
An Integrated Metabolic Model for Microbial Internal Carbon Driven

Post-Anoxic Biological Nutrient Removal

A Thesis

Presented in Partial Fulfillment of the Requirements for the

Degree of Master of Science

with a

Major in Civil Engineering

in the

College of Graduate Studies

University of Idaho

by

Jason James Mellin

Major Professor: Erik R. Coats, P.E., Ph.D.

Committee Members: James Moberly, Ph.D.; Richard Nielsen, Ph.D., P.E.

Department Administrator: Patricia J. S. Colberg, Ph.D., P.E.

August 2017



ii

Authorization To Submit Thesis

This thesis of Jason James Mellin, submitted for the degree of Master of Science with a major

in Civil Engineering and titled “An Integrated Metabolic Model for Microbial Internal Carbon

Driven Post-Anoxic Biological Nutrient Removal,” has been reviewed in final form.

Permission, as indicated by the signatures and dates given below, is now granted to submit

final copies to the College of Graduate Studies for approval.

Major Professor Date
Erik R. Coats, P.E., Ph.D.

Committee
Members Date

Richard Nielsen, Ph.D., P.E.

Date
James Moberly, Ph.D.

Department
Administrator Date

Patricia J. S. Colberg, Ph.D., P.E.



iii

Abstract

Conventional post-anoxic denitrification can produce lower effluent nitrate concentrations

than preanoxic configurations, but at the expense of either large tank volumes (associated

with endogenous decay) or external carbon substrate addition such as methanol. Recent

research has indicated that when post-anoxic denitrification is coupled with EBPR, the

denitrification process can be driven by glycogen and PHA carbon polymers stored within the

cells of denitrifying bacteria, thereby eliminating the need for carbon substrate addition.

Moreover, denitrification kinetics are enhanced vs. endogenous decay. Collectively, very low

effluent ammonia, nitrate, and phosphorous concentrations are achievable. A metabolic model

is developed to simulate this internal carbon driven post-anoxic EBPR process (hereby termed

Biopho-PX) with specific focus on anoxic glycogen degradation and evaluation of the overall

model through lab scale and pilot scale testing on municipal wastewater.
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Chapter 1: Introduction

Municipal wastewater contains high concentrations of organics and nutrients that need to be

removed in order to protect public health and the environment prior to its discharge into the wa-

ter environment. Spurred by a federal shift in water quality regulations, recent years have seen

regulatory authorities require many communities to remove constituents, particularly the nu-

trients nitrogen and phosphorus, to extremely low limits, in order to provide greater protection

of receiving water bodies. Increased treatment requirements demand the expansion of exist-

ing treatment processes and greater energy input into the treatment train. This has required

many communities to increase expenditures of capital, operational, and maintenance resources

to meet these new effluent discharge limits, placing a significant strain on their finances.

In the face of strict wastewater treatment limits, many communities are struggling. The ability

to produce clean water in a sustainable way, while minimizing energy and financial costs, is

clearly imperative and much work has been undertaken to develop systems that realize this

aim. One class of treatment systems that takes a sustainable approach to treatment and that

has been proven in many full scale applications is a class of systems termed Biological Nutrient

Removal (BNR). BNR systems leverage the metabolisms of microorganisms within bioreactors

to remove organics and nutrients from the wastewater. The post-anoxic denitrification process

is one example of a BNR system. A schematic of this process is presented in Section 2.3.5 where

the process is described in more detail. This process consists of an aerobic bioreactor followed

by an anoxic bioreactor (which has no dissolved oxygen but significant levels of nitrate in solu-

tion). Within the aerobic reactor, nitrifying bacteria convert ammonia nitrogen to nitrate. In

the anoxic zone, denitrifying bacteria convert the nitrate to nitrogen gas which off-gases to the

atmosphere, thereby removing nitrogen from the system. In this process, organics within the

wastewater are depleted by the microorganisms within the aerobic reactor. With no carbon

remaining in solution to feed the denitrifying metabolism of the denitrifiers in the anoxic reac-

tor, the denitrifiers must rely upon their endogenous metabolism. This results in much lower

denitrification rates and impractically large bioreactor volumes to obtain adequate nitrogen

removal from the system. In practice, an external carbon substrate is almost always added

to the anoxic reactor to achieve sufficiently high denitrification rates and maintain reasonable
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anoxic tank volumes.

Another type of BNR system, termed enhanced biological phosphorus removal (EBPR), uses

an anaerobic bioreactor followed by an aerobic and/or an anoxic bioreactor, depending on the

specific type of system employed. The anaerobic bioreactor induces the required metabolisms

of phosphorus accumulating organisms (PAOs) necessary to achieve EBPR. In the aerobic and

anoxic zones of EBPR systems, PAOs uptake phosphorus from bulk solution into their cells.

Subsequent removal of a portion of these phosphorus rich PAOs from the system results in a

net removal of phosphorus from the wastewater.

Recent research has shown that when post-anoxic denitrification is coupled with EBPR, the

denitrification process appears to be driven by glycogen and polyhydroxyalkanoate (PHA) car-

bon polymers stored within the cells of the denitrifying bacteria, thereby eliminating the need

for carbon substrate addition in the anoxic reactor.12,48,106,113 This process has been shown to

produce denitrification rates significantly greater than typical endogenous denitrification rates

while producing very low effluent ammonia, nitrate, and phosphorus concentrations. The ob-

jective of the research presented in this thesis was to examine this process in more detail and

to produce a metabolic model that can be used to simulate the observed internal carbon driven

denitrification process for the purposes of process optimization and design.



3

Chapter 2: Background

2.1 Effects of Excess Nitrogen and Phosphorus on Surface Water

Untreated municipal wastewater contains organics, nutrients (nitrogen and phosphorus), pathogen-

s, and a variety of other constituents that can be detrimental to public health, if the wastewater

is discharged to the environment without treatment. Furthermore, when untreated wastewater

is discharged to a receiving water body, aerobic heterotrophic microorganisms will degrade the

organics for energy and growth, using dissolved oxygen (DO) within the water in the process.

This can decrease the DO in the waterbody and create a significant threat to aquatic life.

Beyond impacts associated with organics, extensive surface water degradation by advanced

eutrophication can occur in the presence of excess nitrogen and phosphorous. The excess of

these nutrients can dramatically increase the growth of nuisance organisms, such as algae and

cyanobacteria, within the water body. When this organic matter decays, it can cause a depletion

of dissolved oxygen and a release of toxic constituents and phosphates that were previously

bound in sediments, which in turn increases the mortality of aquatic life.9 Eutrophication

can also pose a threat to human health through the production and release of cyanotoxins by

cyanobacteria which then enter drinking water supplies.9,85 While water bodies are naturally

eutrophic, many waters realize advanced, or accelerated eutrophication, due to human activity.

This occurs principally by nutrients entering the water body by way of agricultural runoff

and water resource recovery facilities (WRRF), formally known as wastewater treatment plant,

discharges. Surface water quality deterioration by eutrophication is both a global and a local

issue. Examples of algae blooms caused by eutrophication within the Pacific Northwest are

shown in Figure 2.1.

In addition to contributing to eutrophication, high aquatic concentrations of nitrogen can result

in additional undesirable consequences. The oxidation of nitrogen in the form of ammonia by

autotrophic bacteria will consume oxygen and further contribute to the hypoxia of a water

body. Moreover, ammonia is known to be toxic to aquatic life, and the consumption of high

levels of nitrogen in the form of nitrate has been identified as causing methemoglobinemia in



4

(a) Fernan Lake, Kootenai County, ID1 (b) Lake Spokane, Stevens County, WA73

(c) Odell Lake, Klamath County, OR72 (d) Battle Ground Lake, Clark County, WA74

Figure 2.1: Examples of eutrophication in the Pacific Northwest

infants and other negative health effects in humans. For these reasons, a large effort has been

expended by public agencies, engineers, and the public in controlling the discharge of excess

nitrogen and phosphorus into aquatic ecosystems.

2.2 Nitrogen and Phosphorus Limits on WRRF Discharges

The most common forms of nitrogen in typical domestic wastewater are ammonium (60%)

and organic nitrogen (40%).107 Ammonium (NH +
4 ) is the protonated form of ammonia which

is in equilibrium with free ammonia (NH3) in solution. At a pH of 7, virtually all of the

ammonia is in the ammonium form with the equilibrium shifting toward greater free ammonia

concentration with increasing pH. Nitrate concentrations in domestic wastewater are typically

insignificant, although some industrial effluent streams contain appreciable amounts of nitrate.

Organic nitrogen is largely composed of amino groups (NH –
2 ) such as arise from amino acids



5

and proteins and which are easily biologically degraded to ammonium.107 Phosphorus exists

in wastewater in the forms of orthophosphates and organic phosphate. Depending upon pH,

orthophosphates will exist as H3PO4, H2PO –
4 , HPO 2–

4 , or PO 3–
4 . Sources of organic phosphorus

include organic phospholipids and nucleotides.107

Nitrogen and phosphorus concentration limits in WRRF discharge streams are regulated based

on the existing water quality and associated beneficial uses designation of the receiving waters.

Stricter limits are placed on discharges to receiving waters of low water quality and on effluent

streams intended for indirect or direct reuse applications. In addition, the regulation of nutrients

in wastewater has traditionally been based on the concept that controlling the limiting nutrient

available in the receiving waterbody will reduce the availability of this nutrient to plant life,

thereby reducing the growth of organic matter in the system and preventing eutrophication.

While nitrogen and phosphorus are both needed to support organic growth, the control of phos-

phorus has received a greater emphasis in the past by many regulators as it was believed to

be the limiting nutrient that controls eutrophication and algae blooms in fresh waters. This

belief was due, in part, to the ability of many cyanobacteria to fix nitrogen from the atmo-

sphere. There is evidence, however, that nitrogen fixation does not completely make up the

total amount of nitrogen required for growth in many aquatic systems and that nitrogen can

be a limiting nutrient in many areas. In addition, nitrogen and phosphorus concentrations can

vary significantly across the same watershed and the diverse variety of aquatic plants and flora

in surface waters have different nitrogen and phosphorus requirements for growth. Due to these

reasons, the U.S. Environmental Protection Agency (EPA) currently advocates the regulation

of both nitrogen and phosphorus in WRRF discharges to protect receiving waters.96

Nevertheless, given that phosphorous levels below 0.1 mg/L have been shown to produce

cyanobacteria blooms9 and that even low levels of phosphorus can contribute toward low dis-

solved oxygen in fresh waters, regulatory limits for phosphorus concentrations in WRRF dis-

charges are becoming increasingly strict in many areas in order to provide greater protection

to receiving waters. Within the U.S., several WRRF discharge limits have reached as low as

0.05 mg/L.94 Consistently achieving effluent phosphorus concentrations at this level currently

requires the addition of chemicals to precipitate phosphorus from the wastewater, which can
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significantly increase the cost of treatment. This issue is impacting not only WRRF facilities

across the country, but local facilities as well. Table 2.1 lists several WRRF facilities within

the state of Idaho which have recently had low phosphorous discharge limits imposed on their

discharge streams.

Table 2.1: Idaho WRRF facilities with low phosphorus limits.

Avg. Monthly Avg. Weekly Seasonal Avg.

WRRF Facility Limit Limit Limit(a)

Boise, Lander St. 0.07 mg/L 0.931 mg/L -
City of Coeur d’Alene - - 0.076 mg/L at 6 mgd

HARSB(b) - - 0.066 mg/L at 2.4 mgd
City of Moscow 0.136 mg/L 0.27 mg/L -
City of Plummer 0.050 mg/L 0.131 mg/L -
City of Post Falls - - 0.076 mg/L at 5 mgd

(a) February 1 to October 31
(b) Hayden Area Regional Sewer Board

Several of the WRRF facilities listed in Table 2.1 are facilities that serve small communities

and therefore have limited resources and funds to implement extensive treatment regimes. The

development of low cost, sustainable treatment systems that can meet these new low phosphorus

discharge limits and be incorporated by small facilities is imperative. BNR systems can help

to fill this need in many instances. When properly incorporated, BNR systems can be less

expensive to operate and more environmentally sustainable then traditional physiochemical

treatment methods. Indeed, a study by Coats et al. using Environmental Life Cycle Cost

Analysis has shown that BNR treatment methods, either alone, or in tandem with traditional

physiochemical treatment methods can provide a lower environmental cost then traditional

physiochemical methods alone.13

2.3 Biological Removal of Nitrogen from Wastewater

2.3.1 Nitrification

Several physiochemical methods can be employed to remove nitrogen from wastewater, including

the oxidation of ammonia by chlorine, use of ion-exchange systems, and chemical precipitation of
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ammonium from solution. Most commonly, however, engineers employ BNR systems to remove

nitrogen from wastewater through the use of the nitrification and denitrification processes.

Nitrogen can be present in wastewater under several different species, according to its oxidation

state. The biochemical conversion pathways that are active within BNR processes to convert

nitrogen between its different species are shown in Figure 2.2.

Figure 2.2: Biological conversions of nitrogen within BNR processes (adapted from Water Environment
Federation23 and Grady et al.29).

Two-Step Nitrification. Biological nitrification of ammonia to nitrate has conventionally

been held to be completed in two separate steps, with each step completed by two different

groups of microorganisms. In the first step, ammonia oxidizing bacteria (AOB) oxidize ammonia

to nitrite (NO2) for cellular energy using dissolved oxygen as the terminal electron acceptor. In

the second step, nitrite oxidizing bacteria (NOB) use oxygen as the terminal electron acceptor

to oxidize nitrite to nitrate (NO3).

Known AOBs consist of bacteria and archea and exist across several phylogenic genera and
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sublineages. The most common AOBs in wastewater treatment are aerobic chemoautotrophs,

which use carbon dioxide as their carbon source and oxygen as the terminal electron acceptor.

Oxidation of ammonia to an intermediate compound, hydroxylamine (NH2OH), occurs through

a membrane bound enzyme, ammonia monooxygenase (AMO). Subsequent oxidation of hydrox-

ylamine to nitrite then occurs through the periplasmic enzyme hydroxylamine oxidoreductase.

Ammonia monooxygenase has been found to have the ability to oxidize other compounds besides

ammonia including several organic compounds. This ability opens up intriguing opportunities

for alternative uses of AOBs, including the oxidation of methane to methanol, which is com-

monly used as a carbon source to to drive conventional post-anoxic denitrification processes.93

While there are many types of AOBs, the AOBs that are perhaps most reported to be active

in activated sludge BNR systems are of the genus Nitrosomonas and Nitrosospira within the

β-proteobacteria subclass.

The known NOBs are all within the genera Nitrobacter, Nitrospira, Nitrococcus, and Nitro-

spina.20 NOBs active within wastewater systems are chemoautotrophs which oxidize nitrite

to nitrate in a single step. As with AOBs, oxygen is used as the terminal electron acceptor

and carbon dioxide as the carbon source for cellular synthesis. The specific enzymes used by

each species of NOBs to oxidize nitrite have not been fully elucidated but it is known that

Nitrobacter of the α-proteobacteria subclass oxidizes nitrite through use of the enzyme nitrite

oxidoreductase.20 More research into the enzymatic machinery of the other NOB species is

needed. Interestingly, early research indicated that Nitrobacter were the main NOBs active in

wastewater systems but recent research has indicated that Nitrospira of the β-proteobacteria

subclass can be dominant, depending on growth conditions.94 Again, more research is need-

ed to define the relative contribution of NOB species that prevail under different operating

conditions.

AOBs and NOBs can be further classified according to ecological r/K selection theory as either

r-strategists or K-strategists. The terms come from the Verhulst model for population growth:

dP

dt
= rP (1− P/K) (2.1)
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Here, r is the population growth rate, P is the population size, and K is the limit of P (the

maximum population that can be sustained). The effect of the term (1−P/K) is to introduce a

decay, or death rate into the equation which moderates the otherwise unimpeded growth rate of

the initial term, rP . As the population size increases, the decay rate predicted by the equation

increases. An r-strategist is an organism which places a high priority on growth and repro-

duction and typically predominates in less dense but unstable environments. K-strategists, on

the other hand, place a low priority on growth but are well adapted to living in dense but

stable conditions that are close to the population carrying capacity of the environment. The K-

strategists have a higher affinity for substrate than r-strategists at low substrate concentrations

and will therefore outcompete the r-strategists under this condition. Conversely, r-strategists

have a high maximum specific growth rate and an overall higher rate of substrate utilization at

high substrate concentrations and will outcompete the K-strategists when substrate concentra-

tions are high. The common AOB Nitrosospira and NOB Nitrospira are generally considered

to be K-strategists while the common AOB Nitrosomonas Europea and the NOB Nitrobacter

are considered to be r-strategists.94

Since the nitrifying AOBs and NOBs are autotrophic bacteria that use oxygen as the terminal

electron acceptor, the nitrification process must occur within an aerobic environment. The

overall reactions for both steps of the nitrification process are shown below:94

Nitritation: 2 NH +
4 + 3 O2 + 2 H2O 2 NO –

2 + 4 H+ + 2 H2O (2.2)

Nitratation: 2 NO –
2 + O2 2 NO –

3 (2.3)

Incorporating alkalinity and omitting cell synthesis from the reaction, the overall nitrification

process can be represented as:

NH +
4 + 2 HCO –

3 + 2 O2 NO –
3 + 2 H2CO –

3 + H2O (2.4)

The reaction produces carbon dioxide, which exists as H2CO –
3 in the liquid medium. A

portion of the carbon dioxide in solution will be incorporated into the cell mass during cell

synthesis, which is not shown in the above reaction. Alkalinity is consumed by the hydrogen
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atoms liberated from ammonia, which can cause a decrease in pH and a suppression of the

nitrification rate. Alkalinity addition to the bulk solution is required if the incoming influent

alkalinity concentration is not sufficient to feed the nitrification reaction with enough residual

alkalinity to buffer a pH change. Peak nitrification rates are considered to occur within a

pH range of 7.5 to 8.0 with nitrification rates dropping significantly as pH declines below

7.0. Generally, maintaining an alkalinity concentration of 50-60 mg/L as CaCO3 in the bulk

solution is considered sufficient to maintain a pH of 6.8 or larger in order to sustain reasonable

nitrification rates.94

Single-Step Nitrification. Recently, the discovery of bacteria that can oxidize ammonia

directly to nitrate, a process termed comammox (complete ammonia oxidation), has been re-

ported. Due to the more favorable energetics of this process over two-step nitrification, this

speculative bacteria had been theorized to exist for several years and was hypothesized to have

a competitive advantage particularly within biofilms and aggregated clusters, such as flocs,

which have environments characterized by low substrate incursion and favor low growth rates

but high growth yields.15 This is the type of environment that a K-strategist, such as Nitrospira,

would find favorable. In 2015, two independent research groups reported their identification of

a comammox bacteria in the same issue of the scientific journal Nature. Daims et al. enriched

an AOB culture over a period of four years which was seeded by a biofilm that was growing

on a pipe under flowing hot water in a 1,200 meter deep oil extraction well.19 The enriched

culture contained no known AOBs but contained a bacterium of the genus Nitrospira which was

found to oxidize ammonium to nitrate. Genomic analysis revealed that the organism’s genome

contained the genes necessary for ammonia and nitrite oxidation. Moreover, these genes were

shown to be expressed during the bacteria’s growth on ammonia which was being oxidized to

nitrate. The authors subsequently analyzed metagenomic data sets from several engineered

systems with floc or biofilm processes and found a relatively high presence of the identified

comammox genes for ammonia and nitrite oxidation in several of the locations. Indeed, the

presence of comammox in an Austrian nitrifying activated sludge plant was estimated to be

between 43% to 71% of the total Nitrospira population.
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In separate work, Van Kessel et al. obtained an enriched nitrifying culture seeded by a biofilm

growing in the anaerobic zone of a trickling filter connected to a recirculating aquaculture

system.97 Two species of the genus Nitrospira were found in this culture that could oxidize

ammonia directly to nitrate under very low oxygen (<3.1 µM) conditions. Genomic analysis

and feeding of the culture with 15N-labeled ammonium verified the comammox metabolism of

the identified species. Furthermore, when samples of the culture were fed a fluorescently labeled

ammonia analogue that binds to the AMO enzyme, fluorescently labeled Nitrospira was subse-

quently detected, which reinforced the evidence of the presence of a comammox metabolism in

the bacteria. Additionally, a search by the authors of existing public sequence databases found

evidence that comammox bacteria may have previously been misidentified as nitrite or methane

oxidizing bacteria and that the presence of comammox bacteria is likely present within many

environments and engineered systems.

The discovery of the existence of comammox opens up a new field of research into our under-

standing of the nitrification cycle, and many questions remain to be answered such as their

specific metabolism, growth kinetics, growth inhibitions, and interactions with other microbial

species. Much research will occur in the future into these organisms as their existing and poten-

tial contribution to nitrification within the environment and engineered systems such as WRRF

facilities is elucidated.

2.3.2 Denitrification

Depending on the quality of the receiving water body, a WRRF may be required to remove

a significant portion of the nitrogen present in its process streams prior to discharge into the

environment. Nitrogen can completely removed from wastewater through several denitrification

processes as explained below.

Ammonification and Assimilation. Nitrogen is primarily present in wastewater in its

most reduced state as either ammonia or organic nitrogen. Heterotrophic bacteria within BNR

systems act to hydrolyze organic nitrogen within the reactor thereby releasing ammonia into

the solution in a process termed ammonification. Ammonification is an important process in
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BNR treatment since it liberates nitrogen from organic matter for subsequent oxidation by

bacteria, which do not have the ability to oxidize nitrogen in the organic form.29

The concentration of ammonia in BNR reactors is also affected by microbial assimilation. Mi-

crobial cells assimilate nitrogen, in the form of ammonia, into their cells during cell synthesis,

accounting for 10 to 30 percent of nitrogen removal alone in the treatment of domestic wastew-

ater.94 While most municipal wastewater contains sufficient ammonia to support biological

growth, the potential for ammonia depletion in the process stream must be accounted for in the

design and operation of the treatment process. In the absence of ammonia, bacteria will reduce

available nitrate and nitrite to ammonia for assimilation in a process called assimilative reduc-

tion. This process requires a transfer of electrons from carbon substrate to the nitrate/nitrite

species in order to reduce nitrogen from an oxidation state of +5 (for nitrate) or +3 (for nitrite)

to -3 (for ammonia). The process of reducing nitrate for assimilation effectively reduces the

overall energy otherwise available in the system and leads to lower cellular growth yields. These

lower yields must be accounted for in the design and operation of systems that have the poten-

tial to be depleted of ammonia. It should be noted that some prokaryotes have the ability to

reduce nitrogen gas to ammonia for subsequent assimilation into their cellular structure. Most

prokaryotes do not have this ability, however, and the assimilation of nitrogen gas is considered

to be insignificant in BNR systems.20,29 While assimilation of nitrogen can provide a significant

contribution to the removal of nitrogen from wastewater, other methods must be employed to

meet strict WRRF nitrogen discharge limits. The most common method applied is the use of

biological denitrification.

Metabolisms of Biological Denitrification. Biological denitrification refers to the bio-

logical removal of nitrogen from solution. This occurs primarily through the reduction of the

oxidized nitrogen species, nitrate and nitrite, to nitrogen gas. Nitrate and nitrite act as termi-

nal electron acceptors in the denitrifier’s respiratory metabolism as the denitrifiers catabolize

substrate for energy and growth. In addition to nitrate and nitrite, the other oxidized nitrogen

species, nitric oxide and nitrous oxide, can serve as electron acceptors in the process. However,

nitrate is the most stable and the most prevalent of the oxidized nitrogen species in the bulk
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solution of conventional WRRF denitrification systems and nitrate is generally considered to

be the predominant nitrogen species acting as the electron acceptor in these systems. It should

be kept in mind, however, that nitrite, nitric oxide and nitrous oxide will also be utilized as

electron acceptors when available.

Denitrifying bacteria obtain electrons for transfer to the available electron acceptor by oxida-

tion of either inorganic or organic substrates. A wide variety of microorganisms are capable of

performing denitrification, including heterotrophic and autotrophic organisms. The vast major-

ity of denitrifiers in conventional BNR systems are facultative heterotrophs which can oxidize

organic carbon substrate with either oxygen or the oxidized nitrogen species as the terminal

electron acceptor. The use of oxygen as a terminal electron acceptor produces more energy than

the use of oxidized nitrogen, and denitrifiers will preferentially use oxygen when it is available.

This can lead to a depression in denitrification rates when DO is present within the anoxic

zone.

In an aerobic reactor, the simultaneous presence of DO and oxidized nitrogen species in the

same reactor can result in the phenomena of simultaneous nitrification and denitrification if a

significant DO concentration gradient exists between the bulk solution and the interior of the

microbial flocs. Outside of the floc mass, DO concentrations are highest and nitrifying organisms

within the bulk solution can utilize the available DO to oxidize any ammonia present in the

solution to nitrate. Within the floc structure, DO concentrations can be significantly lower

then the concentrations in the bulk solution. If the DO concentration is sufficiently low within

the floc, denitrifying organisms will reduce available nitrate to nitrogen gas. Simultaneous

nitrification and denitrification can also be achieved if the bioreactor is operated such that

regions of high DO and regions of low DO develop spatially within the reactor. In order to

achieve nitrification in these systems, however, WRRFs must be operated at a solids retention

time (SRT) significantly larger than that normally required to achieve nitrification. These types

of treatment systems can be engineered to achieve simultaneous nitrification and denitrification

through the careful design and control of the aeration system.

More conventionally, the denitrification process relies on denitrifying facultative heterotrophic

bacteria oxidizing organic carbon substrate in solution in an anoxic reactor. Electrons are trans-
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ferred to the electron transport chain where nitrate is reduced through a series of intermediates

as follows:20,94

2 NO –
3

nitrate

Nar/Nap
2 NO –

2
nitrite

Nir
2 NO(g)

nitric
oxide

Nor
N2O(g)

nitrous
oxide

Nos
N2(g)

dinitrogen

(2.5)

The enzyme nitrate reductase transfers electrons to nitrate, which reduces it to nitrite. Depend-

ing on the specific denitrifer, nitrate reductase is either membrane bound (Nar) or periplasmic

(Nap). Denitrifiers contain one of two types of the enzyme nitrite reductase (Nir). Both types

of the enzyme reduce nitrite to nitric oxide but contain cofactor and structural differences.

Following the reduction of nitrite to nitric oxide, the membrane bound nitric oxide reductase

(Nor) and the periplasmic nitrous oxide reducatase (Nos) reduce nitric oxide to nitrous oxide

and nitrous oxide to dinitrogen, respectively.20

Several aspects of this reaction pathway should be mentioned which have been found to con-

tribute to a WRRF’s negative impact on the environment and are currently the focus of ongoing

research. Depending on the microbial community and conditions within the denitrifying reac-

tor, the process may not always proceed to dinitrogen, and considerable nitric oxide and nitrous

oxide may be produced.20 The production and release of nitric oxide and nitrous oxide from

a WRRF can be problematic. Nitric oxide is quickly converted to the toxic pollutant nitrogen

dioxide in the atmosphere while nitrous oxide has been identified as a potent greenhouse gas. In

fact, nitrous oxide is estimated to be 300 times more potent than carbon dioxide.94 In addition

to production during denitrification, nitrous oxide is also produced by AOBs in the oxidation

of ammonia. The total production of nitrous oxide from wastewater treatment is potentially

considerable. Indeed, in 2006, WRRFs were estimated to contribute three percent of the total

amount of global nitrous oxide emitted.94 Research is currently ongoing to address the environ-

mental impact of nitrous oxide from wastewater treatment and to identify potential strategies

for reducing this impact.

