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ABSTRACT 

 
 Domestic wastewater contains resources such as water, nutrients and energy-rich 

organics. The current wastewater treatment paradigm, however, consumes resources, rather than 

recovering them. Multiple-compartment anaerobic bioreactors, such as the anaerobic baffled 

reactor (ABR), are useful treatment systems for the implementation of the anaerobic microbial 

processes of hydrolysis, acidogenesis, acetogenesis and methanogenesis in treating domestic 

wastewater. The simple designs allow for methane generation with little or no energy input, 

while simultaneously reducing volumes of waste sludge relative to that generated in conventional 

energy-intensive aerobic treatment practices.  

 Prior to the adoption of anaerobic systems as mainstream wastewater treatment processes, 

further research and development of nutrient and energy recovery are necessary, including the 

comparison to conventional wastewater treatment technologies. The use of modeling and 

computer simulation for treatment performance and resource recovery predictions would make 

anaerobic treatment technologies more accessible and provide a better understanding of the 

processes involved. In an effort to promote the widespread use of anaerobic systems as 

sustainable treatment options, the research aim was to assess the feasibility of using a computer 

simulation tool common to industry practice to model the effectiveness of wastewater treatment 

and methane generation of a pilot-scale multi-compartment ABR. Data from a multi-year study 

of an ABR in Golden, CO, were utilized for simulation, calibration and validation. 

 The key finding was that creation, calibration and validation of a BioWin simulation 

modeling the ABR was possible. The simulation was able to predict concentrations of chemical 

oxygen demand (COD) removal performance and methane generation within 10 percent. The 
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overall success of the simulation required appropriate characterization of the influent wastewater, 

use of median concentrations from the data set and limited use of methane in determining COD 

concentrations. Employment of this simulation will help with understanding the complex 

processes involved in anaerobic treatment, simplify reactor development and make anaerobic 

treatment more accessible. 
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CHAPTER 1  

INTRODUCTION 

 
 Wastewater treatment conventionally directs waste away from society, removes 

contaminants at significant costs and releases the treated water back into the environment. 

Unfortunately, this treatment paradigm ignores the valuable resources contained within the 

untreated water. Discovery and development of alternative treatment methods, which include 

identification and recovery of all useable resources within wastewater, create a treatment 

paradigm shift. Wastewater treatment is no longer about removing contaminants, it is about 

sustainable treatment practices that minimize waste, decrease energy consumption and encourage 

full reuse of available assets (Guest et al., 2009; McCarty et al., 2011). 

 One such treatment method is the development of mainstream anaerobic technology 

(McCarty et al., 2011). Anaerobic digestion has been extensively used as a method of 

stabilization of sludge generated from aerobic systems in conventional wastewater treatment 

plants, such as the activated sludge and trickling filter systems (Foresti et al., 2006). Anaerobic 

microorganisms can degrade organic matter in the wastewater to simple compounds and then to 

methane. Methane can be captured and converted to electrical and heat energy with use of 

turbines or fuel cells (Tchobanoglous et al., 2014). Bioreactors that employ anaerobic processes 

to treat raw domestic wastewater represent a viable alternative to traditional aerobic wastewater 

treatment due to their low complexity and ability to generate methane-rich biogas with little or 

no energy input, while simultaneously reducing volumes of waste sludge (Pfluger, 2018). The 

biomass produced in aerobic and anoxic processes must be separated from the water stream, 
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concentrated through thickening, stored, and transported offsite, leading to more land and energy 

use. 

 U.S. wastewater treatment plants consume approximately 30 billion kilowatt hours of 

electricity per year, or approximately 1% of the total electricity use (Electric Power Research 

Institute, 2013). For municipalities with centralized treatment systems, energy costs consume 

approximately 40% of the operating budget. With increasing populations and more stringent 

treatment requirements, the demand for energy will only increase (U.S. Environmental 

Protection Agency, 2013). The majority (52%) of the electricity consumption in conventional 

aerobic treatment plants is incurred through aeration of bioreactors, while an additional 30% of 

the energy is used in management of solids created by these processes; pumping requirements to 

move wastewater between processes consume another 15% of the electricity (Electric Power 

Research Institute, 2013). Implementation of anaerobic bioreactors would eliminate the majority 

of these costs, especially with the use of systems that use gravity to control the flow rather than 

pumps. 

 Currently, full-scale implementation of anaerobic bioreactors is only seen in tropical 

climates common to South America and Asia (Chernicharo et al., 2015; Lettinga et al., 2001; 

Van Lier et al., 2008). This is due to the perception that treatment results meeting applicable 

effluent discharge requirements can only be met by the improved performance of the microbial 

community in warmer temperatures (greater than 35 °C). Where the environment does not 

naturally provide these temperatures, heating techniques or additional treatment processes are 

required, negating the energy benefits acquired through anaerobic treatment (McCarty et al., 

2011; Robles et al., 2018; Sutton et al., 2011). However, research in this area continues and 

viable reactor systems are being developed that meet the effluent goals for water reuse and 
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include energy and nutrient recovery (Chernicharo et al., 2015; Hahn & Figueroa, 2015; Pfluger, 

2018; Shoener et al., 2014). 

 Therefore, anaerobic technology should be considered as a sustainable waste treatment 

option and a viable alternative to other energy intensive processes. In an effort to increase the use 

of anaerobic treatment systems, the feasibility of creating a computer simulation representing a 

pilot scale four-compartment anaerobic baffled reactor to predict the removal of chemical 

oxygen demand (COD) and methane generation with varying temperature and hydraulic 

residence time (HRT) within 10 percent was evaluated. Simulation development occurs with 

identification of an appropriate model for data generated in the treatment process through 

sensitivity analysis, calibration and validation. A successful simulation can be employed to help 

understand the complex biological and chemical processes involved in anaerobic treatment. 

Additionally, development of modified systems can be streamlined through use of a simulation 

without the costs of time and resources in building physical test beds. Finally, a simulation 

capable of predicting the generation of recoverable resources may make anaerobic treatment 

more accessible (Batstone et al., 2002; Dursun et al., 2012; Guest et al., 2009). 
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CHAPTER 2  

LITERATURE REVIEW 

 
2.1  Anaerobic Treatment Systems 
 
 Anaerobic wastewater treatment technology requires much less energy than traditional 

aerobic wastewater treatment practices because energy-intensive aeration is not required. 

Aeration is not required due to the primary use of biological removal of organic compounds 

through degradation in anaerobic environments. The microbial processes involved in anaerobic 

treatment processes include hydrolysis, acidogenesis, acetogenesis and methanogenesis. 

Hydrolysis is the degradation of undissolved complex organic matter, such as proteins, lipids and 

carbohydrates, into dissolved less-complex matter easily transferred through microbial cell walls. 

The process is carried out by hydrolytic bacteria that use water (hydro) to split the compounds 

(lysis) by producing enzymes that break the bonds of the more complex matter releasing the 

simple compounds. During the enzymatic hydrolysis process, proteins are hydrolyzed to amino 

acids, carbohydrates to simple sugars and lipids to long chain fatty acids (LCFAs) (Gerardi, 

2003; Van Lier et al., 2008). 

 Acidogenesis is the acid-forming stage where the hydrolysis products (amino acids, 

simple sugars, LCFAs) diffuse inside the bacterial cells through the cell membrane. Here, they 

are subsequently fermented or anaerobically oxidized resulting in the production of carbon 

dioxide, hydrogen gas, and organic compounds. Included in the organic compounds are volatile 

fatty acids, such as acetate and propionate. These products become the primary substrate for later 

methane production. Acidogenesis occurs at the fastest rate, produces the most energy and 
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results in the largest cell yield in comparison to the other anaerobic processes (Gerardi, 2003; 

Van Lier et al., 2008). 

 The short chain fatty acids other than acetate produced in the acidogenesis step are 

further converted to acetate, hydrogen gas and carbon dioxide by acetogenic bacteria in the 

acetogenesis stage. Acetogens are inhibited from forming acetate by the presence of hydrogen 

gas. In stabilized digesters, hydrogen gas partial pressure is maintained at an extremely low level 

through effective uptake of the hydrogen by methanogenic bacteria (Gerardi, 2003; Van Lier et 

al., 2008). 

 The final stage is the methane-forming stage or methanogenesis. Methane-forming 

bacteria are grouped in the domain Archaea and are obligate anaerobes, meaning they need 

environments that lack oxygen, such as the digestive tracts of ruminants or wetlands like marshes 

or swamps. Methanogens are classified within three orders and four families according to their 

structure, substrate utilization, types of enzymes produced, and temperature range of growth. In 

wastewater modeling, methanogens are classified into two major groups: acetoclastic 

methanogens (acetate utilizing) and hydrogenotrophic methanogens (H2 utilizing). The genera 

Methanosaeta and Methanosarcina are most common for acetoclastic methanogens present in 

anaerobic wastewater treatment; however, some Methanosarcina species can use substrates other 

than acetate including H2, formate and methanol. H2 utilizers are typically in the orders 

Methanobacteriales or Methanomicrobiales. In anaerobic digestion, the majority of methane 

(70%) is produced through the fermentation of acetate with a smaller amount generated through 

the reduction of carbon dioxide with hydrogen as the electron donor (Gavala et al., 2003; Van 

Lier et al., 2008). The very slow growth rate of acetoclastic methanogens is the reason for the 

substantial start up time for anaerobic treatment systems (Gavala et al., 2003). Initial anaerobic 
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treatment systems may contain higher levels of hydrogenotrophic and Methanosarcina species; 

however when the systems are dominated by Methanosaeta species, the reactors are considered 

stable and effective for treatment (Gavala et al., 2003; Hahn et al., 2016; Pfluger, 2018; Van Lier 

et al., 2008). 

 Anaerobic digestion is typically used for degradation of the sludge generated from settled 

solids from primary clarifiers and aerobically produced waste activated sludge from secondary 

treatment processes (Chernicharo, 2007). Conventional digesters are classified as reactors with 

low organic loading in relation to the volume of the reactor and they lack the ability for the 

formation of large quantities of active biomass, even with long HRT. The digesters are covered 

cone-bottom tanks with outlets to allow gas to escape. The tanks are used primarily for 

hydrolysis of particulate matter while the cone shape promoted settling of solids. Low-rate 

digesters do not contain mixers, allowing for stratification of the water into a scum layer on top 

and sludge layer on the bottom. Effluent water is removed from a location between these layers, 

similar to the septic tanks developed in the 1800s and still in use today (Chernicharo, 2007; 

McCarty, 1981). Digesters including mixers were developed to decrease HRT and are modeled 

as continuously stirred tank reactors (Chernicharo, 2007).  

 Further research showed that anaerobic processes could be used to treat raw domestic 

wastewater, not just sludge produced from aerobic systems (McCarty, 1981). The advantages of 

anaerobic treatment of wastewater in comparison to traditional aerobic practices include low 

production of biological waste or sludge, low nutrient requirements, no oxygen requirements and 

the production of methane gas (McCarty, 1964). Each of these advantages result in less waste 

and reduced energy requirements. In contrast to the conventional sludge digesters, high-rate 

systems for wastewater treatment were created to retain the active biomass through 



 

 7

immobilization in smaller tanks with higher volumetric organic loading (Chernicharo, 2007). 

Initial high-rate systems, developed in the late 1950s and 1960s, included fixed or attached 

microbial growth. These were known as anaerobic filters where packing material or media was 

used for colonization by bacteria and water was either sent up or down through the filter 

(Chernicharo, 2007; McCarty, 1981; Rittmann & McCarty, 2001). Further microbial anaerobic 

treatment development in the 1980s encompassed the use of rotating discs to help shear the 

biomass build up on the media and expanded (high velocity) or fluidized beds (higher velocity) 

where the attachment media consisted of small particles such as sand or granular carbon 

(Chernicharo, 2007; Rittmann & McCarty, 2001). In 1979 and 1980, a research group in the 

Netherlands developed the upflow anaerobic sludge blanket (UASB) reactor (Lettinga et al., 

1980). The unique aspect of the UASB system is the upflow of wastewater through a dense 

“sludge bed” with high microbial activity at the bottom of the reactor, which then passed into a 

light “sludge blanket” near the top of the reactor. A gas-solid separator is used to separate an 

internal settling tank located at the top of the reactor from the main treatment area. The upflow 

and separator create mixing to remove gases from the liquid and also promote solids settling so 

that well-treated effluent exits the reactor at the top. The treatment systems are simple in design 

and require no media or mechanical mixing devices (Chernicharo, 2007; Lettinga et al., 1980). 

 During the same time as the UASB development, McCarty and Bachmann developed the 

anaerobic baffled reactor (ABR) based on the rotating disc system. They realized the disc system 

did not actually need to rotate and instead used a series of baffles that forces the water to move 

under and over the walls. While the bacteria still rose and fell with the water movement, the 

horizontal progression through the reactor was slow. The novel configuration allowed the 

wastewater extended contact time with the microbial treatment regions while retaining biomass 
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in the reactor (Bachmann et al., 1985; McCarty, 1981). The ABR has favorable characteristics 

like other anaerobic treatment systems, such as simple design, no moving parts, and minimal 

biomass production. It also improved previous designs by reducing the potential for clogging 

seen in anaerobic filters, eliminating the need for attachment media necessary for fixed-growth 

systems, and avoiding the requirement for a gas-solids separator as with the UASB. Further, the 

baffles enabled the overall anaerobic biological processes to be separated longitudinally through 

the system. This allowed for the combination of multiple stages, including hydrolysis, 

acidogenesis and methanogenesis, into one reactor with separate regions containing different 

productive dominant processes (Barber & Stuckey, 1999).  

