for flow changes. Tables 4.31 and 

4.32 contain the adjusted flows for fall and winter, respectively. As captured in the tabular 

data, during the winter campaign, System 1 appears to have a higher flow rate. This is 

generally a typical occurrence based on historical data, but it was assumed that more of the 

unknown and centrate recycle streams enter System 1 rather than System 2 to balance the 

hydraulics. 
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Table 4.31: Fall sampling campaign updated flows 

Stream (mgd) Total Flow To Sys 1 To Sys 2 To Sys 3  

Plant INF 25.80 12.38 12.38 1.03 

Gravity 

Thickener 

0.12 0.06 0.06 

0.00 

Denite Waste 0.23 0.11 0.11 0.01 

TWAS 1.30 0.62 0.62 0.05 

Unknown 1 8.85 2.80 4.75 1.29 

Primary INF 36.30 15.98 17.93 2.39 

1 The unknown stream incorporates the unknown flows and the centrate treatment recycle stream 

 

Table 4.32: Winter sampling campaign updated flows 

Stream (mgd) Total Flow To Sys 1 To Sys 2 To Sys 3  

Plant INF 28.20 13.54 13.54 1.13 

Gravity 

Thickener 

0.12 0.06 0.06 

0.00 

Denite Waste 0.23 0.11 0.11 0.01 

TWAS 1.30 0.62 0.62 0.05 

Unknown 1 9.80 2.74 1.47 5.59 

Primary INF 39.65 17.07 15.80 6.78 

1 The unknown stream incorporates the unknown flows and the centrate treatment recycle stream 
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4.4.2.2 Fall and Winter Constituents 

Similar to the summer campaign, a spreadsheet was developed to determine the unknown 

parameters during the fall and winter based on a mass balance approach. Plant influent 

values were updated with corresponding fall and winter data, while the gravity thickener, 

denite waste, and TWAS recycle stream constituents were kept constant with measured 

summer data. Unfortunately, during the fall and winter sampling periods, the only 

measured data for primary influent were BOD, COD, and TSS. This made it difficult to 

match measured primary influent values with model predictions as there were very few 

data available. The following discussion provides the assumptions that were made to 

determine primary influent values where values were unknown: 

➢ BOD, FBOD, FCOD, FFCOD, and VSS were calculated using typical ratios observed 

during the summer campaign 

➢ Ammonia, NOx, OP, and alkalinity were assumed to be the same as primary effluent 

values 

➢ TKN was calculated based on primary effluent values, assuming 10% removal of TKN 

in the primary clarifiers (Department of Environmental Conservation) 

➢  TP was calculated based on primary effluent values, assuming 1 mg/L removal of TP 

in the primary clarifiers (Polson, 2017) 

With the updated plant influent data, and assumptions made to the recycle streams and 

primary influent, the constituents in the unknown stream, which include the centrate 

treatment recycle stream, were calculated using the flow weighted mass balance approach. 

The values used for each stream, and the assumptions, for both fall and winter is 
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summarized in Appendix C. Analyzing the unknown stream shows that changes need to be 

made to the concentrations in order to balance the primary influent data, which seems 

appropriate due to the combination of the centrate treatment recycle stream in the unknown 

stream. 

4.4.2.3 Fall and Winter Model Accuracy 

After the flows and concentrations of the influent streams were updated, the next step was 

to input the updated values into the BioWin model. The updated values include influent 

flows, RAS/WAS flows, plant influent concentrations, the unknown stream concentrations, 

and water temperature. Values that were not adjusted included wastewater characteristics, 

kinetic and stoichiometric parameters, solid percent removals, and DO values in the 

activated sludge process. The reason for maintaining these values without adjustments was 

to determine the overall accuracy of the model calibration; if calibrated correctly, using 

these parameters across all sampling campaigns should reasonably reflect measured data. 

Tables 4.33 and 4.34 provide the comparison between model predicted values and 

measured data in the sampling campaign for fall systems 1 and 2. For the winter sampling 

campaign, the comparison between model and measured data is summarized in Tables 4.35 

and 4.36. Approximately 80% of the parameters calculated by BioWin were within typical 

values compared to measured data. When analyzing the fall comparison, System 1 and 2 

have an overall difference of 5.2% and 14.0%, respectively. The reason for fall having a 

high percent difference in System 2 is largely due to the high nitrification performance and 

effluent nitrogen concentrations. During the fall period, the plant experienced very good 

nitrification performance, despite having low SRTs (1.8 days for both systems) and similar 
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temperatures to summer. It is believed that the higher nitrification performance could be 

due to an increase in nitrifiers in the recycle streams due to nitrification tower treatment 

during this time. For the winter comparison, BioWin calculated an overall percent 

difference for System 1 and 2 of 6.9% and 7.3%. Other than the anomaly in the fall System 

2 comparison, the overall percent differences reside within the typical value of 10%.  It is 

important to note that TMWRF does occasionally experience higher nitrification rates in 

the activated sludge (~10 mg/L nitrate). The smaller errors in measured compared to model 

data is likely due to the assumption of combining the centrate sidestream with the unknown 

stream. This assumption is most likely not accurate as the centrate and unknown streams 

have different loadings and are split differently to each system. Despite inaccuracies in the 

assumptions, the model predicted measured values relatively well and confirms the 

accuracy of the model, especially if the centrate and unknown streams were distinguishing 

classified.  

 

 

 

 

 

 

 

 

 



108 

 

 

Table 4.33: Fall System 1 measured vs. model data comparison 

Location 

 
Parameter 

(mg/L) 

Measured 

Value 

Model 

Value 

Difference Typical 

Primary 

INF 

COD 546.8 517.5 5.4% <10% 

TSS 200.5 230.3 14.9% * <10% 

Primary 

EFF 

COD 339.5 330.6 2.6% <10% 

FCOD 213.3 1 209.2 1.9% <10% 

Ammonia 29.7 28.4 4.4% <10% 

NOx 1.6 1.2 0.4 1 mg/L 

TKN 41.0 38.8 5.5% <10% 

OP 4.3 3.5 0.7 * 0.5 mg/L 

TP 5.6 4.8 0.8 * 0.5 mg/L 

Alkalinity 226.9 227.5 0.3% <10% 

TSS 86.7 90.7 4.6% <10% 

VSS 79.0 81.1 2.7% <10% 

Solids 

Inventory 

MLSS 1,177 1,225 4.1% <10% 

MLVSS 1,091 1,044 4.3% <10% 

MLVSS:MLSS 0.9 0.9 0.5% <10% 

WAS SS 3,219 3,276 1.8% <10% 

SRT (d) 1.8 1.9 5.6% <10% 

Secondary 

EFF 

COD 52.1 59.3 13.9% * <10% 

FCOD 42.5 37.9 10.8% * <10% 

Ammonia 14.6 13.9 5.2% <10% 

NOx 6.9 6.4 0.6 1 mg/L 

OP 0.3 0.1 0.2 0.5 mg/L 

TP 0.7 0.6 0.1 0.5 mg/L 

TSS 9.5 17.5 8.0 * 5 mg/L 
1 Updated FCOD:COD ratio of 0.39 

* Outside typical accuracy range 
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Table 4.34: Fall System 2 measured vs. model data comparison 

Location 

 
Parameter 

(mg/L) 