The stoichiometry of the denitrification process depends on the specific carbon substrate oxi-

dized. If the common assumption that wastewater is composed of the elements C10H19O3N is

invoked, denitrification can be described by the following equation:94
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C10H19O3N + 10 NO –
3 5 N2 + 10 CO2 + 3 H2O + NH3 + 10 OH– (2.6)

In the denitrification process, approximately 3.57 grams as CaCO3 of alkalinity is produced per

gram of nitrate reduced. This partially offsets the 7.14 grams of alkalinity as CaCO3 consumed

in the oxidation of ammonia to nitrate in the nitrification process. For this reason, it is common

for a BNR system to include denitrification in the design even if nitrate is not specifically

required to be removed from the discharge stream. To take advantage of the alkalinity created in

the denitrification zone, a preanoxic denitrification process configuration is commonly employed,

as will be described later.

2.3.3 Nitritation and Denitritation

When incorporating BNR, a large portion of a WRRF’s energy expenditure consists in providing

aeration for carbon oxidation and nitrogen removal. The nitritation and denitritation processes

have been shown to be able to provide significant aeration savings for certain BNR process

streams. In the nitritation process, nitrification can be intentionally interrupted after the

oxidation of ammonia to nitrite, through careful control of DO and other operating conditions

within the reactor. Microbial denitritation can then be utilized to reduce nitrite to nitrogen

gas. The process, also referred to as shortcut nitrogen removal, is illustrated in Figure 2.3 which

compares the process schematically to the conventional nitrification/denitrification processes.

Shortcut nitrogen removal has been used effectively to treat wastewater streams with high

ammonia concentration (above 100 mg-N/L), such as anaerobic dewatering effluent streams,

and requires less oxygen and carbon substrate than the use of conventional nitrification and

denitrification.29 As shown in Figure 2.3, 8 electrons are transferred from ammonia to oxygen

when it is oxidized to nitrate. In the nitritation process, ammonia is oxidized to nitrite, which

only requires the transfer of 6 electrons. This results in 3/4 of the electrons transferred and

a 25% savings in the oxygen required to oxidize ammonia when nitritation/denitritation is

employed. Similarly, denitrification requires the transfer of 5 electrons from the carbon substrate
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Figure 2.3: Schematics of the nitrification/denitrification and nitritation/denitritation processes. Ox-
idation state is shown with the species name. Number of electrons (e–) transferred is shown adjacent to
each transformation (adapted from Daigger18)

to nitrate as nitrate is reduced to dinitrogen gas. Nitrite reduction only requires the transfer

of 3 electrons from the carbon substrate. This results in only 60% of the electrons required for

reduction of nitrite to nitrogen gas compared to the reduction of nitrate to nitrogen gas. A 40%

savings in the amount of carbon substrate required for nitrogen removal is therefore realized.

As Diagger notes, however, while oxygen savings are realized and less carbon is required in

shortcut nitrogen removal, no savings in oxygen will be realized if the carbon substrate that

was saved is required to be subsequently oxidized in the treatment system (to meet effluent

BOD requirements, for instance).18 This can be seen by noting that the net change in the

oxidation state of nitrogen is the same when ammonia is oxidized to nitrogen gas through either

nitrification/denitrification or nitritation/denitritation. Referring to their oxidation states, it

is noted that when nitrite is oxidized to nitrate, 2 electrons are required to be transferred to

oxygen and when nitrate is reduced to nitrite, 2 electrons are required to be transferred from

the carbon substrate. Therefore, the oxygen saved in nitritation is the same amount of oxygen

required to oxidize the carbon substrate that was saved by employing denitritation.

If the carbon substrate that would be saved can be diverted upstream of the biological process

in a sidestream to be beneficially utilized in another process (e.g. for anaerobic conversion to

biogas), then the oxygen saved by the nitritation/denitritation process can be fully achieved.

Additionally, a direct benefit can be realized by employing the nitritation/denitritation pro-

cess in a post-anoxic denitrification configuration. These systems almost always require the
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addition of carbon substrate to the post-anoxic reactor since a large portion of the influent

carbon substrate is oxidized with the ammonia in an upstream aerobic zone. By employing

nitritation/denitritation, less carbon substrate is required to reduce the oxidized nitrogen to

nitrogen gas which will correspondingly reduce the amount of carbon substrate required to be

added to the post-anoxic reactor. Additionally, the reduced oxygen required in the nitritation

process allows for smaller aeration rates to be applied to the aerobic reactor. This can lead to

easier control and optimization of aeration rates and less oxygen wasted through over aeration

and savings in the plant’s aeration costs.

2.3.4 Anammox

A significant discovery occurred in the 1990s with the identification of a class of AOBs termed

anammox (anaerobic ammonium oxidation) bacteria, which have the ability to anaerobically

oxidize ammonia directly to nitrogen gas with nitrite as the electron acceptor, thereby provid-

ing substantial savings in aeration costs. Anammox bacteria are autotrophic and their ability

to fix carbon from CO2 also results in a significant reduction in carbon substrate required for

the removal of nitrogen from the wastewater. Their practical use in mainstream wastewater

treatment is currently limited, however, due to their slow growth characteristics among other

challenges. In addition, their use has not been shown to provide a vast improvement in effluent

nitrogen over conventional denitrification systems. Anammox systems have principally found

successful application in the treatment of wastewater streams with high concentrations of am-

monia such as found in filtrate from dewatered digester sludge. Research is ongoing to expand

the use of anammox to conventional wastewater streams and advances in this area may occur

as more knowledge is gained.

2.3.5 Conventional Preanoxic and Post-Anoxic Denitrification

Conventional Preanoxic Denitrification. Most common denitrification processes use pre-

anoxic configurations in which an anoxic reactor is placed upstream of an aerobic reactor as

shown in Figure 2.4
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Figure 2.4: Preanoxic denitrification process schematic.

Figure 2.4 is a schematic of the Modified Ludzack Ettinger (MLE) process, which is the most

common type of preanoxic process employed. Within the downstream aerobic reactor of this

process, AOBs oxidize ammonia within the bulk solution to nitrite and NOBs oxidize nitrite to

nitrate. An internal recycle (IR) stream high in nitrate is pumped from the aerobic reactor to

the upstream anoxic reactor. Within the anoxic reactor, denitrifying bacteria reduce nitrate to

nitrogen gas, using readily biodegradable organic carbon in the incoming influent as the electron

donor and nitrate as the electron acceptor. The IR pumping rate controls the amount of nitrate

entering the anoxic zone and thus controls the amount of nitrogen that can be removed in the

system. Maximum practical IR pumping rates are generally limited to approximately 400%

of the influent flow. As noted by Grady et al., feasible pumping rates limit nitrogen removal

within MLE preanoxic systems to 60% to 85% of the influent nitrogen concentration.29

Conventional Post-Anoxic Denitrification. While preanoxic denitrification configura-

tions are most often used in WRRFs, post-anoxic designs are also employed to provide greater

nitrate and total nitrogen removal. A conventional post-anoxic denitrification configuration is

shown in Figure 2.5.

Influent flows into the upstream aerobic reactor, where ammonia is oxidized to nitrite and then

to nitrate. Nitrate-rich effluent flows from the aerobic reactor into the downstream anoxic

reactor, where denitrifying bacteria reduce nitrate to nitrogen gas; denitrifiers quickly con-

sume any remaining carbon substrate to provide reducing equivalents and energy to drive their
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Figure 2.5: Post-anoxic denitrification process schematic.

metabolisms. In the absence of available exogenous carbon substrate, the denitrifiers will en-

gage in endogenous respiration to drive their metabolism, which results in a substantially lower

specific denitrification rate (SDNR) than obtained when external carbon substrate is available.

Typical post-anoxic SDNRs relying on endogenous decay are 3 to 6 times lower than SDNRs

experienced in preanoxic systems.94 The resultant large anoxic volumes required to obtain

adequate denitrification under the low SDNRs experienced under endogenous respiration can

inhibit the nitrifying ability of the biomass and are often unfeasible for typical facilities. Due

to this, external carbon substrate (typically methanol) is almost always added to the anoxic

basin to increase the SDNR and to reduce the required size of the anoxic basin.106 While the

addition of carbon substrate increases the cost of operation of a post-anoxic system, these types

of systems have the benefit of achieving substantially greater nitrogen removal then preanoxic

configurations. In a post-anoxic configuration all of the nitrate produced in the aerobic zone

flows to the anoxic reactor. Given an adequate reactor volume and carbon substrate, the sys-

tem is theoretically able to achieve complete denitrification, and thus near-complete nitrogen

removal. Practical limits to the size of the anoxic reactor and the cost of adding external carbon

will limit the achievable effluent nitrogen concentration in a particular system, however.

Four-Stage Bardenpho Process. The four-stage Bardenpho process, developed in South

Africa, adds a post-anoxic zone to an MLE configuration, as shown in Figure 2.6. The process

is used to achieve lower effluent nitrate concentrations than can be obtained with the MLE

process alone. Denitrification in the post-anoxic tank can be driven by endogenous decay or

an external carbon source can be added. In addition, an aerobic tank is added at the end of
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the process to polish the treated wastewater prior to its discharge to the clarifier. This step

is used to prevent denitrification of the remaining nitrate from occurring in the clarifier which

can upset the settling characteristics of the clarifier as nitrogen gas bubbles rise up through the

clarifier contents. Typically, greater than 75% of the influent nitrate is removed prior to the

wastewater entering the post-anoxic tank with final effluent nitrogen concentrations of 3 mg/L

achievable.94 The system has the disadvantage of requiring a larger overall tank volume than

the MLE and conventional post-anoxic systems.

Figure 2.6: Four-stage Bardenpho process schematic.

2.4 Phosphorus Removal from Wastewater

2.4.1 Natural Phosphorus Removal

Biological Assimilation of Phosphorus. Phosphorus is removed from wastewater by sever-

al biological means. One important means of removal in biological treatment systems is through

biological assimilation. Bacteria in the reactor will uptake phosphorus into their microbial mass

to support cellular synthesis and associated metabolisms. In conventional biological treatment

systems that are used for stabilization of influent carbon, biological assimilation of phosphorus

by ordinary heterotrophic organisms can result in a removal of 10% to 20% of the influent

phosphorus.94
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Microbial Induced Precipitation of Phosphorus. Another mechanism that will remove

phosphorus from bulk solution is microbial induced precipitation of phosphorus, mainly in the

form of calcium phosphate. This has been hypothesized to occur through three processes, as

identified by Baetens:5

1. Precipitation of phosphates in an aerated plug flow reactor due to microbial induced

changes in pH.

2. Precipitation of phosphates in biofilms due to changes in pH caused by denitrifiers.

3. Anaerobic precipitation of phosphates due to high orthophosphate concentrations in

EBPR.

The first such process was described in 1970 by Menar and Jenkins.65 According to their

description, near the inlet of an aerobic plug flow reactor, microorganisms oxidizing carbon

substrate will uptake oxygen and release CO2 resulting in low DO and high CO2 concentrations

near the inlet of the reactor. The high CO2 concentration causes a drop in the pH of the solution

which can cause phosphorus compounds to solubilize. Near the end of the reactor, most of the

substrate has been utilized, which results in an increased DO and lower CO2 concentration.

This results in a corresponding rise in the pH of the bulk solution, causing calcium phosphate

to precipitate. While the hypothesis is feasible, it should be noted that the work of Menar

and Jenkins was based on field observations and lab studies of activated sludge prior to the

elucidation of present day EBPR theory. In this regard, the contribution of EBPR to the

author’s observed decrease in soluble phosphorus concentrations when the sludge transitions

from a zone of low DO concentration to a zone of high DO concentration within the reactor

is possible. Indeed, the author’s observation of very high phosphorus removal at a point 3/4

along the length of a 300 foot aeration basin at the former Rilling Roads treatment facility in

San Antonio, Texas is interesting. At this point within the reactor the DO concentration rose

from a level of 1.2 mg/L to 5 mg/L with a corresponding large decrease in orthophosphate

concentration in the bulk solution. The authors observed that the pH in the reactor ranged

from an influent value of 7.3 to an effluent value of 7.9 which they considered to contribute

to a precipitation and the observed decrease in phosphorus in solution. As will be discussed
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in Section 2.4.3, conventional EBPR theory indicates that phosphorus accumulating organisms

will release internally stored phosphate to bulk solution in an anaerobic zone and uptake more

phosphorus than originally released in a subsequent aerobic zone. Considering that at a DO

value of 1.2 mg/L at the beginning of the reactor, the DO concentration within the floc structure

could approach anaerobic conditions prior to being exposed to oxygen as it flows into an area

of high DO (where a drop of phosphorus in solution was observed), a contribution of EBPR

bacteria to the observed phosphorus removal in this plant cannot be discounted.

The second process of microbial induced precipitation of phosphorus can occur within biofilm-

s supporting denitrification. Here, the denitrification process produces alkalinity which will

cause the interior pH of the biofilm to increase with a corresponding precipitation of calcium

phosphate.5 This potential precipitation needs to be accounted for in the design and operation

of fixed film wastewater treatment processes such as trickling filters and submerged biofilm

reactors.

The third process occurs in the presence of high phosphate and calcium concentrations in

solution. Maurer et al. observed precipitation of calcium phosphate at a pH between 7.0 and

8.0 and at phosphorus levels of about 30 mg P/L and calcium concentration of about 60 mg/L.54

To clarify, typical domestic wastewater influent contains phosphate concentrations on the level

of 3.6 mg/L38 and calcium concentrations on the level of 20 mg/L54 which are much lower than

that observed for the precipitation of phosphorus. Phosphate and calcium concentrations in

certain wastewaters may reach these levels, however, particularly within the anaerobic zone of

EBPR systems where phosphate is released from phosphorus accumulating organisms. Even so,

the overall situation in a treatment system can be complex since a change in conditions (such

as pH and calcium activity) within the subsequent aerobic zone of an EBPR system can also

redissolve phosphorus.5

2.4.2 Chemical Phosphorus Removal

While some natural phosphorus removal will occur as described, WRRFs more commonly

achieve phosphorus removal for discharge permit requirements through either chemical or EBPR
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processes. Chemical phosphorous removal is typically accomplished by precipitating phospho-

rous from the wastewater through the addition of metal salts containing aluminum, ferrous iron,

ferric iron, or calcium, followed by filtration.94 Chemical phosphorous removal can consistently

provide effluent phosphorous levels below 0.05 mg/L, but the process has the disadvantage of

the high cost that comes with chemical addition and the processing of large amounts of sludge

with low agronomic value that results from the precipitation process. Several strategies and

configurations are employed in the design of chemical phosphorus removal systems which are

covered in standard wastewater treatment texts, such as by Tchobanoglous et al.94

While chemical phosphorus removal is an important tool that is available for WRRF facilities

to achieve strict phosphorus removal limits, the work in this thesis is centered on the modeling

of the removal of phosphorus and nitrogen from wastewater in a particular BNR process. An

emphasis is therefore placed on understanding the EBPR process over chemical phosphorus

removal in the following narrative.

2.4.3 Enhanced Biological Phosphorus Removal: Process and Metabolisms

Phosphorus Accumulating Organisms. The EBPR process leverages the metabolism of

certain, potentially unique microorganisms to remove phosphorus from wastewater stream-

s. EBPR is driven by a specific population of chemoheterotrophic microorganisms, termed

phosphorous accumulating organisms (PAOs), which will uptake and internally store excess

phosphorous from wastewater when they are subjected to an anaerobic environment followed

by either an aerobic or anoxic environment. Subsequent removal of a portion of the PAOs with

their internal stores of phosphorous through the waste activated sludge (WAS) stream results

in the net removal of phosphorous from the system. EBPR does not have the disadvantage

of requiring continuous chemical addition or the increased sludge processing that is inherent

in chemical phosphorus removal systems. The process is not without disadvantages, however.

Full scale EBPR installations are able to produce effluent total phosphorus concentrations in

the range of 0.1 to 0.2 mg/L but cannot consistently meet the same very low effluent total

phosphorus concentrations that can be obtained by chemical phosphorous removal processes.

EBPR is also known to be prone to biological upsets from such causes as dynamic influent
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loading, introduction of DO or nitrate into the anaerobic zone of the process, and oftentimes

unknown factors.58 For this reason EBPR facilities are typically designed with the capability

to provide chemical phosphorous removal in the event of an upset to the biological process. In

addition, EBPR facilities are known to be associated with the precipitation of large amounts

of struvite in downstream piping and anaerobic digesters which results in increased operation

and maintenance costs.

The underlying metabolism of PAOs is still a subject of much research and debate, despite

considerable effort and research that has been performed to elucidate the metabolism of PAOs

over the last 20 plus years. Currently, a PAO has not been successively isolated in pure culture

and the identification of which specific microorganisms are PAOs remains a subject of contro-

versy. The majority of early studies on PAO cultures identified the dominant PAO as belonging

to the genus Acinetobacter in the γ-proteobacteria class and much EBPR research effort was

expended on this organism. Studies using florescent in-situ hydridisation (FISH) on 16S rRNA

led to the current consensus that Acinetobacter in fact contributes little to EBPR. Seviour et

al. notes, however, that the current state of knowledge cannot definitively rule out a significant

contribution to EBPR by this organism.85 More recent research has implicated the organism

Canditatus Accumulibacter phosphatis (Accumulibacter) of the subclass 2 β-proteobacteria as

a potential PAO.71 The fact that this microorganism has been found to have a significant p-

resence in both lab and full scale EBPR systems adds weight to this claim. Nevertheless, due

to the very diverse microbial nature of EBPR sludge and the wide ranging results of numerous

PAO microbial studies, it is highly likely that several different types of organisms contribute to

the EBPR process as PAOs. Thus, there is still much research that is needed in this area.

Research into the underlying metabolic processes of PAOs has also been wide ranging. Several

models have been proposed for PAO metabolisms, and various aspects of these models are still

debated in the literature. A review of the literature shows continuing debate on numerous as-

pects of the PAO metabolism such as the type of transport process(es) used to uptake substrate

by the PAO, which glycolytic pathways are active within the cell for generation of ATP and

reducing power, the contribution of the TCA cycle in the anaerobic metabolism, and which

metabolic pathways or partial pathways are active in the PAO.
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PAO Anaerobic Metabolism According to the Modified Mino Model. The majority

of conceptual models describing PAO metabolism are largely based on the theorized metabolism

initially presented by Arun et al.4 and which is frequently referred to as the modified Mino

PAO model due to Mino’s work on elucidating the behavior of intracellular glycogen in PAOs.66

A schematic showing an adapted version of this model’s description of the PAO’s anaerobic

metabolism is shown in Figure 2.7.

Figure 2.7: PAO anaerobic metabolism (adapted from Grady et al.29 and Coats10).

The modified Mino conceptual model assumes that PAO metabolism is dependent upon an

adequate supply of short chain fatty acids (VFAs) within the anaerobic zone. VFAs are largely

fermented by non-PAO facultative heterotrophic organisms from readily biodegradable carbon

sources within the influent if an adequate anaerobic environment and detention time is available.

These conditions are often found in long sewer collection lines or purposely designed into an

engineered EBPR system by using an appropriately sized anaerobic reactor. If an adequate
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supply of VFAs is not available to support PAO metabolism, supplemental VFAs may be

added. A common approach is to ferment primary solids on-site within a separate fermenter in

which VFAs can be elutriated and added to the raw wastewater influent stream. Primary solids

fermentation generally will produce a mixture of 50% acetate and 30% propionate with the

residual being C4 - C6 VFAs.94 Typically, the predominant VFA species in a raw wastewater

influent is acetate, generally followed by propionate and butyrate. Since acetate is the most

prevalent form of VFA species in wastewater, the vast majority of EBPR conceptual models

use acetate as the model substrate and this assumption is adopted in this work. In reality other

VFA species are present, and even prevalent, in full scale EBPR plants. In addition, the sludge

in full scale plants is composed of mixed microbial communities which may consist of various

PAO and PAO competitors (specifically GAOs, see Section 2.4.3) which will affect the rate and

amount of VFA sequestration from solution by the PAOs. While these factors will affect the

performance of the EBPR process, they can be successfully accounted for in the design of a

specific EBPR facility through proper calibration of the design models used.

In an anaerobic zone that is rich in VFAs, PAOs are able to rapidly uptake acetate across their

cell membrane using ATP. The exact mechanism used by PAOs to transport substrate across

the cell membrane is still debated. Mino et al.66 and Smolders et al.89 both found strong

evidence that acetate is transported across the cell membrane by an active transport process at

the expense of ATP, in contradiction to the passive diffusion process proposed by the compet-

ing Comeau/Wentzel model.14,110 Conversely, several other studies have shown evidence that

a passive diffusion or a secondary transport process is the responsible uptake mechanism.5,71

Nevertheless, once inside the cell, acetate is activated to acetyl-CoA using energy obtained

through the hydrolysis of ATP. Acetyl-CoA is used to synthesize the cellular carbon storage

polymer polyhydroxyalkanoate (PHA), which is used to store carbon and electrons for later

use by the cell. Within the modified Mino model, ATP for acetate uptake and cell mainte-

nance in the anaerobic zone is obtained primarily through the hydrolysis of the PAO’s internal

polyphosphate storage polymers with some contribution of ATP coming from the degradation

of the cell’s glycogen storage polymers through either the Embden-Meyerhof-Parnas (EMP)

pathway or the Entner-Doudoroff (ED) pathway. Studies of PAO glycogen metabolism have
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produced contradictory evidence as to whether the EMP or the ED pathway is used by PAOs

in the anaerobic degradation of glycogen and the specific pathway employed remains a sub-

ject of controversy. It may be that the specific pathway used is dependent upon the type of

PAO.71 The ED pathway produces less ATP per mole of glycogen degraded which affects the

system energy balance and thus the amount of required polyphosphate to be degraded to fuel

the metabolism. Therefore, the pathway assumed in modeling the PAO and the EBPR process

makes a difference.58 Further research is required to settle this question. Lastly, the degrada-

tion of polyphosphate for ATP production releases orthophosphate and a metal cation, Me+

(principally K+ and Mg2+), which are excreted from the cell through a phosphate inorganic

transporter (Pit).10,84 Due to this release, EBPR systems are characterized by relatively high

levels of soluble phosphorus within the bulk solution of their anaerobic zones.

Cellular metabolisms primarily function through oxidation-reduction (redox) reactions in which

electrons are taken from a substrate and directed through a metabolic pathway to reduce a

substance in order to form a product. Due to the ubiquity of redox reactions within cellular

metabolisms, a full description of the PAO metabolism requires an accounting of the flow of

electrons and their carriers through the principal metabolic pathways. The electron carriers

act as reducing agents and therefore are referred to as having reducing power. Bacterial cells

contain several different carriers of reducing power, the three most prevalent of which are listed

below (abbreviations are listed as oxidized form/reduced form):

1. Nicotinamide adenine dinucleotide: NAD+/NADH2

2. Nicotinamide adenine dinucleotide phosphate: NADP+/NADPH2

3. Flavin adenine dinucleotide: FAD/FADH2

NADH2 and NADPH2 act as cofactors in a wide variety of enzymatic reactions. NADH2 is

principally used in catabolic reactions while NADPH2 is primarily used in anabolic processes.

Exceptions exist, however, as occasionally isoenzymes (different forms of the same enzyme)

may be catalyzed by either NADH2 or NADPH2. FADH2 is largely produced in the TCA cycle

and plays an important role as a cofactor for the enzyme ATP synthase which produces ATP

in the oxidative phosphorylation process. Other reducing power carriers are also used within
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microbial metabolisms, such as pyrroloquinoline quinine (PQQ) which is used as a cofactor

in methanol oxidation to formaldehyde.69 The current consensus is that the acetoacetyl-CoA

reductase enzymes that are used to produce PHA within the PAO require NADPH2 as the

reducing agent. NADPH2 is primarily produced in the Pentose-Phosphate pathway but can also

be generated from available NADH2 through a transhydrogenase reaction.10,84 The primary

source of NADH2, used in PAO catabolic reactions, is the EMP/ED pathways. Some evidence

has also shown that the TCA cycle may also be active in the anaerobic environment, which

can contribute to the supply of NADPH2 and NADH2 within the cell.71,117 The amount of

involvement of the TCA cycle in the anaerobic zone is unclear, however, and may be a function

of specific environmental conditions and the type of PAO.58

PAO Aerobic/Anoxic Metabolism According to the Modified Mino Model. The

PAO aerobic metabolism, following an anaerobic environment, can be described using an adapt-

ed version of the modified Mino model, as shown in Figure 2.8.

When the PAOs enter the aerobic reactor from the anaerobic zone, they have large PHA s-

tores and low glycogen and polyphosphate reserves. Furthermore, most of the available readily

biodegradable carbon substrate within the wastewater has been utilized in the anaerobic zone,

and thus the concentration of carbon substrate within the aerobic reactor is low. In this en-

vironment, PAOs oxidize stored PHA to acetyl-CoA which enters the TCA cycle to produce

NADH2. NADH2 is oxidized for ATP production through oxidative phosphorylation, with oxy-

gen as the terminal electron acceptor. A portion of the stored PHA is also used to replenish

the PAO’s glycogen reserves through gluconeogenesis. In addition, PAO’s will uptake inorganic

phosphorus from the bulk solution for replenishment of their polyphosphate reserves. Transport

of phosphorus into the PAO cell is generally believed to occur through two separate phospho-

rus transport mechanisms. Much of what we know about these systems in prokaryotes was

derived from studies on non-PAO species, particularly Escherichiacoli. When phosphorus con-

centrations are high in bulk solution, a constitutively expressed low affinity phosphate inorganic

transporter (Pit) will uptake phosphorus by use of the proton motive force. When phosphorus

concentrations are low, a high affinity phosphate specific transporter (Pst) becomes active to
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Figure 2.8: PAO aerobic metabolism (adapted from Grady et al.29 and Coats10).

transport phosphorus into the cell at the expense of ATP. Repression of the Pst system in

prokaryotes is generally believed to occur at phosphorus concentrations of about 4 µM (0.12

mg P/L).111 Reinforcing the role of Pst and Pit in EBPR sludge, a recent metagenomic analysis

of an Accumulibacter clade IIA dominated culture seeded by EBPR sludge found evidence that

the Pst and Pit systems are present in this organism. The authors of this study postulated

that the Pit system is operative at concentrations normally found in EBPR sludge while the

Pst system is induced only at very low phosphorus concentrations.53 There is some debate as

to the what concentration of phosphorus will repress Pst in PAOs, however. He et al. notes

that some studies have have indicated that the Pst system in PAOs may, in fact, also be active

at high phosphorus concentrations, although the evidence for this is inconclusive.34 This is

another aspect of PAO metabolism that needs further research before definite conclusions can

be drawn.
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The large amounts of ATP generated in the aerobic zone allows for significant growth of PAOs.

This growth increases the capacity of the PAO biomass to uptake and store phosphorus so

that all of the inorganic phosphorus released in the anaerobic zone plus the concentration in

the influent is able to be substantially reduced in bulk solution, with phosphorus stored as

polyphosphate reserves in the PAO cells. Subsequent settling and wasting of a portion of the

PAO biomass in the WAS stream results in a net removal of phosphorus from the system. The

remaining biomass is returned to the anaerobic reactor through a recycle stream to repeat the

process. The ability of PAOs to use an internal carbon source for growth in the aerobic zone,

where exogenous carbon substrate has been depleted, gives PAOs a competitive advantage over

ordinary heterotrophic organisms. This ability allows PAOs to grow and proliferate within the

biomass which gives the biomass the ability to effectively remove phosphorus from the system.