The distinctive utility of the UASB and ABR come from the low generation of biomass 

due to low growth yields. In addition, the retained biomass in the sludge beds does not require 

removal or wasting, eliminating the need for digesters used in processing activated sludge. The 

collection of biomass within the reactor separates the solids retention time from the hydraulic 

retention time, improving the overall performance of wastewater treatment without the need for 

attached growth media (Barber & Stuckey, 1999; McCarty, 1964). The anaerobic baffled reactor 

is the focus of the simulation modeling study; however, rather than baffles, downcomer pipes 

were utilized to direct wastewater through a sludge blanket to create upflow and downflow 

conditions in sequential compartments (Pfluger, 2018). 

2.2  Modeling 
 
 Models can be developed to represent treatment and predict performance through rate 

equations relevant to the processes involved. Rather than physically designing and building new 

treatment systems, engineers can instead use models based on mathematical equations to vary 

input, project performance and test configurations. Models can also provide maximum and 



 

 9

minimum limitations for processes and permit testing of alternate values (Henze et al., 2002). 

Models need to balance being as simple as possible with representing the most relevant cause 

and effect relationships and providing predictive capability (Donoso-Bravo et al., 2011). Model 

development typically involves identification of key processes involved in a system, 

identification of the controlling equations, parameter estimation based on prior knowledge, 

sensitivity analysis to determine the parameters with the strongest influence, accuracy 

assessment based on selected experimental data and validation of the model using different 

conditions. Model development may be iterative where each step in the procedure can lead to 

reformulation of the selected model and parameter values to develop a model suited for its 

intended purpose (Donoso-Bravo et al., 2011; Lauwers et al., 2013).  

 Bacterial rate equations provide the foundation for the development of models used in 

wastewater treatment. Bacterial growth and decay kinetics are generally modeled using the 

Monod equation developed in the 1940’s by French microbiologist Jacques Monod. The 

expression shows how growth is limited by the amount of substrate was later adapted to include 

the decrease in biomass using the endogenous decay rate (Rittmann & McCarty, 2001; 

Tchobanoglous et al., 2014). A popular rate expression frequently used to model hydrolysis is 

the Contois equation, which bases the growth rate on the population. The Arrhenius equation is 

often used to account for the effects of temperature on biochemical reactions (Rittmann & 

McCarty, 2001). First order reaction rates are utilized when a reaction rate varies proportionally 

with the concentration of a rate limiting substrate, whereas zero order kinetics do not depend on 

concentration and second-order reactions are dependent on concentrations of two substrates 

(Rittmann & McCarty, 2001; Tchobanoglous et al., 2014). The rate expressions are listed in 
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Equations 2.1 through 2.4 for Monod, Equation 2.5 for Contois, Equation 2.6 for Arrhenius and 

the symbol definitions are listed in Table 2.1. 

μ = μ
S

K + S  – b Equation 2.1

rut = – 
qS

K + S Xa Equation 2.2

μ = qY Equation 2.3

rnet = Y
qS

K + S Xa – bXa Equation 2.4

rut = –
qS

BXa + S Xa Equation 2.5

kT2 = kT1ϕ(T2-T1) Equation 2.6

Table 2.1 Table of symbols, parameters they represent and units (Rittmann & McCarty, 2001; 
Tchobanoglous et al., 2014). 

Symbol Parameter Units 

μ or μ′ Net specific growth rate 1/time μ or μmax  Maximum specific growth rate 1/time 

S Substrate concentration masss/volume 

K or Ks Half-velocity constant; substrate concentration at 
which the growth rate is half of the maximum rate masss/volume 

b or kd Endogenous decay coefficient 1/time 

rut or rsu Rate of substrate utilization masss/(volume-time) 
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Table 2.1 Continued 

Symbol Parameter Units q  Maximum specific rate of substrate utilization masss/(massx-time) 

Xa Active biomass concentration massx/volume 

Y Yield of biomass per amount of substrate consumed massx/masss 

rnet or rg′ Net biomass growth rate massx/(volume-time)

B Constant (inverse of yield) masss/massx 

k Reaction rate Reaction dependent 

T Temperature °C 

ϕ Temperature-activity coefficient NA 

 

 The use of activated sludge models in anaerobic treatment systems is not applicable, but a 

similar approach can be utilized for development of anaerobic models (Bagley & Brodkorb, 

1999; P. S. Barker & Dold, 1997). Two such models are the general model created by Barker and 

Dold (1997) and the IWA Anaerobic Digestion Model 1 (ADM1) created by Batstone et al. 

(2002). The general model is used for activated sludge, but includes refinements for anoxic and 

anaerobic zones. These models use similar, but sometimes incompatible, naming conventions as 

the ASM models, and include key microbial processes of hydrolysis, acidogenesis, acetogenesis 

and methanogenesis found in anaerobic digestion. One limiting factor of these anaerobic models 

is the fact they are designed for the continuously stirred tank reactor (CSTR) configuration. 

However, they are similar to the ASM in that they provide a platform for subsequent 

refinements. Subsequently, review of literature specific to the anaerobic treatment method and 
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substrate utilized is recommended when available, especially for kinetic parameters. For 

example, Costello et al. (1991) created a model based on the UASB, Bagley and Brodkorb 

(1999) created a model for the anaerobic sequencing batch reactors, and Bachmann et al. (1985) 

created a model for the ABR based on fixed film modeling. Anaerobic reactor models can vary 

from the complex, using over 80 parameters, to the simple, using only 8, and use of simulation 

programs implementing the required models is recommended (Batstone et al., 2002; Erickson, 

2018). 

2.3  Simulators 
 
 These microbiological models differ from simulation programs, also called simulators. A 

simulator is a computer program that utilizes developed models in conjunction with other 

physical and chemical processes, linking all of them with a particular treatment system 

configuration. The ultimate goal of a simulation program is to represent the wastewater treatment 

processes, allowing the user without knowledge of computer programming the flexibility to 

incorporate variations in complexity (Melcer et al., 2003). Properly calibrated simulations can 

provide a useful tool for understanding treatment processes and quantifying performance in 

alternative configurations, allowing for optimization of new or existing treatment systems 

(Dursun et al., 2012; Lauwers et al., 2013). Simulations follow the same process for model 

development including configuring a physical system, gathering information, sensitivity analysis, 

calibration and verification (Melcer et al., 2003). 

 Simulation software packages are generally commercially available and have various 

components that distinguish them. A full review of the software packages was not conducted, but 

some of the more common simulators include AQUASIM, WEST, GPS-X, STOAT, and 

BioWin. All of the programs listed above incorporate versions of the ASM, ADM or general 
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models in their simulations that are primarily used for aerobic activated sludge and anaerobic 

digestion of sludge in conventional wastewater treatment plants (WWTP). AQUASIM is a freely 

available program developed and maintained by the Swiss Federal Institute for Environmental 

Science and Technology. It incorporates spatial configurations to assist in predicting 

hydrological effects in simulations and also allows for compiling of the software for installation 

on non-Windows based computers (Reichert, 1995). WEST is another globally recognized tool 

created by DHI in Denmark and is available through MIKE Powered by DHI. The program 

includes integrated urban water systems, greenhouse gas emissions, and anaerobic ammonium 

oxidation modeling (MIKE Powered by DHI, 2019). GPS-X, by Hydromantis in Canada, is used 

for both water and wastewater treatment plants and includes standard packages for greenhouse 

gas emissions and carbon footprints. Hydromantis is also the developer for CAPDET Works, a 

cost estimation tool for wastewater treatment plants (Hydromantis, 2019). STOAT is a free 

program used for WWTP modeling and simulation created and maintained by Water Research 

Centre Limited in Wiltshire, England, U.K (Water Research Centre Limited, 2019). 

 BioWin is a wastewater treatment process simulator that uses proprietary biological 

models supplemented with other process models such as water chemistry and mass transfer gas-

liquid interactions. The program was developed by EnviroSim Associates Limited in Ontario, 

Canada. The unique biological model was based on ASM, ADM and general models and further 

developed through extensive research efforts and ultimately designed to reduce the amount of 

calibration required by users. It utilizes four-populations to model anaerobic systems: 

heterotrophs for hydrolysis and fermentation; acetogens for acetogenesis; and both acetoclastic 

and hydrogenotrophic methanogens for methane generation. The microbial processes and 

naming conventions were developed so as to be compatible with other aspects of their software 
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(i.e. ASM) and are depicted in Figure 2.1. BioWin has an extensive number of parameters and 

state variables used in calculations and tracking. Variables are easily modified, and the program 

also permits users to build and utilize their own models. In addition, the program allows for 

biogas generation and the subsequent reuse of the gas for combined heat and power integrated 

with electricity and chemical costs available for process elements. Simulation reports can be 

created and edited within BioWin, but export options are also available for use with external 

programs such as Microsoft Excel or Word (EnviroSim Associates Ltd., 2017). The BioWin 

program was selected for Mines Park simulation study due to its frequent industry use in the 

United States. Version 5.3 was used for the simulation modeling; an updated version 6 is 

available at the time of this writing. 

2.4  Anaerobic Simulations 
 
 Literature review revealed very few publications adapting BioWin for anaerobic 

wastewater treatment processes. The most instrumental for development of the simulations for 

the ABR was the article and example simulation published by the BioWin developers. The 

UASB example utilizes an anaerobic digester element coupled to a point clarifier element. The 

point clarifier allows for the creation of the sludge bed by accumulating solids with a typical 

range of total suspended solids (TSS) between 30,000 to 50,000 milligrams per liter (mg/L). This 

modification to the digester element creates the decoupling of HRT and solids retention time 

(SRT) observed in UASBs and ABRs which is instrumental in effective anaerobic wastewater 

treatment (EnviroSim Associates Ltd., 2011). As the ABR is often characterized as a collection 

of UASB in series, the UASB example was used as the basis to model the ABR (Barber & 

Stuckey, 1999; Pfluger, 2018; Van Lier et al., 2008). 
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Figure 2.1 Schematic of anaerobic digestion adapted from the BioWin Help Manual (EnviroSim 
Associates Ltd., 2017). Values in blue squares indicate processes, while the values in circles 
indicate concentrations used or generated in the processes.  
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 Sonmez et al. (2011) utilized BioWin to determine the theoretical performance of a 

Decentralized Water Treatment System (DEWATS) for use in internally displaced persons 

camps in Haiti. The DEWATS included a five-compartment ABR and an anaerobic filter, which 

were both simulated using a single anaerobic digester element each with point clarifiers. The 

publication provided limited influent wastewater characteristics (flow rate, total chemical oxygen 

demand (tCOD), biological oxygen demand (BOD5), TSS, nitrogen (N) and phosphorus (P)) 

developed from estimation of urine and feces generated per person per year and did not include 

any parameter variables utilized in BioWin, including temperature. Sonmez utilized the 

theoretical results to recommend DEWATS as a treatment option for the camps in comparison to 

other solutions. 

 Another study with limited knowledge of influent characteristics was conducted by 

Midkiff (2016), where a BioWin simulation utilized a sedimentation chamber element and 

anaerobic digester element to model an Imhoff tank utilized at a WWTP in Leymebamba, Peru. 

However, only flow rate (290 m3/d), average temperature (16 °C), BOD5 (284 mg/L) and TSS 

concentrations (132 mg/L) were available in their study. The measured values were used to 

create an influent element and the remaining characteristics were calculated utilizing literature or 

BioWin default values. Sensitivity analysis showed the system was most affected by the 

carbonaceous BOD to BOD ratio, volatile suspended solids (VSS) to TSS ratio, percent 

suspended solids removal, and the particulate inert COD fraction. Without changing any 

stoichiometric or kinetic parameters, Midkiff’s simulation under-predicted BOD5 removal by 

25% and over-predicted TSS removal by 25%. However, her primary purpose was to determine 

the effects of different maintenance scenarios of the WWTP, not model the treatment efficiency 

of the WWTP.  
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 Li et al. (2016) utilized BioWin to simulate the performance of a bench-scale modified 

anaerobic baffled reactor. The configuration was similar to the treatment system used for the 

Mines Park ABR (Pfluger, 2018), in that four separate compartments were used; however, the 

baffles for the second and third compartments were comprised of a series of slopes angled 

downward to enhance turbulence. The total volume of the system was approximately 55 L and 

was operated at 30 °C. The system was modeled in BioWin utilizing an anaerobic digester and 

point clarifier for each compartment and included wastewater characterization utilizing the 

BioWin influent specifier tool. The researchers utilized synthetic wastewater generated from 

combining low strength wastewater (approximately 240 mg tCOD/L) and glucose to increase the 

tCOD to 1000 mg/L. Li et al. calibrated and validated their model using experimental values 

from their system but were unable to use the default kinetic values provided by BioWin to 

accurately predict the performance of the heterotrophic and acetogen bacteria. Li et al. 

characterized the influent wastewater to be 78% readily biodegradable, with 3% of that as 

acetate.  In addition, the total COD was 8% soluble unbiodegradable and 5% was particulate 

unbiodegradable. The maximum specific growth rate of the OHO was 5.4/d, the substrate half-

saturation constant was 3.8 mg COD/L, and the anaerobic decay rate was 0.6/d. The acetogen 

half-saturation constant was 6.5 mg COD/L. Performance of their ABR, including effluent tCOD 

and TSS concentrations, biogas flow and pH, were successfully simulated within 13%. 
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CHAPTER 3  

METHODS AND MATERIALS 

 
3.1  Mines Park Anaerobic Baffled Reactor 
 
 A pilot-scale anaerobic baffled reactor was implemented in November 2015 at the Mines 

Park Wastewater Test Bed in Golden, Colorado. A schematic of the treatment system is depicted 

in Figure 3.1 (Pfluger, 2018). The treatment system consisted of three equal-sized cylindrical 

compartments with 0.152 m radius and 3.66 m height, each containing 240 L of wastewater for a 

total system volume of 720 L. Approximately one year later, a fourth cylindrical compartment 

with the same radius and 1.22 m height was added. The fourth compartment was a fixed-film 

reactor containing approximately 30 L of polyethylene wheels as media for biofilm growth and 

added an additional 80 L to the total hydraulic volume. The system continues to operate at the 

time of this writing; however, data used in this study were collected while the system operated at 

a 24-hour hydraulic residence time (8 hours per compartment) and 26.7 hours when the fourth 

compartment was added, from the inception until September 2018. 