Measured 

Value 

Model 

Value 

Difference Typical 

Primary 

INF 

COD 512.0 514.9 0.6% <10% 

TSS 186.8 223.2 19.5% * <10% 

Primary 

EFF 

COD 311.0 336.4 8.2% <10% 

FCOD 199.7 1 220.7 10.5% * <10% 

Ammonia 28.5 27.2 4.4% <10% 

NOx 1.3 1.8 0.6 1 mg/L 

TKN 36.3 37.4 3.2% <10% 

OP 4.2 3.8 0.5 0.5 mg/L 

TP 5.5 5.2 0.3 0.5 mg/L 

Alkalinity 211.4 230.5 4.1% <10% 

TSS 77.8 87.8 12.8% * <10% 

VSS 68.0 77.3 13.7% * <10% 

Solids 

Inventory 

MLSS 1,084 1,335 23.1% * <10% 

MLVSS 991 1,124 13.4% * <10% 

MLVSS:MLSS 0.9 0.8 1.7% <10% 

WAS SS 2,742 3,631 32.4% * <10% 

SRT (d) 1.8 1.8 3.3% <10% 

Secondary 

EFF 

COD 55.6 57.5 3.5% <10% 

FCOD 41.8 34.6 17.3% * <10% 

Ammonia 14.1 4.7 66.9% * <10% 

NOx 6.6 11.3 4.7 * 1 mg/L 

OP 0.5 0.1 0.4 0.5 mg/L 

TP 0.9 0.7 0.3 0.5 mg/L 

TSS 9.9 18.9 9.0 * 5 mg/L 
1 Updated FCOD:COD ratio of 0.39 

* Outside typical accuracy range 
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Table 4.35: Winter System 1 measured vs. model data comparison 

Location 

 
Parameter 

(mg/L) 

Measured 

Value 

Model 

Value 

Difference Typical 

Primary 

INF 

COD 494.7 493.7 0.2% <10% 

TSS 191.2 221.6 15.9% * <10% 

Primary 

EFF 

COD 313.3 310.8 0.8% <10% 

FCOD 192.9 1 192.0 8.5% <10% 

Ammonia 37.2 30.1 18.9% * <10% 

NOx 0.6 0.6 0.0 1 mg/L 

TKN 46.2 41.5 10.2% <10% 

OP 3.9 3.3 0.6 * 0.5 mg/L 

TP 5.2 4.5 0.8 * 0.5 mg/L 

Alkalinity 230.3 321.5 0.5% <10% 

TSS 81.0 87.2 7.7% <10% 

VSS 76.5 79.3 3.7% <10% 

Solids 

Inventory 

MLSS 1,504 1,419 5.7% <10% 

MLVSS 1,296 1,217 6.1% <10% 

MLVSS:MLSS 0.9 0.9 0.2% <10% 

WAS SS 4,211 4,053 3.7% <10% 

SRT (d) 2.2 2.3 4.6% <10% 

Secondary 

EFF 

COD 55.0 63.2 14.9% * <10% 

FCOD 41.2 39.1 4.9% <10% 

Ammonia 32.6 28.9 11.5% * <10% 

NOx 0.7 0.1 0.7 1 mg/L 

OP 0.3 0.0 0.3 0.5 mg/L 

TP 0.6 0.6 0.0 0.5 mg/L 

TSS 9.9 19.5 9.5% 5 mg/L 
1 Updated FCOD:COD ratio of 0.39 

* Outside typical accuracy range 
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Table 4.36: Winter System 2 measured vs. model data comparison 

Location 

 
Parameter 

(mg/L) 

Measured 

Value 

Model 

Value 

Difference Typical 

Primary 

INF 

COD 502.5 458.6 8.7% <10% 

TSS 198.2 197.9 0.2% <10% 

Primary 

EFF 

COD 333.0 294.9 11.5% * <10% 

FCOD 196.0 1 188.4 3.9% <10% 

Ammonia 33.7 32.1 5.0% <10% 

NOx 0.4 1.0 0.6 1 mg/L 

TKN 44.7 45.0 0.8% <10% 

OP 3.5 3.8 0.3 0.5 mg/L 

TP 5.0 5.2 0.3 0.5 mg/L 

Alkalinity 222.4 253.0 13.8% * <10% 

TSS 80.5 77.9 3.2% <10% 

VSS 78.2 71.1 9.0% <10% 

Solids 

Inventory 

MLSS 1,578 1,355 14.1% * <10% 

MLVSS 1,328 1,138 14.3% * <10% 

MLVSS:MLSS 0.9 0.8 2.0% <10% 

WAS SS 4,175 3,837 8.1% <10% 

SRT (d) 2.4 2.3 3.8% <10% 

Secondary 

EFF 

COD 57.5 57.3 0.3% <10% 

FCOD 38.2 34.5 9.6% <10% 

Ammonia 37.3 31.9 16.6% * <10% 

NOx 1.1 0.5 0.6 1 mg/L 

OP 0.1 0.0 0.1 0.5 mg/L 

TP 0.7 0.7 0.1 0.5 mg/L 

TSS 14.5 18.8 4.3% 5 mg/L 
1 Updated FCOD:COD ratio of 0.39 

* Outside typical accuracy range 
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4.5 Model Sensitivity Analysis 

In conjunction with model accuracy and validation, a sensitivity analysis was performed in 

order to observe treatment performance when raw influent flow and concentrations were 

altered. To evaluate performance, the raw influent flow, COD, TKN, and TP concentrations 

were changed to plus and minus 5%, 10%, and 20% of current values. Table 4.37 provides 

information on the influent values used in the sensitivity analysis. 

Table 4.37: Adjusted influent values for model sensitivity analysis 

Percent Adjustment Flow COD TKN TP 

-20% 21.8 435.7 35.2 4.0 

-10% 24.5 490.2 39.6 4.4 

-5% 25.8 517.4 41.8 4.7 

0% (current value) 27.2 544.7 44.0 4.9 

+5% 28.6 571.9 46.2 5.2 

+10% 29.9 599.1 48.4 5.4 

+20% 32.6 653.6 52.8 5.9 

 

After adjusting the influent values, the secondary effluent concentrations, within each 

system, for COD, FCOD, ammonia, TKN, NOx, OP, TP, TSS, and VSS were analyzed to 

observe treatment performance. Analysis showed that changing the influent concentrations 

had little effect on secondary effluent values, but altering the flow greatly changed 

treatment performance. Figures 4.30-4.33 give insight on how treatment performance was 

affected for System 1, and Figures 4.34-4.37 for System 2, respectively, when changing 
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influent flow. As depicted in the figures, nitrification performance greatly decreases with 

increasing flow, and is largely due to the lower HRT within the activated sludge, giving 

inadequate time for biological activity to occur. For phosphorus removal, the analysis 

shows that removal performance has a parabolic curve, where phosphorus removal is 

greatly decreased at low and high flow rates. Performance is reduced at lower flow rates 

due to the increasing nitrification performance and increased NOx to the anaerobic zones. 

At current operation, the NOx in the RAS is approximately 4 mg/L, with a mixed 

concentration of approximately 2 mg/L in the anaerobic zone. At the lowest flow rate, the 

NOx concentration in the RAS is 18 mg/L with a mixed concentration over 7 mg/L. The 

anaerobic zones are designed to be free of electron acceptors and increasing the NOx in the 

anaerobic zone inherently decreases phosphorus removal. Phosphorus removal 

performance is then decreased at higher flow rates due to the lower HRT. At the highest 

flow rate, the HRT is decreased by 14%, and at the design PAO maximum growth rate, 

gives inadequate time for full phosphorus release and uptake. The figures also reveal that 

changes to influent flow has little effect on solid and COD removal. 
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Figure 4.30: System 1 secondary effluent N concentrations with flow variation 

 

Figure 4.31: System 1 secondary effluent P concentrations with flow variation 
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Figure 4.32: System 1 secondary effluent solids concentrations with flow variation 

 

Figure 4.33: System 1 secondary effluent COD concentrations with flow variation 
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Figure 4.34: System 2 secondary effluent N concentrations with flow variation 

 

Figure 4.35: System 2 secondary effluent P concentrations with flow variation 
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Figure 4.36: System 2 secondary effluent solids concentrations with flow variation 

 

Figure 4.37: System 2 secondary effluent COD concentrations with flow variation 
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CHAPTER 5 DESIGN AND EVALUATION OF COMBINED CNP TREATMENT 

ALTERNATIVES 

5.1 Modifications to Current TMWRF Operation 

Once the TMWRF BioWin model had been developed, calibrated, and checked for 

accuracy the model was used to evaluate multiple potential treatment alternatives for future 

operation. The first alternative evaluated was a reconfiguration of TMWRF’s current 

activated sludge treatment process and the implementation of phosphorus removal by 

chemical treatment. The purpose of this exercise was to investigate if treatment 

performance could be improved and if cost could be reduced by eliminating the need for 

additional nutrient processes beyond activated sludge. 