Some types of PAOs, termed denitrifying PAOs (dPAOs), have the ability to use nitrate and/or

nitrite as an electron acceptor in lieu of oxygen. Not all PAOs appear to be able to act as dPAOs

and even dPAOs appear to differ in their ability to reduce nitrate and/or nitrite.58 Kuba et

al. found that dPAOs have the same PHA and glycogen metabolism as that of the Mino

model.43 Due to thermodynamic differences, however, less ATP is generated when nitrate or

nitrite is used as an electron acceptor than when oxygen is used. Indeed, Kuba et al. estimated

the amount of ATP produced per mol of NADH2 supplied to the electron transport chain in

enriched EBPR sludge to be 1.0 mol ATP/mol NADH2 compared to 1.85 mol ATP/NADH2

for oxygen that was previously determined by Smolders et al.41,88 This lower ATP production

efficiency results in less phosphorus uptake which can translate to higher effluent phosphorus

concentrations compared to when oxygen is used as an electron acceptor.71

Practically, a denitrifying EBPR system requires an aerobic zone to nitrify ammonia to nitrate,

which can then be reduced to nitrogen gas in an anoxic zone. Successful configurations that

have been implemented include conventional preanoxic and post-anoxic denitrification system-

s preceded by an anaerobic zone to induce EBPR as well as dual sludge systems in which

nitrifying sludge is kept completely separate from anaerobic-anoxic sludge but with nitrified

supernatant cycled into the anaerobic-anoxic system for denitrification. Kuba et al. suggests

that single sludge EBPR systems performing denitrification should be configured in a preanox-



31

ic configuration following the anaerobic zone (i.e. in an anaerobic-anoxic-aerobic configuration

with internal recycle of nitrate rich wastewater from the aerobic to anoxic zone) rather than in

a post-anoxic configuration.42 The reasoning is based on the fact that in a preanoxic EBPR sys-

tem, dPAOs have high levels of PHA as they leave the anaerobic zone and flow into the anoxic

reactor. PHA is thus available to efficiently remove phosphorus and reduce nitrate simultane-

ously in the preanoxic reactor. In addition, PHA degradation was found by Smolders et al. to

follow first order kinetics88 Therefore, high levels of PHA result in a faster PHA metabolism,

phosphorus uptake rate, and denitrification rate. Conversely, in a post-anoxic system, dPAOs

flow into the anoxic reactor from the aerobic zone with low levels of PHA. The PHA consumed

in the aerobic zone for phosphorus uptake with oxygen as the electron acceptor is not available

to efficiently remove both phosphorus and nitrate simultaneously. It should be noted, however,

that more recent studies have indicated that denitrifiers in a post-anoxic EBPR process appear

to have the ability to utilize their glycogen reserves in the absence of PHA to drive the deni-

trification process at denitrification rates comparable to conventional preanoxic denitrification

systems.12,106,113

Glycogen Accumulating Organisms

General Metabolism Several studies have noted the deterioration of EBPR systems with

the prevalence of certain type of bacteria, termed glycogen accumulating organisms (GAOs).

GAOs have a similar PHA and glycogen metabolism as PAOs in that they can uptake VFAs

in an anaerobic environment for storage as PHA and then use their PHA reserves for energy

in an aerobic environment. This ability allows them to aggressively compete with PAOs for

VFA substrate and survive with PAOs in the downstream aerobic environment that is devoid

of substrate. GAOs do not have the polyphosphate storage metabolism, however, and therefore

do not uptake phosphorus for storage and use as an energy source. This metabolic deficien-

cy makes GAOs undesirable in the EBPR process since their proliferation will decrease the

amount of PAOs in the biomass and decrease the ability of the biomass to remove phosphorus

from the wastewater. Research is ongoing to identify the specific species of microorganisms

that are GAOs. Current organisms believed to be GAOs include, among others, Candidatus
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Competibacter phosphatis, Actinobacteria, and Defluviicoccus vanus.29

GAO Anaerobic Metabolism According to the Filipe-Zeng GAO Model. The work

of Filipe et al. and Zeng et al. resulted in a model of the GAO metabolism that is well accepted

and, following Grady et al., is referred to here as the Filipe-Zeng GAO model.25,29,114,115 Figure

2.9 shows a schematic of the GAO anaerobic metabolism based on a modified version of this

model.

Figure 2.9: GAO anaerobic metabolism (adapted from Grady et al.29).

Briefly, the metabolism can be described as follows. In the anaerobic zone, glycogen is degraded

to pyruvate through either the EMP or ED pathway, which produces all of the ATP required for

the anaerobic metabolism. This includes the ATP required for the uptake of acetate, activation

of acetate to acetyl-CoA, and the support of GAO maintenance activities. Reducing equivalents

for synthesis of PHA are primarily produced by the degradation of glycogen. Some reducing
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equivalents may also be produced by either a full or active TCA cycle71 and potentially at

least a partial pentose-phosphate pathway.70 Residual reducing equivalents must be consumed

in order to maintain an interior redox balance within the GAO, which is achieved by the

reduction of pyruvate to propionyl-CoA which can be used to synthesize PHA. Propionyl-CoA

mainly produces the PHA poly-β-hydroxyvalerate (PHV), whereas the PHA produced from

acetyl-CoA is mainly poly-β-hydroxybutyrate (PHB). The significant amounts of propionyl-

CoA within the GAO results in a significant fraction of the PHA produced by the GAO being

of the PHV form. In fact, acetate fed GAOs synthesize about 75% PHB, 25% PHV, and a

very small amount of PH2MV on a C-mole basis. By contrast, acetate fed PAOs are known to

produce mostly PHB with typically less than 10% PHV.71

GAO Aerobic Metabolism According to the Filipe-Zeng GAO Model. Figure 2.10

presents a schematic of the aerobic metabolism of GAOs based on a modified Filipe-Zeng GAO

model.

Aerobically, GAO metabolism is very similar to PAO metabolism with the exception that GAOs

do not have a metabolism for polyphosphate synthesis and therefore uptake of excess inorganic

phosphorus does not occur. PHA reserves are utilized to replenish glycogen reserves and to

produce energy for cellular metabolism and growth. To accomplish this, PHA is degraded to

both acetyl-CoA and propionyl-CoA according to the fractions of PHA that are of the PHB

and PHV forms. A portion of acetyl-CoA undergoes gluconeogenesis to replenish glycogen

reserves. Acetyl-CoA also enters the TCA cycle for production of reducing equivalents. In

addition, a portion of propionyl-CoA is degraded to pyruvate, which is converted to aceytl-CoA

through decarboxylation. Subsequent propionyl-CoA enters gluconeogenesis for replenishment

of glycogen through conversion to either pyruvate or oxaloacetate. Large amounts of ATP are

produced through oxidation of reducing equivalents by the oxidative phosphorylation process

using oxygen as the electron acceptor.

Denitrifying GAOs (dGAOs) which can use nitrate/nitrite as their terminal electron acceptor

are also known to exist, but dGAOs of different phylogeny are believed to have differing den-

itrification abilities. Zeng et al. found that an acetate fed dGAO enriched sludge containing
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Figure 2.10: GAO aerobic metabolism (adapted from Grady et al.29).

mostly Competibacter had the ability to reduce nitrate to dinitrogen gas using internally stored

PHA as the carbon substrate but that nitrous oxide was the main denitrification end prod-

uct.116 It was postulated that accumulation of nitrite within the reactor caused an inhibition

of the nitrous oxide reductase enzyme which prevented further reduction to dinitrogen gas.

Moreover, Wang et al. found that an acetate fed sludge enriched with cluster I Defluviicoccus

vanus-related GAO could use acetate or internally stored PHA to reduce nitrate to nitrite but

could not further reduce nitrite. Further studies have shown that other types of dGAOs have

varying and different denitrification abilities.58
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2.5 A New BNR Process: Internal Carbon Driven Post-Anoxic Biological

Nutrient Removal (Biopho-PX)

2.5.1 Process Description

Recent research has indicated that EBPR coupled with post-anoxic denitrification can achieve

SDNRs exceeding those typically associated with endogenous decay and has the potential to

remove greater than 99% inorganic nitrogen and phosphorous removal without the addition of

external carbon to the post-anoxic zone.8,12,48,106,113 Denitrification in the post-anoxic zone

appears to be driven by denitrifying PAOs and/or GAOs that are present within the EBPR pro-

cess. Research strongly indicates that these organisms can use their internal glycogen reserves

as a source of carbon and reducing equivalents to drive denitrification at higher than expected

endogenous post-anoxic rates in the absence of exogenous substrate. The Coats’ research group

at the University of Idaho Department of Civil and Environmental Engineering is currently in

the process of trademarking the term Biopho-PX to describe this process. In this work, the

process is additionally referred to as an internal carbon driven post-anoxic biological nutrient

removal (BNR) process. A schematic of this process under a continuous flow configuration is

shown in Figure 2.11.

Figure 2.11: Post-anoxic BNR process flow schematic.

The configuration consists of an anaerobic zone followed by an aerobic and a post-anoxic zone.

A fermenter to generate and supply VFAs to the anaerobic zone for PAO uptake may also be



36

required, depending on the influent wastewater VFA concentration. Return activated sludge

(RAS) is cycled from the secondary clarifier to the anaerobic zone in order to maintain an

adequate mixed liquor suspended solids (MLSS) concentration in the system and to maintain

a consistent sludge blanket depth within the secondary clarifier. Within the anaerobic and

aerobic zones, the sludge exhibits conventional EBPR metabolism. As PAOs uptake VFAs

in the anaerobic zone, internal polyphosphate reserves are cleaved for energy to support the

metabolism which results in the release of inorganic phosphorus into the bulk solution. The

VFAs taken into the cell are converted to PHA which is stored for later use. In addition, PAOs

utilize their internal glycogen stores to produce reducing equivalents and some ATP to support

the anaerobic metabolism. As PAOs enter the aerobic zone, there is little external substrate

in solution available but the PAOs have large PHA reserves which they degrade to produce

large amounts of ATP to support growth and maintenance, using the oxygen in the solution

as the terminal electron acceptor. Inorganic phosphorus is taken into PAO cells to replenish

the PAO’s polyphosphate stores and a fraction of the internal PHA is used to replenish the

PAO’s glycogen storage polymers. As the PAOs enter the anoxic reactor, they have little to no

PHA left in reserve and exogenous readily biodegradable carbon substrate has been exhausted.

Nevertheless, numerous studies have observed high denitrification rates within the anoxic zone

concurrent with decreasing cellular glycogen levels under these conditions. It is hypothesized

that dPAOs and/or dGAOs degrade internal glycogen stores to produce ATP to support their

metabolism and potentially growth, through oxidative phosphorylation using nitrate and nitrite

as the terminal electron acceptors.

It is currently unknown whether dPAOs or dGAOs or a combination of these organisms are

responsible for the post-anoxic denitrification. Vocks et al. suggested that dGAOs may play

a prominent role in the process since denitrification by dPAOs had so far been observed only

with concurrent phosphorus uptake. In the post-anoxic BNR configuration, however, very little

to no soluble phosphorus remains in solution after the aerobic zone and little to no phosphorus

uptake is observed with denitrification. Glycogen levels within the biomass decrease with the

nitrate and nitrite concentrations in the anoxic reactor, however, which suggests that organisms

with a significant glycogen metabolism are oxidizing glycogen with nitrate and nitrite as the
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electron acceptor. This points to a potential role for dGAOs in this process. Table 2.2 presents

SDNRs observed with this process that were fed with real wastewater, compared to typical

preanoxic and endogenous post-anoxic SDNRs.

Table 2.2: Typical preanoxic and post-anoxic SDNRs vs. observed SDNRs in post-anoxic BNR config-
urations with real wastewater.

SDNR
Process (mg N/g MLVSS-h) Reference

Typical Preanoxic 1 - 3 Tchobanoglous et al.94

Typical Post-Anoxic (Endogenous) 0.2 - 0.6 Kujawa and Klapwijk45

Continuous Flow MBRa 0.47 - 2.6 Vocks et al.106

Nitrifying SBR 0.69 - 0.9 Coats et al.12

Nitrifying SBR 0.31 - 0.95 Winkler et al.113

Nitritating SBR 0.21 - 1.87 Appel3

a MBR=Membrane Bioreactor
b AN=Anaerobic, AE=Aerobic, AX=Anoxic

Table 2.2 indicates variability in the SDNR rates observed but that rates comparable to pre-

anoxic configurations are achievable. Clearly, more research is needed to optimize this process.

If full scale facilities can successfully implement this process, several benefits can be realized:

1. The process can achieve very low effluent nitrogen and phosphorous levels by leveraging

microbial metabolisms and using influent BOD to efficiently remove both nitrogen and

phosphorus. The removal of nitrogen from this process is expected to be higher than that

achievable in preanoxic configurations.

2. External carbon is not required to be added to the post-anoxic reactor to fuel the denitri-

fying metabolism, resulting in cost savings. In addition, external carbon added to anoxic

EBPR sludge can upset the EBPR process by inducing secondary phosphorus release from

PAOs and encouraging proliferation and competition of ordinary heterotrophic organisms.

3. The process does not require MLR pumping as is required for preanoxic systems, resulting

in lower energy demand.

4. For facilities that have phosphorous discharge limits, the process will remove both phos-

phorous and nitrogen biologically. Depending on the required effluent limits, chemical

phosphorous removal and its associated increased costs for chemical addition and in-
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creased sludge volume can be reduced or eliminated with this process.

2.6 Activated Sludge Modeling

Previous work on the internal carbon driven post-anoxic BNR process has shown that it has

strong potential to become a viable and cost-effective process for obtaining low nitrogen and

phosphorus effluent concentrations at full scale treatment facilities. A key component to ad-

vancing this process to the point where full scale installation is feasible is the optimization of

the process operating parameters. Such optimization includes the selection of an appropriate

SRT, optimal reactor hydraulic residence times (HRTs), recycle stream flow rates, etc. The

use of a mathematical model that can be used to adequately simulate the process would be

an invaluable tool in this optimization process, since model simulations can be used to save

countless hours and effort in narrowing physical and operating alternatives prior to validation

by lab and pilot scale studies. Recognizing this, an effort was made in this work to form such

a model, as described later. In order to better understand the approach taken to derive this

model, a review of the approaches that are commonly used to model activated sludge systems

is needed.

2.6.1 General Activated Sludge Modeling Approaches

Process models can be classified into three general types based on what is known about the

system that is being modeled; black box models, glass box models, and gray box models. In

using a black box model, a macroscopic view of the system is taken and the system is consid-

ered solely in terms of its input and corresponding output response without consideration or

knowledge of the specific internal reactions occurring within the system. Empirical or stochastic

relationships are used to structure the model based on the input and output responses of the

system. Traditional activated sludge design is based on this type of modeling. Indeed, until

the early 1950s, the design of activated sludge systems relied largely on empirical relationships

such as gross process loading factors and the aeration periods necessary to achieve adequate

treatment.51 Wastewater treatment standards up to this time focused only on BOD removal.
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Such an approach has historically been able to produce well performing conventional activated

sludge systems that meet their design intent even though the specific composition of the ac-

tivated sludge remains undefined in the model.100 A disadvantage of a black box approach is

that the model is only valid within the range of the measurements used to create the model.112

A glass box model, also referred to as a white box model or an internal model,51 refers to a

model in which the internal reactions and processes are fully defined and all of the necessary

information to fully describe the system are known a priori. Internal processes and reactions are

described using first principles, based on physical, chemical, or biological insight and usually by

a system of differential equations based on mass balances.40 In practice, due to their complexity

and the difficulty in obtaining all of the necessary information beforehand, true glass box models

are rare. Van Loosdrecht et al. notes, however, that some activated sludge models have began

to approach a glass box type of model, such as the ASM 3 model and the TUDP model which

incorporate cycling of microbial storage products in order to better predict nutrient removal.100

A gray box model can be considered to consist of either a series of black box submodels or

a combination of glass box and black box submodels.40 As noted by Smolders et al., further

investigation into a system that is modeled as a black box can result in insight which will allow

mechanisms or processes within the system to be delineated and modeled as submodels within

the main model.91 These submodels are themselves viewed as black boxes. Such a model

becomes mechanistic, in that underlying mechanisms that operate within the system begin

to be defined. Here, the model begins to obtain predictive power and limited extrapolation

becomes possible due to the model’s theoretical underpinnings which describe the processes

operating within the system.112 Van Loosdrecht et al. notes that the main activated sludge

models in use today (the International Water Association activated sludge models) take a gray

box approach, where the sludge in the reactor is divided into individual fractions such as a

readily biodegradable fraction, an inert particulate fraction, an ordinary heterotrophic bacteria

fraction, a nitrifying bacteria fraction, a denitrifying bacteria fraction, etc.100 Here, reactions

between specific microbial communities and substrate fractions in the activated sludge are

defined and incorporated into the model in order to refine the model predictions. Such models

have proven to perform well for the simulation of nitrification and denitrification systems.
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Although the predictive capacity of such models is increased, it does come at the expense of

model complexity.

The approach taken to model activated sludge systems has largely evolved from a purely black

box approach to an approach that attempts more of a glass box approach which incorporates

microbial metabolisms into the model. Figure 2.12 illustrates how the refinement of activated

sludge models has occurred.

Figure 2.12: Refinement of an activated sludge model (adapted from Smolders91, Meijer62, and Van
Loosdrecht et al.100).

Here the traditional activated sludge design approach, which incorporates empirical and s-

tochastic relationships to describe the reactions and processes that occur within the activated

sludge to transform the input (such as an F/M ratio) into the output response (such as efflu-

ent BOD), is represented as a black box. Investigation into the activated sludge process has

allowed further refinement of activated sludge models by delineating the important classes of

microorganisms within the sludge which act on substrate to oxidize carbon to carbon dioxide,

oxidize ammonia to nitrate, and reduce nitrate to nitrite, etc. These processes are themselves

modeled as a network of black box models within the main model to produce the model output

(such as effluent BOD and nitrogen concentrations). Further refinement of activated sludge
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models has been made possible by elucidation of the relevant microbial metabolisms of the mi-

croorganisms acting within the activated sludge. Here, a metabolic modeling approach is taken

and the cycling of microbial storage products, such as PHA, glycogen, and polyphosphate are

included within the overall model structure. Such a model has been shown to provide a sub-

stantial improvement in modeling EBPR processes although they have historically shown only

a nominal improvement in the modeling of nitrification and denitrification. Therefore, whether

the use of such a complex model is justified depends highly on the application.100

In the derivation or selection of an appropriate model, the engineer must choose a model that

will appropriately describe the system for the specific application being considered. A balance

must be made between the accuracy gained by a more complex model against the increased

time and expense required (and implicit uncertainty) for parameter estimation. It is more

advantageous to choose a simpler model over a more complex one, if the simpler model will

provide an adequate enough description of the system under consideration. Two different

fundamental approaches are currently used to model activated sludge systems today, the ASM

(ASM 1, ASM2d, and ASM 3) models and metabolic models. The choice of which model to

use depends upon the application.

2.6.2 Current Activated Sludge Models

IWA Activated Sludge Models. Prior to 1982, activated sludge models were developed

independently by various research teams.98 In 1986, the International Association on Water

Pollution Research and Control (IAWPRC; now IWA) formed the ”Task group on mathematical

modeling for design and operation of biological treatment.” The task group was composed of

experts from various research groups and charged with developing a single activated sludge

model to be used in the design of activated sludge systems. In 1982 the task group released

the Activated Sludge System Model No. 1 (ASM 1) with a final form of the model released in

1987.36 The ASM 1 model combines previously existing models and concepts into a single model

that can be used to model carbon removal, nitrification, and denitrification. ASM 1 has gained

wide acceptance in the engineering and wastewater industry and can be considered today as

the standard reference model for activated sludge modeling and design.27 In order to facilitate
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the presentation of a large number of model parameters, the ASM 1 model components are

arranged in the Gujer matrix form, in which state variables are displayed in the matrix columns

and model processes are displayed in the matrix rows.31,36

In 1995 the IWA task group released the ASM 2 model, which is a heavily revised and expanded

model capable of simulating carbon removal, nitrification, denitrification, chemical phosphorus

removal, and EBPR.37 The ASM 2 model was subsequently revised and released as ASM 2d to

include denitrifying PAOs.38 In 1999, IWA released ASM 3 which addressed several inadequacies

that had been discovered in ASM 1, but does not include the ability to simulate phosphorus

removal.30 While ASM 1 remains the most popular of the Activated Sludge Models, both ASM

2d and ASM 3 have seen widespread use in the design of many activated sludge systems.

Metabolic Models. The ASM models primarily simulate the conversions and reactions oc-

curring within a reactor, outside of the microbial cells. If the model incorporates the cycling of

microbial storage products, as does ASM2d and ASM 3, they are accounted for only through

the use of lumped storage variables.51 Yield coefficients used within the model are largely

empirically determined. In contrast, metabolic models account for the internal microbial reac-

tions occurring within the microbial cells through known biokinetic stoichiometry and kinetic

rates. All of the relevant metabolisms and reactions that occur within the cells are specifically

incorporated into the model. Within EBPR, these metabolisms include the uptake of carbon

substrate, the cycling of PHA, glycogen, and polyphosphate storage polymers, and the gen-

eration and use of ATP and reducing equivalents. Yield coefficients within metabolic models

are derived directly from the stoichiometry of the internal conversions within the cell. While

metabolic models are more complex than ASM type models, they usually require less calibra-

tion effort since a large portion of the variables in the model are stoichiometrically related and

do not need to be explicitly determined or calibrated by the modeler.51,85

2.6.3 The Technical University of Delft Phosphorus Metabolic Model

History and Overview. The primary metabolic model used for modeling activated sludge

facilities is the Technical University of Delft Phosphorus (TUDP) model developed by a working
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group at the Delft University of Technology and which models PAO metabolism by incorporat-

ing the cyclic transformations of PHA, glycogen, and polyphosphate within the cell as the cell

passes through anaerobic, aerobic, and anoxic zones. The current version of the model inte-

grates the metabolic model of PAO metabolism into the ASM2d model structure such that the

complete model is able to simulate phosphorus, nitrogen, and COD conversions. This model was

developed primarily through the work of Smolders et al.,86–90 Kuba et al.,41,44 Murnleitner et

al.,67 Van Veldhuizen et al.,102 and Meijer.62 The model has been validated against several full

scale BNR processes including mainstream EBPR,59,102 EBPR process start-up,61 EBPR lim-

itations during wet weather flow periods,63 and existing sidestream processes (Phostrip similar

process for biological removal of phosphorus7 and BABE process for nitrifying microorganism

augmentation).83

Meijer provides a good summary of the history and structure of the model.62 In brief, Smolders

et al. developed the anaerobic and aerobic model kinetics and stoichiometry while Kuba et al.

developed the anoxic parameters for the model. Murnleitner et al. modified the kinetic frame-

work of Smolders to provide a better fit of the model under aerobic and anoxic environments.

Van Veldhuizen et al. subsequently combined the metabolic model outlined by Murnleitner with

the ASM 2d model. The combined model predicts phosphorous removal through the Murnleit-

ner metabolic structure and predicts COD and nitrogen removal using the ASM 2d structure.

Of note, Van Veldhuizen showed that this model could provide good prediction of full scale

treatment plant effluent concentrations with the calibration of only 3 out of 60 of the model’s

parameters, together with adjustment of the unknown aeration input. The combined model

was further refined by Meijer and was found to provide good results in modeling both lab scale

and full scale facilities. Hauduc et al. subsequently corrected several typing errors in Meijer’s

version of the model.32 The model developed in this thesis relies upon the TUDP model for

conventional EBPR processes. It is important, therefore, to understand the underlying basis of

the TUDP model and assumptions used in its derivation.

Representation of Reducing Power. The TUDP model represents all forms of reducing

agents (NADH2, NADPH2, and FADH2) as a single entity denoted as NADH2. As noted by
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Villadsen et al., this is valid when performing simple metabolic analysis on a metabolic process

(such as when all anabolic reactions in the process are represented by a single stoichiometric

equation).105 In these cases, a unit of reducing power can be defined as a reducing equivalent,

equal to one H+ atom. Thus, the carriers NADH2, NADPH2, and FADH2 all carry 2 reducing

equivalents (two H compounds) and all NADH2, NADPH2, and FADH2 generated and consumed

in the metabolic reactions being analyzed may therefore be represented by the designation

NADH2. While different forms of reducing agent may be consumed and generated within a

process, it takes the same amount of substrate to produce the net amount of reducing equivalents

arising from the process. Therefore, the amount of reducing equivalents produced and the

anabolic yields arising from the available reducing equivalents (and resulting ATP generation)

will be the same whether the reducing agents are represented by a single designation or each

individual agent is tracked separately through the calculations. Villadsen et al. notes, however,

that for more complex metabolic analysis, such as the quantitative study of fermentative amino

acid production, the tracking of the different reducing agents will be required.

Derivation of the TUDP Metabolic Model for Conversions by PAOs. The metabolic

model component of the TUDP model was derived by utilizing a metabolic flux analysis proce-

dure to determine the yield coefficients for the conversions of substrate and products (glycogen,

PHA, and polyphosphate) that are induced by PAOs within EBPR. The yield coefficients were

then coupled to appropriate kinetic rate equations which can be used to simulate the concentra-

tions of the constituents within the reactor by forming mass balances. Both the anaerobic and

aerobic conversions in the model are based on a Herbert-Pirt type relation that is expanded to

include product formation. A general form of this relation, which describes the conversion rate

of a substrate in solution by the biomass (rs), is shown in equation 2.7.81

rs =
1

Ysx
rx +

1

Ysp
rp +msCx (2.7)

The yield value Ysx represents the production of biomass x on substrate, s, while Ysp is the

yield of end product (e.g. lysine or PHA), p, produced on the substrate. The variables rx

and rp are the conversion rates of biomass and product, respectively. The coefficient ms is the
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specific rate of substrate degradation for maintenance and Cx is the concentration of biomass

in the reactor. The derivation of the yield coefficients in equation 2.7 can be accomplished by

taking advantage of the fact that a yield coefficient may be defined from the reaction rates of

the consumed and produced components such that Yab ≡ |rb/ra|. A metabolic network analysis

can be used to determine the rates of consumption of substrate and the production of products

within the metabolism of an organism, from which the yield coefficients are determined. The

general procedure will be illustrated in Chapter 3.7 where yield coefficients will be derived for

PAOs under ammonia limited conditions within a post-anoxic EBPR process. For our current

purpose of further understanding the underlying basis of the TUDP model, however, the specific

metabolic processes that were assumed to occur in the anaerobic and aerobic metabolisms of

PAOs for the derivation of the TUDP metabolic model are discussed below.

TUDP Model Anaerobic Reactions. The TUDP model uses four processes to simulate

the PAO anaerobic metabolism:

1. Acetate transport across the cell membrane and subsequent conversion of acetate to PHB.

2. Hydrolysis of polyphosphate (polyP) and release of orthophosphate into bulk solution.

3. Generation of the reducing equivalent NADH2 from glycogen degradation.

4. Anaerobic maintenance.

These processes can be visualized as shown in Figure 2.13.

Since the prevalent species of PHA synthesized when acetate is the sole substrate for PAOs

is PHB, the TUDP model makes the simplifying assumption that all of the PHA species are

of the PHB form. In addition, as shown in Figure 2.13, the TUDP model assumes that all

reducing equivalents are NADH2. This assumption can be justified in simple metabolic models,

as previously discussed. As indicated in Figure 2.13, the model also assumes that all reducing

equivalents are produced by glycogen degradation through the EMP pathway, as originally

proposed by Mino et al.66 Hence, the model does not include the TCA cycle in the anaerobic

metabolism and all acetic acid is converted to PHB utilizing the NADH2 formed from the
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Notes: Stoichiometric coefficients refer to moles of substance (carbon compounds in C-mole). α1=efficiency of
acetate transport across the cell membrane. α2=efficiency of ATP production from polyP hydrolysis.