Wastewater from the 250-unit Mines Park housing complex was directed to a 2500-

gallon holding tank with a submerged grinder pump and 2 mm screen. Wastewater from the 

holding tank was delivered to a 40-gallon influent feed tank prior to being delivered to the 

reactor system at a rate of 720 L/d. Wastewater was treated as it flowed sequentially through the 

sludge bed or fixed-film of each reactor compartment. Each compartment contained a down-

comer pipe that routed influent wastewater from the previous compartment to the sludge bed at 

the bottom of the next compartment. The water flowed upward through the sludge bed and into a 

clarified zone with an up-flow velocity of 0.41 m/h. The wastewater exited each compartment 
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through an effluent pipe located at the top of each compartment just below the water surface. The 

full operational history of these digesters and analytical methods for key operational parameters 

including COD removal and daily biogas production has been described in detail elsewhere 

(Pfluger, 2018). 

 

Figure 3.1 Mines Park pilot-scale anaerobic treatment system (Pfluger, 2018) 

 

The treatment system operated year-round at ambient air temperatures ranging from -20 

to 37 °C, with an average temperature of 12 °C at 0.82 atm (National Centers for Environmental 

Information & National Oceanic and Atmospheric Administration, 2019). Wastewater 

temperatures varied between 6 and 27 °C with an average of 18 °C. During school breaks when 

the housing complex contained fewer occupants, the influent wastewater contained lower 

concentrations of contaminants such as COD and solids.  

3.2  Data Used in Modeling 
 

The standard deviation for each wastewater component concentration, temperature and 

pH were determined using all values from the overall dataset. The median of the values within 

one standard deviation were subsequently utilized for comparison. Median values were also 



 

 20

calculated by year of operation and by month and year. The purpose of data categorization was 

to identify stable reactor performance with typical influent characteristics to use in calibration of 

the simulation. The month of September 2017 was chosen as it is representative of the overall 

system performance while school was in session and the Mines Park community was at full 

capacity. Additionally, all compartments of the treatment system were operational for at least 10 

months allowing them to stabilize. Last, all testing and monitoring equipment was fully 

operational during this month. The key constituent median values from November 2015 to 

September 2018 are listed in Table 3.1 and all median values for September 2017 utilized in the 

simulation are in Table 3.2. VSS was calculated utilizing measured particulate COD (pCOD) 

values and the typical wastewater ratio wherein pCOD is equal to 1.6 times the concentration of 

VSS (Contreras et al., 2002; Melcer et al., 2003). An additional calculation for TSS was utilized 

based on the VSS which was determined to be approximately 90% of the TSS (Pfluger, 2018). 

BOD5 concentrations were calculated utilizing the measured tCOD concentrations and the 

median ratio tCOD:BOD5 of 2.55 mg tCOD/mg BOD5. Measured concentrations for total 

Kjeldahl nitrogen (TKN) and phosphorus were unavailable and were calculated based on typical 

wastewater ratios where ammonia and phosphate are respectively 75% of the TKN and total 

phosphorus concentrations (EnviroSim Associates Ltd., 2017; Melcer et al., 2003). For the 

September concentrations without data, the values in Table 3.1 were utilized. Sample 

calculations are available in APPENDIX A. 
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Table 3.1 Median values for the ABR wastewater characteristics, November 2015 to September 
2018 (Pfluger, 2018). 
 

Influent C1 C2 C3 C4 
tCOD (mg COD/L) 424 302 268 241 193 
sCOD (mg COD/L) 194 194 158 150 115 
pCOD (mg COD/L) 230 108 110 91 79 
dCH4 (mg/L) 

 
35 32 35 37 

Total Methane (L/d)  22 20 26 14 
pH 7.5 7.5 7.5 5.9 5.9 
Temp (°C) 17.4 17.4 17.7 17.4 18.7 
TSS (mg/L) 128 77 57 46 39 
VSS (mg/L) 113 68 52 41 113 
BOD5 (mg/L) 198 120 198 120 71 

 

Table 3.2 ABR wastewater characteristics for September 2017 (Pfluger, 2018). 

Influent C1 C2 C3 C4 
tCOD (mg COD/L) 442 244 220 198 181 
sCOD (mg COD/L) 179 109 96 96 85 
pCOD (mg COD/L) 263 135 124 102 96 
pH 7.6 7.3 6.3 5.8 6.7 
Temp (°C) 22.8 22.5 22.1 22.8 22.2 
TSS (mg/L)1 183 94 86 71 67 
VSS (mg/L)1 164 84 77 64 60 
BOD5 (mg/L)1 173 96 86 78 71 
dCH4 (mg/L) ** ** ** ** ** 
Total Methane (L/d) ** ** ** ** ** 
Acetate (mg COD/L) 16.5 37.4 17.3 21.9 12.9 
Propionate (mg COD/L) 11.2 8.0 4.8 4.8 2.5 
Alkalinity (mg CaCO3/L) 233 ** ** 333 332 
TKN (mg N/L)1 69.9 ** ** 75.3 74.1 
Sulfate (mg/L) 46.8 11.2 7.4 5.1 7.6 
Ammonia (mg N/L) 52.4 ** ** 56.5 55.6 
Phosphorus (mg P/L)1 7.8 6.9 7.1 8.1 7.7 
Phosphate (mg P/L) 5.8 5.2 5.3 6.0 5.8 
Calcium (mg/L) 27.7 ** ** 31.7 34.5 
Magnesium (mg/L) 7.1 ** ** 8 9.2 

1 Values were calculated based on typical wastewater characteristics. 
** No data for September 2017; if available, values from Table 3.1 were used. 
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3.3  Modeling with BioWin 
 
 Models to describe the ABR process were proposed when the process characteristics 

were first presented (Bachmann et al., 1985). Modeling efforts continue to improve but also have 

become more complicated; however, the fundamentals of the modeling framework, and 

subsequent implementation into computer-based simulation software, have remained the same. 

Ideally, the process involves model selection based on prior knowledge through data collection 

or experimental design of a physical system. A sensitivity analysis is conducted to determine the 

most influential processes or parameters and model validation occurs to test the model’s 

predictive ability. Reformulation of the design, model, and parameters are a continual process 

(Henze et al., 2002; Lauwers et al., 2013; Melcer et al., 2003). 

 In keeping with the traditional framework, the same processes were followed in the 

Mines Park ABR simulation study. The physical parameters mirrored the existing reactor 

configuration described in Section 3.1. Data regarding the system’s operation and performance 

were previously collected and analyzed for outliers. Model selection was predetermined as use of 

the BioWin simulation program dictates default equations and calculations. Model selection was 

therefore limited to the review of the experimental data and literature for applicable kinetic and 

stoichiometric parameters. 

 A sensitivity analysis was conducted using the EnviroSim UASB example model with 

physical modifications for the size of the treatment system, the wastewater characteristics and 

flow. The sensitivity analysis was further divided into three key categories, including physical 

(flow, digester volume, etc.), wastewater fractions and kinetic values. BioWin parameters were 

altered by 10 to 50% from the default values provided in the example to determine the variables 

with the largest impact on key constituents of concern. 
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 While BioWin makes access to the model values representing the processes more user 

friendly, they are certainly no less complex. BioWin has 21 fractions for characterizing influent 

wastewater, over 50 state variables with another 20 non-state variables, and over 200 kinetic and 

stoichiometric values, which can be altered for the anaerobic digestion element. These numbers 

do not include the additional add-ons available in the model builder or physical characteristics. 

Consequently, the study scope was limited to key constituents of concern. The relevant 

constituents included tCOD, pCOD, soluble COD (sCOD), acetate, propionate and methane. 

TSS, VSS, cBOD, pH and temperature were additionally monitored, but only as indicators for 

invalid data or problems with the simulation. A detailed description of wastewater characteristics 

and constituent fractions is presented in Melcer et al. (2003). 

 Model calibration was conducted by adjusting the key kinetic and stoichiometric 

parameters to fit the experimental data for September 2017. The parameters identified during the 

sensitivity analysis as either irrelevant for this study or as having little influence (less than 2%) 

on performance remained as BioWin default values and were not analyzed further. 

 Validation of the simulation was carried out through direct comparison of the predicted 

simulation outcomes for the constituents of concern to the historical data. Cross-validation of 

similar systems was not conducted due to insufficient comparable data. However, operational 

parameters such as seasonal performance based on temperature, HRT and variations in influent 

COD were tested. Validation was conducted for performance at temperature ranges below 16 °C, 

between 16 and °20 C, greater than 20 °C, 40-hr HRT and influent COD concentrations between 

390 and 502 mg COD/L. 
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CHAPTER 4  

BIOWIN MODELING RESULTS 

 
 The Mines Park ABR simulation was built using five types of elements: the anaerobic 

digester, point clarifier, COD influent, effluent and pipes. The anaerobic digester element was 

originally designed to represent the digestion of primary and waste activated sludge from the 

typical activated sludge wastewater treatment systems. When used in conjunction with the point 

clarifier, the elements are used to represent the design of the UASB or ABR. The point clarifier 

is used to create recirculation of the sludge and allows for the accumulation of suspended solids, 

creating the sludge bed and decoupled HRT and SRT characteristic of UASB and ABR treatment 

systems (EnviroSim Associates Ltd., 2011). Three types of influent elements (COD, BOD and 

stream) are used to control the wastewater flow and characteristics in BioWin. As they are 

named, the COD and BOD base the influent organic strength on COD and BOD respectively. 

The stream influent, also called the “green stream” due to its icon display color, allows for user-

defined characteristics rather than total concentrations such as COD (EnviroSim Associates Ltd., 

2017). The effluent element has no bearing on the performance and is instead a receptacle for the 

final treated effluent values for the treatment process. Pipe color and size can be altered by the 

user but do not impact the simulation performance. The simulation layout is depicted in Figure 

4.1.  
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Figure 4.1 BioWin drawing board depiction of the Mines Park ABR using the COD influent 
element. An additional simulation using the stream influent element was created but only the 
color of the influent icon differs. 

 
 BioWin allows for two types of simulations that provide solutions for the system. Steady-

state is based on the flow and average influent loading to the system, while dynamic uses time-

varying system or operational responses (i.e. seasonal loading characteristics, temperature 

changes, system start-up development). All model solutions were determined using steady-state 

simulations. Due to the extensive number of parameter settings for each element, only the values 

that affected the constituents of concern are listed in the subsequent sections describing the 

sensitivity analysis, calibration and validation. All other values not displayed either remained at 

the default values or were considered non-essential and are detailed in the electronic 

supplemental files found in APPENDIX C. 

4.1  Sensitivity Analysis 
 
4.1.1  General 
 
 The first process required for model and simulation development is the sensitivity 

analysis, enabling the developer to see which model outputs are most sensitive to parameter 

variations and to determine which parameters are relevant for the system being modeled (Henze 

et al., 2002; Lauwers et al., 2013; Melcer et al., 2003). An understanding of the chemical and 
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microbial processes involved in anaerobic wastewater treatment provides a good starting point. 

For example, oxygen is absent in anaerobic systems, so the processes involving aerobic 

calculations can generally be ignored (i.e. microbial aerobic decay rate). Key areas to focus on in 

anaerobic treatment systems include characteristics such as HRT, temperature, pH or known 

limiting factors, such as substrate concentration or hydrolysis rates (Barber & Stuckey, 1999; 

Costello et al., 1991; Dursun et al., 2012; Melcer et al., 2003; Vavilin et al., 2008). Subsequently, 

analysis focused on variations in the acetate, propionate, VFA, dissolved methane (dCH4), total 

carbonaceous COD (tCBOD), tCOD, TSS, VSS, HRT, SRT and off-gas methane (CH4) 

concentrations. 