5.1.1 Modified Ludzack-Ettinger Activated Sludge Process 

TMWRF currently uses an EBPR A/O activated sludge process for phosphorus removal in 

conjunction with soluble organic carbon conversion. Modification to this treatment process 

includes the reconfiguration of the A/O process to a Modified Ludzack-Ettinger (MLE) 

process for nitrification and denitrification. This reconfiguration would be done by taking 

the anaerobic zones and turning them into anoxic zones with the implementation of an 

internal nitrate recycle stream and increasing the SRT. An SRT of 10 days was selected 

within typical values of 7-14 days for nitrification. With the implementation of an internal 

recycle (IR) stream, multiple recycle ratios were analyzed within the model, for the IR and 

RAS. IR and RAS flows are typically 100-400% and 25-100% of the influent system flows, 

respectively (Metcalf and Eddy, 2014). Model results indicated that nitrate was not being 

completely converted to nitrogen gas and removed from the system. It was hypothesized 
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that this observation indicated that the systems were carbon limited, despite having a 

COD:N ratio above 7. To investigate if the systems were carbon limited, the nitrification 

and denitrification performance were analyzed by taking the primary clarifiers offline in 

the model. This exercise showed a decrease in NOx concentrations of approximately 35% 

for both systems. Knowing that performance increased when primary clarifiers were 

offline, the recycle ratios were applied to the models when primary clarifiers were online 

and offline to find optimal conditions. Detailed data from this recycle ratio analysis is 

contained in Appendix G. Analysis revealed that 300% IR and 75% RAS ratios proved 

optimal. Although taking the primary clarifiers offline helped with nitrogen removal, 

removing the primary clarifiers in large treatment plants is not a common practice. To 

improve nitrogen removal performance by keeping the primary clarifiers, primary 

fermentation (PF) was enhanced and incorporated into the model. Primary fermentation is 

the process of sending primary sludge to a biologically activated reactor with a prolonged 

reaction time, which results in solids hydrolysis and release of organic carbon and VFA 

byproducts. The carbon and VFAs are then recycled to the activated sludge process for 

increased treatment performance. Primary clarifiers were used as the primary fermenters 

in the model and existing infrastructure (former phostrip tanks) at TMWRF would be 

suitable as the primary fermenters. Table 5.1 summarizes the design and operation criteria 

for the primary fermenters. By using primary fermentation to increase the carbon and VFA 

loadings to the activated sludge process, and keeping the primary clarifiers online, the 

treatment performance mirrors the performance observed when the primary clarifiers were 

offline. Figure 5.1 compares the secondary effluent soluble nitrogen concentrations for the 

current A/O, MLE with primary clarifiers, MLE without primary clarifiers, and MLE with 
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primary fermentation processes for System 1 and Figure 5.2 presents similar data for 

System 2.  

Table 5.1: Design and operation criteria for the primary fermenters 

Parameter Value Typical 

No. per Sys 1 1 

Depth (ft) 11 - 

Effective Surface Area (ft2) 5,280 ⅓ total primary clarifier area 1 

Underflow (mgd) 0.08 ½ primary sludge flow 1 

Recycle to Activated Sludge (mgd) 0.14 - 

Wasted Primary Sludge (mgd) 0.02 - 

1 (EnviroSim, 2020) 

 

Figure 5.1: System 1 SE N conc. with/without primary clarifiers and with PF 
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Figure 5.2: System 2 SE N conc. with/without primary clarifiers and with PF 
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is not adequate existing tank volume. Figure 5.5 shows the process schematic. Once the 

post-anoxic reactors were implemented within the model, the secondary effluent nitrogen 

concentrations were compared for the A/O, MLE with primary fermentation, and MLE 

with primary fermentation and post-denitrification processes. Figures 5.3 and 5.4 contain 

data for Systems 1 and 2, respectively. As seen from the figures, the effluent nitrogen 

concentrations are within an acceptable range (<2 mg/L), and treatment of phosphorus 

could begin. It should be noted that in order to negate ammonification in the post-

denitrification reactor, a DO setpoint of 0.05 mg/L was used. The MLE BioWin models 

for the individual systems are in Appendix E. With the MLE-PF-PD process, TN values 

were 1.5 mg/L and 1.7 mg/L for Systems 1 and 2, respectively. These values correspond 

to N loads of 375 lb/d and 425 lb/d, respectively, at current plant flows. 

 

Figure 5.3: System 1 N conc. with PF and PD 
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Figure 5.4: System 2 N conc. with PF and PD
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Figure 5.5: MLE process schematic with PF and PD
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5.1.2 Chemical Treatment for Phosphorus Removal 

After evaluating the treatment of nitrogen by modifying TMWRF’s A/O process to an MLE 

process for nitrogen removal, the next task was to implement chemical treatment for 

phosphorus removal. TMWRF currently uses an EBPR process for phosphorus removal; 

however, by converting the A/O process to an MLE process, biological phosphorus 

treatment would not be achieved as the MLE process is incapable of enhanced phosphorus 

removal. In order to treat phosphorus in conjunction with the MLE process, chemical 

treatment would be needed. The chemicals used for phosphorus treatment are generally 

aluminum sulfate (alum) and ferric chloride. Alum was selected for this study as it is more 

commonly used in the wastewater treatment industry and is currently used at TMWRF. 

Research shows that the chemical is often added to the primary clarifiers, activated sludge 

tanks, or secondary clarifiers (Mbamba et al., 2019b). It was decided to use alum and add 

the chemical prior to the secondary clarifiers. The decision to treat phosphorus downstream 

of the activated sludge was made because if too much phosphorus is removed in the 

primary clarifiers or activated sludge tanks, then there could be inadequate quantities of 

phosphorus for biosolid accumulation in the activated sludge. The strength of alum used is 

approximately 48% as Al2SO4 ∙ 14H2O and the material safety data sheet is in Appendix 

H. Based on model observations, an alum dose of 1,000 gpd for System 1 and 1,500 gpd 

for System 2 would be needed to achieve acceptable phosphorus levels. Figure 5.6 

compares the secondary effluent phosphorus concentrations for System 1 of the current 

treatment process with that of the MLE process with and without chemical treatment and 

Figure 5.7 presents data for System 2. As seen from the figures, the phosphorus levels 

without chemical treatment do not meet TMWRF’s NPDES permit for TP of 134 lb/d 
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(~700 lb/d without chemical treatment), and therefore prove the need for chemical 

treatment. The BioWin models with chemical treatment are included with the MLE 

configurations in Appendix E. In general, operation with chemical treatment was on-par 

with current performance with secondary effluent concentrations for Systems 1 and 2 being 

0.65 mg/L and 0.67 mg/L for current operation, and 0.78 mg/L and 0.85 mg/L for Systems 

1 and 2 with the MLE chemical treatment process. 