Figure 2.13: PAO anaerobic metabolic conversions as modeled by the TUDP model (adapted from
Smolders et al.92 and Meijer62).

degradation of glycogen. As mentioned in Section 2.4.3, the role of the TCA cycle in the

anaerobic metabolism of PAOs is still debated. The decision not to incorporate the TCA

cycle into the anaerobic metabolism of PAOs in the TUDP model was based on experimental

results obtained by Smolders et al. in which two pathways for the anaerobic production of

reducing equivalents were considered.89 The first pathway assumes all NADH2 is produced by

the degradation of a portion of acetic acid through the TCA cycle, which is in accordance with

the metabolism proposed by Wentzel et al.110 Glycogen is not involved in this pathway. The

second pathway assumes all NADH2 is produced by the degradation of glycogen through the

EMP pathway. Smolders et al. measured the anaerobic acetate consumption of an enriched

PAO culture against the corresponding CO2 and PHB produced and the phosphorus released

in a series of batch tests and an operating SBR. The results strongly indicated that glycogen

was degraded through the EMP pathway without involvement of the TCA cycle as shown in

Table 2.3.

The TUDP model combines the uptake of acetate, the subsequent conversion of acetate to

acetyl-CoA, and the conversion of acetyl-CoA to PHB into a combined single reaction. Within

this reaction, ATP created from the polyphosphate and glycogen degradation is used as an

energy source to uptake acetate. The amount of ATP required for the uptake of acetate across
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Table 2.3: Theoretical and measured conversion ratios for determination of the source of anaerobic
reduction equivalents for the TUDP Model (adapted from Smolders et al.89).

Theoretical Measured

Ratio TCA Glycogen (EMP) Batch SBR

CO2/HAc 0.11 0.17 0.17 0.18-0.22

PHB/HAc 0.89 1.33 1.3 1.2

PO4/HAca 0.5-0.1 0.25-0.75 - 0.26-0.76

a Theoretical value depends on pH

the cell membrane, α1, is pH dependent in the model and ranges between 0 moles ATP/C-mol

at low pH (pH of 5.5) to 0.5 moles ATP/C-mol at high pH (pH of 8.5).62,89 The conversion of

1 C-mol of acetic acid to 1 C-mol of acetyl-CoA is assumed to use 0.5 mole ATP/C-mol, while

the conversion of acetyl-CoA to PHB is assumed to require 0.25 moles NADH/C-mol.

Smolders et al. found the actual composition of PAO cellular polyphosphate to be Mg1/3K1/3PO3.

Since the model does not consider magnesium or potassium species, the magnesium and potas-

sium components are replaced with a proton to balance the charge on the phosphate group,

resulting in polyphosphate being modeled as HPO3. The quantity of ATP generated per mole

of polyphosphate hydrolyzed, α2, is suggested by Smolders et al. to be 1 mole ATP/P-mole.

The hydrolysis of 1 mole of polyphosphate produces 1 mole of phosphate, which is released

from the cell into bulk solution.

By assuming that the net accumulation of NADH and ATP within the cell are both zero,

Smolders et al. obtained the following equation describing the anaerobic metabolism at a pH

of 7:89

CH2O
acetate

+ 0.5 CH10/6O5/6
glycogen

+ 0.44 HPO3
polyP

+ 0.023 H2O 1.33 CH1.5O0.5
PHB

+ 0.17 CO2 + 0.44 H3PO4
phosphate

(2.8)

Note that acetate is expressed here as CH2O which is equal to 1/2 mole of its normally expressed

composition of CH3COOH. This approach was taken to retain a C-mole based model versus

only a mole based model.
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Meijer notes that the yield of phosphorus released per acetate uptake, Y an
po , that is derived

from Equation 2.8 is considered to be dependent upon the pH of the bulk solution.62 Smolders

et al. attributes this difference to an increase in electrical potential across the cell membrane

with increasing pH.89 As noted by Meijer, while Smolders et al. found the relationship to be

Y an
po = 0.19 pHout − 0.85 P-mol/C-mol, Filipe et al. determined a different linear relationship

of Y an
po = 0.16 pHout − 0.55.26 Meijer hypothesizes that the difference may be caused by the

presence of GAOs, which were not measured in the two systems and notes that the presence of

propionate and butyrate will also affect the pH dependence. For this reason, Meijer recommends

that this yield coefficient be determined experimentally for each system being modeled.

Cellular maintenance in the anaerobic zone is assumed to occur by using ATP generated from

a secondary polyphosphate degradation reaction, without acetate uptake:

HPO3
polyP

+ H2O H3PO4
phosphate

(2.9)

TUDP Model Aerobic and Anoxic Reactions. The ASM2d and the TUDP models both

use a single state variable, XPAO, to model PAOs and dPAOs. To model the activity of dPAOs

in an anoxic zone, a factor, ηNO.PAO, is applied to the anoxic growth process rates of PAOs. A

default value of 0.80 is used for ηNO.PAO in the TUDP model. This can be interpreted as being

the dPAO/PAO fraction in the sludge. In addition, separate yield coefficients for PAOs are

used in the TUDP model for aerobic and anoxic growth processes for PAOs due to the different

electron acceptor conditions which affects the achievable yields. As described by Murnleitner

et al.67 and Meijer,62 the TUDP model characterizes the PAO aerobic and anoxic metabolisms

using six reactions, four of which are the same in the aerobic and anoxic phases. These reactions

are:

1. The degradation of PHB through the TCA cycle for NADH2 production.

2. Glycogen formation

3. Phosphate uptake

4. Polyphosphate formation
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5. ATP production through phosphorylation

6. Biomass Growth and Maintenance

The stoichiometry of reactions 3 (phosphate uptake) and 5 (ATP production through phos-

phorylation) are dependent upon the type of electron acceptor present (oxygen in an aerobic

environment or nitrate in an anoxic environment). A schematic of these reactions within the

TUDP model framework is presented in Figure 2.14.

Note: Stoichiometric coefficients refer to moles of substance.

Figure 2.14: PAO aerobic/anoxic metabolic conversions as modeled by the TUDP model (adapted
from Smolders et al.92 and Meijer62)

The reaction equations for each process are described as follows.

Reaction 1: PHB Degradation

PHB degrades to acetyl-CoA which then enters the TCA cycle which produces reducing equiva-

lents. The model assumes that all FADH2 produced in the TCA cycle is equivalent to NADH2.

The following stoichiometric equation is used:

CH1.5O0.5
PHB

+ 1.5 H2O 2.25 NADH2 + 0.5 ATP + CO2 (2.10)

Note that in Equation 2.10, ATP is produced in the degradation of PHB. This occurs in the

conversion of succinyl-CoA to succinate by the succinate thiokinase enzyme within the TCA
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cycle of bacteria. In contrast, an analogous enzyme within the TCA cycle of mammals produces

guanosine triphosphate (GTP) or inosine triphosphate (ITP) instead of ATP at this step.28

Reaction 2: Glycogen Formation

Aceytl-CoA from PHB degradation is converted to oxaloacetate through the glyoxylate cycle

(the glyoxylate shunt of the TCA cycle). The enzyme PEP carboxykinase then produces phos-

phoenolpyruvate (PEP) from oxaloacetate and ATP.28 PEP then enters gluconeogenesis to form

glycogen. The overall reaction is:

4

3
CH1.5O0.5

PHB

+
5

6
ATP +

5

6
H2O CH10/6O5/6

glycogen

+
1

3
CO2 + NADH2 (2.11)

Reaction 3: Phosphate Uptake

The model assumes that phosphate uptake across the cell membrane occurs against an electric

potential in an energy consuming process (due to the negative charge of phosphate).88 Energy

for the process is generated through the proton motive force by oxidation of NADH2 with

either oxygen or nitrate as the electron acceptor. Furthermore it is assumed that the positive

charged metal cations, Mg+ and K+, that are necessary for polyphosphate synthesis are taken up

without further energy cost, presumably in symport with phosphorus. The process is analogous

to the uptake of phosphorus through a Pit system, as described in Section 2.4.3. The following

equations are assumed in the model:

Aerobic: εo H3PO4(out)

external
phosphate

+ NADH2 +
1

2
O2 εo H3PO4(in)

internal
phosphate

+ H2O (2.12)

Anoxic: εn H3PO4(out)

external
phosphate

+ NADH2 +
2

5
HNO3 εn H3PO4(in)

internal
phosphate

+
1

5
N2 +

6

5
H2O

(2.13)

The parameters εo and εn correspond to the amount of phosphate taken up per NADH2 oxidized

in the aerobic and anoxic environments, respectively. The model assumes εo=7 P-mol/mol

NADH2 and εn=0.5 εo.
62
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Reaction 4: Polyphosphate Formation

The model uses the following equation for cellular polyphosphate synthesis from internal phos-

phate:

H3PO4(in)

internal
phosphate

+ α3 ATP HPO3
polyP

+ H2O (2.14)

The parameter α3 represents the amount of ATP needed to synthesize 1 mole of polyphosphate.

A value of 1 mole ATP per mole of polyphosphate is used in the model.

Reaction 5: ATP Production through Oxidative Phosphorylation

The amount of ATP produced by PAOs will vary according to the electron acceptor present

(oxygen or nitrate). In either case, the model assumes ATP production occurs through oxidative

phosphorylation which incorporates oxidation of NADH2 according to the following:

Aerobic: NADH2 +
1

2
O2 δo ATP + H2O (2.15)

Anoxic: NADH2 +
2

5
HNO3

1

5
N2 + δn ATP +

6

5
H2O (2.16)

Here, δo and δn are the moles of ATP produced per mole of NADH2 with oxygen and nitrate

respectively. Conventionally, δo is the P/O ratio. Based on the work of Smolders et al.88 and

Kuba et al.,44 the model uses values of δo=1.85 and δn = 1/2 δo=0.925.

Reaction 6: Biomass Growth and Maintenance

PAO growth occurs on the PAO’s internal PHB. The following equation is used to model

biomass growth and maintenance:

1.27 (C4H6O2)1/4
PHB

+ 0.2 NH3 + 0.015 H3PO4
phosphate

+ 0.385 H2O + (K + mATP/µ)ATP

CH2.09O0.54N0.2P0.015
biomass

+ 0.615 NADH2 + 0.27 CO2 (2.17)
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The parameter K is the ATP requirement for biomass synthesis. A value of 1.72 mol ATP/C-

mol is used in the TUDP model, as noted by Meijer. The variable µ is defined as the biomass

specific growth rate. The parameter mATP is the amount of ATP consumed for maintenance

purposes. Meijer reports this value as 0.017 mole ATP/C-mol PAO on a theoretical basis.

TUDP Model Kinetics. The anaerobic conversions within the TUDP model are assumed

to follow first order kinetics. The model simulates the anaerobic PAO metabolism with an

equation for the uptake of acetate and conversion to PHA and an equation describing cellular

maintenance. Due to the fixed stoichiometry of these equations, all conversion rates in the

anaerobic metabolism can be determined if only one of the rates (e.g. the acetate uptake rate)

is given or measured.62

Within the aerobic and anoxic metabolism, five conversion rates of interest are identified.

These correspond to the consumption of PHA and glycogen and the formation of biomass

and polyphosphate in addition to maintenance (rpha, rx, rpp, rgly, and mpha). By assuming

that the concentrations ATP, NADH2, and internal phosphate are in steady state within the

cell (their net conversion rates are zero) and by using the stoichiometry of the metabolic pro-

cesses, a set of interdependent linear relations can be formed in which the yields corresponding

to the five identified rates can be determined.

The overall system is underdetermined but one rate can be expressed as a function of the re-

maining four rates such that the system can be solved if these four rates are given or measured.

Within the model, these given kinetic rates are determined by predefined rate equations and

kinetic parameters that were formulated and validated by the authors of the model using en-

riched PAO cultures. Smolders et al. chose to define the kinetic structure of the model such that

the PHA degradation rate is expressed as a function of the remaining intercompeting process

rates.88 Hence the model was based on the following linear relation:

rpha =
1

Ypha,x
rx +

1

Ypha,pp
rpp +

1

Ypha,gly
rgly +mphaCx (2.18)

The term Cx refers to the active biomass which is defined as the MLSS concentration minus the
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concentrations of glycogen, PHA, polyphosphate, and the ash content from nonactive biomass.

Approximately 5-10% of the ash content is considered to come from active biomass.86 The

model equation can be visualized as shown in Figure 2.15.

Solid lines represent reaction rates in the model based on
predetermined rate equations and kinetic parameters. Dashed
lines represent reaction rates determined by the model
stoichiometry.

Figure 2.15: Kinetic Structure Proposed by Smolders et al. (adapted from Murnleitner et al,67 Meijer62

and Houweling et al.39)

Here, the rate of PHA degradation can be interpreted to be dependent upon the rates of

biomass growth, glycogen formation, and polyphosphate formation. Under this structure,

biomass growth is limited by the maximum growth rate.62 Difficulties with this formulation

soon became evident as the model was found to require different kinetic parameters under aer-

obic and anoxic conditions and was not found to be sufficiently kinetically stable at different

SRTs. As Meijer recounts, Filipe et al.26 also found that the model underpredicted phosphorus

concentrations in the continuous flow systems operated in studies by Wentzel et al.108,109 and

subsequently proposed a modified model structure. Murnlietner et al. had proposed a revised

kinetic structure previous to the work of Filipe et al., which was able to simulate the PAO

metabolism using a single set of model parameters under anaerobic, aerobic, and anoxic condi-

tions and under different SRTs.67 This model structure for the aerobic and anoxic metabolisms

is based on the following equation:

rx = Ypha,x rpha −
1

Yx,pp
rpp −

1

Yx,gly
rgly −mxCx (2.19)
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This redefined kinetic structure formulates the PAO growth rate in terms of the PHA, glycogen,

polyphosphate and maintenance rates. This structure is illustrated in Figure 2.16.

Solid lines represent reaction rates in the model based on
predetermined rate equations and kinetic parameters. Dashed
lines represent reaction rates determined by the model
stoichiometry.

Figure 2.16: Kinetic Structure Proposed by Murnleitner et al. (adapted from Murnleitner et al,67

Meijer62 and Houweling et al.39)

Meijer subsequently refined the TUDP model using the kinetic structure proposed by Murnleit-

ner et al. in order to improve the glycogen kinetics and other parameters. Subsequent testing

on lab and full scale systems has shown that the model can successfully simulate many EBPR

systems, as previously discussed.

It should be noted that the linear relationship found in equation 2.19 should not be interpret-

ed as consisting of independent processes. The processes in the equation compose a unified

metabolism. If these processes are considered to be independent then the form of equation 2.19

may be misinterpreted as indicating that biomass is consumed for polyphosphate and glycogen

formation, in addition to supporting maintenance. This interpretation of the metabolism is, of

course, incorrect. Indeed, van Loosdrecht et al. notes that equation 2.19 can be rearranged as

follows:99

rx = Yx,pha

(
rpha −

rpp
Ypp,pha

−
rgly

Ygly,pha
−mphaCx

)
(2.20)

This form of the model equation indicates that biomass formation occurs on the leftover PHA
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after PHA is consumed for glycogen replenishment, polyphosphate formation, and maintenance.

This is conceptually more agreeable. As van Loosdrecht et al. notes, however, it is equation

2.19 which is easier to incorporate into the Gujer matrix structure of the TUDP model.
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Chapter 3: An Integrated Metabolic Model for Internal

Carbon Driven Post-Anoxic Biological Nutrient

Removal

3.1 Introduction

Recognizing that the ability to accurately simulate the internal carbon driven post-anoxic B-

NR process under different operating conditions and reactor configurations could significantly

enhance our understanding of the process and would provide a valuable tool for optimization, a

model to simulate this process was created. The particular model processes that are developed

in this thesis are focused on the mechanisms underlying the denitrification phase of the internal

carbon driven BNR process, i.e. what is occurring in the anoxic zone. In conventional EBPR,

an aerobic or anoxic reactor directly follows the anaerobic zone; since PHA is readily available

in the aerobic/anoxic zone, PAOs will oxidize PHA reserves for energy. To our knowledge,

however, there are currently no published activated sludge models for full scale facilities that

specifically include the use of glycogen to drive denitrification when PHA is depleted. Hence,

a particular focus of the degradation of these two substrates in the post-anoxic zone was made

during the development of the model. In addition, our observations on lab reactors operating

in an internal carbon driven post-anoxic BNR configuration has shown that complete ammo-

nia depletion can occur within the anoxic zone without detrimental impact to the process. A

second priority in developing the model was to include processes that allowed for the biological

activity to continue under nitrate assimilative reduction for biomass growth in the absence of

ammonia.

In evaluating modeling approaches, it was noted that a model for biomass which assumes a

fixed constitution (an unstructured model) and does not structure the biomass into separate

metabolic components can breakdown if the time period in which environmental changes are

occurring is within the same order of magnitude as the metabolism’s adaptation processes.81 In

the post-anoxic BNR system, the biomass exhibits complete cycling of polymer concentrations

within hours while simultaneously experiencing changes in electron acceptor, substrate, and
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other conditions. Due to the importance of PHA, glycogen, and polyphosphate cycling within

the metabolism of the denitrifiers in this process, a structured metabolic modeling approach

was preferred. The ASM 2d and ASM 3 models were considered as candidates for modification

in the development of the post-anoxic BNR model. These two models both use a lumped

storage parameter that include both PHA and glycogen. Meijer notes, however, that the use

of a lumped storage parameter for carbon storage can become problematic since glycogen and

PHA have counteracting dynamics (glycogen is generally depleted at the same time that PHA

is being synthesized).62 Lumping both PHA and glycogen into one parameter will thus dampen

the counteracting dynamics of PHA and glycogen cycling, which will decrease the accuracy of

the storage parameter and its effect in the model. Moreover, as described, PHA and glycogen

are independently critical in the WRRF process. As mentioned in Chapter 2.6.3, the TUDP

metabolic model has been successfully validated on numerous full scale and lab scale systems

and has proven adequate in the simulation of typical EBPR and denitrification systems. This

model was therefore used as the backbone of the developed model, with extensions made to

the TUDP model that incorporate the degradation of internal glycogen for energy to drive the

denitrification process and for BOD, nitrogen, and phosphorus conversions to continue under

ammonia limited but nitrate available conditions. The resulting model allows the full reactions

and conversions to be simulated, through the anaerobic, aerobic, and anoxic zones, and is easily

adaptable to the simulation of full scale facilities.

3.1.1 Model Stoichiometry

Storage Polymer Utilization for Growth and Maintenance. It is hypothesized that

in the absence of external substrate, dPAOs and/or dGAOs within the process degrade their

internal carbon storage polymers to provide energy to sustain their metabolism, using nitrate

and nitrite as the terminal electron acceptor. The TUDP model does not consider GAOs. To

avoid unnecessary complexity in the new model, this work also does not consider GAOs in

the model processes; denitrification on internal storage products is assumed to occur only by

dPAOs. In developing the model stoichiometry for anoxic glycogen degradation, a choice has

to be made as to whether the derived energy supports both cellular maintenance and growth or
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maintenance processes only. Experimental data (unpublished) on sludge from our SBR reactors

fed real wastewater and spiked with ammonia at the end of the aerobic cycle indicated ammonia

was being used for biomass synthesis during the processes. In addition, ammonia release from

decay of PAOs fed synthetic wastewater was not observed for the first three days in an anoxic

long term starvation test performed by Lu et al.50 The lack of an observed ammonia release

(i.e. decay) points to the growth of biomass on glycogen, using ammonia as the nitrogen source

for biomass synthesis. Furthermore, Dircks et al. found ammonia uptake occurred during the

famine phase of an aerobic SBR reactor and related this uptake to growth and maintenance on

internally stored glycogen.22 Hence, the stoichiometry used to describe the anoxic metabolism

of the post-anoxic BNR process will assume that glycogen is utilized for both growth and

maintenance.

The developed post-anoxic processes using glycogen as substrate assumes that PAOs will use

a portion of the energy from glycogen degradation to support ongoing maintenance processes.

In the case when both PHA and glycogen are depleted, it is assumed in this work that PAOs

will degrade polyphosphate for maintenance energy within the anoxic zone. In long term star-

vation experiments on PAO and GAO sludges fed synthetic wastewater, Lopez et al. indicated

that in an aerobic environment, PAOs instituted sequential reliance on PHA, glycogen, and

polyphosphate for maintenance energy but noted that polyphosphate degradation appeared to

be initiated concomitantly with glycogen degradation, after PHA depletion.49 Lu et al. report-

ed similar results in a nitrate dosed anoxic long term starvation test. They found that PAOs

appeared to initially rely on glycogen utilization for maintenance energy after PHA depletion

with some energy also produced by hydrolysis of polyphosphate at the same time that glyco-

gen was degraded. After two days, glycogen consumption stabilized at a low concentration

and polyphosphate release was substantially increased, indicating that PAOs switched their

reliance on glycogen to polyphosphate for their main source of energy. In the anoxic long term

starvation test by Lu et al., the reported mixed liquor suspended solids (MLSS) declined over

several days, indicating cell decay with little to no growth was occurring during glycogen and

polyphosphate degradation. It appears likely that long term starvation, over many hours to

days, would induce a change in the microbial metabolism in which growth is suppressed and
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energy is conserved to sustain maintenance. In contrast, the microbial environment is clearly

different within engineered treatment systems in which microorganisms are continually cycled

through relatively short feast and famine conditions. The short time frames between feast and

then famine conditions can feasibly inhibit a full acclimation to the new environment and sub-

sequent suppression of growth. Hence, that microbial growth on internal storage polymers in a

famine state has been observed in engineered systems is not surprising.

While relatively low rates of polyphosphate degradation for maintenance energy have been

observed to occur simultaneous with glycogen utilization, from a practical standpoint, it is

proposed to model the utilization of storage polymers for growth and maintenance sequentially

such that denitrifiers within the post-anoxic zone will first utilize PHA, then glycogen, and then

polyphosphate. This procedure follows that proposed by Lanham et al. in which they modeled

PAO and GAO sludge in the aerobic zone of full scale EBPR plants with good results.46

Growth and Maintenance From PHA Utilization. The TUDP model uses only PHA

as a source of energy and carbon for growth and maintenance of PAOs in both aerobic and

anoxic environments. Within the TUDP model structure, the ATP produced to meet growth

and maintenance requirements can be interpreted as being met from the difference between

the total PHA degraded and the PHA degraded for polyphosphate and glycogen formation, as

previously discussed. The stoichiometry of this process is proposed to remain unchanged.

The TUDP model does not account for the case of full PHA depletion, however. In our observa-

tions of the post-anoxic EBPR process, PHA depletion almost always occurs by the end of the

aerobic cycle, and denitrifiers then appear to rely upon their internal glycogen as a carbon and

energy source. In order to model the sequential utilization of storage polymers, Monod type

switching functions are proposed to be added to the model’s PAO growth and maintenance rate

equations. A new process is proposed to be added to the model matrix to simulate glycogen

degradation for carbon and energy in the absence of PHA, with a switching function of the

form ( KPHA
KPHA+XPHA

) to activate the process as PHA becomes depleted. Similarly, a new pro-

cess for utilization of polyphosphate for energy to support maintenance as glycogen becomes

depleted is also added to the model with similar switching functions to activate the process
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upon exhaustion of PHA and glycogen. As long as PHA is present within the PAO cells, it is

assumed that the utilization of PHA for energy will be preferred by the cells over glycogen or

polyphosphate.

Anoxic Glycogen Utilization. This work assumes that denitrifying activity using glycogen

as the substrate is performed by dPAOs. The new integrated model only considers one state

variable for PAOs, XPAO, as does the ASM2d and TUDP models. To account for the dPAO

fraction, the TUDP model parameter ηNO.PAO is applied to the glycogen degradation rate

equations, with a default value of 0.8. The new model assumes that when PHA is depleted in

the post-anoxic BNR process, dPAOs will oxidize glycogen for growth and maintenance which

is hypothesized to occur according to the following steps:

1. In the absence of exogenous substrate, glycogen is degraded to glucose-6-phosphate.

2. Some glucose-6-phosphate is degraded to Acetyl-CoA through the EMP pathway for pro-

duction of reducing equivalents and ATP.

3. Acetyl-CoA enters the TCA cycle for further production of reducing equivalents.

4. Reducing equivalents are oxidized to produce ATP through oxidative phosphorylation

using nitrate or nitrite as the electron acceptor.

5. Biomass is formed directly from the glucose-6-phosphate pool.

6. Ammonia is preferentially used as the nitrogen source for biomass synthesis. If ammonia in

solution becomes depleted, denitrifiers will reduce available nitrate and nitrite to ammonia

for assimilation during synthesis.

A network of the processes can be formed as shown in Fig. 3.1

In considering the specific pathway of glycogen degradation, a choice must be made between the

EMP or the ED pathway. In this work, it is assumed that endogenous degradation of glycogen

by denitrifying PAOs occurs through the EMP pathway. This choice is based on the following

two observations:
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Figure 3.1: Anoxic glycogen degradation metabolism (derived in this work with assistance from Filipe
et al.24 and Dircks et al.22)

1. The TUDP model assumes anaerobic glycogen degradation occurs solely through the

EMP pathway. The TUDP model has been successfully used to simulate many EBPR

systems, and the pathway utilized for endogenous glycogen degradation is anticipated to

be the same as that for anaerobic glycogen degradation since the machinery for the EMP

pathway would already be present within the cell. Use of the EMP pathway for endogenous

glycogen degradation will therefore provide consistency with the TUDP model’s use of

anaerobic glycogen degradation.

2. Metagenomic analysis of sludge dominated by Accumulibacter clade IIA (a prevalent
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PAO) pointed to the use of the EMP pathway for glycogen degradation for this PAO

since the genes required for the EMP pathway were present in the genome but that

the genes necessary for the ED pathway were absent.53 While the specific contribution

of Accumulibacter to denitrification within the post-anoxic EBPR process has yet to

elucidated, Accumulibacter has been found within our reactors113 and the identification

of the EMP pathway with Accumulibacter provides support for choosing the EMP pathway

in the absence of further evidence.

By use of a metabolic flux analysis, the yield of biomass on glycogen as well as the mainte-

nance coefficient for the metabolism can be derived. The procedure consists of identifying the

stoichiometry of the relevant metabolic pathways and tracking the steady state flow of carbon

from the substrate (glycogen) and intermediate metabolites through the different branches of

the metabolic network to the final products. In this case the metabolic network is relatively

simple. Glycogen is considered to be the substrate and biomass is considered to be the only

product formed. In this procedure, reaction rates that can be measured, e.g. glycogen degra-

dation rate or nitrate consumption rate, will be denoted by the notation ri. Internal fluxes, or

rates, of metabolites along pathways within the cell that generally cannot be measured in vivo

will be denoted by the notation vi. The procedure relies upon the assumption that the fluxes

are in steady state, i.e. that there is no net production or decrease of internal metabolites, such

as Acetyl-CoA, within the cell. Furthermore, in the foregoing analysis, NADH2 is considered

to be the form of reducing equivalent active within the metabolic network, even through other

reducing equivalents may in reality be produced and consumed. The validity of this assumption

for simple metabolic network analysis was discussed in Section 2.6.3.

Degree of Reduction. The following analysis relies upon the degree of reduction concept,

which is described extensively by Roels.81 The degree of reduction is a measure of the amount of

available electrons in a compound and can be used to determine the correct amount of reduction

equivalents to apply to the stoichiometric equation for any process in the metabolic network.

The concept can be briefly described as follows:105

1. For each element in the stoichiometric equation, a redox-neutral reference compound is
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described. The degree of reduction of each of these reference compounds is equal to zero.

For the elements C,O,H,N,S and P, the compounds CO2, H2O, NH3, H2SO4, and H3PO4

are typically chosen to be redox neutral.

2. A unit of redox is defined as H = 1.

3. A balance on each redox neutral compound in Item 1 then results in the following redox

levels: C = +4, O = -2, H = +1, N = -3, S = +6, P = +5.

4. Nitrogen in biomass is considered a special case, depending on the nitrogen source. If

ammonia is used as the nitrogen source, NH3 is used as the reference compound for

nitrogen and degree of reduction for N = -3, whereas if nitrate is used as the nitrogen

source, nitrate is used as the reference compound and N = +5.