 The treatment system utilized for sensitivity analysis was based on the UASB example 

provided by EnviroSim, which was a single-compartment simulation (EnviroSim Associates 

Ltd., 2011). All default values provided in the example were initially retained, except for the 

physical size and temperature of the digester and the COD influent description depicted in Table 

4.1, which were modified to more accurately reflect compartment 1 of the Mines Park ABR. The 

BioWin output from the original configuration was compared to the results generated from 

changes to the system and categorized as physical, kinetic or wastewater fractions. Generally, 

these parameters were increased and decreased by 10% to 50%. Parameters initially set to 0 

values were increased by rational amounts depending upon the ranges reported in literature. 

Sensitivity analysis of the physical characteristics, influent wastewater fractions and kinetic 

parameters identified the specific variables within BioWin that created the most substantial 

impact in the key concentrations. 
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Table 4.1 COD influent characteristics used for sensitivity analysis. These values are the overall 
average of the Mines Park ABR and were only used for this portion of the simulation 
development.  

Name Units Value 
Flow L/d 720 
Total COD  mg COD/L 522 
Total Kjeldahl Nitrogen mg N/L 46 
Total P  mg P/L 13 
Nitrate N  mg N/L 0.7 
pH 

 
7 

Alkalinity  mmol/L 4 
Inert Suspended Solids (ISS)  mg ISS/L 18 
Calcium  mg/L 35 
Magnesium  mg/L 21 
Dissolved O2  mg/L 0 

 
4.1.2  Physical 
 
 Physical analysis revealed the point clarifier percent removal and the digester 

temperature had the most effect on the constituents of concern. Other variables such as the 

physical size of the anaerobic system, flow and pH also had substantial effect, but are 

constrained in reality. The 10% reduction of the headspace pressure produced approximately 1% 

less dissolved methane. Decrease from the default pressure of 103 kilopascals (kPa) to the actual 

atmospheric pressure of the ABR (84.1 kPa) resulted in a 20% reduction in the dissolved 

methane concentrations. The point clarifier underflow from the example was double the system 

flow rate. The sensitivity analysis simulation flow rate was 720 L/d and the point clarifier 

underflow was 1440 L/d. Doubling the underflow to 2880 L/d or reducing it to 720 L/d resulted 

in effluent solids concentrations within 2 mg/L of the baseline. 

4.1.3  Kinetics 
 
 Each anaerobic digester used 111 kinetic parameters divided into 11 categories 

(Common, AOB, NOB, AAO, OHO, Methylotrophs, PAO, Acetogens, Methanogens, pH and 
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Switches) for the anaerobic digester process. The pH kinetic parameters altered the low and high 

pH limits for the growth rate of varying organisms. The pH remained between 6.8 and 7.2 for the 

Mines Park system and subsequently, the 16 pH kinetic parameters were not altered or analyzed 

for sensitivity. Forty-eight of the 111 parameters had no effect on the model outputs and an 

additional 11 parameters only affected non-key characteristics in the point clarifier. The most 

sensitive variables for the system included endogenous product decay rate, hydrolysis rate, 

anaerobic hydrolysis factor, and the acetoclastic kinetic parameters (decay rate, substrate half-

saturation, and max specific growth rate). Table 4.2 lists the top five parameters with the greatest 

impacts and the constituents of concern most affected. 

Table 4.2 Sensitivity analysis results listing the five parameters with the greatest impact on the 
constituent concentrations in the effluent, in order. 

 Acetate and sCOD Methane, tCOD and BOD5 TSS, VSS and pCOD 

1 Acetoclastic max. spec 
growth rate 

Acetoclastic max. spec 
growth rate Hydrolysis rate 

2 Acetoclastic anaerobic 
decay rate 

Acetoclastic anaerobic 
decay rate 

Anaerobic hydrolysis factor 
(AD) 

3 Acetoclastic substrate half 
sat. 

Acetoclastic substrate half 
sat. 

Acetoclastic max. spec 
growth rate 

4 OHO Anoxic growth factor Hydrolysis rate Acetoclastic anaerobic 
decay rate 

5 OHO max. spec. growth rate Anaerobic hydrolysis factor 
(AD) 

Endogenous products decay 
rate 

 

 The most significant decrease in tCOD within the compartment (8%) occurred with the 

increase of the endogenous product decay rate from 0 to 1/d. The most significant increase of 

tCOD within the compartment (35%) occurred with the decrease of the hydrolysis rate constant 

(from 2.1 to 1.05/d) or the anaerobic hydrolysis factor (from 0.5 to 0.25). In BioWin, the term 

“hydrolysis rate” is defined as the rate constant for the hydrolysis of slowly degradable organics 
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into readily degradable substrate. The anaerobic hydrolysis factor is the factor by which 

hydrolysis is reduced under anaerobic conditions (EnviroSim Associates Ltd., 2017). For the 

effluent, the most significant decrease in tCOD (28%) originated with the decrease in 

acetoclastic anaerobic decay rate (0.13 to 0.065/d). Increasing their growth rate from 0.3 to 

0.45/d resulted in a 26% decrease of tCOD. Decreasing the acetoclastic substrate half-saturation 

from 100 to 50 mg COD/L resulted in a 24% decrease of tCOD. The effluent concentrations 

varied inversely with the kinetic parameters. However, the percentage increases in tCOD were 

greater than the percentage of decreases even though the kinetic parameters were altered by the 

same amount (50%). Decreasing the acetoclastic maximum specific growth rate from 0.3 to 

0.15/d resulted in a 72% increase in effluent tCOD (71% for decay rate and 25% for the substrate 

half-saturation constant).  

Across all elements, the most significant increase in TSS (24%) and VSS (34%) occurred 

with either a 50% decrease in the hydrolysis rate constant or the anaerobic hydrolysis factor. The 

most significant decreases in TSS (7%) and VSS (9%) occurred with a 50% increase to the 

acetoclastic anaerobic decay rate or a 50% decrease to acetoclastic maximum specific growth 

rate. 

The greatest increase of dissolved methane from the baseline (11%) occurred with 50% 

reductions in the acetoclastic anaerobic decay rate and substrate half saturation or 50% increases 

to acetoclastic maximum specific growth rate. The most significant decrease of dissolved 

methane occurred with the opposite changes to the same kinetic parameters. However, the 

changes resulted in 44% less methane than the baseline.  

Increase of acetate concentrations occurred with 50% increases in the acetoclastic 

anaerobic decay rate (147% acetate increase) and substrate half saturation (53%) or 50% 
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reduction of the acetoclastic maximum specific growth rate (150%). However, the opposite 

changes to the kinetic variables resulted in approximately 54% less acetate than the baseline. A 

table of these changes to kinetic parameters and the resulting effluent percentage changes are 

depicted in the file Sensitivity.xlsx in APPENDIX C. 

4.1.4  Wastewater Fractions 
 
 Of all of the variables within BioWin, the fractions that determine the composition of the 

COD and influent are the most important. Significantly, the fractions identify what portions of 

the wastewater can be degraded or utilized as substrate for the microbial populations. A user can 

achieve the same tCOD, pCOD and sCOD concentrations with different fractions of readily and 

slowly biodegradable or inert COD, which have effects not just with the influent but subsequent 

treatment processes.  

 The user can edit 21 influent wastewater fractions for COD influent. The naming 

conventions, relevant wastewater component, division of tCOD and default values are outlined in 

APPENDIX B (EnviroSim Associates Ltd., 2017). The default values previously established in 

the UASB example were utilized for sensitivity analysis. The following concentrations were 

most impacted by changes to the fractions: CBOD (total and filtered), COD (particulate and 

filtered), readily and slowly biodegradable COD, suspended solids (total and volatile), and ISS 

(total and cellular). 

 The fractions Fup, Fus, Fbs and FZbp had the most significant impact on the COD and 

BOD components resulting in changes greater than 10%. Fup is the fraction of the total COD 

that is particulate inert. Decreasing the baseline value by 10% (from 0.1 to 0.09 mg COD/mg 

tCOD) resulted in a 10% decrease of particulate inert COD and approximately 1% decrease in 

TSS and VSS. Increasing the baseline value by 10% (to 0.11 mg COD/mg tCOD) had an equal, 
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but opposite effect. Fus is the fraction of tCOD that is soluble and unbiodegradable. Increasing 

the baseline value by 10% (from 0.1 to 0.11 mg COD/mg tCOD) resulted in a 10% increase of 

soluble inert COD and a 4% decrease in TSS and VSS. Decreasing the baseline value by 10% (to 

0.09 mg COD/mg tCOD) had an equal, but opposite effect. Fbs is the readily biodegradable 

fraction of tCOD. Decreasing the baseline value by 10% (from 0.65 to 0.585 mg COD/mg 

rbCOD) resulted in a 10% decrease in both readily biodegradable COD and volatile fatty acids 

and an 18% increase in TSS. Increasing the baseline value by 10% (to 0.715 mg COD/mg 

rbCOD) had an equal, but opposite effect. In these cases, the tCOD remains the same but is 

transformed to another form. For example, VFA are characterized as soluble COD and the 

decreased concentration of VFA would reduce the concentration of soluble COD. The COD is 

recharacterized as particulate COD thereby increasing the particulate COD concentration. As 

particulate COD is used to calculate VSS and TSS in BioWin, these concentrations also increase. 

FZbp is the fraction of tCOD that is phosphorus accumulating organisms (PAOs). The PAO 

fraction had a more substantial effect on the concentration of ISS and quantity of influent 

constituents modified than variations of the other microbial fractions. The effect was likely due 

to the wastewater composition created by EnviroSim that includes particulate organic 

phosphorus. However, the phosphorus levels utilized for the sensitivity analysis were not 

indicative of the Mines Park wastewater phosphorus and phosphate levels. 

 Other relevant fractions produced concentration changes between 2 and 10% including 

FZE, the overall fraction of tCOD which is endogenous residue (inert decayed biomatter); Fac, 

the fraction of readily biodegradable COD that is acetate; and fractions of other organisms within 

the tCOD. Alterations of these fractions resulted in changes to other key constituents, such as 

methane and propionate, in the influent, as well as in the anaerobic digester and effluent. All 
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other changes to wastewater fractions resulted in differences less than 2%. With the knowledge 

learned from the sensitivity analysis, a baseline simulation with accurate wastewater 

characteristics and subsequent model variations were developed to calibrate and accurately 

reflect the Mines Park ABR system performance. 

4.2  Calibration 
 
4.2.1  Baseline Simulation 
 
 Calibration of the simulation began with characterization of the influent wastewater 

reflecting the results of experimental data previously collected and described in Table 3.2 

(Pfluger, 2018). The single-compartment simulation used for sensitivity analysis was further 

refined to mirror the physical aspects of the ABR, including atmospheric pressure, median 

temperature and correct compartment volumes to account for hydraulic volume and headspace. 

 The final influent information is listed in Table 4.3;  

Table 4.4 provides the input parameters for the dimensions of compartment 1. Subsequent 

digesters and point clarifiers were added after the calibration of the first compartment. These are 

identical to compartment 1, except for the last compartment, which was smaller in size, and the 

percent removal of solids for each clarifier. Additional details regarding the physical structure of 

the remaining anaerobic digesters can be reviewed in BioWin_Information.xlsx in APPENDIX 

C. This simulation became the baseline for subsequent stoichiometric and kinetic variations to 

calibrate the simulation to the September 2017 concentrations. 

Table 4.3 Influent variables and wastewater fractions used to characterize the Mines Park 
influent wastewater. All other values not listed remained as the default for raw wastewater 
provided in BioWin. 

Name Units Value 
Flow L/d 720 
Total COD  mg COD/L 442 
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Table 4.3 Continued   
Name Units Value 

Total Kjeldahl Nitrogen mg N/L 70 
Total P  mg P/L 7.8 
Nitrate N  mg N/L 0 
pH 

 
7.6 

Alkalinity  mmol/L 4.7 
ISS Influent  mg ISS/L 19 
Calcium  mg/L 27.7 
Magnesium  mg/L 7.1 
Dissolved O2  mg/L 0 
Fac  0.23 
Fus  0.13 
Fup  0.05 

 

Table 4.4 Anaerobic digester dimensions used for simulation of the Mines Park ABR. 

Name Units Value 
Volume L 240 
Area m2 0.0716 
Depth m 3.352 
Head space volume  L 22 
Head space pressure kPa 84.1 
Local temperature °C 22.5 
Point Clarifier Underflow L/d 1440 

 
4.2.2  Altered Variables for the Constituents of Concern 
 
 The key constituents of concern included tCOD, sCOD, pCOD, VFA, and methane. TSS, 

VSS, and BOD were also monitored for comparison to median target values of the experimental 

data collected by Pfluger (2018) and the estimated target values based on standard wastewater 

characteristics (Melcer et al., 2003). Many of the kinetic or stoichiometric variables affected the 

key constituents, but the sensitivity analysis identified the variables that were most influential. 

Once the influent was appropriately characterized, successful calibration required modifications 

to the point clarifier percent removal rate and methanogen (acetoclastic and H2-utilizing) kinetic 
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values. BioWin allows for the alteration of variables at both project level and digester level. 