 

Figure 5.6: System 1 SE P conc. for MLE and chemical treatment 
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Figure 5.7: System 2 SE P conc. for MLE and chemical treatment 
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new activated sludge tanks, typical design criteria were used in determining size, HRT, 

SRT, and recirculation/recycle ratios. When determining the volume required for each 

system, based on typical HRT values, a flow rate of 20 mgd was used.  This flow rate 

accounts for any flow variation between the two systems as well as any minor flow 

increases. Table 5.2 provides the typical design criteria ranges, with the selected values for 

model design being bolded, for each activated sludge process and Figure 5.8 shows the 

increase to activated sludge volume, per system, compared to the existing treatment layout.
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Table 5.2: Typical and selected design criteria used for modeled activated sludge processes 

 

Design parameter/ 

process 
SRT, d MLSS, mg/L 

Anaerobic 

zone HRT, h 

Anoxic zone 

HRT, h 

Aerobic zone 

HRT, h 

RAS, % of 

influent 

Internal 

recycle, % of 

influent 

A/O 2-5 3,000-4,000 0.5-1.5 - 1-3 25-100 - 

A2O 
5-25 

(10) 
3,000-4,000 

0.5-1.5 

(1.0) 

1-3 

(2.0) 

4-8 

(6.0) 

25-100 

(62.5) 

100-400 

(250) 

5-stage Bardenpho 
10-20 

(10) 
3,000-4,000 

0.5-1.5 

(1.0) 

1-3 

(2.0) 

(1st stage) 

2-4 

(3.0) 

(2nd stage) 

4-12 

(8.0) 

(1st stage) 

0.5-1 

(0.75) 

(2nd stage) 

50-100 

(75) 

200-400 

(300) 

UCT 
10-25 

(10) 
3,000-4,000 

1-2 

(1.5) 

2-4 

(3.0) 

4-12 

(8.0) 

80-100 

(90) 

200-400 (300) 

(anoxic) 

100-300 (200) 

(aerobic) 

VIP 
5-10 

(10) 
2,000-4,000 

1-2 

(1.5) 

1-2 

(1.5) 

4-6 

(5.0) 

80-100 

(90) 

100-200 (150) 

(anoxic) 

100-300 (200) 

(aerobic) 
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Figure 5.8: Volume increases to alternative activated sludge processes 

 

An SRT of 10 days was used for all activated sludge processes to remain consistent 

between the models and since this value is within the typical range for all processes. The 

SRT value was also used to mirror the SRT of the MLE process in the previous evaluation. 

It was hypothesized that since the MLE process appeared to be carbon limited, the future 

alternative process would be as well. For this reason, primary fermentation was used with 

the primary fermenters having design criteria of that of the MLE primary fermenters. After 

the design criteria for each activated sludge process was inputted into individual models, 

the nitrogen removal of each model was analyzed. Figures 5.9 and 5.10 compare the 

secondary effluent soluble nitrogen concentrations of current and alternative designs for 

Systems 1 and 2, respectively. 

 

0

5

10

15

20

25

30

35

A/O A2O 5-stage

Bardenpho

Standard UCT Modified UCT VIP

C
o

n
ce

n
tr

at
io

n
 (

m
g
/L

)

Ammonia NOx DON

271% 266%

407% 407%

223%

0

2

4

6

8

10

12

14

16

18

20

A2O 5-stage Bardenpho Standard UCT Modified UCT VIP

V
o

lu
m

e 
(M

G
)

Alternative Volume Current A/O Volume



131 

 

 

Figure 5.9: System 1 SE N conc. with PF 

 

Figure 5.10: System 2 SE N conc. with PF 
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As revealed in the figures, complete nitrogen removal was not observed, and similar to the 

MLE process, all processes evaluated had need for post denitrification. The method for 

designing the post-denitrification reactor is similar to that of the MLE design, in which the 

HRT of the post-anoxic tank mimics that of the aerobic tanks. Following analysis, it was 

observed that complete nitrogen removal is not achieved with the determined tank size. It 

is not practical to design a larger post-anoxic tank than the one implemented, so methanol 

addition was used as an additional carbon source in the post-denitrification reactor. 

Methanol acts as the electron donor and is able to convert the remaining NOx to nitrogen 

gas. The methanol used has a strength of 99.8% and its material safety data sheet is included 

in Appendix H. It should be noted that the 5-stage Bardenpho process has a built-in location 

for methanol addition, in the post-anoxic tank and would not have a separate post-

denitrification reactor. Methanol addition in the anoxic tanks for the other activated sludge 

processes did not increase nitrogen removal and therefore, those configurations would need 

a post-denitrification tank. It should be noted that ammonification was observed in the post-

denitrification reactor. To minimize ammonification, a DO setpoint of 0.05 mg/L was used 

in the reactor, which still promotes denitrification. The DO within the post-denitrification 

reactor played a significant role in the methanol use. Table 5.3 provides the dose of 

methanol needed for residual nitrogen removal in each activated sludge process at a DO 

setpoint of 0.05 mg/L, which would increase at increasing DO concentrations. With the 

addition of post-denitrification tank and methanol, the nitrogen concentrations would be 

reduced to an acceptable level, seen in Figures 5.11 and 5.12 for System 1 and 2, 

respectively. 
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Table 5.3: Methanol dose required for nitrogen removal 

Process System 1 (gpd) System 2 (gpd) 

A2O 750 850 

5-stage Bardenpho 750 750 

Standard UCT 750 800 

Modified UCT 800 1,100 

VIP 750 950 

 

Figure 5.11: System 1 SE N conc. with PF, PD, and methanol for alternative A.S. 

processes 

 

 

0

5

10

15

20

25

30

35

A/O A2O 5-stage

Bardenpho

Standard

UCT

Modified

UCT

VIP

C
o

n
ce

n
tr

at
io

n
 (

m
g
/L

)

Ammonia NOx DON



134 

 

 

Figure 5.12: System 2 SE N conc. with PF, PD, and methanol for alternative A.S. 

processes 
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per system basis for the A2O, 5-stage Bardenpho, standard UCT, modified UCT, and VIP 

processes, respectively. As seen from the figures, each process consists of different 

anaerobic, anoxic, and aerobic zone configuration with various RAS and IR recirculation 

schemes.  The BioWin models for each activated sludge process and system are in 

Appendix E. 

 

Figure 5.13: System 1 SE P conc. for alternative A.S. processes 
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Figure 5.14: System 2 SE P conc. for alternative A.S. processes
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Figure 5.15: A2O with  process schematic with PF and PD (per system) 
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Figure 5.16: 5-stage Bardenpho process schematic with PF (per system) 
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Figure 5.17: Standard UCT process schematic with PF and PD (per system) 
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Figure 5.18: Modified UCT process schematic with PF and PD (per system) 
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Figure 5.19: VIP process schematic with PF and PD (per system) 



142 

 

 

5.3 Current and Alternative Process Comparisons 

After evaluation of treatment performance of the MLE process with chemical treatment 

and the future combined CNP alternatives, an overall comparison of treatment 

performance, aeration demand, and energy and chemical costs was investigated.  

5.3.1 Treatment 

When analyzing treatment performance between all alternatives, nitrogen and phosphorus 

species were compared for nutrients, TSS and VSS for solids, and COD and FCOD for 

carbon. Secondary effluent values were used in the comparison as it was the final location 

of biological treatment within the model. Figures 5.20 and 5.21 reveal the nitrogen 

comparison between the alternatives for Systems 1 and 2, respectively. As revealed in the 

figures, under the right operating conditions, nitrogen can be greatly reduced with most of 

the effluent nitrogen being DON. For phosphorus, the MLE process uses chemical 

treatment to remove phosphorus while the combined CNP alternatives rely on biological 

treatment within the activated sludge processes. Figures 5.22 and 5.23 show the secondary 

effluent TP and OP concentrations for Systems 1 and 2, respectively. The figures for 

phosphorus reveal that phosphorus removal was similar to TMWRF’s current A/O process. 