From these elemental redox levels, the degree of reduction of any compound consisting of these

elements can be determined. As an example, the degree of reduction of glycogen, CH10/6O5/6

is equal to 4.0. Similarly, a balance of degree of reduction on a stoichiometric equation can be

performed to determine the amount of reducing equivalents that must be applied to keep the

overall degree of reduction of the process equal to zero, since electrons must be conserved.

3.1.2 Biochemical Reactions Using Glucose-6-Phosphate as Substrate

The degree of reduction for biomass, glucose-6-phosphate, and NADH2 is utilized in the deriva-

tion of the yield and maintenance coefficients. Biomass is assumed to have the elemental

composition CH2.09O0.54N0.2P0.015, which is used in the TUDP model. This formula was orig-

inally determined by Smolders et al. from PAO enriched sludge in a sequencing batch reactor

fed synthetic wastewater.89 The elemental composition of biomass, substrate, and metabolic

products can generally be expressed as CHaObNcSdPe. The phosphoryl group attached to the

glucose moiety in glucose-6-phosphate is not tracked in the model. Glucose-6-phosphate (whose

full molecular formula is C6H13O9P) is thus considered to be C6H12O6. On a C-mole basis, this

becomes CH2O. The elemental composition for biomass and glucose-6-phosphate are itemized

as:
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Biomass Glucose-6-Phosphate

CH2.09O0.54N0.20P0.015 CH2O
a1=2.09 a2=2
b1=0.54 b2=1
c1=0.20 c2=0.00
d1=0.00 d2=0.00
e1=0.015 e2=0.00

In the following analysis, NADH2 is considered to be composed of two hydrogen atoms.

The reference compounds H2O, CO2, and H3PO4 are defined to have a degree of reduction of

zero. When ammonia is used as the nitrogen source for biomass synthesis, NH3 is used as the

reference compound for nitrogen in biomass while HNO3 is used when nitrate is used as the

nitrogen source. The degree of reduction of biomass, glucose-6-phosphate, and NADH2 are

therefore:

λx = 4 + a1 − 2b1 − 3c1 + 6d1 + 5e1 = 4.485 Biomass degree of reduction (3.1)

w/NH3 as nitrogen source

λx.ϕ = 4 + a1 − 2b1 + 5c1 + 6d1 + 5e1 = 6.085 Biomass degree of reduction (3.2)

w/NO3 as nitrogen source

λs = 4 + a2 − 2b2 − 3c2 + 6d2 + 5e2 = 4.0 G6-P degree of reduction (3.3)

λnadh = 2(+1) = 2.0 NADH2 degree of reduction (3.4)

Using these concepts, the metabolic fluxes through the network can now be characterized. The

total metabolism can be described by six internal reactions which are described below. These

reactions are based on the formation and degradation of glucose-6-phosphate through the EMP

pathway, similar to the procedure of Dircks et al.22

Reaction 1. Glycogen Degradation to Glucose-6-Phosphate

This reaction is denoted r1 in Figure 3.1. Glycogen is a branched polymer of glucose residues

with linear α-1,4-glycosidic linkages and branch points occurring at α-1,6-glycosidic bonds as

shown in Figure 3.2.
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Figure 3.2: Structure of Glycogen Polymer

Glycogen phosphorylase cleaves glycosyl residues from the nonreducing ends of glycogen which

are converted to glucose-1-phosphate by the addition of orthophosphate in the process. Glucose-

1-phosphate is subsequently converted to glucose-6-phosphate by the enzyme phosphoglucomu-

tase.95 The cleavage of glycosyl residues from the nonreducing ends of glycogen and their

subsequent conversion to glucose-6-phosphate does not require the use of ATP since during

glycogen formation, the glycosyl residues added to the nonreducing ends of glycogen are of an

already activated form of glucose (ADP-glucose). It should be noted that in animals glycogen

is synthesized from UDP-glucose instead of ADP-glucose.28

Glycogen phosphorylase stops cleaving glycosyl residues a distance of four residues from a branch

point. A transferase enzyme shifts three of the remaining glycosyl residues to another outer

branch for subsequent cleavage by glycogen phosphorylase. The final residue in the branch is

released by a debranching enzyme, which requires phosphorylation and consumption of ATP

when the residue unit is converted to glucose-6-phosphate. Dircks et al. notes that typically one

in ten glycosyl residues are branched which results in a net ATP demand of 1/60 mol ATP/C-

mol glycogen. Following Dircks et al., this ATP demand is assumed to be inconsequential and

is not included in the stoichiometry of the model.

The overall generation of glucose-6-phosphate from glycogen is described as follows (on a C-mole

basis):22



66

CH10/6O5/6
glycogen

+
1

6
H2O CH2O

G6-P

Reaction 2. Synthesis of Biomass from Glucose-6-Phosphate

Denitrifiers (considered to be dPAOs) are assumed by the model to degrade internal glycogen

storage polymers to glucose-6-phosphate for biomass synthesis in the absence of external carbon

substrate and upon depletion of their PHA stores. The formation of biomass on glucose-6-

phosphate with ammonia as the nitrogen source can be described as follows:

(1 + η) CHa2Ob2
substrate

+ α1 NH3 + α2 H3PO4
phosphate

+ α3 ATP CHa1Ob1Nc1Sd1Pe1
biomass

+ ηCO2 + α4 NADH2 + α5 H2O

=⇒ (1 + η) CH2O
G6-P

+ α1 NH3 + α2 H3PO4
phosphate

+ α3 ATP CH2.09O0.54N0.2P0.015
biomass

+ ηCO2 + α4 NADH2 + α5 H2O (3.5)

The coefficient, η, is the CO2 released from the synthesis of one C-mole of biomass on glucose-6-

phosphate. A value of 0.131 C-mole is stated by Dircks et al.,22 which is used here. Therefore:

η = 0.131

A balance on nitrogen gives:

α1 = c1 =⇒ α1 = 0.2

The coefficient on phosphate is found from a balance on phosphorus:

α2 = e1 =⇒ α2 = 0.015

A balance on oxygen results in:

(1 + η)b2 + 4α2 = b1 + 2η + α5 =⇒ α5 = (1 + η)b2 + 4α2 − b1− 2η

=⇒ α5 = (1)(1.131) + 4(0.015)− 0.54− 2(0.131) =⇒ α5 = 0.389
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A balance on the degree of reduction can be used to determine the coefficient on NADH2:

(1 + η)λs = λx + α4λnadh =⇒ 2α4 = (1 + η)λs − λx

=⇒ α4 =
1

2
[(1 + η)λs − λx]

The coefficient on ATP, α3, can be expressed in terms of the ATP demand for the formation of

biomass monomers, the amount of ATP required for the synthesis of biomass from monomers,

and the ATP required to support cellular maintenance. Assumed are:

αm = 0.701 mol ATP/Cmol ATP required for synthesis of biomass

from glucose-6-phosphate22

αx = 1.5 mol ATP/Cmol ATP required for synthesis of biomass

from monomers22

The ATP demand for maintenance can be expressed as mATP/µ where mATP is the specific

ATP demand for maintenance and µ is the specific growth rate. Therefore:

α3 =

(
αm + αx +

mATP

µ

)
Substitution of the values obtained for the coefficients into Equation B.1 gives:

(1 + η) CH2O
G6-P

+ 0.2 NH3 + 0.015 H3PO4
phosphate

+

(
αm + αx +

mATP

µ

)
ATP

CH2.09O0.54N0.2P0.015
biomass

+ ηCO2 +
1

2
[(1 + η)λs − λx)] NADH2 + 0.389 H2O

This describes biomass synthesis from glucose-6-phosphate with ammonia as the nitrogen

source.

When ammonia is depleted in bulk solution, denitrifiers are assumed to use any available nitrate

in solution as their nitrogen source for the synthesis of biomass. Performing a similar balance on

nitrogen, phosphorus, and degree of reduction as performed for biomass synthesis with ammonia

as the nitrogen source results in:
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(1 + η) CH2O
G6-P

+ 0.2 HNO3 + 0.015 H3PO4
phosphate

+

(
αm + αx +

mATP

µ

)
ATP

CH2.09O0.54N0.2P0.015
biomass

+ ηCO2 +
1

2
[(1 + η)λs − λx.ϕ)] NADH2 + 0.989 H2O

The details of this derivation are included in Appendix B.

Reaction 3. Degradation of Glucose-6-Phosphate through the EMP Pathway

Degradation of glucose-6-phosphate through the EMP pathway occurs as follows (on a C-mole

basis):24

CH2O
G6-P

2

3
NADH2 +

1

2
ATP +

1

3
CO2 +

2

3
Acetyl CoA

Subsequent degradation of Acetyl-CoA through the TCA cycle occurs according to the following

stoichiometry (on a C-mole basis):21

2

3
AcetylCoA + H2O

2

3
CO2 +

4

3
NADH2 +

1

3
ATP

The TCA cycle is known to produce two molecules of NADH2, one molecule of NADPH2, and

one molecule of FADH2 per mole of Acetyl-CoA. NADPH2, NADH2, and FADH2 are assumed

to be equivalent in the TUDP model and in this work, as previously discussed. Combining the

above two equations results in the following overall equation for glucose-6-phosphate degrada-

tion through the TCA cycle:

CH2O
G6-P

+ H2O
5

6
ATP + CO2 + 2 NADH2

Reaction 4. Oxidative Phosphorylation

The stoichiometry of the production of ATP through oxidative phosphorylation using nitrate

as the electron acceptor is as presented by Kuba et al.:44

NADH2 +
2

5
HNO3
nitrate

1

5
N2 + δn ATP +

6

5
H2O
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As noted in Chapter 2.6.3, the parameter δn is the amount of ATP produced per NADH2

molecule (same as the P/O ratio but with nitrate as the electron acceptor). The TUDP model

uses a default value of δn=0.925 based on work by Kuba et al. The same default value is

assumed in this work.

3.2 Yield and Maintenance Coefficients on Glycogen With Ammonia as the

Nitrogen Source for Biomass Synthesis

Yield and maintenance coefficients are required in the new model processes for denitrification

with glycogen as substrate. The yield and maintenance coefficients with ammonia being used

as the nitrogen source for biomass synthesis are derived below. Following this derivation,

the coefficients for denitrifiers growing on glycogen with nitrate as the nitrogen source are

considered. The biochemical reaction network was previously defined in Section 3.1.1. A

simplified schematic of the network is shown in Figure 3.3.

Figure 3.3: Metabolic network schematic for post-anoxic glycogen utilization.

The reactions describing the metabolism presented above are summarized in Table 3.1.

The net conversion rate of substances (the rates of production or consumption of substances)

are denoted by ri. The internal rates of reactions, or flux, are denoted by νi. In this case
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Table 3.1: Assumed stoichiometric equations for metabolic processes sctive in anoxic glycogen degra-
dation

Reaction Description Stoichiometric Equation

R1 Glycogen to G6-P CH10/6O5/6 + 1
6 H2O

ν1
CH2O

R2a Synthesis of Biomass (NH3) (1 + η)CH2O + 0.2 NH3 + 0.015 H3PO4 + (αm + αx + mATP/µ) ATP
ν2

CH2.09O0.54N0.2P0.015 + ηCO2 + 1
2 [(1 + η)λs − λx)] NADH2 + 0.389 H2O

R2b Synthesis of Biomass (NO3) (1 + η)CH2O + 0.2 HNO3 + 0.015 H3PO4 + (αm + αx + mATP/µ) ATP
ν2

CH2.09O0.54N0.2P0.015 + ηCO2 + 1
2 [(1 + η)λs − λx.ϕ)] NADH2 + 0.989 H2O

R3 G6-P Degradation CH2O + H2O
ν3 5

6 ATP + CO2 + 2 NADH2

R4 Oxidative Phosphorylation NADH2 + 2
5 HNO3

ν4 1
5 N2 + δn ATP + 6

5 H2O

the metabolic network consists of only one substrate (glycogen) and one product (biomass).

Carbon from glycogen flows to the glucose-6-phosphate pool at a rate of −rs = ν1. Carbon

from the glucose-6-phosphate pool then flows toward either biomass production (product) or

the EMP pathway for energy (ATP) production.

The glycogen and nitrate degradation rates and the biomass production rate can be related to

the internal flux rates through the stoichiometry in Table 3.1. For example, when ammonia is

used as the nitrogen source for growth, nitrate is only consumed in the oxidative phosphorylation

reaction (Reaction 4). The stoichiometric coefficient on nitrate in this reaction indicates a

consumption rate of 2/5 ν
4
. Similarly, using the stoichiometric relations in Table 3.1, the

following rates are obtained:

−rs = ν1 Glycogen degradation rate (3.6)

rx = ν2 Biomass synthesis rate (3.7)

−rno3 =
2

5
v4 Denitrification rate (3.8)

The flux analysis relies upon the assumption that internal metabolite concentrations are in

a steady-state condition. Therefore, there is no net accumulation or degradation of glucose-

6-phosphate, ATP, or NADH2 concentrations within the cell. Referring to the stoichiometric

equations in Table 3.1 and performing a balance of each of these constituents across the system,

it is seen that their conversion rates can be expressed as:
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rg6p = ν1 − (1 + η)ν2 − ν3 = 0 G6-P balance (3.9)

ratp = (αm + αx +mATP /µ) ν2 +
5

6
ν3 + δnν4 = 0 ATP balance (3.10)

rnadh =
1

2
[(1 + η)λs − λx] ν2 + 2ν3 − ν4 = 0 NADH2 balance (3.11)

According to the stoichiometry in Table 3.1, the conversion rates can be expressed as a function

of the internal flux rates through a stoichiometric reaction matrix as follows:



rs
rx
rno3
rg6p
ratp
rnadh

 =



−1 0 0 0

0 1 0 0

0 0 0 −2

5

1 −(1 + η) −1 0

0 −
(
αm + αx +

mATP

µ

)
5

6
δn

0
1

2
[(1 + η)λs − λx] 2 −1


·


ν1

ν2

ν3

ν4

 (3.12)

The system has four unknown flux rates (ν1-ν4) which are related through the three linear

equations 3.9-3.11. Any three of the flux rates can therefore be defined in terms of the fourth

flux rate. It is chosen to define the flux rates in terms of biomass formation, ν2. To solve the

system, a method described by Villadsen et al.105 is used.

Equation 3.12 is configured so that the first rows of the stoichiometric matrix consist of the

reactions for formation/depletion of substrate while the following rows consists of reactions for

the formation of products and metabolites. The last three rows consist of the reactions for the

internal conserved quantities that exist in steady state. Next, a vector V1 is defined whose

elements are the fluxes in which the remaining flux rates will be defined in terms of. In this

case, V1 consists of only one flux rate, ν2 (biomass formation). The remaining flux rates make

up a vector, V2.

The stoichiometric matrix is set as T, which is divided into two submatrices. The first, T1,

is the matrix whose columns correspond to V2, and rows corresponding to the steady-state
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reactions (glucose-6-phosphate, ATP, and NADH2 in this case). The second submatrix, T2,

has columns corresponding to vector V1 and rows corresponding to the steady-state reactions.

The vector V2 is then solved in terms of V1 by the following:

V2 = −T1
−1 ·T2 ·V1 (3.13)

For the system in Equation 3.12 the vectors and matrices are defined as:

V1 =
[
ν2

]
V2 =

ν1

ν3

ν4

 T1 =


1 −1 0

0
5

6
δn

0 2 −1

 T2 =


−(1 + η)

− (αm + αx + mATP/µ)

1

2
[(1 + ε)λs − λx]


From Equation 3.7, rx is substituted for ν2 in V1. V2 is then found as follows:

V2 = −T1
−1 ·T2 ·V1

=⇒ V2 = −


1 −1 0

0
5

6
δn

0 2 −1


−1

·


−(1 + η)

− (αm + αx + mATP/µ)

1

2
[(1 + η)λs − λx]

 · rx

=⇒

ν1

ν3

ν4

 =



rx

η +

6

(
αx + αm +

mATP

µ

)
12δn + 5

+

6δn

[
λx
2
− λs(η + 1)

2

]
12δn + 5

+ 1



rx

6

(
αx + αm +

mATP

µ

)
12δn + 5

+

6δn

[
λx
2
− λs(η + 1)

2

]
12δn + 5



rx

αx + αm +
mATP

µ

δn +
5

12

−
5δn

[
λx
2
− λs(η + 1)

2

]
12δn +

5

12





(3.14)

From Equation 3.6, the glycogen degradation rate can be expressed as −rs = ν1. Therefore,

from Equation 3.14 the glycogen degradation rate is equivalent to:
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−rs = rx

η +
6
(
αx + αm + mATP

µ

)
12δn + 5

+
6δn

[
λx
2 −

λs(η+1)
2

]
12δn + 5

+ 1



= (rx η)

(
2δn + 5

6

2δn + 5
6

)
+

(
αx + αm + mATP

µ

)
2δn + 5

6

rx +
1
2δn [λx − λs(η + 1)]

2δn + 5
6

rx +

(
2δn + 5

6

2δn + 5
6

)
rx

=
2δnη + 5

6η + αx + αm + mATP
µ + 1

2δn [λx − λs(η + 1)] + 2δn + 5
6

2δn + 5
6

rx

=
1
2δn [λx − λs(η + 1) + 4η + 4] +

(
αx + αm + 5

6η + 5
6

)
2δn + 5

6

rx +

mATP
µ

2δn + 5
6

rx (3.15)

By noting that the biomass concentration in the reactor, Cx is equivalent to rx/µ, the glycogen

degradation rate can then be expressed as:

−rs =
1
2δn [λx − λs(η + 1) + 4η + 4] +

(
αx + αm + 5

6η + 5
6

)
2δn + 5

6

rx +
mATP

2δn + 5
6

Cx (3.16)

The term on rx is the inverse yield coefficient of biomass formation on glycogen while the term

on Cx is the maintenance coefficient for biomass on glycogen. Thus:

−rs =
1

Ygx
rx + mgxCx (3.17)

where:

Ygx =
1
2δn [λx − λs(η + 1) + 4η + 4] +

(
αx + αm + 5

6η + 5
6

)
2δn + 5

6

(3.18)

mgx =
mATP

2δn + 5
6

(3.19)

Ygx =
2δn + 5

6
1
2δn [λx − λs(η + 1) + 4η + 4] +

(
αx + αm + 5

6η + 5
6

) (3.20)
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mgx =
mATP

2δn + 5
6

(3.21)

The TUDP model uses an anoxic mATP value of 0.01 mole ATP/Cmol biomass per hour which

was obtained by Kuba et al. for EBPR sludge fed synthetic wastewater in an aerobic-anoxic

SBR.41 Substituting this and the previously stated values for λx, λs, η, and δn into Equations

3.20 and 3.21 results in the following:

Ygx = 0.5102 Cmol biomass/Cmol glycogen (3.22)

mgx = 0.0038 Cmol glycogen/Cmol biomass-hr (3.23)

The parameters must be expressed on a COD basis to be incorporated into the model matrix.

Using a value of 32.017 g COD per C-mole of glycogen and 32.017 g COD per C-mole of biomass

results in:

Ygx = 0.5728
g COD biomass

g COD glycogen
(NH3 as nitrogen source) (3.24)

mgx = 0.0812
g COD glycogen

g COD biomass-day
(NH3 as nitrogen source) (3.25)

3.3 Yield and Maintenance Coefficients on Glycogen With Nitrate as the

Nitrogen Source for Biomass Synthesis

The denitrifying organisms are assumed to assimilate nitrate for biomass synthesis when am-

monia is depleted in solution. The assimilation of nitrate requires the transfer of 8 electrons

to the nitrate species to reduce it to ammonia form so that it can be incorporated into the

biomass. This transfer of electrons reduces the available energy which could otherwise be used

for ATP production, reducing the overall biomass yield. Due to the transfer of electrons to the

nitrate species, the degree of reduction of nitrogen in biomass is changed from a value of -3 to

+5 when nitrate is used as the nitrogen source. Therefore, the degree of reduction of biomass
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is calculated to be:

λx.ϕ = 4 + a1 − 2b1 − 3c1 + 6d1 + 5e1 = 6.085 Biomass degree of reduction (3.26)

The degree of reduction of all other components remains the same. The overall metabolic

network and reactions for the metabolism are assumed to remain the same as when ammonia

is used as the nitrogen source. Therefore Equations 3.20 and 3.21 can be used to calculate

the yield and maintenance coefficients with nitrate as the nitrogen source. The new biomass

degree of reduction, λx.ϕ, is substituted for λx in Equation 3.20. The remaining variables in

Equations 3.20 and 3.21 are not dependent on the degree of reduction of biomass, and therefore

remain unchanged. Furthermore, the internal cellular maintenance processes and thus the ATP

demand for cellular maintenance (mATP) is also assumed to remain unchanged. The following

yield and maintenance coefficients are thus obtained:

Ygx.ϕ = 0.4477
Cmol biomass

Cmol glycogen
(3.27)

mgx.ϕ = 0.0038
Cmol glycogen

Cmol biomas-hour
(3.28)

Conversion to a COD unit basis gives:

Ygx.ϕ = 0.5027
g COD biomass

g COD glycogen
(NO3 as nitrogen source) (3.29)

mgx.ϕ = 0.0812
g COD glycogen

g COD biomass-day
(NO3 as nitrogen source) (3.30)

3.4 Maintenance Coefficient With Polyphosphate as Energy Source

The new model assumes that in the absence of external carbon substrate and depletion of their

PHA and glycogen storage polymers, dPAOs will hydrolyze their internal polyphosphate poly-

mers for energy to sustain maintenance activities. Since theoretically no carbon is available
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for biomass synthesis, polyphosphate is assumed to support maintenance activities only. Smol-

ders et al. indicates that 1 mole of ATP is produced per mole of polyphosphate hydrolyzed.89

Therefore, the maintenance coefficient when polyphosphate is used as the energy source, mpp,

is derived as mpp = mATP. Conversion to a gram P per gram COD basis is accomplished by

using the molecular weight of phosphorus and a value of 35.948 g COD/Cmol biomass to give:

mgx.pp = 0.2068
g P

g COD biomass-day
(3.31)

3.5 PAO and OHO Aerobic and Anoxic Yield Coefficients Under Ammonia

Limitation for TUDP Model Processes (Glycogen Not Used as Sub-

strate)

The TUDP model does not consider the case when ammonia is depleted in solution and ac-

tive bacteria must assimilate nitrate as the nitrogen source to support biomass growth, which

thereby lowers their biomass yields. Ammonia is frequently observed to be depleted in the aer-

obic and anoxic zones of our laboratory reactors operating in a post-anoxic BNR configuration,

however. Indeed, it is not uncommon to see ammonia being fully depleted within one hour of a

two hour aerobic cycle of an SBR laboratory reactor configured in the post-anoxic BNR config-

uration. In many cases, PHA depletion is not depleted by the time ammonia limitation occurs.

Due to the lower biomass yields that occur under ammonia limited conditions, this condition

must be accounted for. In Sections 3.2 and 3.3, biomass yield and maintenance coefficients for

denitrifying PAOs growing on internally stored glycogen (after PHA depletion) were derived for

the respective case of ammonia and nitrate as the nitrogen source. Yield coefficients for growth

with nitrate as the nitrogen source for the PAOs using PHA as their substrate and ordinary

heterotrophic organisms (OHOs) simulated in the TUDP model not growing on glycogen are

considered here. The case of PAO metabolism under ammonia limited conditions in an aerobic

and anoxic reactor are considered first, followed by the growth of OHOs in an aerobic and an

anoxic environment. It is assumed that growth does not occur in the anaerobic zone. Addition-

ally, autotrophic organisms in the model rely upon ammonia for operation of their respiratory
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metabolism. Due to this, autotrophic growth is considered to not occur if ammonia is limited,

even if nitrate is present. Therefore autotrophs are not considered in this section.

3.5.1 PAO Aerobic and Anoxic Metabolism

A metabolic network analysis, analogous to the approach taken in Sections 3.2 and 3.3 may

be used to determine the theoretical yield and maintenance coefficients for PAOs in the model.

The approach will be to rederive the metabolic yield coefficients for PAOs currently used in the

TUDP model, but for growth with nitrate as the nitrogen source. As previously mentioned,

only one state variable for PAOs, XPAO, is used in the model. The model parameter ηNO.PAO

is applied to anoxic PAO growth processes to model the activity of the dPAO fraction in the

anoxic zone.

In the TUDP model, all PHA species are assumed to be PHB and the model assumes that

PAOs grow on PHB as their substrate. The TUDP model also assumes that the metabolism for

biomass synthesis is the same under aerobic and anoxic conditions. Under these assumptions,

the growth of PAO (and dPAO) biomass using nitrate as the nitrogen source for biomass

synthesis may be described by the following formula:

(1 + η) CHa2Ob2
substrate

+ α1 HNO3 + α2 H3PO4
phosphate

+ α3 ATP CHa1Ob1Nc1Sd1Pe1
biomass

+ ηCO2 + α4 NADH2 + α5 H2O

=⇒ (1 + η) CH1.5O0.5
PHB

+ α1 HNO3 + α2 H3PO4
phosphate

+ α3 ATP CH2.09O0.54N0.2P0.015
biomass

+ ηCO2 + α4 NADH2 + α5 H2O (3.32)

The TUDP model uses an η value of 0.27 C-mole for the amount of CO2 produced by PAOs

during biomass synthesis on acetate. The coefficients on nitrogen and phosphorus can be found

from a balance on nitrogen and phosphorus respectively:

α1 = 0.2 (3.33)
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α2 = 0.015 (3.34)

The coefficient on ATP, α3, represents the amount of ATP consumed during biomass growth,

which consists of ATP used for biomass synthesis and ATP used to support biomass maintenance

activities. This may be written as K + mATP/µ, where K represents the amount of ATP used for

biomass synthesis. Values of K=1.72 mole ATP/Cmol PAO and mATP=0.017 mole ATP/Cmol-

h are used in the TUDP model.

A balance on oxygen then gives:

(1 + η)b2 + 3α1 + 4α2 = b1 + 2η + α5 =⇒ α5 = (1 + η)b2 + 3α1 + 4α2 − b1− 2η

=⇒ α5 = 1.27(0.5) + 3(0.20) + 4(0.015)− 0.54− 2(0.27) =⇒ α5 = 0.215 (3.35)

A balance on the degree of reduction is used to find the coefficient on NADH2:

(1 + η)λs = λx + 2α4 =⇒ α4 =
1

2
[(1 + η)λs − λx] (3.36)

Since nitrate is used as the nitrogen source, HNO3 is used as the reference for nitrogen in the

biomass formula. Therefore, the degree of reduction for HNO3 is set as zero, resulting in a

degree of reduction value for nitrogen of +5. The degree of reduction for biomass and substrate

(PHB) is then:

λx = 4 + a1 − 2b1 + 5c1 + 6d1 + 5e1 = 6.085 Biomass degree of reduction (3.37)

λs = 4 + a2 − 2b2 + 5c2 + 6d2 + 5e2 = 4.5 PHB degree of reduction (3.38)

The coefficient on NADH2 then becomes:

α4 =
1

2
[(1 + η)λs − λx] =⇒ α4 =

1

2
[(1.27)4.5− 6.085] =⇒ α4 = −0.185 (3.39)

The negative sign on NADH2 indicates that there is a consumption of reducing equivalents

during synthesis. A similar balance with ammonia used as the nitrogen source would show a
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production of NADH2 during synthesis. The difference is due to the greater degree of reduction

of biomass when nitrate is used as the nitrogen source, due to the increased oxidation state of

nitrate. The same phenomena is observed for the synthesis of biomass when glycogen is used

as the substrate according to the derivations in Section 3.2 and 3.3.

Substituting the determined coefficients into Equation 3.32 gives the following equation for

biomass growth with nitrate as the nitrogen source:

(1.27) CH1.5O0.5
PHB

+ 0.20 HNO3 + 0.015 H3PO4
phosphate

+

(
K +

mATP

µ

)
ATP CH2.09O0.54N0.2P0.015

biomass

+ηCO2− 0.185 NADH2 + 0.215 H2O
(3.40)

The PAO aerobic and anoxic reactions that are incorporated into the TUDP model were pre-

sented in Section 2.6.3. These equations along with the just derived equation 3.40 for biomass

synthesis using nitrate as the nitrogen source are summarized in Table 3.2.