Project-level parameters are applied for calculations across the entire treatment system and 

cannot be altered for each of the digesters (EnviroSim Associates Ltd., 2017). Initially, the 

project level was believed to be useful for simulation of the ABR as each of the compartments 

were similar. However, the compartments varied in removal of solids or COD and generated or 

consumed varying levels of substrate, as is typically observed in baffled reactors or series 

treatment processes (Barber & Stuckey, 1999; Conklin et al., 2015; Pfluger, 2018). 

Subsequently, the local kinetic variables were enabled and varied for each digester. A 

comparison of the variables changed and the difference between compartments are provided in 

Table 4.5 and in BioWin_Information.xlsx located in APPENDIX C.  

 The only project-level parameter modified was the mass transfer rate for methane. The 

default value was 8 mass/d and subsequently reduced to 1 mass/d. This alteration was based on 

the over-saturation caused by mass transfer limitations noted in similar anaerobic treatment 

systems where aeration and mixing are not applied (Panicker, 2011; Pauss et al., 1990; 

Pavlostathis & Giraldo-Gomez, 1991). Lowering the mass transfer coefficient from 8 mass/d 

increases the amount of dissolved methane in the effluent. 

The baseline simulation resulted in a high amount of acetate (97 mg COD/L) in the first 

compartment, and almost none in the remaining compartments, which did not approximate the 

observed acetate values. Acetate concentrations were 37 mg COD/L in the first compartment, 17 

mg COD/L in the second compartment, 22 mg/L in the third compartment and 12 mg COD/L by 

the fourth compartment, as depicted in Figure 4.2. To adjust this discrepancy, variables for the 

acetoclastic kinetics (anaerobic decay rate, substrate half-saturation, and max specific growth 

rate) were altered. Each of the variables could be used individually to create the necessary 
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changes to the acetate levels. Rather than changing one variable by 50-75%, minimal equal 

percent changes were made to all of the variables. Absent more specific microbial kinetic values 

unique to the ABR, the assumption was made that if the conditions permitted a 10% increase in 

growth, then the same conditions may permit a 10% decline in decay rates. Once the kinetic 

variables were changed for one compartment, all compartments consequently required a decrease 

in acetate, as the acetate concentration merely moved to the next compartment. Decreasing the 

acetoclastic methanogen decay rate and substrate half-saturation constants and increasing the 

maximum specific growth rate decrease the amount of acetate. Compartments 2 and 4 required 

the most substantial changes (85% and 70%, respectively) to all three rate variables, while the 

three variables for compartments 1 and 3 were altered by less (29% and 15%, respectively). 

Despite the seemingly large changes to the rate variables, all new values were still within the 

range of reported values from literature (Batstone et al., 2002; Bialek et al., 2013; Conklin et al., 

2015; Gavala et al., 2003). An example of the progression of the changes for acetate is depicted 

in Figure 4.2. The average change to the three variables was approximately 50%; however, 

utilizing the project-level kinetic variables did not account for the rise and fall of the acetate 

concentrations and pCOD:tCOD ratios observed between the compartments. An example of the 

use of the project-level parameters is depicted in Figure 4.3. 
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Figure 4.2 Sequential changes in kinetic parameters for acetoclastic methanogens to obtain the 
target acetate concentrations. The blue bars indicate the initial baseline values before any 
alterations were made. The green bars indicate the goal values for September 2017. The percent 
change of the three kinetic parameters are listed in the legend, in the order they were applied. 

 

Figure 4.3 BioWin acetate concentration predictions with project-level changes to the three 
acetoclastic variables compared to the target concentrations. 
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The inert add-on was created by BioWin to allow for adjustments to the solubilization of 

inert matter where the solids residence time is over 30 days. Three variables are used in first 

order reaction rates to lower the endogenous biomass, ISS and inert COD concentrations. The 

add-on is not enabled by default and all of the rates are 0/d. Kd_Xi is used to adjust the value of 

the unbiodegradable (or inert) particulate COD, which is a large portion of pCOD. Besides the 

obvious of allowing inert matter to degrade, the primary purpose of the add-on inert COD rate 

constant is to shift the pCOD:VSS ratio. However, the add-on rate affects all of the key 

concentrations and should be changed in small increments with adjustments to VFAs and 

methane rates, as needed. An increase of add-on inert COD rate decreases COD and suspended 

solids, while increasing VFAs and methane. Kd_ISS is used enable degradation of the inert 

suspended solids. Increasing the rate constant increases the ISS removed and lowers the effluent 

ISS concentration. Kd_ZE is used to enable degradation of the endogenous residue, increasing 

the VSS:TSS ratios. Using these parameters makes adjustment of the hydrolysis rate and 

anaerobic hydrolysis factor, which can also be used to modify COD and suspended solids, 

unnecessary. In general terms increasing the hydrolysis rates lowers COD and suspended solids 

while increasing VFA and methane concentrations. Decreasing the hydrolysis rates does the 

opposite, but with more pronounced results. 

 The BioWin COD influent does not allow for the addition of propionate as a component 

of the influent concentrations. As propionate is a key component of anaerobic treatment, a 

duplicate simulation using a green stream was created to allow for the addition of influent 

propionate. The green stream had slight differences in the relevant variables but performed better 

than the COD influent simulation. In addition, the influent characterization is completed 

differently than that of COD or BOD influents. Fifty-one values can be modified, including 
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propionate. To create the same influent used in the COD simulation, the COD influent was 

adjusted, and the values exported to an Excel spreadsheet. The influent tCOD was adjusted to 

431 mg/L and Fac to 0.4 to allow for an additional 11 mg COD/L for propionate. The complex 

readily biodegradable COD, acetate and propionate values were corrected and the imported into 

the green stream. 

 Because the green stream contained influent propionate values, each treatment 

compartment required variations to the acetogen kinetics. Lowering the acetogen maximum 

specific growth rate increases the amount of propionate. Altering only this parameter results in a 

change of approximately 0.05 mg COD/L per 0.01/d change, which is also reflected in tCOD. 

TSS, VSS, pCOD and dCH4 all decrease by small amounts (0.0017 mg/L per 0.01/d). Increasing 

the acetogen decay rate increases the amount of propionate. Altering only this parameter results 

in a change of approximately 0.2 mg COD/L per 0.01/d change, which is also reflected in tCOD. 

Propionate concentrations were approximately 30% too low in compartments 1 and 3 relative to 

measured values. Subsequently, the acetogen kinetic values discussed above were altered by 8% 

in compartment 1 and 20% in compartment 2 to increase the amount of propionate. The increase 

of propionate to compartments 1 and 3 resulted in an increase in propionate in compartments 2 

and 4 depicted in Figure 4.4.  In compartments 2 and 4, the acetogens required a 30% adjustment 

to the same kinetic parameters to reduce the amount of propionate. As with the acetoclastic 

methanogens, a project-level kinetic change would not capture the rise and fall of propionate 

concentrations through the compartments. The specific variables utilized are listed in Table 4.5 

and the resulting propionate concentrations are depicted in Figure 4.4 and 

BioWin_Information.xlsx in APPENDIX C. All new values were within range of representative 

values or other models (Batstone et al., 2002; Gavala et al., 2003; Hassam et al., 2015). 



 

 39

 

Figure 4.4 Sequential changes in kinetic parameters for acetogens to obtain the target propionate 
concentrations. The blue bars indicate the initial baseline values before any alterations were 
made. The green bars indicate the goal values for September 2017. The percent change of the 
three kinetic parameters are listed in the legend. 

 
 Other BioWin variables that affect acetate and propionate concentrations but were not 

used in either simulation include the project-level parameters acetogen or methanogen yields and 

OHO fermentation rates. Increasing the acetogen yield results in a reduction in acetate and 

dissolved methane and an increase in propionate and COD. Increasing the acetoclastic yield 

increases the acetate and tCOD concentrations and decreases the dissolved methane. In the case 

of the COD influent, which did not contain propionate, efforts to increase the concentrations 

required using the parameter OHO fermentation in low H2 concentrations. By default, this value 

is 0 and is usually unnecessary; however, enabling the variable with a value of 0.01 was required 

to increase the propionate concentrations to higher levels. As enabling this variable or the 

subsequent modifications to the H2-utilizing bacteria had no justification, the parameter was 

disabled.

0

1

2

3

4

5

6

7

8

9

C1 C2 C3 C4

Pr
op

io
na

te
 (m

g 
CO

D
/L

)

Baseline Goal C1 (-8%) C2 (30%) C3 (-20%) C4 (30%)



 

 40

Table 4.5 BioWin variables modified and their values. Negative values indicate a decrease in overall kinetic rates, utilized to increase 
the substrate concentrations. 

  Influent 
(-) 

Point Clarifier Solids Removal 
(%) 

Inert Add-on 
(1/d) 

Mass Transfer 
KL (mass/d) 

  Fac Fus Fup PC1 PC2 PC3 PC4 Kd_Xi Kd_ISS Kd_ZE Project-Level 
Default 0.16 0.05 0.13 99.8       0     8 
Original 0.2333 0.1 0.1 99.515 90.5 96.8 97 0.2 0.06 0.01 1 

Green Stream NA NA NA 99.572 90.67 97.2 97.4 0.2 0.06 0.01 1     
  Acetoclastic Methanogens 
  Max. spec growth rate Substrate half saturation Anaerobic decay rate 
  μmax (1/d) K (mg COD/L) b (1/d) 
  C1 C2 C3 C4 C1 C2 C3 C4 C1 C2 C3 C4 
  (29%) (85%) (15%) (70%) (29%) (85%) (15%) (70%) (29%) (85%) (15%) (70%) 

Default 0.3    100   0.13   
Original 0.387 0.555 0.345 0.51 71 15 85 30 0.0923 0.0195 0.1105 0.039 

Green Stream 0.387 0.555 0.345 0.51 71 15 85 30 0.0923 0.0195 0.1105 0.039     
  Acetogens 
  Max. spec growth rate Substrate half saturation Anaerobic decay rate 
  μmax (1/d) K (mg COD/L) b (1/d) 
  C1 C2 C3 C4 C1 C2 C3 C4 C1 C2 C3 C4 
  (-8%) (30%) (-20%) (30%) (-8%) (30%) (-20%) (30%) (-8%) (30%) (-20%) (30%) 

Default 0.25    10   0.05   
Green Stream 0.23 0.325 0.2 0.325 10.8 7 12 7 0.054 0.035 0.06 0.035     

  H2 Utilizing Methanogens  

  Substrate half saturation  

  K (mg COD/L)  

  C1 C2 C3 C4  

Default 1 (or 0.1)     

Green Stream 1 0.1 1.3 0.1  
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4.2.3  The Final Calibrated Simulations 
 
 The full list of median concentrations for the Mines Park ABR in September 2017 is 

detailed in Table 3.2, but the concentrations for the constituents of concern are listed in Table 4.6 

for easy reference. Table 4.7 and Table 4.8 contain the concentrations from the COD and green 

stream influent simulations.  

 Daily and monthly dissolved and gaseous methane values were originally unavailable for 

analysis. The model and simulations were designed based on the average concentration values as 

reported by Pfluger (2018), which were 35 mg/L dissolved and 80 L/d total methane produced 

(gaseous and dissolved effluent). More detailed data for methane was reviewed once it became 

available; however, values for September 2017 or dissolved methane for each compartment 

remain unavailable. The median effluent concentration for dCH4 was 27 mg/L which was 40% of 

the median total system methane production of 78 L/d. Both BioWin simulations match these 

values. 

 Due to the inability to add propionate to the COD influent, this concentration was 

consistently and substantially wrong in comparison to the median values for each compartment. 

However, this problem was corrected with the use of the green stream, though the concentration 

in compartment 1 was still too low. The simulation predicted propionate concentration was 7.1 

mg COD/L and the target concentration from the Mines Park ABR was 8 mg COD/L. Additional 

comparison with the experimental data revealed a standard deviation of 2.8 mg COD/L for 

propionate in September. The median concentrations for compartment 1 decreased to 5.5 mg 

COD/L in warmer temperatures. However, the overall median value for compartment 1 and the 

median concentration during the typical operating temperatures (16-20 °C) remained near 8 mg 
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COD/L. Overall, simulation influent and effluent propionate concentrations were comparable to 

the actual influent and effluent values of the ABR. 

 Variables were not actively adjusted to modify the BOD concentrations. The predicted 

BOD concentrations were approximately 10% different than the estimated BOD values but 

varied from 25% over-estimation in the effluent to 1% in compartment 1. The predicted 

concentrations were approximately 6% higher than the median experimental BOD concentrations 

(variations ranged between 2 and 13%). In contrast, the simulation TSS and VSS concentrations 

were within 10% of the estimated target values (those calculated using the ratios defined in 

Chapter 3) but were as high as double the median experimental values. 

 Otherwise, both the COD influent and green stream reflect the target values within 10%. 

In addition to the target concentrations, effort was made to match the pCOD:tCOD ratios, which 

were also within 1%. Finally, a comparison of the removal rate for tCOD, BOD and TSS was 

conducted. The results are depicted in Figure 4.5 where the COD influent simulation is referred 

to as “Original” to alleviate confusion with the constituent names. The performance for both 

models were within the experimental data for tCOD removal. Again, the simulations were closer 

to the actual values than the estimated values for BOD, and the TSS removal reflected the 

estimated TSS concentrations substantially better than the actual concentrations. 