The MLE process with chemical treatment has a slightly higher TP and OP concentration 

than current performance but it still within typical values (<1 mg/L). For the combined 

CNP treatment processes, there was an increase in phosphorus removal and is largely due 

to the increased VFAs to the activated sludge processes produced by the primary 

fermenters.  
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Figure 5.20: System 1 N concentrations of alternatives treatment processes 

 

Figure 5.21: System 2 N concentrations of alternative treatment processes 
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Figure 5.22: System 1 P concentrations of alternative treatment processes 

 

Figure 5.23: System 2 P concentrations of alternative treatment processes 
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The next parameter to compare is the TSS and VSS for solid concentrations in secondary 

effluent. The effluent solid concentrations are calculated based on the percent solids 

removal in the secondary clarifiers. When calibrating the model, a percent removal of 

99.1% was used to mimic current operation. This value would not accurately predict solid 

concentrations of the alternative designs. The MLSS drastically increases within the 

activated sludge basins (i.e., 1,000 -1,500 mg/L in current performance to 3,000 mg/L in 

alternative designs). Higher solid flux to the secondary clarifiers would likely increase the 

solid removal performance. For this reason, the secondary solid’s percent removal in the 

modeled secondary clarifiers was reverted back to the BioWin default value of 99.8%.  

Figures 5.24 and 5.25 contain the secondary effluent TSS and VSS concentrations for 

current and alternative treatment for Systems 1 and 2, respectively. As shown in the figures, 

there is an increase in performance for the combined CNP alternatives, which would be 

expected with a higher MLSS concentration. Lastly, COD and FCOD was compared to 

analyze carbon removal performance. Figures 5.26 and 5.27 show the secondary effluent 

concentrations for System 1 and 2, respectively. As revealed in the figures, the COD and 

FCOD concentrations remain consistent with that of current treatment performance. 
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Figure 5.24: System 1 solid concentrations of alternative treatment processes 

 

Figure 5.25: System 2 solid concentrations of alternative treatment processes 
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Figure 5.26: System 1 COD concentrations of alternative treatment processes 

 

Figure 5.27: System 2 COD concentrations of alternative treatment processes 
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5.3.2 Aeration Demand 

Following treatment performance, the next analysis was comparing the required aeration 

demand in the activated sludge processes for current and alternative treatment processes. 

It is expected that the aeration demand will significantly increase as nitrogen removal 

requires high aeration and there is a higher SRT in the treatment alternatives (1.8 days for 

existing operation compared to 10 days for CNP simulations).  It should be noted that the 

aeration needed for the current nitrification towers is not included in the comparison. The 

nitrification towers use fans to provide air needed for nitrification and therefore does not 

have a feedback loop to maintain DO. Rather, the nitrification fans will be used in the 

comparison for energy, see Section 5.3.3. Figures 5.28 and 5.29 contain the aeration 

comparison of current and alternative treatment processes for the two treatment systems. 

As shown in the figures, aeration needed for alternative processes is approximately three-

times as much as the current process. 
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 Figure 5.28: System 1 aeration demand of alternative treatment processes 

 

Figure 5.29: System 2 aeration demand of alternative treatment processes 
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5.3.3 Energy and Chemical Costs 

The last analysis performed was the comparison of energy and chemical costs related to 

current and alternative treatment processes. For the energy and chemical costs, only the 

components related to nitrogen and phosphorus removal were used to determine costs. 

Table 5.4 provides information on components used in energy calculation for current and 

alternative processes.   

Table 5.4: Components used for energy calculation 

Component Current Treatment Alternative Treatment 

Primary Sludge Pumps   

Primary Fermenter Pumps   

RAS Pumps   

Internal Recycle Pumps   

Nitrification Pumps   

Nitrification Fans   

Denitrification Pumps   

Methanol Pumps  
 

(combined CNP processes) 

Alum Pumps  
 

(MLE process) 

Aeration   
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Before energy costs could be calculated, the power required for IR pumps for each process 

needed to be determined. After discussion with TMWRF’s plant engineer and manager, 

the only suitable location for the IR pumps would be at deck level. This would require 

approximately 180 feet of pipe and a 36-inch diameter pipe. Suction lift and frictional 

losses were analyzed in order to determine the total discharge head (TDH). The elevation 

difference was 17 feet and the frictional loss was determined from Equations 9 and 10, 

where f is the frictional loss coefficient, ε is the equivalent roughness (ft), d is the pipe 

diameter (ft), Re is the Reynolds number, hf is the head loss due to friction (ft), L is the 

length (ft), V is the flow velocity (ft/s), and g is gravity (ft/s2). It should be noted that the 

BioWin default pipe specification of concrete smooth (steel forms) was used for the 

equivalent roughness. From analysis, it was determined that the TDH was approximately 

20 feet. Once the TDH was determined, Equation 11 was used to determine the pump size, 

knowing the IR flows in each process, where Q is the flow (gpm), H is the TDH (ft), and 

η is the efficiency, which was assumed to be 85%. Table 5.5 provides the information on 

pump sizes for current and alternative treatment processes that were used in determining 

energy costs.  Once the pumps were sized, the values were inputted into BioWin and an 

energy cost of $0.065/kWh is used, provided by the plant engineer. BioWin then 

determines the energy cost related to pumping and aeration and is contained in Figure 5.30. 

This energy comparison is for the total energy of System 1 and 2 in dollars per treated 

wastewater (MG). 
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Figure 5.30: Total energy cost of alternative treatment processes
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Table 5.5: Energy component specifications on current and alternative processes

Component No. 
No. per 

System 

Power, each 

(hp) 

System 1 Power 

(hp) 

System 2 Power 

(hp) 

Total Power 

(hp) 

Primary Sludge Pumps 6 3 15 45 45 90 

RAS Pumps 6 3 100 300 300 600 

Nitrification Influent Pumps 3 - 250 - - 750 

Nitrification Fans 6 - 10 - - 60 

Denitrification Pumps 3 - 400 - - 1,200 

MLE IR Pumps 4 2 120 240 240 480 

A2O IR Pump 4 2 100 200 200 400 

5-stage Bardenpho IR Pump 4 2 120 240 240 480 

Standard UCT IR Pump 1 4 2 120 240 240 480 

Standard UCT IR Pump 2 4 2 80 160 160 320 

Modified UCT IR Pump 1 4 2 120 240 240 480 

Modified UCT IR Pump 2 4 2 80 160 160 320 

VIP IR Pump 1 4 2 60 120 120 240 

VIP IR Pump 2 4 2 80 160 160 320 

PF Pumps 4 2 45 90 90 180 

Methanol Pump 4 2 1 2 2 4 

Alum Pump 4 2 1 2 2 4 
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For chemical costs, methanol and alum are the only chemicals used in nitrogen and 

phosphorus treatment. Methanol is used in the current tertiary treatment process, using an 

average of 3,065 gpd, and the combined CNP treatment alternatives, with methanol use 

outlined in Section 5.2. Alum is only used in the chemical treatment of phosphorus in the 

MLE treatment alternative which uses 1,000 gpd and 1,500 gpd for Systems 1 and 2, 

respectively. Chemical costs (February, 2020) were provided by TMWRF’s plant engineer, 

which are $1.46/gal for methanol and $1.17/gal for alum. It should be noted that the costs 

are fairly volatile and can fluctuate. Figure 5.31 shows the chemical costs associated with 

the current and alternative treatment processes in dollars per treated wastewater (MG). As 

revealed in the figure, the chemical costs for all the alternatives are significantly less than 

current chemical use.  