Table 3.2: TUDP Model Aerobic and Anoxic Reactions

Reaction Description Stoichiometric Equation

R1 PHA Degradation CH1.5O0.5 + 1.5 H2O 2.25 NADH2 + 0.5 ATP + CO2

R2a AE Oxidative Phosphorylation NADH2 + 1
2 O2 δo ATP + H2O

R2b AX Oxidative Phosphorylation NADH2 + 2
5 HNO3

1
5 N2 + δn ATP + 6

5 H2O

R3 PAO Growth (AE & AX) 1.27 CH1.5O0.5 + 0.2 HNO3 + 0.015 HPO3 + (K + mATP/µ)ATP + 0.185 NADH2

CH2.09O0.54N0.20P0.015 + 0.215 H2O + 0.27 CO2

R4a AE Phosphate Transport εo H3PO4out + NADH2 + 1
2 O2 εo δo H3PO4in + H2O

R4b AX Phosphate Transport εn H3PO4out + NADH2 + 2
5 HNO3 εn δn H3PO4in + 1

5 N2 + 6
5 H2O

R5 PolyP Formation H3PO4in + ATP HPO3 + H2O

R6 Glycogen Formation 4
3 CH1.5O0.5 + 5

6 ATP + 5
6 H2O CH10/6O5/6 + 1

3 CO2 + NADH2

Note: AE=Aerobic, AX=Anoxic

The coefficients εo and εn represents the ATP required to transfer phosphorus over the cell

membrane during phosphate uptake under aerobic and anoxic conditions respectively. The

TUDP model uses values of εo=7 P-mole ATP/mole NADH2 and εn=3.5 P-mole ATP/mole

NADH2. The terms δo and δn are the P/O ratios (the amount of ATP produced per NADH2

under aerobic and under anoxic conditions). Based on the work of Smolders et al.86 and Kuba
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et al.,41 values of δo=1.85 mole ATP/Cmol NADH2 and δn=0.925 mole ATP/Cmol NADH2 are

used in the model.

Aerobic Yield and Maintenance Coefficients with Nitrate as the Nitrogen Source.

The six aerobic reactions within Table 3.2 define six internal flux rates active within the aerobic

zone which can be expressed as an internal flux rate vector, V. Twelve conversion rates formed

by the system. The conversion rates can be expressed in a conversion rate vector, r. The internal

flux rates can be related to these conversion rates according to a stoichiometric reaction matrix,

T, derived from the reactions in Table 3.2, according to r = T ·V:



rphb
rx
rgly
rpp
rno3
rp.out
ro2
rco2
rh2o

rp.in
ratp
rnadh



=



−1 0 −1.27 0 0 −4

3
0 0 1 0 0 0

0 0 0 0 0 1

0 0 0 0 1 0

0 0 −0.20 0 0 0

0 0 0 −εo 0 0

0 −1

2
0 −1

2
0 0

1 0 0.27 0 0
1

3

−3

2
1 0.215 1 1 −5

6
0 0 −0.015 εo −1 0

1

2
δo −

(
K +

mATP

µ

)
0 −1 −5

6
2.25 −1 −0.185 −1 0 1



·



ν1

ν2a

ν3

ν4a

ν5

ν6

 (3.41)

From the stoichiometric reaction matrix it can be seen that:

rx = ν3 (3.42)

rpp = ν5 (3.43)

rgly = ν6 (3.44)
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In addition, it is assumed that the concentrations of ATP, NADH2, and internal phosphate

within the cell are in a steady-state condition., i.e. there is no net production or consumption

of these concentrations within the metabolism. Therefore:

ratp =
1

2
ν1 + δo ν2a −

(
K +

mATP

µ

)
ν3 − ν5 −

5

6
ν6 = 0 (3.45)

rnadh = 2.25 ν1 − ν2a − 0.185 ν3 − ν6 + ν5 = 0 (3.46)

rp.in = −0.015 ν3 + εo ν4a − ν5 = 0 (3.47)

As indicated by Smolders et al.,88 there are 12 conversion rates, ri, and 6 internal flux rates,

vi, for a total of 18 rates. With the 3 given steady state equations (ratp, rnadh, rp.in), there

are a total of 15 unknown rates. The stoichiometric matrix defines 12 linear relations between

the production rates and the flux rates. Therefore, the system is underdetermined but may be

solved in terms of 15−12 = 3 of the rates if these rates are measured, or given. As discussed in

Section 2.6.3, Murnleitner et al. chose to define the model such that the conversion of biomass

(rx) is described by the conversions of PHB (rphb), polyphosphate (rpp), and glycogen (rgly).

The yield coefficients for PHB, polyphosphate, and glycogen on biomass with nitrate as the

nitrogen source are derived below for use in the model matrix by use of Equation 3.41. With

these yield coefficients, the system is able to predict the remaining conversions.

To solve the formulated system of linear equations, a vector, V1, is defined and composed of

the flux rates to be measured or given (ν3, ν5, ν6). A vector, V2, is composed of the remaining

flux rates. A submatrix, T2 is defined with the last three rows of the stoichiometric matrix

which are the constrained, steady-state, reactions (the reactions for ATP, NADH2, and internal

phosphate) and with columns corresponding to V1. The remaining columns of the steady-state

reactions in the stoichiometric matrix make up a second submatrix, T1. The vector V2 may

be solved in terms of V1 by use of the following formula:

V2 = −T1
−1 ·T2 ·V1 (3.48)

The system vectors and submatrices are thus:
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V1 =

ν3

ν5

ν6

 V2 =

 ν1

ν2a

ν4a

 T1 =


0 0 εo

1

2
δo 0

2.25 −1 −1

 T2 =


−0.015 −1 0

− (K + mATP/µ) −1 −5

6

−0.185 0 1


Since rx = ν3, rpp = ν5, and rgly = ν6, they may be substituted into V1 resulting in:

V2 = −T1
−1 ·T2 ·V1

=⇒ V2 = −


0 0 εo

1

2
δo 0

2.25 −1 −1


−1

·


−0.015 −1 0

− (K + mATP/µ) −1 −5

6

−0.185 0 1

 ·
 rxrpp
rgly



=



rx

4

(
K +

mATP

µ

)
+ 0.74δo +

0.06

εo
δo

2 + 9δo

+ rpp

4 +
4δo
εo

2 + 9δo

+ rgly

 10

3
− 4δo

2 + 9δo



rx

9

(
K +

mATP

µ

)
− 0.03

εo
− 0.37

2 + 9δo

+ rpp

 9− 2

εo
2 + 9δo

+ rgly

(
9.5

2 + 9δo

)

rx

(
0.015

εo

)
+
rpp
εo


Now, the first row of the stoichiometric matrix in Equation 3.41 corresponds to the conversion

rate of PHB. Therefore rphb may be found by multiplying this row by vector V. Substituting

the values found for V1 and V2 into V and multiplying by the first row of the stoichiometric

matrix in Equation 3.41 will define rphb in terms of rx, rpp, and rgly, as shown below.
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V =



rx

4

(
K +

mATP

µ

)
+ 0.74δo +

0.06

εo
δo

2 + 9δo

+ rpp

4 +
4δo
εo

2 + 9δo

+ rgly

 10

3
− 4δo

2 + 9δo



rx

9

(
K +

mATP

µ

)
− 0.03

εo
− 0.37

2 + 9δo

+ rpp

 9− 2

εo
2 + 9δo

+ rgly

(
9.5

2 + 9δo

)

rx

rx

(
0.015

εo

)
+
rpp
εo

rpp

rgly


then:

rphb =

[
−1 0 −1.27 0 0 −4

3

]
·V (3.49)

=⇒ rphb = −1.27rx −
4

3
rgly − rpp

(
4 + 4

εo
δo

2 + 9δo

)
− rgly

(
10
3 − 4δo

2 + 9δo

)

− rx

(
4K + 4mATP

µ + 0.74δo + 0.06
εo
δo

2 + 9δo

)

=⇒ −rphb = 1.27rx +
4

3
rgly + rpp

(
4 + 4

εo
δo

2 + 9δo

)
+ rgly

(
10
3 − 4δo

2 + 9δo

)

+ rx

(
4K + 4mATP

µ + 0.74δo + 0.06
εo
δo

2 + 9δo

)

=⇒ −rphb = 1.27rx

(
2 + 9δo
2 + 9δo

)
+

4rgly
3

(
2 + 9δo
2 + 9δo

)
+ rpp

(
4 + 4

εo
δo

2 + 9δo

)
+ rgly

(
10
3 − 4δo

2 + 9δo

)
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+ rx

(
4K + 4mATP

µ + 0.74δo + 0.06
εo
δo

2 + 9δo

)

=⇒ −rphb = rx

(
11.43δo + 2.54

2 + 9δo

)
+

4rgly
3

(
2 + 9δo
2 + 9δo

)
+rpp

(
4 + 4

εo
δo

2 + 9δo

)
+rgly

(
10
3 − 4δo

2 + 9δo

)

+ rx

(
4K + 4mATP

µ + 0.74δo + 0.06
εo
δo

2 + 9δo

)

=⇒ −rphb =
4K + 4mATP

µ + 0.74δo + 0.06
εo
δo + 11.43δo + 2.54

2 + 9δo
rx +

4 + 4
εo
δo

2 + 9δo
rpp

+
12δo + 8

3 + 10
3 − 4δo

2 + 9δo
rgly

Substituting εo=7 mol ATP/mol NADH2 and K=1.72 mole ATP/Cmol PAO:

=⇒ −rphb =
9.42 + 12.17857δo

2 + 9δo
rx +

4 + 4
7δo

2 + 9δo
rpp +

6 + 8δo
2 + 9δo

rgly +
4mATP

µ

2 + 9δo
rx

=⇒ −9.42 + 12.17587δo
2 + 9δo

rx = rphb +
4 + 4

7δo

2 + 9δo
rpp +

6 + 8δo
2 + 9δo

rgly +
4mATP

µ

2 + 9δo
rx

=⇒ −rx =
2 + 9δo

9.42 + 12.17857δo
rphb +

4 + 4
7δo

2 + 9δo
· 2 + 9δo

9.42 + 12.17857δo
rpp

+
6 + 8δo
2 + 9δo

· 2 + 9δo
9.42 + 12.17857δo

rgly +
4mATP

µ

2 + 9δo
· 2 + 9δo

9.42 + 12.17857δo
rx

=⇒ −rx =
2 + 9δo

9.42 + 12.17857δo
rphb +

4 + 4
7δo

9.42 + 12.17857δo
rpp +

6 + 8δo
9.42 + 12.17857δo

rgly

+
4mATP

µ

9.42 + 12.17857δo
(3.50)

Substituting the active biomass concentration, Cx, for rx/µ gives the following:
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− rx =
2 + 9δo

9.42 + 12.17857δo
rphb +

4 + 4
7δo

9.42 + 12.17857δo
rpp +

6 + 8δo
9.42 + 12.17857δo

rgly

+
4 mATP

9.42 + 12.17857δo
Cx

The terms to the left of rphb, rpp, and rx are the inverse yield coefficients of PAO biomass on

PHB, polyphosphate, and glycogen, respectively. The term to the left of the active biomass

concentration, Cx, is the maintenance coefficient for PAOs. Hence, the PAO biomass conversion

rate in an aerobic reactor with nitrate as the nitrogen source for biomass growth can be expressed

as:

−rx =
1

Y o
pha.ϕ

rpha +
1

Y o
pp.ϕ

rpp +
1

Y o
gly.ϕ

rgly +mo.ϕCx (3.51)

where:

Y o
pha.ϕ =

9.42 + 12.17857δo
2 + 9δo

(3.52)

Y o
pp.ϕ =

9.42 + 12.17857δo

4 + 4
7δo

(3.53)

Y o
gly.ϕ =

9.42 + 12.17857δo
6 + 8δo

(3.54)

mo.ϕ =
4 mATP

9.42 + 12.17857δo
(3.55)

Note that the TUDP model assumes all PHA species are PHB but uses the notation ”PHA”

on their yield coefficient. The same notation for the yield coefficient is used in this work.

Conversion of the yield coefficients to a COD basis is made by using 35.948 g COD/Cmol PAO

biomass, 36.021 g COD/Cmol PHB, 32.017 g COD/Cmol glycogen, and 30.974 g P/mole P.

These factors plus the use of the TUDP model’s value for δo of 1.85 mole ATP/mole NADH2

and mATP=0.017 mole ATP/Cmol-h gives:
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Y o
pha.ϕ = 1.7166

g COD PHB

g COD PAO
(Aerobic, NO3 as nitrogen source) (3.56)

Y o
pp.ϕ = 5.4437

g P

g COD PAO
(Aerobic, NO3 as nitrogen source) (3.57)

Y o
gly.ϕ = 1.3681

g COD glycogen

g COD PAO
(Aerobic, NO3 as nitrogen source) (3.58)

mo.ϕ = 0.0511
g COD PAO

g COD PAO-day
(Aerobic, NO3 as nitrogen source) (3.59)

As a comparison, the aerobic yield coefficients for PAOs when ammonia is used as the nitrogen

source in the TUDP model are:

Y o
pha = 1.39

g COD PHB

g COD PAO

Y o
pp = 4.42

g P

g COD PAO

Y o
gly = 1.11

g COD glycogen

g COD PAO

mo.ϕ = 0.06
g COD PAO

g COD PAO-day

It is noted that the yield coefficients are defined in terms of the mass of compound converted

per mass of PAO formed; thus an increased amount of compound is required for the same

amount of biomass formed when nitrate is used as the nitrogen source versus ammonia. The

results indicate an approximate 23% increase in each yield coefficient and an approximate 15%

decrease in the maintenance coefficient for PAOs using PHA as their substrate and nitrate as

their nitrogen source.
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Anoxic Yield and Maintenance Coefficients with Nitrate as the Nitrogen Source.

The derivation for the anoxic yield and maintenance coefficients when nitrate is used as the

nitrogen source is similar to the derivation of the aerobic coefficients. Using Reactions R1, R2,

R3, R4b, R5, and R6 in Table 3.2, the production rates can be related to the internal flux rates

according to r = T ·V:



rphb
rx
rgly
rpp
rp.out
rno3
rco2
rh2o

rn2

rp.in
ratp
rnadh



=



−1 0 −1.27 0 0 −4

3
0 0 1 0 0 0

0 0 0 0 0 1

0 0 0 0 1 0

0 0 0 −εn 0 0

0 −2

5
−0.20 −2

5
0 0

1 0 0.27 0 0
1

3

−3

2

6

5
0.215

6

5
1 −5

6
0 0 −0.015 εn −1 0

1

2
δn −

(
K +

mATP

µ

)
0 −1 −5

6
2.25 −1 −0.185 −1 0 1



·



ν1

ν2b

ν3

ν4b

ν5

ν6

 (3.60)

The system is chosen to again be solved in terms of rphb, rpp, and rgly. The production rates,

rp.in, ratp, and rgly are assumed to be in steady state. Vectors V1 and V2 and submatrices T1

and T2 are then defined as:

V1 =

ν3

ν5

ν6

 V2 =

 ν1

ν2b

ν4b

 T1 =


0 0 εn

1

2
δn 0

2.25 −1 −1

 T2 =


−0.015 −1 0

−
(
K +

mATP

µ

)
−1 −5

6

−0.185 0 1


From the stoichiometric matrix in Equation 3.60, it can be seen that rx = ν3, rpp = ν5, rgly = ν6.

Substituting these values into V1 and using Equation 3.48 to solve for V2 results in:

V2 = −T1
−1 ·T2 ·V1
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=⇒ V2 = −


0 0 εn

1

2
δn 0

2.25 −1 −1


−1

·


−0.015 −1 0

−
(
K +

mATP

µ

)
−1 −5

6

−0.185 0 1

 ·
 rxrpp
rgly



=



rx

4

(
K +

mATP

µ

)
+ 0.74δn +

0.06

εn
δn

2 + 9δn

+ rpp

4 +
4δn
εn

2 + 9δn

+ rgly

 10

3
− 4δn

2 + 9δn



rx

9

(
K +

mATP

µ

)
− 0.03

εn
− 0.37

2 + 9δn

+ rpp

 9− 2

εn
2 + 9δn

+ rgly

(
9.5

2 + 9δn

)

rx

(
0.015

εn

)
+
rpp
εn


A linear relation between the conversion rate of PHB and the the rates rx, rpp, and rgly can be

obtained by multiplying the first row in Equation 3.60 (corresponding to rphb) by the flux rate

vector, V:

V =



rx

4

(
K +

mATP

µ

)
+ 0.74δn +

0.06

εn
δo

2 + 9δn

+ rpp

4 +
4δn
εn

2 + 9δn

+ rgly

 10

3
− 4δn

2 + 9δn



rx

9

(
K +

mATP

µ

)
− 0.03

εn
− 0.37

2 + 9δn

+ rpp

 9− 2

εn
2 + 9δn

+ rgly

(
9.5

2 + 9δn

)

rx

rx
0.015

εn
+
rpp
εn

rpp

rgly



then:

rphb =

[
−1 0 −1.27 0 0 −4

3

]
·V
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=⇒ rphb = −1.27rx −
4

3
rgly − rpp

(
4 + 4

εn
δn

2 + 9δn

)
− rgly

(
10
3 − 4δn

2 + 9δn

)

− rx

(
4K + 4mATP

µ + 0.74δo + 0.06
εn
δn

2 + 9δn

)

=⇒ −rphb = 1.27rx +
4

3
rgly + rpp

(
4 + 4

εn
δn

2 + 9δn

)
+ rgly

(
10
3 − 4δn

2 + 9δn

)

+ rx

(
4K + 4mATP

µ + 0.74δn + 0.06
εn
δn

2 + 9δn

)

=⇒ −rphb = 1.27rx

(
2 + 9δn
2 + 9δn

)
+

4rgly
3

(
2 + 9δn
2 + 9δn

)
+ rpp

(
4 + 4

εn
δn

2 + 9δn

)
+ rgly

(
10
3 − 4δn

2 + 9δn

)

+ rx

(
4K + 4mATP

µ + 0.74δn + 0.06
εn
δn

2 + 9δn

)

=⇒ −rphb = rx

(
11.43δn + 2.54

2 + 9δn

)
+

4rgly
3

(
2 + 9δn
2 + 9δn

)
+rpp

(
4 + 4

εn
δn

2 + 9δn

)
+rgly

(
10
3 − 4δn

2 + 9δn

)

+ rx

(
4K + 4mATP

µ + 0.74δn + 0.06
εn
δn

2 + 9δn

)

=⇒ −rphb =
4K + 4mATP

µ + 0.74δn + 0.06
εn
δn + 11.43δn + 2.54

2 + 9δn
rx +

4 + 4
εn
δn

2 + 9δn
rpp

+
12δn + 8

3 + 10
3 − 4δn

2 + 9δn
rgly

Using a value of εn = εo/2 = 3.5 ATP P-mole/NADH2, and K=1.72 mole ATP/Cmol results
in:
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− rphb =
9.42 + 12.18714δn

2 + 9δn
rx +

4 + 1.14286δn
2 + 9δn

rpp +
6 + 8δn
2 + 9δn

rgly +
4mATP

µ

2 + 9δn
rx

=⇒ −9.42 + 12.18714δn
2 + 9δn

rx = rphb +
4 + 1.14286δn

2 + 9δn
rpp +

6 + 8δn
2 + 9δn

rgly +
4mATP

µ

2 + 9δn
rx

=⇒ −rx =
2 + 9δn

9.42 + 12.18714δn
rphb +

4 + 1.14286δn
2 + 9δn

· 2 + 9δn
9.42 + 12.18714δn

rpp

+
6 + 8δn
2 + 9δn

· 2 + 9δn
9.42 + 12.18714δn

rgly +
4mATP

µ

2 + 9δn
· 2 + 9δn

9.42 + 12.18714δn
rx

=⇒ −rx =
2 + 9δn

9.42 + 12.18714δn
rphb +

4 + 1.14286δn
9.42 + 12.18714δn

rpp +
6 + 8δn

9.42 + 12.18714δn
rgly

+
4mATP

µ

9.42 + 12.187143δn
rx

Substituting the active biomass concentration, Cx, for rx/µ then gives:

− rx =
2 + 9δn

9.42 + 12.18714δn
rphb +

4 + 1.14286δn
9.42 + 12.18714δn

rpp +
6 + 8δn

9.42 + 12.18714δo
rgly

+
4 mATP

9.42 + 12.18714δn
Cx

The conversion rate of PAO biomass under anoxic conditions with nitrate as the nitrogen source

can then be written as:

−rx =
1

Y no
pha.ϕ

rpha +
1

Y no
pp.ϕ

rpp +
1

Y no
gly.ϕ

rgly +mno.ϕCx (3.61)

where:

Y no
pha.ϕ =

9.42 + 12.18714δn
2 + 9δn

(3.62)
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Y no
pp.ϕ =

9.42 + 12.18714δn
4 + 1.4286δn

(3.63)

Y no
gly.ϕ =

9.42 + 12.18714δn
6 + 8δn

(3.64)

mno
no3 =

4mATP

9.42 + 12.18714δn
(3.65)

Conversion of the yield and maintenance coefficients to a COD basis and the substitution of

the TUDP model’s assumed value for δn of 0.925 mole ATP/mole NADH2 results in:

Y no
pha.ϕ = 2.0228

g COD PHB

g COD PAO
(Anoxic, NO3 as nitrogen source) (3.66)

Y no
pp.ϕ = 3.4935

g P

g COD PAO
(Anoxic, NO3 as nitrogen source) (3.67)

Y no
gly.ϕ = 1.3757

g COD glycogen

g COD PAO
(Anoxic, NO3 as nitrogen source) (3.68)

mno
no3 = 0.0800

g COD PAO

g COD PAO-day
(Anoxic, NO3 as nitrogen source) (3.69)

The anoxic yield coefficients for PAOs when ammonia is used as the nitrogen source in the

TUDP model are:

Y o
pha = 1.72

g COD PHB

g COD PAO

Y o
pp = 3.02

g P

g COD PAO

Y o
gly = 1.18

g COD glycogen

g COD PAO

mo.ϕ = 0.09
g COD PAO

g COD PAO-day
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It is noted that the yield coefficients are defined in terms of the mass of the compound converted

per mass of PAO; thus an increased amount of compound is required for the same amount of

biomass when nitrate is used as the nitrogen source versus ammonia. The results indicate an

approximate 15-16% increase in each yield coefficient and an approximate 11% decrease in the

maintenance coefficient for PAOs using PHA as their substrate and nitrate as their nitrogen

source.

3.5.2 Ordinary Heterotrophic Organism Aerobic and Anoxic Metabolism

The TUDP model combines the metabolic model derived for PAO metabolism with the AS-

M2d processes for hydrolysis, COD removal, and nitrogen removal performed by ordinary het-

erotrophic organisms (OHOs) and autotrophic organisms. The ASM2d (and by extension the

TUDP model) stops biomass growth when ammonia is depleted in bulk solution. In reality,

OHOs will utilize available nitrate in solution to obtain the nitrogen that is required to be used

in biomass synthesis during growth when ammonia is absent. This assimilative reduction of

nitrate decreases the potential amount of ATP that can be produced by the cell and lowers the

bacterial growth yields. It is important to include this assimilation of nitrate by OHOs for aer-

obic and anoxic biomass growth into the proposed process model so that the OHO metabolism

and yields are adequately predicted. This section derives an aerobic yield coefficient for OHO

growth using nitrate as the nitrogen source. In the TUDP model, the same OHO yield coeffi-

cient is used in the aerobic and anoxic zones but the anoxic growth rates are multiplied by a

factor, ηNO.H, to account for the slower anoxic growth that occurs. The same approach is used

in the new integrated model formulated in this thesis. A default value of 0.8 is used in the

TUDP model and in this work for ηNO.H.

The ASM2d model is based on a gray box modeling approach, as discussed in Section 2.6.1.

Therefore, rather than deriving yield coefficients for OHOs under ammonia limited conditions

by using a metabolic network analysis, a simpler approach considering thermodynamics will be

used in order to maintain a certain consistency with the ASM2d approach for OHOs.
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OHO Growth Under Ammonia Limited Conditions. The difference in yield values

when ammonia is used as the nitrogen source vs. when nitrate is used arises from the thermo-

dynamics of the metabolic reactions taking place. Several successful thermodynamic methods

based on Gibbs energy have been outlined in the literature for estimating bacterial yields on

substrate. Two widely applied methods are the Gibbs Energy Dissipation method outlined by

Heijnen et al.35 and the half-reaction approach developed by McCarty.56 Due to its successful

application in the environmental engineering field, McCarty’s half-reaction approach is used

here.

In the ASM2d and TUDP models, OHOs grow on either acetate or fermentable substrate in

the aerobic and anoxic zones. The same OHO yield coefficient, YH, is used for growth on both

substrates. In the derivation of the OHO yield coefficient using nitrate as the nitrogen source,

a choice must be made as to the model substrate used in the derivation. In reality, municipal

wastewater contains many different organic compounds in which OHOs will use for growth. In

this work, acetate is used as the substrate in the derivation of the OHO yield on nitrate due to

the use of acetate as a primary substrate in ASM2d. It should be noted that in an efficiently

operating EBPR system, acetate is often depleted in the anaerobic zone. Nevertheless, while

acetate may not specifically be available in aerobic and anoxic processes, it is assumed here

that the actual organic substrates used for growth by OHOs in the system being modeled have

similar energetics to acetate.

OHOs are assumed by the TUDP model to have the same biomass composition as PAOs,

CH2.09O0.54N0.20P0.015. The degrees of reduction of biomass and substrate are then:

λx.ϕ = 6.085 Biomass degree of reduction w/NO3 as N source

λs = 4.0 Acetate degree of reduction

The average carbon fraction by mass for biomass cells, σc, is calculated as follows:

C = 1 Number of C atoms in biomass

MWx = 26.023 g/mole MW of biomass (Cmol basis)

σc =
C · 12.011

MWx
= 0.462 g C/g cells Average carbon fraction of biomass
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Energy values for the appropriate half-reactions are taken from VanBriesen103 and shown below:

∆G0′
d = 31.06 KJ/e- SFE for e– donor oxidation (acetate)

∆G0′
a = −78.72 KJ/e- SFE e– acceptor reduction (oxygen)

∆G0′
r = ∆G0′

a −∆G0′
d = −109.78 KJ/e- SFE for overall reaction

∆G0′
CS = ∆G0′

d = 31.06 KJ/e- Gibbs energy for C-source (acetate) oxidation

∆G0′
p = 35.6 KJ/e- Gibbs energy for carbon source to pyruvate

Note: SFE = Standard free energy.

Following McCarty and Rittman,55 the electron transfer efficiency for the catabolic reaction,

K, is taken to be 0.6. The electron transfer efficiency for biomass synthesis, κ, is taken to be

equal to K, which is commonly assumed.103

According to VanBriesen and Rittmann, the free energy required for the synthesis of macro-

molecules, ∆G0′
cells, depends on the biomass composition and the degree of reduction of the

cells.104 It can be determined from the free energy of ATP hydrolysis and the cell yield on

ATP. Values from VanBriesen and Rittmann are assumed:

∆G0′
atp.hyd = 12.5 kcal Free Energy for ATP hydrolysis

Yatp = 10.5 g cells/mole ATP Cell yield on ATP

K = 0.6 Energy capture efficiency

The free energy required for the synthesis of macromolecules is then determined as follows:

∆G0′
cells =

G0′
atp.hyd

Yatp · 0.9 ·
λx.ϕ σc

12

· 4.184
kcal

kJ
= 23.647

KJ

e-

The free energy for synthesis of biomass cells, ∆G0′
syn, can be calculated as:

∆G0′
syn =

∆G0′
p −∆G0′

CS

Km
+ ∆G0′

cells = 31.213 KJ/e-
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The exponent m=1 in the above equation since the numerator is positive. Conversely, the

method calls for m=-1 in the case that the numerator is negative.