Table 4.6 Mines Park ABR wastewater characteristics for September 2017 (Pfluger, 2018). 
Entries annotated with a 1 indicate values which were calculated based on typical wastewater 
characteristics and were monitored for similarity to the experimental values. 

Influent C1 C2 C3 C4 
tCOD (mg COD/L) 442 244 220 198 181 
sCOD (mg COD/L) 179 109 96 96 85 
pCOD (mg COD/L) 263 135 124 102 96 
dCH4 (mg/L) 35 32 35 27 
Total Methane (L/d)     78 
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Table 4.6 Continued  
Influent C1 C2 C3 C4 

Acetate (mg COD/L) 16.5 37 17.3 21.9 12.9 
Propionate (mg COD/L) 11.2 8 4.8 4.8 2.5 
TSS (mg/L)1 183 94 86 71 67 
VSS (mg/L)1 164 84 77 64 60 
BOD5 (mg/L)1 173 96 86 78 71 
TSS (mg/L) Actual 141 87 61 37 36 
VSS (mg/L) Actual 125 79 51 37 35 
BOD5 (mg/L) Actual 191 104 82 68 58 

 

Table 4.7 BioWin simulation results for the original COD influent model. 

Influent C1 C2 C3 C4 
tCOD (mg COD/L) 442 244 219 197 181 
sCOD (mg COD/L) 183 114 93 90 80 
pCOD (mg COD/L) 259 131 126 107 101 
dCH4 (mg/L) 0 34.1 30 27.5 27.8 
Total Methane (L/d)     79 
Acetate (mg COD/L) 16.5 37.3 19.3 21.9 13.9 
Propionate (mg COD/L) 0 5.8 5.6 4.7 4.4 
TSS (mg/L) 182 93 89 76 72 
VSS (mg/L) 162 83 80 69 65 
BOD5 (mg/L) 217 101 84 72 62 

 

Table 4.8 BioWin simulation results for the green stream model. 

Influent C1 C2 C3 C4 
tCOD (mg COD/L) 442 244 220 198 181 
sCOD (mg COD/L) 183 115 95 92 81 
pCOD (mg COD/L) 259 129 125 106 100 
dCH4 (mg/L) 0 34.2 29.9 27.5 28 
Total Methane (L/d)     79 
Acetate (mg COD/L) 16.5 35.3 19.1 21.3 13.5 
Propionate (mg COD/L) 11 7.1 5.1 4.6 2.9 
TSS (mg/L) 182 91 88 75 71 
VSS (mg/L) 162 82 80 68 65 
BOD5 (mg/L) 213 102 85 74 63 
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Figure 4.5 Graphical representation of the actual, estimated and BioWin (original and green) 
simulations percent removal from influent to effluent of tCOD, BOD and TSS. Estimated values 
are based on the ratios defined in Chapter 3. The actual and estimated tCOD values are the same 
as no conversion was necessary. 

 
4.3  Validation 
 
 Direct validation was conducted by comparing the calibrated BioWin simulation results 

to the experimental data. The physical parameters of temperature and flow were modified in the 

simulation and compared to seasonal performance medians of the ABR under warmer and colder 

conditions, as well as a longer HRT. The target concentrations, as well as the predicted 

concentrations from the simulations are provided in BioWin_Information.xlsx in APPENDIX C. 

 The average temperature for the lowest quartile of water temperatures was 13.6 °C and 

23.5 °C for the highest quartile. The median concentrations for the temperature periods, lower 

than 16 °C, 16 to 20 °C and greater than 20 °C, are available in the BioWin_Information.xlsx file 

in APPENDIX C. During the colder period, the median tCOD removal was 45.5% and the 
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BioWin simulation predictions were 50%. The median effluent tCOD concentration was 240 

mg/L and the BioWin simulation predictions were 219 mg/L. During the warmer temperatures 

the tCOD removal was 64.6% and the BioWin simulation prediction was 60%. The median 

effluent tCOD concentration was 138 mg/L and the BioWin simulation predictions were 177 

mg/L. The majority of the operation occurred with water temperatures in between these two 

extremes when the median water temperatures were 17.8 °C. The median tCOD removal during 

these periods was 52.4% and the BioWin simulation prediction was 54%. The median effluent 

tCOD concentration was 201 mg/L and the BioWin simulation prediction was 200 mg/L. 

Regardless of temperature, actual removal of solids was greater than both the estimated values 

and the BioWin simulations. The estimated values and BioWin simulation prediction were 

similar (within 10%), except for warmer temperature performance. During this time, the BioWin 

simulations under-estimated removal rates by approximately 16%. The effluent concentrations in 

the simulations were between 2-3 times higher than either the estimated or measured suspended 

solids concentrations. The BioWin predictions for BOD removal were generally closer to actual 

removal values than the estimated values. A comparison of the removal rates is depicted in 

Figure 4.6. The COD influent simulation is referred to as “Original” in these figures to alleviate 

confusion with the variable names. 
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(c) 

Figure 4.6 Graphical representation of the percent removal of tCOD, BOD and TSS from the 
influent to the effluent when water temperatures were (a) less than 16 °C; (b) between 16 and 20 
°C; and (c) greater than 20 °C. Estimated values are based on the ratios defined in Chapter 3. The 
actual and estimated tCOD values are the same as no conversion was necessary. 

 
 To determine the effectiveness of an extended HRT on substrate removal and methane 
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960 L/d. Analysis of the output revealed a 70% removal rate of tCOD from the influent to the 
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values and 16% below the actual values. BOD followed the same pattern as noted with the 

temperature changes. A comparison of the removal rates is depicted in Figure 4.7. 

 

 

Figure 4.7 Graphical representation of the percent removal of tCOD, BOD and TSS from the 
influent to the effluent when the flow rates and temperatures were modified for a 40-hour HRT. 

 
 The median influent tCOD value decreased to 390 mg/L during the summer months, 

when the Mines Park housing area was less populated. The effluent tCOD concentration was 138 

mg/L and the simulation effluent was 159 mg/L (a 15% over-estimate) with a 59% removal rate. 

During the period of a 40-hour HRT, the median influent tCOD value increased to 502 mg/L. 

The effluent concentration was 208 mg/L and the simulation was 178 mg/L (a 14% under-

estimate) with a 64% removal rate. The simulation was relatively insensitive to the COD 

loading: using the calibration influent tCOD of 442 mg/L, the simulation predicted performance 

of 60% tCOD removal at high temperatures and 64% removal at 40-hour HRT. 
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CHAPTER 5  

DISCUSSION 

 
5.1  Simulation Results 
 
 This study determined that modeling and simulation of the Mines Park ABR was possible 

using BioWin. After completing a sensitivity analysis, calibration of the model was achieved for 

data from September 2017, using the relevant kinetic and stoichiometric parameters. Successful 

validation was accomplished through comparison of the simulation’s projections to actual data 

collected to include variance in flow, hydraulic residence time and temperature. All predicted 

values for the constituents of concern were within 10% of the average performance of the ABR, 

except for tCOD removal during warmer temperatures and a 40-hour HRT. 

 The EnviroSim publication on how to model an UASB provided the foundation for 

creation of a sludge bed with one anaerobic digester and a point clarifier within the BioWin 

program. However, the influent wastewater in the example contained tCOD values more than 10 

times the concentrations observed at Mines Park and the flow rate was not similar (2,000 m3/d 

versus 0.72 m3/d). The simulations developed for the Mines Park study provide influent 

wastewater characteristic of domestic wastewater concentrations and includes flow for pilot-

scale systems. Sonmez’s DEWATS simulation (2011) incorporated a lower flow rate of 

approximately 11 m3/d, but the decision to utilize only one tank for a 5-compartment system 

would limit the ability of the simulation to capture the compartmentalized treatment capacity of 

the ABR. The compartmentalization improves treatment results as the relative activities of the 

four microbial populations are variable through the compartments (Hahn & Figueroa, 2015; Li et 

al., 2016; Pfluger, 2018). The simulations created for the Mines Park study include a series of 
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four UASB reactors, as developed by EnviroSim, to simulate the compartments of the ABR. Li 

et al. (2016) also utilized the sequential UASB approach, but the bench-scale treatment system 

operated with 1/15th the volume and 1/5th the flow of the Mines Park ABR with constant 

temperatures nearly twice the values observed in Golden, CO. In addition, the synthetic 

wastewater utilized was dissimilar in acetate concentrations and wastewater fractions when 

compared to the influent at Mines Park. Simulation development for the Mines Park ABR was 

enabled through use of data from an ABR operating at psychrophilic conditions, unique from the 

previously modeled anaerobic systems operated between 30 and 35 °C. As sensitivity analysis 

and calibration were completed for the process, this study also provides insight into the key 

performance parameters such as the microbial kinetics and extended SRT. The addition of the 

newly developed simulations for the Mines Park ABR to the limited number of currently 

available is anticipated to assist researchers to model anaerobic treatment systems that can be 

used with increased flows, temperate climates and resource recovery. 

5.2  Simulation Development 
 
 As mentioned in the previous section, influent wastewater fractions are important and 

using only tCOD, pCOD and sCOD values is insufficient to accurately model the anaerobic 

treatment system. Early baseline simulations used an Fac of 0.39, Fxsp of 0.6, and Fup of 0.14. 

These values accurately reflected the tCOD, pCOD and sCOD concentrations of the Mines Park 

influent and the majority of key constituents were within 10% of the target values, with many 

within less than 5%. However, later calibration attempts including the additional anaerobic 

digester elements resulted in extremely uncharacteristic effluent. For example, the target 

pCOD:tCOD and sCOD:tCOD ratio values (0.6 and 0.4, respectively) were reversed in the 

simulation, so that sCOD:tCOD was the larger ratio. Other key ratios such as pCOD:VSS or 
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sCOD concentrations were between 25-65% different than the target values. To achieve the 

target values, some of the other variables required substantial modification to values outside of 

those reported in the literature (i.e. FZE was equal to 9, when the default and accepted ratio is 

1.42 mg COD/mg tCOD). According to Lauwers et al. (2013), “[d]ue to the large number of 

parameters in the model, it is quite reasonable that the parameters can be fine-tuned to fit data 

perfectly, while they are in fact not correct.” The ability to simulate correct predictions with 

inappropriate variable values describes the situation in the Mines Park ABR modeling effort as 

well. Thus, users are strongly recommended to not attempt to model sensitivity analysis or 

calibration with one element (i.e. one compartment) if the biodegradable fractions within 

particular influent are uncertain. Compounding the issue in regards to proper characterization is 

the fact that different testing and categorization methods include different components that may 

be relevant to a treatment system (Myszograj et al., 2017; Pasztor et al., 2009). Unfortunately, 

some of these fractions are the most relevant to the modeling of anaerobic treatment systems and 

also the least characterized for the Mines Park ABR. A good starting point for wastewater 

characterization can be found in the Water Environment Research Foundation’s Methods for 

Wastewater Characterization in Activated Sludge Modeling, which is founded in COD 

measurements and is a primary source for default values and calculations in BioWin (Melcer et 

al., 2003). While the manual was written for ASM models, the fractions and labeling are 

consistent with ADM1 and BioWin and contains relevant parameters for typical wastewater 

influent. Additionally, if characterization based on BOD is required, the Dutch Foundation for 

Applied Water Research approved method is described in Experience with guidelines for 

wastewater characterisation in The Netherlands (Roeleveld & Van Loosdrecht, 2002). 
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 It is generally accepted in modeling and simulations that if the standard variables must be 

adjusted by large amounts, then the wastewater has not been characterized accurately or the data 

have errors (EnviroSim Associates Ltd., 2017; Melcer et al., 2003). A subsequent review of the 

complete data set revealed extreme outliers and the median values, as opposed to average values, 

were utilized afterwards. Even using the median values, TSS and VSS concentrations varied 

substantially from day to day. Sampling of the influent wastewater occurred at various times of 

the day and by grab samples collected from slightly differing vertical locations in the holding 

tank. As an indication of this variability, pCOD:VSS ratios were calculated to be significantly 

higher than the estimated value of 1.6 mg pCOD/mg VSS. This may be due to analytical 

differences: a 0.45 µm filter is used to process pCOD samples, while a 1.2 µm filter is used for 

VSS, so more solids would be retained in pCOD measurements. As a result, TSS and VSS were 

estimated based on other measured parameters with less variability; the typical ratio of 1.6 was 

used to calculate VSS from measured pCOD values (Contreras et al., 2002; Melcer et al., 2003). 

TSS was then calculated based on the VSS that was determined to be approximately 90% of the 

TSS (Pfluger, 2018). Example calculations are available in APPENDIX A. 