 Figure 5.31: Total chemical cost of alternative treatment processes 
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Analyzing the data shows that the energy costs are not drastically different from the current 

treatment process, although tertiary treatment is no longer required, and is largely due to 

the implementation of the IR pumps. Chemical costs, however, are drastically reduced in 

the alternatives. Figures 5.32 and 5.33 show the combined energy and chemical costs of 

the alternatives in dollars per million gallons of treated wastewater and dollars per year, 

respectively. Since optimal treatment performance can be achieved under the right 

operating conditions, associated costs can be the defining factor in an alternative selection. 

The figures reveal that if the A2O or 5-stage Bardenpho alternatives is selected as the new 

treatment process, over $700,000 can be saved per year. 

 

Figure 5.32: Total energy and chemical costs of alternative treatment processes 
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Figure 5.33: Total energy and chemical costs per year for alternative processes 
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addition for phosphorus removal would lower the pH in the effluent, decreasing or 

eliminating the need of sulfuric acid. TMWRF currently uses an average of 400 gpd of 

sulfuric acid at a cost of $1.46/gal. Removing or decreasing the need of sulfuric acid would 

also lower chemical costs. One change to current operation, brought up by the plant 

engineer, is the potential decommissioning of TMWRF’s Ostara process. The plant 

engineer indicated that since soluble P declines in the treatment alternatives, the Ostara 

process could be decommissioned which has hefty sunken costs. An increase in aeration 

requirements were observed in the treatment alternatives due to the nitrogen treatment and 

the higher SRT. TMWRF would need to install additional blowers to accommodate this 

increase, and currently, TMWRF has plans to construct an additional blower building. The 

last change to operation that needs to be considered is changes to sludge production. Sludge 

production comes from the primary sludge and waste activated sludge. Since enhanced 

primary fermentation is implemented in the treatment alternatives, the primary sludge 

volume decreases. On the other hand, waste activated sludge would increase due to higher 

MLSS concentrations and wasting rates. Figures 5.34 and 5.35 contain the BioWin 

predicted changes to sludge production for Systems 1 and 2, respectively. 
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 Figure 5.34: System 1 sludge production of alternative treatment processes 

 

Figure 5.35: System 2 sludge production of alternative treatment processes 
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CHAPTER 6 : CONCLUSION AND RECOMMENDATIONS 

Wastewater treatment is essential to maintaining environmental water quality due to 

negative impacts wastewater could have if left untreated. If left untreated, wastewater can 

be discharged into surface waters comprising of complex mixture of different 

contaminants, such as organic matter, nutrients, solids, microorganisms and bacteria, 

metals, salt, and pharmaceutical drugs. These contaminants can cause water toxicity, 

eutrophication, hypoxia, taste and odor issues, and be detrimental to the environment and 

aquatic systems. When properly treated, wastewater can be a viable resource used for 

irrigation, groundwater recharge, and potable reuse, alleviating water scarcity issues.  

This project focuses primarily on biological treatment of nitrogen and phosphorus. 

Elevated nutrient levels in wastewater effluents lead to harmful water conditions such as 

eutrophication and hypoxia. There are many ways nutrients can be removed from 

wastewater and consist of physical, chemical, or biological treatment. Physical treatment 

incorporates the nitrogen and phosphorus in biosolids and is removed by screening or 

sedimentation. Chemical treatment generally refers to phosphorus treatment. Aluminum 

sulfate and ferric chloride are common chemicals used in chemical precipitation. The 

chemicals create phosphorus rich precipitant solids and can be removed from systems 

through physical means. Biological treatment is the most common form of nutrient 

treatment and generally consists of suspended or attached growth systems where 

microorganisms facilitate nutrient removal.  

BioWin, a modeling software for wastewater treatment, has many applications that can 

evaluate various scenarios including selection of optimal treatment processes, reduce 
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capital investments, energy consumption and operating costs, decisions on plant operation, 

and to build models for emerging technologies. The modeling software can also be used to 

teach students and plant operators of wastewater fundamentals. BioWin was used in this 

project to develop a process model of the Truckee Meadows Water Reclamation Facility 

and evaluate combined CNP treatment alternatives.  

When developing the BioWin model, the first step was to analyze historical data to observe 

wastewater loading trends. Analyzing the data revealed that TMWRF had maximum loads 

in the fall and winter seasons and initial sampling campaigns were developed during the 

fall (October 28 – November 8, 2018) and winter (January 27 – February 7, 2019). The 

purpose of the sampling campaigns was to capture influent concentrations and flows 

needed for model calibration. Following initial sampling, analysis revealed that there was 

not adequate data to accurately calibrate the model. The initial campaigns did not capture 

recycle streams, such as the gravity thickener, denite waste, TWAS, and PRS recycle 

streams, and the wastewater characteristics were not correct. To incorporate the recycle 

streams, an extensive summer sampling campaign (June 23 – July 6, 2019) was developed 

in collaboration with Brown & Caldwell and TMWRF to capture all influent loads. 

Following sampling and data corrections, the model was configured based on TMWRF’s 

secondary biological treatment (primary clarifiers, activated sludge, and secondary 

clarifiers) and the data were used to determine wastewater characteristics and fractions of 

all influent streams and inputs for the model. Once physical parameters and influent loads 

were incorporated into the model, the next step was to calibrate the model, which consisted 

of solids, nutrients, and aeration calibration. After model calibration, the BioWin predicted 

values were compared to measured data from the summer sampling campaign to determine 
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model accuracy, and analysis showed that most parameters were within the typical 

difference of 10%. Although the fall and winter campaigns lacked adequate data, the model 

was used to evaluate performance during these seasons. With proper assumptions the 

models were able to predict approximately 80% of the parameters for fall and winter 

measured data.  

Following model calibration and validation, the calibrated model was used to evaluate 

different treatment alternatives. The first alternative evaluated was the modification of 

TMWRF’s current A/O process to an MLE process with chemical treatment. The MLE 

processes performs nitrification and denitrification in the activated sludge by incorporating 

an internal nitrate recycle stream. An SRT of 10 days was selected and recycle ratio 

analyses were performed to determine ideal operating conditions for the MLE process and 

analysis showed that a 300% IR and 75% RAS was optimal. Analysis showed that the 

process was carbon limited, but by enhancing primary fermentation and increasing carbon 

and VFAs to the activate sludge could increase nitrogen removal by 35%. A post-

denitrification reactor was included in the MLE model to reduce the remaining nitrogen to 

acceptable levels (<2 mg/L) in order to commence with phosphorus removal by chemical 

means. Aluminum sulfate was selected as the chemical for phosphorus treatment due to the 

fact that it is common use in the industry and its existing use at TMWRF. Alum addition 

was incorporated into the models prior to the secondary clarifiers and the models revealed 

that alum doses of 1,000 and 1,500 gpd was needed to reduce phosphorus to typical levels 

of less than 1 mg/L.  
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The other treatment alternatives evaluated using the calibration models was combined CNP 

treatment. Activated sludge processes evaluated were the A2O, 5-stage Bardenpho, 

Standard and Modified UCT, and the VIP processes. These processes incorporate nitrogen 

and phosphorus removal in the activated sludge by having anaerobic, anoxic, and aerobic 

zones. Since these processes treat nitrogen and phosphorus simultaneously, the activated 

sludge volumes are significantly larger than that of the A/O and MLE processes and new 

activated sludge tanks would need to be constructed. The combined CNP activated sludge 

processes were design for 20 mgd per system and used typical HRT values. An SRT of 10 

days was selected for the processes as it resided within the typical values for each process 

and to mirror the MLE process. Enhanced primary fermentation was utilized in the 

processes to increase nitrogen removal. Similar to the MLE process, there was need for 

post-denitrification. In order to minimize the volume of the post-denitrification tank, 

methanol was used as a carbon source, rather than relying on endogenous decay. The 5-

stage Bardenpho process does not require a post-denitrification tank as the process already 

incorporates methanol addition; however, the models showed that the other processes did 

require the post-denitrification tank. Model predicted values revealed that nitrogen and 

phosphorus were reduced to acceptable levels (<2 mg/L for nitrogen and <1 mg/L for 

phosphorus). The enhanced primary fermentation also showed that the increased VFAs to 

the activated sludge further increased phosphorus removal, resulting in concentrations 

lower than current operation.  