The fractions of electrons going to the electron donor and to cellular synthesis are:

A =
∆G0′

syn

K ·∆G0′
r

= 0.474

fso =
1

1 +A
= 0.678 Fraction of e- going to cells

feo = 1− fso = 0.322 Fraction of e- going to energy

The aerobic biomass yield on acetate is equal to the fraction of electrons used to produce new

cells. The yield value can be expressed in Cmol biomass/Cmol acetate by multiplying the yield

by the ratio of the substrate to biomass degree of reduction values:

Yx = fso
λs
λx

= 0.446 Cmol biomass/Cmol acetate

Conversion of the biomass yield with nitrate as the nitrogen source to COD units is obtained

by using 35.948 g COD biomass/Cmol and 32.017 g COD acetate/Cmol:

YH.ϕ = Yx.ϕ
35.948

32.017
= 0.501 COD biomass/COD acetate

The default value of the OHO yield, YH, used in the TUDP model (with ammonia as the

nitrogen source) is 0.63 gCOD biomass/COD substrate. Hence, a decrease of 20% in the yield

coefficient is obtained when nitrate is used as the nitrogen source.

The ASM2d and TUDP models simulate OHO growth on acetate and fermentable substrate

with a single biomass yield value. The new model in this work makes the same assumption.

Therefore, YH.ϕ is used in the new model processes for both growth on acetate (VFAs) and

growth on fermentable substrate under ammonia limited conditions.
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3.6 Post-Anoxic Glycogen Degradation Kinetics

There is evidence that internal polymer degradation in EBPR sludge follows first order kinetic-

s.101 Other studies using aerated, synthetic fed, non-EBPR sludge have found different reaction

orders, such as 1.3 for PHA degradation and second order for aerobic glycogen degradation un-

der famine conditions.6,22 The ASM3 model uses a Monod function to model the degradation

of the lumped storage parameter fSTO, which is the sum of internally stored PHA and glycogen.

A similar Monod function is used to simulate the aerobic and anoxic degradation of PHA by

the TUDP model.

In this study, 27 data sets arising from 10 different lab reactors operating in the post-anoxic

BNR configuration were analyzed in order to estimate the rate of glycogen degradation for

the new model. The data sets used were taken from the work of Coats et al.,12 Winkler et

al.,113 and unpublished experimental data from our reactors. When determining the glycogen

degradation rate from each data set, a choice must be made whether to relate the glycogen

degradation rate to the total active biomass fraction (heterotrophs + autotrophs + PAOs) in

the reactor or to just the fraction of PAOs in the biomass. In the new model only PAOs are

assumed to store and cycle glycogen as part of their metabolism. Further, denitrifying PAOs

are the only organisms assumed in the model to denitrify in the absence of external carbon in

the anoxic zone. Unfortunately, the PAO fraction is not known for all of the 27 data sets used

for determining the glycogen degradation rate. Moreover, the fraction of PAOs can vary widely

between systems, even between systems having similar phosphorus removal efficiency. For

example, previous qPCR analysis of the biomass from our reactors operating in the post-anoxic

EBPR configuration have shown PAO fractions varying widely from 0.9% to 74.1%.3,113 This

wide ranging PAO fraction introduces a large deviation in the estimated glycogen degradation

rate.

In the TUDP model, the PHA and glycogen cycling rates were originally estimated using batch

tests on enriched EBPR sludge fed synthetic wastewater. These rates were then applied only

to PAOs in the model matrix. Upon refinement and calibration of the rates, the model was

found to adequately simulate EBPR in full scale plants in which the sludge consists of a highly
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mixed consortia of organisms. A similar approach is applied here. Since our reactors are fed

real wastewater with a resulting sludge composed of a mixture of organisms and a wide range

of PAO fractions, the choice was made to derive the glycogen degradation rate using the total

active biomass fraction of the sludge. Since glycogen is degraded only by PAOs in the new

model, the glycogen degradation rate is applied only to the PAO fraction, not the total active

biomass in the model. The rate derived from these data sets using the active biomass is to be

used as a starting point which will need calibration during testing of the model.

Four kinetic models for the degradation of the fraction of glycogen to active biomass, fgly =

Cgly/Cx were initially evaluated:

1. First order: rgly =
dfgly
dt = −kgly.px · fgly.

2. Second order: rgly =
dfgly
dt = −kgly.px · f2

gly.

3. Monod with Monod constant K = 1.0: rgly =
dfgly
dt = −qgly.px ·

fgly
1.0+fgly

.

4. Monod with variable Monod constant, K: rgly =
dfgly
dt = −qgly.px ·

fgly
K+fgly

.

The kinetic coefficients, kgly, −qgly.px, andK (for model 4) were estimated through minimization

of the sum of squares of the weighted differences between the measured values of each data set

and the predicted glycogen fraction from the model according to:

χ2(p) =

n∑
n=1

(
ymeas,i − yi(p)

σmeas,i

)2

(3.70)

In which p are the model kinetic coefficients, ymeas,i are measured glycogen fractions from the

data sets, yi(p) is the calculated glycogen fraction from the model, and σmeas,i is the standard

deviation of the of data point i. Better model fits are reflected by a lower calculated χ2 value.

The estimation procedure for each data set was automated using the software AQUASIM with

use of a secant algorithm for numerical minimization of the sum.79

The parameter estimation procedure using a variable K (model 4) allowed for K to vary from

0.001 to 10 along with a variation in qgly.px such that χ2 is minimized. The minimization of χ2

for each sample set resulted in a large variations in K (0.001 to 10) and χ2 (0.01-7.53). Due

to these large variations between sample sets, the approach used for model 4 was ultimately
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rejected.

The ASM 3 model uses a Monod expression to model biomass growth on lumped internal carbon

storage consisting of both PHA and glycogen. The ASM 3 model uses a default value of 1.0 for

the Monod half-saturation coefficient, KSTO, that is used in this process equation. In analysis

using model 3, this value was chosen for K as a starting point with the expectation that K

could be adjusted if a better fit is needed. It is notable that the value of 1.0 for K is large

compared to fgly and produces an expression resembling first order kinetics.22 It was found

that the resulting χ2 values for the estimated qgly.px using the assumed K value of 1.0 were

sufficiently small that further adjustment to K was deemed unnecessary. The results of the

parameter estimation for models 1-3 are shown in Table 3.3.

In Table 3.3, it should be noted that active biomass for reactors PX5 and PX6 were able to be

determined directly since PHA and glycogen samples were taken at the same time as the VSS

samples. Hence, active biomass could be calculated as the sludge VSS minus PHA and glycogen,

plus an assumed 5% active biomass in the ash. The sample times at which VSS samples were

taken from the sludge in the other data sets, however, were not recorded. Therefore, the actual

concentration of glycogen and PHA in the sludge at the time the VSS sample was taken is

unknown and a direct calculation could not be performed for these reactors. The calculated

ratios of active biomass to VSS for both PX5 and PX6 was approximately 1.0. This ratio was

consistent across both reactors despite the two reactors having different SRTs. Thus, for all

of the sample sets, a ratio of 1.0 was multiplied by the recorded VSS to provide an estimated

Cx value, which results in the active biomass having the the same concentration as the VSS

concentration for these sample sets.

From Table 3.3, it can be seen that across all models, the value of the glycogen degradation

rate is significantly smaller for reactors with an SRT of 20 days vs. 10 days, which is largely

due to the smaller fraction of glycogen to biomass found at the SRT of 20 days. The average

χ2 values are virtually identical for the estimation of the glycogen degradation rate using all 3

models within the same SRT with an average χ2=1.3 for an SRT of 10 days and χ2 = 0.4 for

an SRT of 20 days. Therefore a significant advantage of one kinetic model (first order, second

order, or Monod kinetics) over another is not apparent and all three models can arguably result
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in adequate simulation of the degradation of glycogen. Monod kinetics (model 3) was thus

chosen since it is consistent with the Monod kinetics adopted by the other ASM models. In

addition, Monod kinetics allows for greater flexibility during model calibration since both K

and the glycogen degradation rate can be adjusted if the glycogen degradation pattern of a

specific system is found to not strictly follow first or second order behavior.

From Table 3.3, the average value of qgly is 0.132 h-1 for an SRT of 10 days and 0.053 h-1 for

an SRT of 20 days. The smaller value of 0.05 h-1 is chosen as an initial estimate for further

comparison in the model evaluation. For implementation in the model matrix, the equivalent

expression qgly = µgx/Ygx is used in which µgx is the biomass specific growth rate on glycogen.

Using the previously derived value of Ygx = 0.5728 g COD/g COD, the following value for µgx

results:

µgx = 0.6874 d−1 (3.71)

3.7 Model Matrix

The integrated model is presented in Appendix A. The model is presented in the Gujer matrix

format used by the ASM models, which was originally proposed by Petersen for representation

and modeling of biochemical reactions.76 A detailed description of the matrix representation

may be found elsewhere.5,29,36,38,94,100 The model is built upon the TUDP model, with added

processes and coefficients shown in bold within the matrix. The original TUDP model consists

of 22 processes and 18 state variables to describe hydrolysis, carbon, nitrogen, and phosphorus

conversions within the wastewater treatment process. The model also simulates alkalinity and

TSS concentrations within the wastewater. Seventeen additional processes were added in this

work to describe the conversions under ammonia limited conditions, dPAO activity on glycogen

when PHA is depleted, and dPAO maintenance on polyphosphate when both PHA and glycogen

are limited.
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The updated model is balanced on COD, nitrogen, phosphorus, charge, and TSS. When incor-

porating the yield and stoichiometric structure of each of the new processes into the matrix, the

numerical analysis procedure for checking process continuity described by Hauduc et al.32 was

used to ensure a balance was maintained on these constituents. A tabular copy of the continuity

check is included in Appendix A. The procedure consists of multiplying the model stoichio-

metric matrix by a composition matrix for COD, nitrogen, phosphorus, charge, and TSS. If all

processes are balanced, a zero matrix should result. Following Hauduc et al., all processes were

balanced to a tolerance of 10−15. In their review of seven activated sludge models, Hauduc et al.

note that both the New General model and the UCTPHO+ models are not balanced on COD

when simulating aerobic and anoxic growth on nitrate under ammonia limited conditions, as

these models do not consider the oxygen released from nitrate during the assimilative reduction

process. As Hauduc et al. note, the stoichiometric coefficient for the dissolved oxygen state

variable will be lower when nitrate is reduced for incorporation into biomass. In essence, a

portion of the electrons from the substrate are being used by the bacteria to reduce nitrate for

assimilation instead of entering the respiratory system for ATP generation, which results in less

oxygen required by the system but lower growth yields. In this work, to balance COD in the

aerobic processes using nitrate as the nitrogen source, the stoichiometric coefficient on dissolved

oxygen in the matrix is reduced by subtracting the mass of COD of the nitrate incorporated

into the biomass, as recommended by Hauduc et al.

Since the stoichiometric coefficient on oxygen cannot be reduced in the anoxic processes, Hauduc

et al. recommend considering that more substrate is required under nitrate assimilation to

achieve the same amount of growth as when ammonia is used as the nitrogen source. To

balance COD in these processes for OHOs, the COD content of the nitrate incorporated into

biomass is therefore added to the stoichiometric coefficient on substrate. For PAOs the nitrate

content incorporated into biomass is added to the stoichiometric coefficient on PHA when PAOs

are not using glycogen as their substrate and to the stoichiometric coefficient on glycogen for

the glycogen degradation process.

In addition, a half-saturation coefficient for nitrate assimilation for OHOs, KNO.ASIM, and

PAOs, KNO.PAO.ASIM, is used to control the affinity for nitrate assimilation by use of Monod
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functions. The values of the half-saturation coefficients are calibrated during model simulations.

Setting the half-saturation coefficient to zero will turn off the nitrate assimilation processes, if

the processes are not needed. This may be desired in order to reduce the computation expense

to solve the processes equations and to shorten the solve time during simulations when ammonia

limitation is not a concern.
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Chapter 4: Materials and Methods

4.1 Overview

The developed model presented in Appendix A was tested against lab reactors configured in

the post-anoxic BNR configuration. In addition, simulations were performed against data from

a similarly configured pilot scale WRRF fed municipal wastewater. Simulations were used to

evaluate the adequacy of the model and identify potential improvements that could be made.

Laboratory Bioreactors. Two 2.25L laboratory-scale sequencing batch reactors (SBRs)

were operated at room temperature without pH control (over the operational cycle the pH

varied between 7.2 and 8.5, and never decreased below 7). One SBR (PX5) was operated to

target a 10 day solids residence time (SRT). The second SBR (PX6) was operated to target

a 20 day SRT. Each 6-hr SBR cycle included the following periods: feed (5 min), anaerobic

(1 hr), aerobic (4 hr, 15 min), settle (30 min), and decant (10 min). A programmable logic

controller was used to control operations. Effluent was decanted each cycle and replaced with

an equal volume of substrate to maintain an 18 hour hydraulic residence time (HRT). The

solids residence time (SRT) was controlled by Garrett wasting of mixed liquor during each

aerobic period, once each cycle. Anaerobic conditions were maintained by stopping aeration

approximately 30 minutes before the settling period to allow dissolved oxygen (DO) depletion;

DO measurements confirmed that anaerobic conditions prevailed. Air was introduced through

stone diffusers to create aerobic conditions (DO>2 mg L-1). Reactors were completely mixed

with magnetic stir bars. All pumping was performed using peristaltic pumps (Watson Marlow

Bredel, Wilmington, MA, USA).

Pilot Scale Facility. A 5,000 gallon continuous flow pilot scale WRRF owned and operated

by the University of Idaho Department of Civil and Environmental Engineering and located

at the Moscow, Idaho WRRF was operated for additional testing of the developed model.

The facility consists of a primary clarifier, three anaerobic continuous stirred-tank reactors

(CSTRs), two aerobic CSTRs, an anoxic carousel reactor, and a secondary clarifier. The facility
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is continuously fed screened and degritted wastewater from the Moscow WRRF with effluent

being directed back to the Moscow WRRF. Additional details of the pilot scale facility are

described later.

4.2 Experimental Methods.

Source of Microorganisms for Reactors Inocula for both the lab and pilot scale reactors

were obtained from the Moscow, ID, WRRF, an A2/O (the oxic element being a carousel

reactor) EBPR process. For the lab reactors, raw wastewater was obtained from the same

facility, downstream of screening and grit removal. VFA-rich fermenter liquor was recovered

from a bench-top fermenter fed thickened primary solids from the Pullman, WA, WRRF. All

wastewater was stored at 4 ◦C until used, and raw wastewater was obtained every 5-8 days. Lab

bioreactor feed tanks were replenished daily. Icocula for the pilot scale facility was obtained

from the return activated sludge (RAS) line of the Moscow, Idaho WRRF.

Analytical Techniques. Samples from all reactors were collected to monitor pH, DO, sol-

uble reactive phosphate (SRP), nitrate (NO3), ammonia (NH3), volatile fatty acids (VFAs),

mixed-liquor suspended solids (MLSS), mixed liquor volatile suspended solids (MLVSS), glyco-

gen, and PHA. For soluble constituents, samples were first centrifuged to remove biomass and

then filtered through a 0.22 µm syringe filter (Millipore Corp., Billerica, MA, USA) prior to

testing. SRP was determined in accordance with Hach (Loveland, CO, USA) method 8048

(equivalent to Standard Methods 4500-PE).2 Soluble NO3 was determined in accordance with

Hach method 10020, while soluble NH3 testing followed Hach method 10031. A Spectronic 20

Genesys spectrophotometer (Thermo-Fisher Scientific Corp, Waltham, MA, USA) was utilized

to measure the absorbance of the reacted sample at a wavelength of 890 nm for SRP, 410 nm

for NO3, and 655 nm for NH3. Phosphate, NO3, and NH3 concentrations were determined uti-

lizing a standard curve (R2>0.99). Soluble COD was determined by precipitation and settling

of colloids and subsequent filtration of the clarified sample through a 0.22 µm filter prior to

testing of COD. Colloidal precipitation was achieved by addition of ZnSO4, rapid mixing, pH

adjustment, and subsequent flocculation and settling of the sample according to the method
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presented by Mamais et al.52 All COD concentrations were determined in accordance with

Standard Methods 5220 D.2

MLSS and MLVSS were measured in accordance with Standard Methods 2540 D and 2540 E,

respectively.2 Measurement of pH was accomplished with a Thermo-Fisher Scientific Accumet

AP85 Waterproof pH/Conductivity Meter. DO measurements were collected using a Hach

HQ30d Meter with a LDO101 DO Probe.

VFAs (acetic, propionic, butyric, isobutyric, valeric, isovaleric, and caproic acids) were quanti-

fied using a Hewlett-Packard 6890 series gas chromatograph (Agilent Technologies, Inc., Santa

Clara, CA, USA) equipped with a flame-ionization detector and a Hewlett-Packard 7679 series

injector. The system was interfaced with the Hewlett-Packard GC ChemStation software ver-

sion A.06.01. VFA separation was achieved using a capillary column (Heliflex AT-AquaWax-DA

, 30 m x 0.25 mm ID, W. R. Grace & Co., Deerfield, IL, USA) which was ramped from an initial

50 ◦C to 200 ◦C in three steps (following 2 min at 50 ◦C, ramp to 95 ◦C at 30 ◦C-min-1 then to

150 ◦C at 10 ◦C-min-1 and hold for 3 min; finally, ramp to 200 ◦C at 25 ◦C-min-1 and hold for

12 min) with helium as the carrier gas (1.2 mL min-1). The split/splitless injector and detector

were operated isothermally at 210 and 300 ◦C, respectively. Prior to analysis, samples were

acidified to a pH of 2 using nitric acid. 0.5 µL of each sample was injected in 20:1 split mode.

VFA concentrations were determined through retention time matching with known standards

(Sigma-Aldrich Co., St. Louis, MO, USA; Thermo Fisher Scientific Inc., Waltham, MA, USA)

and linear standard curves (R2>0.99).

Biomass for PHA and glycogen content was obtained directly from the rectors and centrifuged at

6,000 rpm for 5 minutes. Centrifuged biomass was then rinsed with double deionized water and

dried overnight at 105 ◦C. Dried biomass was then stored in a desiccator until testing for PHA

and glycogen content. Biomass PHA content was determined by gas chromatography/mass

spectrometry (GC-MS) as described in Coats et al.12 Total intracellular PHA content was

determined on a percent dry weight cell basis (mass PHA/(mass of biomass), w/w). Biomass

glycogen concentration was measured using dried biomass samples and enzymatic assay as

described by Parrou and Francois, which is postulated to measure glycogen polymers without

interference from structural cellular carbohydrates.75
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Biomass samples to determine the fraction of active biomass in the sludge were taken at the end

of the aerobic cycle, when polyphosphate within PAOs are theoretically lowest. As discussed by

Smolders et al., MLSS is assumed to consist primarily of a consortia of active biomass, PHA,

glycogen, and polyphosphate.90 The sludge VSS consists of the portion of sludge that is lost by

ignition, i.e. PHA, glycogen, and the large part of active biomass as shown in Figure 4.1. What

remains is ash, which Smolders indicates will consist of polyphosphate and a small portion of

the active biomass. In reality, other inert inorganic particulate material that is present in the

sludge will also show up in the ash content.

Figure 4.1: Composition of biomass. Adapted from Smolders et al.90

Smolders notes that about 5-10% of active biomass consists of ash. Villadsen et al. indicates

4-8%.105 Active biomass from samples was therefore determined to be the VSS minus PHA

and glycogen concentrations of the sludge at the time of the MLSS sample plus an assumed

additional 5% of the calculated amount which would form a part of the ash.

Quantitative Polymerase Chain Reaction (qPCR). qPCR was performed on genomic

DNA recovered during each system assessment to estimate the relative abundance of Accu-

mulibacter (the model PAO), GAOs, AOBs and NOBs relative to the total eubacterial popula-

tion. Genomic DNA was extracted using a PowerSoil DNA Extraction Kit (MO BIO Laborato-

ries Inc., Carlsbad, CA USA). Genomic DNA yield and purity was quantified using a Synergy

H1 Multi-Mode Reader (BioTek, Winooski, VT). Primer sets used to quantify total bacteria,68

Accumulibacter,17,33 and GAOs (by targeting Candidatus Competitbacter phosphatis, a model

GAO)16 are listed in Coats et al.11 Amplification of AOBs was based on a primer set for the gene

ammonia monooxygenase (amoA).82 For NOBs, Nitrobacter spp. and Nitrospira were amplified

using 16S rDNA sequences. qPCR settings were in accordance with Winkler et al.113 AOB,

Nitrobacter, and Nitrospira abundance relative to eubacteria was estimated using the mean
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efficiencies for each primer set and the Cq values for the individual samples, assuming average

16S rDNA gene copy numbers of 4.1 for eubacteria, 2.5 for AOB,47 and 1.0 for both Nitrobacter

and Nitrospira.57 All samples were assessed in triplicate with 5 ng of total genomic DNA per

reaction. qPCR melting curves were evaluated to confirm a single melting peak, and agarose gel

analysis confirmed a single band for each primer set. Amplification efficiencies were calculated

for each primer set using baseline-corrected fluorescence data (StepOne software v2.0), and the

LinRegPCR program.78 The cycle threshold was set at a constant value across all samples

based on location within the log-linear region for determination of Cq values (cycle number at

which the measured fluorescence exceeds the cycle threshold). Mean amplification efficiencies

for the total bacterial, PAO, and GAO primer sets were 95.6±0.085% (n=254), 89.7±0.088%

(n=250), and 82.3±0.074% (n=249) respectively. PAO and GAO relative abundances were

estimated per Winkler et al.113
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Chapter 5: Results and Discussion

5.1 Model Performance Against Reactor PX6

In order to test the initial performance of the model, simulations were performed against lab

data from SBR reactor PX6 (SRT=20 days). Influent and sludge samples were collected from

the SBR reactor over one cycle on each of the days 5/18/16, 5/21/16, and 5/25/16. Sample

results over the three days were averaged in order to smooth natural dynamic variations and

potential measurement errors.

5.1.1 Wastewater Characterization

The influent samples were used to provide concentrations for the majority of the model’s influent

state variables. The model consists of 18 state variables as listed in Table 5.1.

Table 5.1: Model state variables

State Variable Units Description

S
o
lu

b
le

C
om

p
on

en
ts

SO gO2/m3 Dissolved oxygen
SF gCOD/m3 Fermentable readily biodegradable organic substrate
SA gCOD/m3 Volatile fatty acids (considered to be acetate)
SNH gN/m3 Ammonium plus ammonia
SNO gN/m3 Nitrate plus 3/5 nitrite
SN2 gN/m3 Di-nitrogen
SPO gP/m3 Inorganic soluble phosphorus (considered to be orthophosphates)
SI gCOD/m3 Inert soluble organic material
SHCO mole HCO3/m3 Alkalinity

P
ar

ti
cu

la
te

C
om

p
on

en
ts XI gCOD/m3 Inert particulate organic material

XS gCOD/m3 Slowly biodegradable particulate substrate
XH gCOD/m3 Ordinary heterotrophic organisims
XPAO gCOD/m3 Phosphate accumulating organisims
XPP gP/m3 PAO cellular polyphosphate
XPHA gCOD/m3 PAO cellular polyhydroxyalkanoates
XGLY gCOD/m3 PAO cellular glycogen
XA gCOD/m3 Autotrophic nitrifying organisms
XTSS gTSS/m3 Total suspended solids

COD Fractions. The model considers COD to be present as either soluble or particulate

COD. Soluble COD consists of VFAs, fermentable COD, and soluble inert material while par-
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ticulate COD includes biomass, the cellular polymers PHA and glycogen, slowly biodegradable

COD, and particulate inerts. The VFA fraction in the influent, SA, was determined by gas

chromatography as described. Influent soluble inert COD, SI, was estimated by assuming that

VFAs and fermentable COD are completely consumed in the activated sludge process. Under

this assumption, SI is equal to the flocculated and filtered COD in the effluent. The error

introduced by this assumption is considered minimal since municipal plants with SRTs greater

than approximately three days typically exhibit less than two percent biodegradable effluent

COD.64 The influent soluble COD was determined as the flocculated and filtered influent COD.

Influent fermentable COD was then determined as

SF = CODinf.sol SA SI

Roeleveld and van Loosdrecht list typical municipal influent concentrations of autotrophic and

PAO biomass in the range of 0.1 - 1.0 gCOD/m3 based on their work with wastewater char-

acterization in the Netherlands.80 A value of 0.1 gCOD/m3 was assumed for the simulations.

Influent concentrations of ordinary heterotrophic organisms and the cellular storage polymers

were assumed to be zero. The influent XI was estimated by calibrating the value of XI/(XS+XI)

against observed particulate COD in the reactors, after Meijer et al.60 XS was determined as

the remainder of the influent total COD during calibration of XI.

Henze, et al. notes that the ASM2d model’s TSS value will be larger than the analytical TSS

value since the model TSS includes the XS fraction.38 A portion of XS that is colloidal likely

passes through the filters used during the analytical test, which will result in a lower TSS value

than reflected by the model. This difference may be partially offset, however, if the wastewater

contains inert minerals which are not included in the model’s state variables.38 The integrated

model uses the same methodology as the TUDP model to model TSS and therefore carries

with it the same uncertainties. Due to this, the influent TSS was assumed equal to the ASM2d

model default value of 180 gTSS/m3. The uncertainty inherent in the influent TSS value

is incorporated into the calibration of the model’s particulate COD through the calibration

of the influent XI/(XS+XI) ratio. While differences exist between the analytical results and

the model’s TSS value in the influent, the error between the analytically measured TSS and
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model’s predicted TSS value within the reactors is considered to be nominal since the total

concentration of XS in the reactor is an order of magnitude smaller than the concentration of

the remaining particulate components.

Table 5.2 summarizes the assumptions and equations used for determination of the influent

COD fractions.

Table 5.2: Assumptions and equations used for determination of influent COD fractions

Model Assumptions
XH, XPHA, XGLY, XPP = 0 gCOD/m3

XA, XPAO = 0.1 gCOD/m3

SI=CODeff.sol

COD Equations
CODinf.sol = Soluble influent COD (flocculated and filtered)
CODeff.sol = Soluble effluent COD (flocculated and filtered)
CODinf.tot = Total unfiltered influent COD
CODinf.tot = SA + SF + SI + XS + XI + XH + XA + XPAO + XPHA ≈ SA + SF + SI + XS + XI

CODinf.sol = SA + SF + SI

SF = CODinf.sol - CODeff.sol - SA

Model Inclusion of Nitrate and Nitrite. As discussed in Chapter 2, the reduction of

nitrate to nitrogen gas occurs through a multistep process in which nitrate is first reduced to

nitrite and then passes through gaseous nitric oxide and nitrous oxide prior to being reduced

to nitrogen gas. In the TUDP model nitrate is assumed to be reduced to nitrogen gas in a

single step, therefore nitrite is not specifically modeled. The state variable for nitrate, SNO,

is considered to be the sum of nitrate and any nitrite species in solution. A more accurate

approach is to consider SNO as the sum of NO3 + 0.6 NO2. This formulation is derived by

considering that 5 electrons from the substrate are required to reduce nitrate to nitrogen gas

while only 3 electrons are required to reduce nitrite to nitrogen gas. Thus NO2 demands 3/5

the electrons from the carbon substrate to be reduced to nitrogen gas as does nitrate. With SNO

equal to NO3 + 0.6 NO2, SNO can be considered as an equivalent amount of nitrate demanding

the same amount of electrons from the substrate as the actual amount of combined nitrate and

nitrite in solution.45 This approach was taken in the model simulations.
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Wastewater Characterization. The percent PAOs, GAOs, nitrifiers, and ammonia oxidiz-

ing bacteria as determined by qPCR analysis on the sludge in the reactor during the sample

period are shown in Table 5.3

Table 5.3: Percent PAOs, GAOs, nitrifiers, and ammonia in PX6

% PAOs % GAOs % Nitrobacter % Nitrosonomas % Ammonia Oxidizers n

1.57 ± 0.16 3.37 ± 0.04 3.39 ± 0.25 3.95 ± 0.29 0.11 ± 0.01 3

It is seen that the GAO fraction is larger than the PAO fraction in this reactor, which could

indicate a contribution of dGAOs to the observed PHA and glycogen activity in the sludge.