 Similar to the wide variations of VSS concentrations, influent BOD5 measurements 

ranged from 108 mg/L to 703 mg/L, with an average of 229 mg/L. The median value of 198 

mg/L was observed for the entire 720 L/d flow rate, which produced tCOD:BOD5 ratios of 

approximately 2.1 mg COD/mg BOD5, increasing across compartments to 2.6 mg COD/mg 

BOD5. It is generally accepted that BOD is not an accurate measurement for anaerobically 

degradable carbonaceous material due to aerobic conditions and high dilutions. Additionally, the 

BOD measurement is based on the aggregate of differing rates of degradation of the different 

components (Melcer et al., 2003; Myszograj et al., 2017). A five-day aerobic test does not 
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accurately reflect anaerobic degradation, where the long solids retention time used for anaerobic 

processes allows for higher hydrolysis and organic removal. Due to the variation of the ratios 

across the compartments, an estimated BOD5 value was calculated based on a tCOD:BOD5 ratio 

of 2.55 mg COD/mg BOD5 as determined from the median values and those of a similar system 

operated in Castle Rock, CO (Pfluger, 2018).  

 Based on the difficulty of determining the accuracy of VSS, TSS and BOD data, these 

values were monitored rather than considering them for successful simulation predictions. 

However, the extreme difference of these concentrations from the actual experimental values 

indicate the choice of the pCOD:VSS ratio of 1.6 may have been inaccurate. The median 

pCOD:VSS ratios of the influent, using 0.45 and 1.2 μm filters respectively, were between 1.93 

and 2 mg COD/mg VSS depending on water temperature, and was highest at 2.2 mg COD/mg 

VSS in the third compartment, rather than the last. In BioWin, this ratio is determined by the 

particulate inert (Fcv,Xi) and particulate substrate (Fcv,Xsp) COD:VSS ratios, which are both 

equal to 1.6 mg COD/mg VSS by default. These are project-level parameters and cannot be 

changed for each digester. Increases in these ratios (i.e. to 2.1 mg COD/mg VSS) reduce the 

disparity between the experimental concentrations and the BioWin predictions. However, the 

Mines Park ABR study shows the discrepancy between the recorded values for the ABR (2.1) 

and the typical wastewater values (1.6). The discrepancy further emphasizes the need for 

differentiating the treatment system wastewater from the typical wastewater characteristics 

reported in literature, especially in experimental or pilot-scale designs. 

 The effects of COD loading were not fully explored for simulation analysis. The Mines 

Park influent wastewater was subject to seasonal variation of substrate concentrations as the 

population for the source of the water also varied. tCOD values were increased or decreased 
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during the temperature validation stage and the simulation performed well for colder 

temperatures. However, the influent concentrations for acetate and propionate were not changed 

from 16.5 and 11 mg COD/L for the validation simulations. There is some debate on whether 

hydrolysis or substrate concentrations are rate limiting for anaerobic systems, especially in 

colder temperatures (Bachmann et al., 1985; Chernicharo et al., 2015; Foresti et al., 2006; 

Gerardi, 2003). However, the models inherent to BioWin and the simulations developed for the 

Mines Park ABR study show substrate concentration is the major factor, especially for methane 

generation. Acetate and propionate concentrations were higher in colder temperatures and 

adjusting the influent concentrations of these substrates to reflect seasonal variations may result 

in a more accurate simulation. This is not to say hydrolysis does not play an important role.  

Besides adjusting the acetoclastic kinetic values, TSS was most sensitive to changes in 

the hydrolysis rates. The decoupling of SRT and HRT with the ABR allows for a longer 

retention of biomass providing more time for hydrolysis to occur (Barber and Stuckey, 1999). 

The BioWin project-level add-on was utilized to simulate the TSS reductions observed with 

increased hydrolysis variables. However, hydrolysis is believed to occur primarily in the first 

compartment and the rates may vary per compartment (Pfluger, 2018). Use of the hydrolysis 

variables modified by compartment were unsuccessful in mirroring the results achieved by use of 

the add-on. Hydrolysis may be the rate-limiting step when considering the breakdown of 

complex matter, such as fats or cellulose (Lauwers et al., 2013; Rittmann & McCarty, 2001), but 

these substrates were not explicitly measured in the Mines Park influent (Pfluger, 2018). Another 

indicator that substrate availability is the rate-limiting process in the simulations involves the 

concept of effective volume. The Mines Park ABR compartments were tall, but the sludge beds 

comprised no more than a third of the height. The sludge bed is where the microbial processes 
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for the treatment of the water occur, similar to fixed-film reactors (Bachmann et al., 1985). The 

simulations’ physical components were altered during the validation stage to compare the results 

of the effective volume of the sludge bed versus the full volume including the hydraulic majority. 

The results showed the reactor performance for removal of COD was based on the concentration 

of acetate and propionate contained within reactor, not the reactor size. Where the two 

simulations (small and full volume) differed was in the point clarifier percent removal. Similar 

amounts of the solids were retained in each, but the small simulation had a higher percent 

removal than the original larger system.    

 The overarching component to all of the concerns noted above involves the 

characterization of the microbial populations. The ability to quantify the active microbial 

communities simplifies model development (Bagley & Brodkorb, 1999; Lauwers et al., 2013). 

VSS is typically used as a proxy for the inert and active cell biomass existing reactors, but this 

simplification fails to provide the necessary information for substrate consumption for 

hydrolysis, fermentation or methanogenesis (Rittmann & McCarty, 2001). The symbiotic 

relationship of the organisms in these processes is complex and BioWin, along with the 

underlying model framework, provide excellent approximations. The results of the simulations 

show that knowing the primary processes at work would be beneficial as indicated by the 

different modifications for microbial kinetics. Acetoclastic methanogen kinetics were altered by 

30% in the first compartment, 85% for the second, 20% for the third, and 72% for the final 

compartment. These alterations were based solely on matching the amount of substrate 

utilization, indicating this population was more active in the second and fourth compartment. 

Similar to the acetoclastic methanogens, the acetogens required a 30% increase in their 

performance in compartments 2 and 4. The acetogens are acetate-forming bacteria and are 
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obligate hydrogen producers that survive only at very low concentrations of hydrogen in the 

environment, which is removed by hydrogen-utilizing bacteria or methane-forming bacteria 

(Gerardi, 2003). Subsequently, the increase of the acetoclastic population to increase the acetate 

removal required an increase of acetogen population to reduce the propionate used to create the 

acetate. This also required an increase in the ability of the H2 utilizing methanogens to remove 

hydrogen, so that the acetogens could survive. As the tCOD removal rates were even higher in 

warmer months, these microbial populations were more active and a further increase of their 

performance through the BioWin kinetic variable may be required to more accurately reflect the 

system performance. 

5.3  Adaptations for Methane 
 
 The initial problem in simulation development centered around methane. The generation 

of methane is not easily ignored, as the founding principle of making anaerobic treatment of 

wastewater energy positive. The version of BioWin used for the Mines Park simulation study, 

5.3, did not include dissolved methane in the total or soluble COD concentrations. Methane was 

a calculated state variable reported as mg CH4/L and also calculated as a percentage of biogas 

emitted but was not included in the calculations for solution phase COD. In traditional activated 

sludge treatment process, even those including an anaerobic zone, the solids residence time is too 

short to allow for the methanogen community to fully establish itself. Follow-on treatment 

processes would also remove any methane from the wastewater through aeration or other mixing 

with oxygen (Rittmann & McCarty, 2001). In June 2019, EnviroSim released version 6 of 

BioWin. Version 6 contains useful modifications, such as usability upgrades, separation of 

cellulose and non-cellulose when considering COD to VSS ratios, and integration of the influent 

estimator tools (previously an undocumented Excel file in the Tools program folder). 
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Additionally, some of the default parameters changed. For example, the pCOD:VSS ratio 

previously 1.6 was changed to 1.6327. Most importantly, the new version includes dissolved 

methane in the soluble and total COD calculations (EnviroSim Associates Ltd., 2019). 

Ultimately, the Mines Park simulation study continued to use version 5.3 as sensitivity analysis 

and initial calibration had already been conducted. Based on this decision, efforts were made to 

manually incorporate methane into the COD calculations. Generally, this is accomplished by 

multiplying the dissolved methane concentration by 4 to convert it to units of COD, based on the 

amount of oxygen required to convert methane to CO2 and H2O, and adding it to the sCOD 

concentration (Tchobanoglous et al., 2014). Inversely, the simulation tCOD concentration could 

be reduced to reflect the methane not included. For example, the typical concentration of 

dissolved methane was 35 mg/L or 140 mg COD/L. The Mines Park ABR had influent sCOD 

concentrations of 180 mg/L; however, this was reduced to 80-85 mg/L for compartment 4. 

Accounting for measured dissolved methane as COD would require impossible simulation 

variable modifications to reach an unrealistic sCOD values of -60 mg/L. 

 Dissolved methane does comprise some portion of sCOD, but it is difficult to determine 

how much (Bandara et al., 2011; D. J. Barker et al., 1999; Panicker, 2011). Part of this problem 

is related to over-saturation in the liquid phase of methane, which has low solubility in water, 

while carbon dioxide and hydrogen sulfide are highly soluble (Crone et al., 2016; Panicker, 

2011; Pauss et al., 1990; Souza et al., 2011). The phenomenon results in dCH4 concentrations 

1.33 to 1.7 times higher than stoichiometrically feasible for similar treatment systems (Hahn & 

Figueroa, 2015; Pfluger, 2018; Souza et al., 2011). Effort was made to determine the amount of 

methane in measured in the sCOD through evaluation of the difference between sCOD values, 

believed to contain methane, and DOC results that do not contain methane. The average change 
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in COD concentrations in comparison to the dCH4 varied between 0.5 and 1.5 mg COD/mg 

dCH4 depending on the location of the measurement and the conversion rate for DOC to COD. 

Another potential source of discrepancy for dCH4 concentrations originates with sampling and 

testing procedures. The difference in filtration, amount of time a sample is exposed to air, and 

testing techniques (i.e. open or closed reflux, evacuation, etc.), and subsequent calculations from 

the results of these tests can lead to compounding differences. Determination of the dissolved 

methane concentrations used for the Mines Park simulation study were conducted in accordance 

with established practices (American Public Health Association et al., 2005; Pfluger, 2018). 

However, variations of Henry’s Law constant, temperature and pressure result in differences of 

dissolved methane concentrations. Due to the potential variability in over-saturation constants 

and the loss of methane through sampling and testing procedures, dissolved methane 

concentrations were not included in the COD calculations for the simulations in this study.  

 The total system methane production for the simulations was comparable to the 

experimental data; however, the distribution of the methane generation between cells was 

inconsistent with the findings reflected in the actual data. The experimental data collected 

revealed compartments 1 and 3 each produced approximately 30% of the total gaseous methane, 

while compartments 2 and 4 each produced approximately 20% (Pfluger, 2018). Distribution in a 

similar system increased from 20 to 35% incrementally through the compartments, with the 

fourth compartment producing the largest percentage (Hahn & Figueroa, 2015). The COD 

influent and the green stream simulations predicted the same distribution where the first 

compartment produced the largest amount (approximately 40%) and decreased linearly through 

the compartments and the fourth compartment only produced 10% of the total gaseous methane 

as depicted in Figure 5.1.  
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 The reason for this is unknown and efforts to change the BioWin simulations did not 

substantially improve the distribution. Based on the changes required in the acetogen and 

methanogen kinetic variables, the discrepancy may be linked to the active microbial population 

and diversity. Additionally, higher CO2 levels may have contributed to the discrepancy in 

methane generation distribution. The mass transfer coefficient was altered for methane based on 

dissolved methane concentrations. However, the other mass transfer rates for important gases 

such as CO2 and H2 were not altered. Measured biogas composition in later compartments of the 

Mines Park ABR was typically 70% methane (Pfluger, 2018). However, the simulations 

predicted concentrations greater than 80%. When the concentration of CO2 increases, the acid 

concentration also increases, causing a decrease in the pH and an increase in propionate (Gerardi, 

2003). In hindsight, the lower pH may also have contributed to the reduced levels of propionate 

consumption (higher propionate concentrations) observed in compartments 1 and 3. 

 

Figure 5.1 Gaseous methane generation percentage by compartment from the BioWin 
simulations, a similar ABR operated in Castle Rock, CO, and the Mines Park ABR (Hahn & 
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Figueroa, 2015; Pfluger, 2018). Distribution was the same for both the original and green 
simulations. 

5.4  Limitations 
 
 In addition to the methane adaptations described in Section 5.3, limitations in the Mines 

Park simulation include lack of calibration in regard to nitrogen, phosphorus, or substances 

possibly inhibitory to the microbial community. The ability of the model to accurately predict 

performance using BioWin v. 6, other software simulation packages, or larger scale versions of 

the treatment system were not tested. 
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CHAPTER 6  

CONCLUSION AND FUTURE RECOMMENDATIONS 

 
6.1  Conclusion 
 
 Modeling and simulation of the Mines Park ABR was successful using BioWin. 

Calibration of the model was achieved for data from September 2017, using the kinetic and 

stoichiometric parameters identified during the sensitivity analysis. Successful validation was 

accomplished through comparison of the simulation’s projections to the target constituent 

concentrations with variations of flow, hydraulic residence time and temperature. All predicted 

values for the effluent concentrations for the constituents of concern were within 10%. The 

performance of the ABR as determined by the percent removal of the COD and generation of 

methane was also within 10%, except for tCOD removal during warmer temperatures and the 40-

hour HRT, wherein the ABR removed approximately 20% more tCOD than the simulation. 