Following treatment, aeration demand and energy and chemical costs were investigated. 

Aeration requirements for the CNP activated sludge process significantly increased, 

tripling in values compared to the existing system. The higher value was a result of nitrogen 
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removal within the activated sludge tanks and the longer SRT (10 days compared to current 

1.8 days). This increase would likely cause need for additional blowers at TMWRF. When 

analyzing energy cost, the cost associated with nitrogen and phosphorus removal were 

investigated. Costs associated with energy and chemicals are calculated at $0.065/kWh for 

energy, and $1.46/gal and $1.17/gal for methanol and alum, respectively. For current plant 

operation, the calculated energy costs are associated with the primary sludge pumps, RAS 

pumps, nitrification tower pumps, nitrification tower fans, denitrification filter pumps, 

methanol pumps, and the energy required for aeration. The treatment alternatives evaluated 

eliminate the nitrification tower and denitrification filter pumps and fans, but adds the 

internal recycle and primary fermentation pumps, and methanol and alum pumps for the 

activated sludge processes. Methanol was the only chemical used in cost calculations for 

current operation and the combined CNP alternatives, while alum was used in the MLE 

with chemical treatment alternative. Calculations show that energy costs are not too 

different from current operation and is primarily due to the elimination of tertiary 

treatment. The addition of internal recycle flows and increased aeration in the CNP systems 

off-set many of those costs. Chemical costs, however, significantly decrease in the 

alternatives, with the A2O and 5-stage Bardenpho processes having the lowest associated 

costs. When combining energy and chemical costs associated with nitrogen and 

phosphorus removal, the models show that the A2O and 5-stage Bardenpho processes can 

decrease annual costs by over $700,000 per year. When selecting an alternative for future 

expansion or modifications, operational costs and capital investment can be the defining 

factors. Although treatment can be optimized in all alternatives, the A2O and 5-stage 

Bardenpho processes would be optimal due to its associated operational costs and lower 
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footprint compared to the UCT processes. The MLE process is also a viable alternative if 

chemical treatment for phosphorus is preferred.  

Recommendations for further studies would be to select an optimal treatment alternative 

and incorporate a pilot-study to evaluate actual performance. TMWRF’s System 3 is 

currently being used as a sidestream centrate treatment, but the treatment train could be 

modified to accommodate a pilot-study. Another study, as discussed with the plant 

engineer and manager, would be to use BioWin to model the System 3 centrate treatment 

and evaluate treatment efficiency. The final recommendation would be to perform another 

fall and winter sampling campaign and incorporate the recycle streams. Model predicted 

values for the fall and winter revealed that approximately 20% of parameters did not fall 

within typical differences of measured values. This is largely due to the assumptions made 

in the fall and winter as there were inadequate data collected in those campaigns. Overall, 

BioWin is a viable tool when evaluating treatment alternatives and can be used to influence 

treatment plant decisions. 
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APPENDIX A – 2017 TMWRF PLANT INFLUENT DATA 
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APPENDIX B – FALL, WINTER, & SUMMER SAMPLING SAMPAIGN DATA 
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Plant Influent Data 
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Primary Influent System 1 Data 
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Primary Influent System 2 Data 
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Primary Effluent System 1 Data 
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Primary Effluent System 2 Data 
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Aeration System Data 
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Aeration System and RAS Data 
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Aeration DO Data 
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Secondary Effluent System 1 Data 
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Secondary Effluent System 2 Data  
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Additional Data 
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Recycle Stream Data (Summer Campaign) 
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Recycle Stream Data (Summer Campaign) 
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Recycle Stream Data (Summer Campaign) 
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Recycle Stream Data 
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APPENDIX C – INFLUENT STREAM CONCENTRATIONS AND ASSUMPTIONS 
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APPENDIX D – TMWRF PROCESS SCHEMATIC 
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APPENDIX E – BIOWIN MODELS
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A/O Process – System 1 
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A/O Process – System 2 
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Process Unit Length (ft) Width (ft) SWD (ft) 
Effective Surface Area 

(ft2) 

Volume 

(MG) 

Primary Clarifier 82.0 82.0 11.0 15,840 - 

Secondary Clarifier 92.0 92.0 11.5 19,920 - 

Activated Sludge Reactors 

ANA A - 27.0 15.5 - 0.24 

ANA B - 27.0 15.5 - 0.24 

AER 1A - 27.0 15.5 - 0.44 

AER 1B - 27.0 15.5 - 0.18 

AER 1C - 27.0 15.5 - 0.37 

AER 2A - 27.0 15.5 - 0.25 

AER 2B - 27.0 15.5 - 0.33 

AER 2C - 27.0 15.5 - 0.32 

AER 3A - 27.0 15.5 - 0.33 

AER 3B - 27.0 15.5 - 0.34 

AER 3C - 27.0 15.5 - 0.34 
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Process Unit No. Diffusers System 1 DO (mg/L) System 2 DO (mg/L) 

ANA 1A 0 0.00 0.00 

ANA 1B 0 0.00 0.00 

AER 1A 0 0.00 0.00 

AER 1B 638 0.46 0.90 

AER 1C 1,396 1.85 1.77 

AER 2A 1,194 2.05 2.24 

AER 2B 1,194 1.99 1.98 

AER 2C 1,194 2.99 2.99 

AER 3A 956 2.45 2.48 

AER 3B 956 2.33 2.58 

AER 3C 956 2.50 2.48 

Parameter (mg/L) Plant INF Gravity Thickener Denite Waste TWAS PRS Unknown 

Flow (mgd) 27.20 0.12 0.23 1.30 0.34 5.75 

COD 544.80 1,265.70 1,079.50 64.50 1.814.5 300.00 

NOx 0.80 0.00 0.00 4.10 0.00 0.00 

TKN 44.00 46.70 92.00 27.50 847.30 43.00 

TP 4.90 5.70 20.50 7.90 137.30 8.50 

Alkalinity (mmol/L) 4.20 4.60 2.60 3.70 57.80 4.00 

ISS 19.30 28.70 73.40 2.70 139.20 20.00 

pH (-) 7.30 6.10 8.80 6.70 7.60 7.40 
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Parameter Plant INF Gravity Thickener Denite Waste TWAS PRS Unknown 

Fbs - Readily biodegradable 

(including Acetate) [gCOD/g of 

total COD] 

0.195 0.422 0.417 0.023 0.432 0.427 

Fac Acetate [gCOD/g of readily 

biodegradable COD 
0.188 0.310 0.000 0.000 0.000 0.000 

Fxsp - Non-colloidal slowly 

biodegradable [gCOD/g of 

slowly degradable COD] 

0.800 0.800 0.650 0.600 0.650 0.700 

Fus - Unbiodegradable soluble 

[gCOD/g of total COD] 
0.076 0.033 0.038 0.504 0.023 0.028 

Fup - Unbiodegradable 

particulate [gCOD/g of total 

COD] 

0.250 0.130 0.200 0.130 0.200 0.130 

Fcel - Cellulose fraction of 

unbiodegradable particulate 

[gCOD/gCOD] 

0.000 0.000 0.000 0.000 0.000 0.000 

Fna - Ammonia [gNH3-

N/gTKN] 
0.643 0.751 0.000 0.896 0.990 0.581 

Fnox - Particulate organic 

nitrogen [gN/g Organic N] 
0.500 0.500 0.500 0.500 0.000 0.500 

Fnus - Soluble unbiodegradable 

TKN [gN/gTKN] 
0.020 0.020 0.020 0.020 0.000 0.020 

FupN - N:COD ratio for 

unbiodegradable part. COD 

[gN/gCOD] 