 An understanding of the influent wastewater characteristics fractions is required for 

successful modeling using BioWin. Varying wastewater fractions can produce the same target 

values for COD but can lead to improper characterization of the components of COD, especially 

during extended treatment processes. Knowing the portions of COD that are inert or particulate 

is critical for determining actual substrate concentrations and utilization rates. In connection with 

this, anaerobic systems have a longer SRT that allows extended hydrolysis for increased removal 

of settled solids and organic particulate matter relative to aerobic treatment systems. 

 In addition, the simulation required an approximate 50% adjustment of the kinetic 

parameters for acetoclastic methanogens to consume the acetate to match measured data. Each 

treatment compartment varied in substrate consumption indicating differing levels of activity or 
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composition of the microbial populations. The increased growth rate, decreased decay rate and 

decreased substrate half-saturation constant all contributed to increased suspended solids 

concentrations within the simulation. Performance of the Mines Park ABR indicates removal of 

the suspended solids was not accurately reflected in the model.   

 Dissolved methane concentrations presented the greatest challenge in simulation 

development. The version of BioWin used for this study did not include methane as part of the 

COD calculations. Attempts to alter the simulation to reflect the dissolved methane 

concentrations were unsuccessful. Using actual stoichiometric values for measured dissolved 

methane concentrations resulted in unrealistic sCOD values, indicating only some portion of the 

dissolved methane is measured during COD testing. However, with the development of dissolved 

methane recovery methods, this difficulty would be eliminated. More importantly, dissolved 

methane recovery would result in the reduction of greenhouse gas emissions, increase the energy 

recovery potential of anaerobic digesters and potentially assist in more widespread use of 

anaerobic treatment systems. 

6.2  Recommendations 
 
 Future research recommendations for the ABR systems as a viable energy-neutral (or 

positive) wastewater treatment option are well documented, but in general should include 

nutrient and dissolved methane recovery (Batstone et al., 2015; Chernicharo et al., 2015; 

McCarty et al., 2011; Pfluger, 2018). In regard to this particular pilot-scale treatment system, 

such efforts are on-going. Recommendations for improvements of the Mines Park simulation 

also include incorporation of nutrient and methane recovery. In addition, determination of the 

active microbial population and apportionment in each compartment would provide better insight 

into the kinetic parameters and modeling. Continued advancement of ABR simulations must 
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include up-scaling to larger wastewater influent flows and dynamic simulation to promote 

widespread use. Further cross-verification of the simulation with similar UASB or ABR 

treatment systems or other simulation software packages is also suggested.  

 Incorporation of similar simulations into the basic simulation software design could be 

advantageous to professionals who work with decentralized systems. For example, the addition 

of a septic tank could be useful to environmental engineers contracted to design and install such 

systems. Individuals working overseas in poor or rural areas where anaerobic treatment systems 

are common could better design or optimize treatment systems (Chernicharo, 2007; Midkiff, 

2016). Funding requests and project plans could be supplemented with predicted output from a 

recognized tool.  

 It is also recommended wastewater characteristics, kinetic values, and other key 

parameters be maintained in a universal access database. While such a mainstream idea would 

take the fun out of literature review for report writing, in practice such a database would 

streamline model development. If users were able to conduct a web-based search of a database to 

obtain performance characteristics of similar treatment systems, they would be able to more 

knowledgeably design new systems or improve the performance of existing systems. 
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APPENDIX A  

CALCULATIONS 

 
 This appendix contains sample calculations and conversions used during the study. 
 
A.1  Model values 
 
 The actual tCOD and sCOD concentrations were used to determine the pCOD. 
 

pCOD = tCOD - sCOD 
 

pCOD = 442
mg
L  - 194

mg
L  = 230

mg
L  

 

VSS = 
pCOD

1.6  

 

VSS = 
230 mg

L
1.6  = 144

mg
L  

 

TSS = 
VSS
0.9  

 

TSS = 
144 mg

L
0.9  = 160

mg
L  

 
ISS = TSS - VSS 

 

ISS = 160
mg
L  - 144

mg
L  = 16

mg
L  

 

BOD5 = 
tCOD
2.55  
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BOD5 = 
442 mg

L
2.55  = 173

mg
L  

 

TKN = 
NH3 mg N

L
0.75  

 

TKN = 
52.4 mg N

L
0.75  = 70

mg N
L  

 

SO4
2- mg

L  * 
32 mg

mmol S
96 mg

mmol SO4
2-  

 = 
mg S

L  

 

46.8 
mg SO4

2-

L  * 
32 mg

mmol S
96 mg

mmol SO4
2-  

 = 16 
mg S

L  

 

Total phosphorus = 
PO4

3-

0.75 

 

Total phosphorus = 
5.8 mg P

L
0.75  = 7.7 

mg P
L  

 
A.2  COD conversions 
 

CH4 + 2 O2 = CO2 + 2 H2O 
 

27.82
mg
L  *

mmol CH4

16 mg  * 
64 mg

2 mmol O2
  = 111.28

mg COD
L  

 
 This simplifies to multiplying the concentration in mg/L by a conversion factor of 4. 

Similarly, the conversion factor for propionate used was 1.5327 and 1.084 for acetate. 
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A.3  Methane calculations 
 
 The original methane calculations were based on partial pressure results from gas 

chromatograph analysis of the biogas and dissolved methane using the standard equations below 

(Pfluger, 2018). 

kH
T  = kH * e

-ΔHsoln
R  * 1

T - 1
298.15  

 
 Here, kH is Henry’s Law constant. Multiplying the previous equation by RT makes kH 

dimensionless and inverting it gives Hc (also known as KH or Henry’s Law coefficient). The kH 

used was 0.00215 M/atm, based on a review of previous literature, rather than the BioWin value 

of 0.0014 M/atm. In addition, modifications were made to the equations to account for the 

atmospheric pressure in Golden, CO (0.83 atm) and correction for over-saturation (1.33) 

(Pfluger, 2018). 

Hc = 
1

0.00215 * e1600 * 1
T - 1

298.15  * T * 0.08205736
 

 
CH4 mol = total moles * PCH4 

 

mol fraction
CH4 mol
H2O mol  = 

CH4 mol
Hc

 * 
298.15

T  

 

CH4 mol = mol fraction
CH4 mol
H2O mol  * 

massH2O

18 g
mol

 * 1.33 

 
 Dissolved methane partial pressure was determined in a similar manner and the effluent 

dissolved methane concentrations were added to the total biogas production from each cell. 

Similar conversions were necessary to calculate the total methane produced in BioWin including 

the off-gas and dissolved. An example for the COD Influent simulation is provided below. Each 
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compartment produced an amount of biogas, in m3/hr, that was converted to L/d. A percentage of 

this biogas was listed for methane that was multiplied by the biogas flow to determine the flow 

of methane. 

0.001256 m3

hr  * 24 hr
day  * 1000 L

m3  = 30.15
L biogas

d  

 

30.15
L
d  * 

66.73%
100  = 20.12

L CH4(g)

d  

 
 The same process was repeated for each compartment and added together to give the total 

gaseous methane produced. 

20.12
L CH4(g)

d  + 13.71
L CH4(g)

d  + 10.46
L CH4(g)

d  + 4.77
L CH4(g)

d  = 49.05
L CH4(g)

d  

 
 The mole fraction using the effluent dissolved methane was calculated next and 

converted to equivalent L/d. The total gas and dissolved in the effluent were added together for 

the total system methane. 

27.82
mg
L  * 720

L
d  * 

g
1000 mg  * 

mol CH4

16 g  = 1.25
mol

d  

 

49.05
L CH4

d  * 
mol

24.45 L  = 2.01
mol

d  

 

2.01 mole
d  

2.01 mole
d  + 1.25 mole

d
 = 0.62 

 

49.05
L CH4 g

d  + 49.05
L CH4 g

d  * 0.62 = 79.3 L CH4

d  
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APPENDIX B  

BIOWIN WASTERWATER FRACTIONS 

 
 This appendix contains additional details regarding the 21 influent wastewater fractions 

used in BioWin. It includes the naming conventions and abbreviations, units, relevant 

wastewater component that use the fractions, how the component relates to the division of tCOD 

and default values. 

 
b – biodegradable (also volatile) 
u – unbiodegradable (also inert) 
p – particulate 
s – soluble (also soluble, dissolved or 
 filtered) 
ac – acetate 
Z – microbial organisms 

P – phosphorus (includes po4 and upP) 
N or n – nitrogen (includes na, nox, nus, and 
 upN) 
S – substrate or biodegradable matter 
X – inert or non-biodegradable matter 
E – endogenous residue or microbial 
 byproducts 

 
Fbs – Fraction of the total influent COD, including acetate, that is readily biodegradable 

 (Sbsc + Sbsa) / Total influent COD 
 [g COD/g of total COD] 

 
Fac – Fraction of the readily biodegradable COD that is VFAs 

 Sbsa / (Sbsa+Sbsc) 
 [g COD/g of readily biodegradable COD] 

 
Fxsp – Fraction of the slowly biodegradable influent COD that is particulate 

 Xsp / (Xsc + Xsp) 
 [g COD/g of slowly degradable COD] 

 
Fus – Fraction of the total influent COD that is soluble unbiodegradable 

 [g COD/g of total COD] 
 
Fup – Fraction of total influent COD that is particulate unbiodegradable 

 [g COD/g of total COD] 
 
Fna – Fraction of influent TKN that is ammonia 

 [g NH3-N/g TKN] 
 
Fnox – Fraction of influent biodegradable organic nitrogen that is particulate 

 [g N/g Organic N] 
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Fnus – Fraction of influent TKN that is soluble unbiodegradable 

 [g N/g TKN] 
 
Fpo4 – Fraction of influent TP that is phosphate 

 [g PO4-P/g TP] 
 
FupN – The N:COD ratio for the influent particulate unbiodegradable COD 

 [g N/g COD] 
 
FupP – The P:COD ratio for the influent particulate unbiodegradable COD 

 [g P/g COD] 
 
FZbh – Fraction of total influent COD that is ordinary heterotrophic organisms (OHOs). 

 [g COD/g of total COD] 
 
FZbm – Fraction of total influent COD that is anoxic methanol utilizing organisms 
(Methylotrophs) 

 [g COD/g of total COD] 
 
FZaob – Fraction of total influent COD that is ammonia oxidizing organisms (AOB). 

 [g COD/g of total COD] 
 
FZnob – Fraction of total influent COD that is nitrite oxidizing organisms (NOB). 

 [g COD/g of total COD] 
 
FZaao – Fraction of total influent COD that is anaerobic ammonia oxidizing organisms (AAO). 

 [g COD/g of total COD] 
 
FZbp – Fraction of total influent COD that is phosphorus accumulating organisms (PAOs). 

 [g COD/g of total COD] 
 
FZbpa – Fraction of total influent COD that is propionic acid acetogen organisms (Acetogens). 

 [g COD/g of total COD] 
 
FZbam – Fraction of total influent COD that is acetoclastic methanogen organisms (acetoclastic 
Methanogens). 

 [g COD/g of total COD] 
 
FZbhm – Fraction of total influent COD that is H2-utilizing methanogen organisms (H2-utilizing 
Methanogens) 

 [g COD/g of total COD] 
 
FZE – Fraction of total influent COD that is endogenous residue. 

 [g COD/g of total COD] 
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 Default values depend on whether the wastewater is initially characterized as raw or 

settled and are listed in Table B.1. The fractional composition of tCOD of wastewater in BioWin 

is depicted in Figure B.1. 

Table B.1 Default parameter settings for influent wastewater characteristics. 

Fraction Default Raw Default Settled 
Fbs 0.16 0.27 
Fac 0.15 0.15 
Fxsp 0.75 0.5 
Fus 0.05 0.08 
Fup 0.13 0.08 
Fna 0.66 0.75 
Fnox 0.5 0.25 
Fnus 0.02 0.02 
FupN 0.035 0.035 
Fpo4 0.5 0.75 
FupP 0.011 0.011 
FZbh 0.02 0.01 
FZbm 0.0001 0.0001 
FZaob 0.0001 0.0001 
FZnob 0.0001 0.0001 
FZaao 0.0001 0.0001 
FZbp 0.0001 0.0001 
FZbpa 0.0001 0.0001 
FZbam 0.0001 0.0001 
FZbhm 0.0001 0.0001 
FZE 0 0 
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Figure B.1 Division of COD components and the fractions with sample values from the sensitivity analysis. 
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APPENDIX C  

SUPPLEMENTAL ELECTRONIC FILES 

 
 This appendix contains the list of supplemental electronic files by name, sorted by 

relative importance, and include a brief description. The files utilizing bwc in the file names are 

the completed BioWin simulations referenced in the thesis, while the remaining files contain the 

expanded data for results and configurations too numerous to include in the main report.  

 
File Name Description 

Final_COD.bwc Validated BioWin simulation file using the 
COD influent element. 

Final_Green.bwc Validated BioWin simulation file using the 
stream influent element.

Sensitivity.xlsx Microsoft Excel spreadsheet containing 
relevant input values used during the 
sensitivity analysis.

BioWin_Information.xlsx Microsoft Excel spreadsheet containing 
relevant settings for BioWin elements and 
results of the BioWin simulations. 

Don’t_Panic.txt Supplemental help file in plain text that 
contains additional comments intended to 
provide assistance to others designing a 
WWTP model using simulation software.

 