0.035 0.035 0.035 0.035 0.000 0.035 

Fpo4 - Phosphate [gPO4-P/gTP] 0.612 0.570 0.007 0.035 0.718 0.447 

Fsr - Reduced sulfur [H2S] 

[gS/gS] 
0.000 0.000 0.000 0.000 0.000 0.000 
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Parameter System 1 Value System 2 Value 

Aeration  

Surface Pressure (kPa) 85.771 85.771 

Diffuser 

Area of One Diffuser (ft2) 0.442 0.442 

Diffuser Mounting Height (ft) 0.900 0.900 

Min. Air Flow Rate per Diffuser 

[20°C, 1 atm] (ft3/min) 
0.750 0.750 

Max. Air Flow Rater per Diffuser 

[20°C, 1 atm] (ft3/min) 
4.000 4.000 

‘A’ in Diffuser Pressure Drop = A 

+ B*[Qa/Diff] + C*[Qa/Diff]2 (psi) 
0.508 0.508 

Blower 

Intake Filter Pressure Drop (psi) 0.200 0.200 

Pressure Drop Through 

Distribution Sys [Piping/Valves] 

(psi) 

0.630 0.630 

‘A’ in Blower Efficiency = A + 

B*Qa + C*Qa2 
0.700 0.700 

Stoichiometric 

Particulate substrate COD:VSS 

ratio 
1.500 1.500 

Particulate inert COD:VSS ratio 1.500 1.500 

OHO Yield (aerobic) 0.750 0.750 

Kinetic 

AOB maximum growth rate (1/d) 1.150 1.250 

NOB maximum growth rate (1/d) 1.510 1.620 

PAO maximum growth rate (1/d) 1.350 1.500 

Other 

Primary Clarifier Percent Removal 

(%) 61.0 61.0 

Secondary Clarifier Percent 

Removal (%) 99.1 99.1 
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Splitter Fraction [S/(S+M)] 

Headworks 0.5 

Gravity Thickener 0.5 

Unknown 0.73 

System 3 0 

 

Parameter System 1 Flow (mgd) System 2 Flow (mgd) 

Primary Sludge 0.16 0.16 

RAS 8.44 9.40 

WAS 0.69 0.74 

 

Other Parameters Value 

Temperature (°C) 21.5 

Energy Consumption ($/kWh) 0.065 

Methanol ($/gal) 1.46 

Aluminum ($/gal) 1.17 

Primary Sludge Pump (hp) 45 

RAS Pump (hp) 300 
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MLE Primary Fermentation/Post-Denitrification/Chemical Treatment Process – System 1 
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MLE Primary Fermentation/Post-Denitrification/Chemical Treatment Process – System 2 
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A2O Primary Fermentation/Post-Denitrification – System 1 
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A2O Primary Fermentation/Post-Denitrification – System 2 
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5-stage Bardenpho Primary Fermentation – System 1 
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5-stage Bardenpho Primary Fermentation – System 2 
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Standard UCT Primary Fermentation/Post-Denitrification – System 1 
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Standard UCT Primary Fermentation/Post-Denitrification – System 2 
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Modified UCT Primary Fermentation/Post-Denitrification – System 1 
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Modified UCT Primary Fermentation/Post-Denitrification – System 2 
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VIP Primary Fermentation/Post-Denitrification – System 1 
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VIP Primary Fermentation/Post-Denitrification – System 2 
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APPENDIX F – DO SAMPLING CAMPAIGN DATA 
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DO Sampling Campaign #1 Data 

DO (mg/L) 

Location Sys 1A Sys 1B Sys 2A Sys 2B 

Post-ANA 0.07 0.32 0.79 0.63 

Midway to 1st Probe 0.83 0.80 1.69 1.79 

1st Pass Probe 1.72 1.69 2.15 2.39 

 

DO Sampling Campaign #2 

DO (mg/L) 

Location Sys 2B 

1st Pass Middle 1.30 

1st Pass End 2.10 

2nd Pass Beginning 2.20 

2nd Pass Middle 2.13 

2nd Pass End 3.10 

3rd Pass Beginning 2.22 

3rd Pass Middle 1.91 

3rd Pass End 1.95 
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DO Sampling Campaign #3 

11/6/2019 – 11:00 AM DO Values (mg/L) 

Location Sys 1A Sys 1B Sys 2A Sys 2B 

1st Pass Middle 0.20 0.20 1.10 0.90 

1st Pass End 1.50 1.70 3.20 1.80 

2nd Pass Beginning 1.80 2.30 3.20 1.90 

2nd Pass Middle 2.20 2.20 3.00 3.30 

2nd Pass End 3.20 3.00 3.20 4.00 

3rd Pass Beginning 2.50 2.20 2.60 3.90 

3rd Pass Middle 2.00 2.30 2.50 4.00 

3rd Pass End 2.30 2.20 2.30 3.60 

 

11/7/2019 – 11:00 AM DO Values (mg/L) 

Location Sys 1A Sys 1B Sys 2A Sys 2B 

1st Pass Middle 0.30 0.10 1.90 0.70 

1st Pass End 2.00 1.80 4.30 1.10 

2nd Pass Beginning 1.90 1.90 4.00 2.80 

2nd Pass Middle 2.20 2.20 3.50 3.00 

2nd Pass End 3.10 3.40 3.70 4.00 

3rd Pass Beginning 2.30 2.60 2.90 3.80 

3rd Pass Middle 2.30 2.50 2.50 3.70 

3rd Pass End 2.50 2.50 2.60 4.00 
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11/8/2019 – 11:00 AM DO Values (mg/L) 

Location Sys 1A Sys 1B Sys 2A Sys 2B 

1st Pass Middle 0.40 0.20 0.50 0.70 

1st Pass End 2.20 2.40 1.00 1.00 

2nd Pass Beginning 1.80 2.00 1.70 1.20 

2nd Pass Middle 1.60 1.60 1.30 1.10 

2nd Pass End 2.90 2.70 2.00 2.10 

3rd Pass Beginning 2.00 2.20 2.00 2.00 

3rd Pass Middle 2.00 2.10 2.20 2.40 

3rd Pass End 2.10 2.20 2.00 2.00 

 

 

11/8/2019 – 5:10 PM DO Values (mg/L) 

Location Sys 1A Sys 1B Sys 2A Sys 2B 

1st Pass Middle 1.77 1.01 1.20 1.10 

1st Pass End 2.39 1.30 1.44 1.73 

2nd Pass Beginning 2.40 2.25 2.13 1.36 

2nd Pass Middle 2.17 2.38 1.59 1.42 

2nd Pass End 3.00 3.09 2.89 2.15 

3rd Pass Beginning 1.99 1.90 1.87 1.18 

3rd Pass Middle 1.83 1.96 2.01 1.47 

3rd Pass End 1.94 2.01 2.06 1.01 
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11/12/2019 – 11:00 AM DO Values (mg/L) 

Location Sys 1A Sys 1B Sys 2A Sys 2B 

1st Pass Middle 0.44 0.28 0.65 0.79 

1st Pass End 2.91 2.09 2.14 2.25 

2nd Pass Beginning 2.80 1.85 1.80 1.49 

2nd Pass Middle 2.08 2.02 1.30 1.01 

2nd Pass End 3.02 3.14 1.97 2.30 

3rd Pass Beginning 1.78 2.04 2.03 1.56 

3rd Pass Middle 1.71 1.79 2.25 1.33 

3rd Pass End 1.92 2.26 2.54 1.51 
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APPENDIX G – MLE RECYCLE RATIO ANALYSIS 
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APPENDIX H – SAFETY DATA SHEETS 
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