Both concentrations are relatively small (less than 5%), however, and the specific contribution

of each organism to the observed behavior of the sludge cannot be conclusively determined. In

addition, the reactors did not experience a degradation in EBPR activity, which is indicative

of GAO enriched sludge.

The average influent characteristics for the three days of sampling of reactor PX6 are summa-

rized in Table 5.4.

5.1.2 Model Calibration.

Simulation Engine. Simulations were performed using the software, Aquasim version 2.1.79

A minimum operation time of 3 SRTs is generally considered to be required to achieve func-

tional stability in biological wastewater treatment reactors.29 Reactor PX6 was configured to

achieve an effective SRT of 20 days, assuming that negligible biological growth occurs within

the anaerobic portion of the cycle. Simulations were therefore performed over a model time of

60 days, which is equivalent to 3 times the target SRT for reactor PX6. Steady state condi-

tions within the model at 60 days were verified by observing negligible changes in state variable

concentrations at the ends of each cycle run.

The integrated model considers temperature effects on kinetic rates using Arrhenius correction

functions with standard temperature at 20 ◦C. An average temperature of 22.67 ◦C was observed

in the reactors at the end of the aerobic cycles. This temperature was used in the simulations
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and assumed to be constant throughout the model simulations.

Initial simulation results based on default model values showed unstable PAO polyphosphate

concentrations resulting in unstable PAO biomass and significant loss of phosphorus removal.

In addition, PAO PHA and glycogen reserves were over predicted while nitrification was un-

derpredicted. Calibration of the model occurred in several steps as further described below.

The calibrated parameters are summarized in Table 5.5

Table 5.5: Calibrated parameters for Reactor PX6 simulations

Parameter Description Default PX6 Purpose

bA XA decay rate 0.15 0.125 Fit nitrification
KP.A Half-Sat. coeff. for SPO 0.01 0.0001 Fit nitrification
iN.BM Biomass N content 0.07 0.02 Decrease SNH release
nfe AN hydrolysis correction factor 0.2 0 Decrease SNH release
qfe Fermentation rate 3 0.7 Fit SNH & SA, decrease PAOs
YPO.AN AN yield for SPO release/SA 0.35 0.1 Fit AN SPO release
qac XPAO AN uptake rate of SA 4.3 2.25 Fit SA uptake, XPAO, XPHA, & XGLY

Kac Half-sat. coeff. for growth on SA 32 4 Fit AN SA, XPAO, XPHA, & XGLY

kpp Xpp formation 0.1 0.04 Fit SPO uptake
kGLY XGLY formation 5.83 1.2 Fit glycogen formation
µgx AX XGLY degradation rate 0.6874 0.859 Fit AX glycogen
kPHA XPHA consumption 5.51 8 Fit XPHA degradation
KfPHA Half-sat. ceoff. for XPHA/XPAO 0.2 0.09 Fit XPHA degradation
KO.PAO PAO half-sat. coeff. for SO 0.2 0.08 Fit XPHA and XGLY through OHO and PAO
KO.H OHO half-sat. coeff. for SO 0.2 0.08 Fit XPHA and XGLY through OHO and PAO
bh XH decay rate 0.4 0.2 Fit XPHA and XGLY through OHO and PAO
KGLY.px Half-sat. coeff. for AX XGLY degradation 1 0.009 Fit AX XGLY degradation
KPHA.PX Half-sat. coeff. for AX XPHA switch - 0.1 Implement XGLY degradation
δo Aerobic P/O ratio 1.85 1.45 Decrease PAO, PHA, and glycogen
δn Anoxic P/O ratio 0.925 0.725 Decrease PAO, PHA, and glycogen

Note: AN=Anaerobic, AE=Aerobic, AX=Anoxic

The calibrated model’s simulation results for PHA, glycogen, ammonia, nitrate, and phosphorus

are shown in Figure 5.1

Sludge Production. The reactor was simulated with a wasting rate of 21 mL per cycle,

indicating an effective SRT of 20 days (assuming no growth in the anaerobic cycle). Sludge

production in the reactor was calibrated by adjusting the XI/(XS + XI) ratio to 0.662, which

adequately described the solids concentration in the reactor.
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Figure 5.1: PX6 Model vs. experimental results. Observed data from the reactors are shown as points
(�). Model simulations are shown as lines (−).

Hydrolysis and Fermentation Processes. The integrated model incorporates the AS-

M2d hydrolysis reactions, in which particulate biodegradable organics, XS, are converted to

fermentable organic matter, SF, while releasing ammonia, phosphorus, and soluble inert mate-

rial into solution. The hydrolysis reactions are meant to simulate the observed conversion of

high molecular weight organic matter and particulates into forms that are able to be used by

microbial biomass as substrate. The actual nature of the reactions are not well understood,

however, and likely consist of different mechanisms which act on the different types of partic-

ulate material found in wastewater sludge. Studies have shown conflicting results regarding

the rates of hydrolysis under different electron acceptor conditions. Since several studies have
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observed that hydrolysis rates are slower under anoxic and anaerobic environments, the ASM2d

hydrolysis processes consist of rate reduction parameters that are individually set for each of

the anaerobic and anoxic hydrolysis processes. Initial model simulations showed ammonia and

phosphorus increasing in the anaerobic zone faster than was observed in the reactors. The

anaerobic hydrolysis reduction factor, ηfe, was changed from a default value of 0.2 to zero in

order to stop hydrolysis within the anaerobic zone and to decrease the rate of anaerobic ammo-

nia and phosphorus release in the model. As noted by Grady et al., the cessation of hydrolysis

under anaerobic conditions is consistent with what has been observed in cyclic aerobic and

anoxic systems but may not be accurate for long term anaerobic environments.29 In addition,

the fermentation rate, qfe, was reduced from 3 gCOD/g COD-d to 0.7 gCOD/gCOD-d to fit

the effluent ammonia and anaerobic VFA concentrations.

PHA Calibration. The model parameter, δ, represents the PAO’s metabolic Phospho-

rus/Oxygen ratio (P/O ratio) which is the amount of ATP produced per NADH2 in the electron

transport chain. The integrated model’s aerobic and anoxic yields for PAO PHA, glycogen, and

polyphosphate in addition to the PAO maintenance coefficients are dependent upon this value,

as shown in the derivation of the yield values presented in Chapter 3. The default value of δ

for aerobic conditions (1.85 mole ATP/mole NADH2) and anoxic conditions (0.925 mole AT-

P/mole NADH2) are based on experiments with EPBR sludge fed synthetic wastewater with

acetate as the sole carbon source.41,88 The P/O ratio is believed to vary depending on the

carbon source and the bacterial species.21 Lower P/O ratios have been observed for propionate

fed vs. acetate fed cultures and for GAO vs. PAO enriched cultures.21 Generally, it has not

been recommended to use δ as a calibration parameter without specific knowledge of its value

for the system. At the default values of δ, PHA was overpredicted compared to actual values,

however. Reduction of the aerobic P/O ratio to 1.45 and a resulting anoxic P/O ratio reduction

from 0.925 to 0.500 (1/2 the aerobic P/O ratio) during model calibration resulted in simulated

PHA levels in the sludge much closer to observed values, although still predicted to be higher

than actual values in the anaerobic cycle. Given that the reactor PX6 was enriched with real

wastewater containing a wide variety of carbon substrates, including a significant propionate

fraction, and the likely wide variety of organisms, including GAOs, present in the sludge, it is
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anticipated that the actual P/O ratio will be lower than the default values of the model that

were obtained by Smolders and Kuba on synthetic fed reactors that were highly enriched with

PAOs. An aerobic P/O ratio of 1.45 is lower than expected for phosphorus removing sludge,

although not completely unrealistic. The aerobic P/O ratio for propionate fed GAO enriched

cultures was observed to be 1.29 in one study.21 Another study found PHA producing cultures

in feast/famine reactors enriched with acetate and with propionate were both observed to have

P/O ratios near 1.0 when the reactors were fed propionate rich feed.21 Little data is available

regarding typical values for anoxic P/O ratios on mixed microbial sludge fed real wastewater.

An anoxic value of 0.725 is likely not unrealistic for reactors fed real wastewater, however. The

low P/O values required to calibrate the PHA concentrations in the model could point to a

weakness in the model, that will require further investigation.

In order to further reduce simulated PHA concentrations closer to that observed in PX6, the rate

constant for PAO acetate uptake in the anaerobic zone, qac, was reduced from the TUDP default

value of 4.3 to 2.25 gCOD PHA/gCOD PAO-d. This resulted an overall better simulation of

PHA and glycogen concentrations at the expense of an underprediction of acetate uptake in the

anaerobic zone. Grady et al. notes that reported acetate uptake ratios vary widely depending

on SRT, pH, and temperature.29 The ASM2d default value for qac is 3.0 gCOD PHA/gCOD

PAO-d, which is closer to the calibrated value than the TUDP default.

Anoxic Glycogen Degradation. The work in this thesis added processes to the integrated

model to degrade glycogen in the anoxic period, when PHA is depleted. The model predicts

very low levels of PHA in the anoxic zone (≈ 0.9 gCOD), but not full PHA depletion. Initially,

the glycogen degradation process at these very low levels of PHA were not activated. Imple-

mentation of a separate kinetic switch in the form of KPHA.px/(KPHA.px + XPHA) at low levels of

PHA to activate the glycogen degradation and maintenance processes when PHA was near, but

not at total depletion, allowed glycogen degradation to be initiated, with a KPHA.px value of 0.1.

This makes the modeled processes more realistic as likely the glycogen degradation enzymes in

the metabolism begin to become active when PHA becomes low, but not completely consumed.

Adjustment of the glycogen affinity constant, KGLY.px, from 1.0 gCOD glycogen/gCOD PAO
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to 0.1 gCOD glycogen/gCOD PAO and using a PAO specific growth rate on glycogen, µpx,

value of 0.859 gCOD PAO/gCOD glycogen resulted in a good prediction of anoxic glycogen

concentrations.

Orthophosphate Calibration. Anaerobic phosphate release was overpredicted using model

default values. In the TUDP model, the anaerobic yield of phosphate release per VFA consumed,

Y AN
PO is a function of reactor pH, based upon the work of Smolders et al. on acetate enriched

EBPR sludge.89 Meijer, however, suggests that this yield coefficient be individually calibrated

for each system since the yield will vary depending on the presence of propionate and butyrate in

the influent and GAOs in the sludge. The average total phosphate release per VFA consumed

in the anaerobic zone was found to be approximately 0.21 gP/gCOD. The total amount of

phosphate released into solution includes phosphate released from processes that do not release

VFAs, including ongoing PAO maintenance, hydrolysis, and fermentation processes. Therefore

the model value of Y AN
PO should be smaller than the observed 0.21 gP/gCOD. Reduction of

Y AN
PO to 0.10 gP/gCOD resulted in an acceptable fit for phosphate in the anaerobic zone.

Phosphate removal from solution is sensitive to the model’s PAO polyphosphate formation rate,

kpp, in addition to the concentration of PAOs in solution. Increasing competition from OHOs

reduces PAO concentration and the subsequent phosphate removal rate. Phosphate removal

was calibrated by increasing the oxygen affinity of OHOs and PAOs by reducing KO.H and

KO.PAO, the inhibition coefficients for oxygen for these organisms from the TUDP default of

0.2 gO2/m3 to 0.1 gO2/m3, and by decreasing the polyphosphate formation rate, kpp, from

0.10 gP/gCOD-d to 0.04 gP/gCOD-d. This resulted in greater OHO competition and adequate

effluent phosphate simulation. The lower PAO concentration also contributed to reduction of

the overprediction of PHA.

Nitrification and Denitrification Calibration. Ammonia in the reactor was observed to

be fully depleted in the aerobic zone and remained depleted throughout the remaining aer-

obic and anoxic cycles. Calibration was unsuccessful, however, in adequately describing the

ammonia profile throughout the SBR cycle. A closer match between simulated and observed
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ammonia concentrations was able to obtained by reduction of the autotrophic decay rate, bA,

from the TUDP model default value of 0.15 gCOD/gCOD-d to 0.125 gCOD/gCOD-d. It is

observed that the model predicts complete depletion of orthophosphate early in the aerobic

zone, causing nutrient phosphate limitation to autotrophs. In reality, the average phosphate

concentration profile within the reactor did not drop below 0.3 gP/gCOD. In general, phosphate

nutrient limitation in activated sludge systems can occur at concentrations below 0.1 gP/m3.94

Therefore, an average minimum value of 0.3 gP/gCOD is not expected to be sufficiently low to

impact long term autotrophic growth. In order to mitigate the effects of the predicted phos-

phate depletion in the aerobic zone, the autotrophic half-saturation coefficient for phosphate,

KP.A, was reduced from 0.01 gP/gCOD to 0.0001 gP/gCOD. The results in Figure 5.1 reflect

this change.

Meijer recommends adjusting the bacteria affinity for oxygen, KO, to calibrate nitrification.

Increasing this constant will decrease the bacterial oxygen affinity and is analogous to decreasing

the oxygen penetration into the sludge floc.62 While these values were adjusted to fit phosphate,

as previously mentioned, the simulated ammonia concentrations for reactor PX6 were found to

be relatively insensitive to this parameter.

From Figure 5.1, it is seen that the model predicts the initial ammonia concentration at the

beginning of the anaerobic cycle higher than the average analytical results over the 3 days

of sample collection. Analytical results for ammonia concentrations at the beginning of the

anaerobic cycle were lower than the expected concentration based on a mass balance of the

tested influent ammonia and the feed volume to the reactor. Table 5.6 compares the analytical

results taken within the first minute of the feed cycle to the anticipated results based on a mass

balance using 0.75 mL influent feed at the beginning of the anaerobic cycle and a total reactor

volume of 2.25 L.

From Table 5.6 the average measured initial ammonia concentration at the start of the anaerobic

period is about 2.8 mgN/L lower than expected based on a mass balance of the average influent

ammonia concentrations. The cause may be due to a inhomogeneous ammonia concentration

in the reactor due to incomplete mixing at the time of sample collection or to other sample or
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Table 5.6: Comparison of observed vs. predicted initial ammonia concentrations in PX6

Analytical Concentration

Date Unit Influent Reactor
Predicted Reactor Concentration

From Mass Balance Error

5/18/2016 gN/m3 24.28 6.205 8.09 1.88
5/21/2016 gN/m3 20.43 5.948 6.81 1.63
5/25/2016 gN/m3 33.33 8.038 11.11 4.94

Average 26.01 6.73 8.67 2.82

testing errors. The initial ammonia concentration of 8.67 gN/m3 aligns well with the model’s

predicted concentration.

Ammonia was observed to be depleted in the aerobic zone and remained depleted throughout

the remainder of the SBR cycle. The calibrated model is unable to maintain complete depletion

of ammonia throughout the anoxic cycle, however. The integrated model inherits the TUDP and

ASM2d lysis-regrowth approach to modeling OHO endogenous respiration. In this approach

a portion of OHOs are continually converted to inert particulate organic material, XI, and

slowly biodegradable particulate substrate, XS, while also releasing ammonia and phosphorus

from biomass lysis into solution. The particulate substrate, XS, originating from the decayed

biomass becomes available for bacterial growth. This recycling of decaying biomass for growth

complicates the model calibration processes.62 On the other hand, endogenous respiration

of PAOs in the TUDP model are modeled by assuming maintenance processes are fueled by

degradation of the internal storage product PHA. The ASM3 model uses a similar approach

to modeling endogenous respiration of all bacteria, using degradation of a lumped storage

parameter. The integrated model extends the TUDP approach so that degradation of glycogen

and polyphosphate provide ATP for PAO maintenance when PHA is depleted. In this approach,

the extra production of substrate, XS, is avoided. In the modeling of a full scale WRRF facility

using the TUDP model, Brdjanovic et al. concluded that the lysis-regrowth process of OHOs

in the TUDP model overestimated decay of OHOs, leading to higher endogenous phosphorus

release in the absence of external substrate than actually observed.7 The authors further

concluded that modeled phosphorus release would most likely be closer to actual observations

if OHOs were modeled using an endogenous respiration similar to ASM3.



120

Similarly, the OHO lysis-regrowth process in the integrated model appears to lead to endogenous

ammonia release higher than observed in PX6. Calibration of anoxic ammonia concentration by

decreasing the OHO decay rate, bh, assisted with decreasing the effluent ammonia concentration,

but did not lead to sufficiently acceptable results. Too high of a decrease in the decay rate

leads to decreased competition of OHOs with PAOs, a resulting proliferation of PAOs, and

overprediction of PAO processes such as PHA and glycogen production. To reduce the ammonia

release in the anoxic zone, the model’s biomass nitrogen content, iN.BM, was also decreased from

0.07 gN/gCOD to 0.02 gN/gCOD, thereby reducing the amount of ammonia nitrogen released

during endogenous processes and achieving a predicted ammonia concentration of 0.4-0.5 gNH4

throughout the anoxic cycle. While a biomass nitrogen content of 0.02 gN/gCOD in the sludge

is unrealistic, this compromise leads to much closer effluent ammonia prediction to observed

values. In agreement with Brdjanovic et al., it is likely that modeling OHO endogenous processes

using degradation of stored polymers will improve the model results.

Nitrate formation in the aerobic zone was predicted to be higher than observed due to the

overprediction of ammonia. It was decided not to reduce the nitrification rate in order to

decrease the rate of nitrate formation, as this would further underpredict the temporal point

of ammonia depletion in the aerobic zone. Anoxic denitrification was well described, however,

without further calibration.

General Results. Overall the calibrated model predicts anoxic and effluent glycogen, nitrate,

and phosphorus concentrations in this data set well. Anoxic and effluent ammonia concentra-

tions are approximately 0.4 gN - 0.5 gN above the full depletion level actually observed. The

model’s processes, including the anoxic glycogen degradation and the nitrate growth assimila-

tion processes, appear to provide an adequate simulation of the internal carbon driven denitri-

fication process. Anaerobic PHA formation is overpredicted, however. The default anaerobic

PHA yield coefficient, Y AN
SA controls the amount of PHA produced per VFA consumed in the

model. The default value of 1.5 gCOD PHA/gCOD VFA used in the model is based on the work

of Smolders et al. which used acetate fed EBPR enriched cultures89 Reduction of this yield

coefficient in the model results immediately in large increases in glycogen formation, making
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PHA and glycogen difficult to calibrate simultaneously. It was chosen to keep the anaerobic

PHA yield coefficient at the default value, since PHA degradation and PHA concentrations in

the aerobic and anoxic zones could be adequately simulated.

It should be noted that the influent VFA concentration of 206 gCOD is much higher than that

typically found in systems fed real wastewater. For reference, published work using the TUDP

model to simulate treatment facilities using real wastewater reported VFA concentrations in

the influent ranges from 47 gCOD/m3 - 71 gCOD/m3. It can be hypothesized that at large

concentrations of VFA in solution, the efficiency of PHA production in the mixed microbial

sludge decreases, thereby decreasing the observed PHA yield on VFA. The specific species of

microorganisms in the sludge will also play a role in the actual yield value. From the simulation

results of PX6, the TUDP and the integrated model do not well predict this decrease in PHA

yield at high influent VFA concentrations. This is an aspect of the models that needs further

investigation and refinement.

5.2 Model Performance Against Reactor PX5

5.2.1 Wastewater Characterization

Further evaluation of the model performance was undertaken by comparing the ability of the

model to simulate the performance of reactor PX5, which is operated similar to reactor PX6

but is configured to achieve a target SRT of 10 days. Experimental data over one SBR cycle

taken on 5/18/16 was used for the evaluation.

Table 5.7 shows the percent PAOs, GAOs, nitrifiers and ammonia oxidizing bacteria found in

Reactor PX5 as determined by qPCR analysis on sludge taken during the sampling period.

Table 5.7: Percent PAOs, GAOs, nitrifiers, and ammonia in PX5

% PAOs % GAOs % Nitrobacter % Nitrosonomas % Ammonia Oxidizers n

1.86 ± 0.10 3.32 ± 0.29 2.16 ± 0.07 2.36 ± 0.20 0.09 ± 0.01 3

As was the case for Reactor PX6, the sludge contains a GAO fraction larger than the PAO
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fraction and which raises the possibility of GAOs contributing to the observed post-anoxic

behavior of the sludge.

Influent characteristics and model input for the simulations are summarized in Table 5.8.

5.2.2 Model Calibration

The initial model simulation was performed using the final calibrated values for the Reactor PX6

model analysis. The parameters were then adjusted in several steps, similar to the calibration

procedure used for the Reactor PX6 simulation. Final calibration was obtained on the same

parameters as were used for Reactor PX6, as shown in Table 5.9. Due to the shorter SRT

and resulting different sludge characteristics, some parameters were required to be calibrated

to different values then the PX6 reactor.

The results of the simulation of reactor PX5 are shown in Figure 5.2. The solids wasting rate in

the model was set to 42.2 mL per cycle to obtain an effective SRT of 10 days. In order to match

the observed sludge production, the influent XI/(XS + XI) ratio was adjusted to 0.734, which

allowed adequate simulation of the solids concentration in the sludge. In general, the model

showed similar strengths and weaknesses in the simulation as was revealed in the simulation of

the PX6 data set.

Similar to Reactor PX6, the model overpredicts anaerobic PHA synthesis. The acetate uptake

rate, qac, was reduced to reduce the overprediction of anaerobic PHA. This reduction results in

an underprediction of the observed VFA uptake rate, as reflected in Figure 5.2, however. Further

reduction in anaerobic PHA was obtained by reducing the aerobic and anoxic P/O ratios, the

PAO and OHO affinity for oxygen (KO.H and KO.PAO), and other variables as shown in Table

5.9. The observed anoxic glycogen degradation during denitrification appears to be adequately

described by the model with adjustment of the KPHA.PX constant to 0.3, the glycogen affinity

constant, KGLY.px, to 0.1, and the PAO specific growth rate on glycogen, µpx, to 0.859 gCOD

PAO/gCOD glycogen.



123

T
a
b

le
5
.8

:
P

X
5

si
m

u
la

ti
on

:
in

fl
u

en
t

ch
ar

a
ct

er
iz

a
ti

o
n

a
n

d
m

o
d

el
in

p
u

t.
In

fl
u

en
t

ch
a
ra

ct
er

iz
a
ti

o
n

va
lu

es
w

er
e

ta
ke

n
o
n

a
si

n
g
le

d
ay

(n
=

1
).

T
es

te
d

P
ar

a
m

et
er

U
n

it
V

al
u

e
M

o
d

el
V

ar
ia

b
le

D
es

cr
ip

ti
o
n

U
n

it
V

a
lu

e

In
fl

u
en

t
S

ol
u

b
le

C
o
m

p
on

en
ts

In
fl

u
en

t
T

ot
a
l

C
O

D
gC

O
D

/m
3

12
05

.6
S

O
2

O
x
y
ge

n
(n

eg
at

iv
e

C
O

D
)

g
C

O
D

/
m

3
0

In
fl

u
en

t
F

il
te

re
d

an
d

fl
o
cc

u
la

te
d

C
O

D
gC

O
D

/
m

3
54

7.
7
2

S
F

F
er

m
en

ta
b

le
C

O
D

g
C

O
D

/
m

3
3
4
3
.3

2
S

ol
u

b
le

u
n

d
eg

ra
d

ab
le

or
ga

n
ic

s
(S

I)
gC

O
D

/m
3

39
.0

5
S

A
V

ol
at

il
e

fa
tt

y
ac

id
s

g
C

O
D

/
m

3
1
6
5
.3

6
In

fl
u

en
t

R
ea

d
il

y
B

io
d

eg
ra

d
a
b

le
C

O
D

(S
S
)

gC
O

D
/m

3
50

8.
67

S
N

H
A

m
m

o
n

iu
m

an
d

am
m

on
ia

n
it

ro
ge

n
g

N
/
m

3
2
4
.2

8
F

er
m

en
ta

b
le

C
O

D
(S

F
)

gC
O

D
/m

3
34

3
.3

2
S

N
O

N
it

ra
te

an
d

0.
6·

n
it

ri
te

n
it

ro
g
en

g
N

/
m

3
0
.0

1
5

A
m

m
on

iu
m

an
d

am
m

on
ia

n
it

ro
g
en

gN
/m

3
24

.2
8

S
N

2
D

is
so

lv
ed

n
it

ro
ge

n
ga

s
g

N
/
m

3
0

N
it

ra
te

N
it

ro
ge

n
(N

O
3
)

gN
/m

3
0
.0

0
S

P
O

In
o
rg

an
ic

so
lu

b
le

p
h

os
p

h
or

u
s

g
P

/
m

3
1
0
.8

1
N

it
ri

te
N

it
ro

g
en

(N
O

2
)

gN
/m

3
0.

02
4

S
I

S
ol

u
b

le
in

er
t

or
ga

n
ic

m
at

te
r

g
C

O
D

/
m

3
3
9
.0

5
N

O
3

+
0.

6
N

O
2

gN
/m

3
0.

0
15

S
H

C
O

A
lk

al
in

it
y

m
o
l/

m
3

5
O

rt
h

o
p

h
os

p
h

a
te

(P
O

4
)

gP
/
m

3
10

.8
1

P
ar

ti
cu

la
te

C
o
m

p
on

en
ts

In
fl

u
en

t
V

ol
a
ti

le
F

at
ty

A
ci

d
s

(V
F
A

s)
X

I
P

ar
ti

cu
la

te
in

er
t

or
g
an

ic
m

at
te

r
g

C
O

D
/
m

3
1
7
5

A
ce

ti
c

A
ci

d
gC

O
D

/m
3

69
.7

X
S

S
lo

w
ly

b
io

d
eg

ra
d

a
b

le
su

b
st

ra
te

g
C

O
D

/
m

3
4
8
2
.8

8
P

ro
p

io
n

ic
A

ci
d

gC
O

D
/m

3
62

.5
7

X
H

A
ct

iv
e

h
et

er
o
tr

op
h

ic
b

io
m

as
s

g
C

O
D

/
m

3
0

B
u

ty
ri

c
A

ci
d

gC
O

D
/m

3
18

.3
4

X
A

A
ct

iv
e

au
to

tr
op

h
ic

b
io

m
as

s
g

C
O

D
/
m

3
0
.1

Is
o
b

u
ty

ri
c

A
ci

d
gC

O
D

/
m

3
0
.0

0
X

P
A

O
P

h
os

p
h

at
e

ac
cu

m
u
la

ti
n

g
or

ga
n

is
m

s
g

C
O

D
/
m

3
0
.1

V
al

er
ic

A
ci

d
g
C

O
D

/m
3

10
.5

4
X

P
P

P
o
ly

p
h

os
p

h
at

e
g

P
/
m

3
0

Is
ov

a
le

ri
c

A
ci

d
gC

O
D

/m
3

4
.2

0
X

P
H

A
P

ol
y
h
y
d

ro
x
y
al

ka
n

o
at

es
g

C
O

D
/
m

3
0

T
o
ta

l
V

F
A

s
gC

O
D

/
m

3
16

5.
36

X
G

L
Y

G
ly

co
ge

n
g

C
O

D
/
m

3
0

R
ea

ct
or

s
X

T
S

S
T

o
ta

l
su

sp
en

d
ed

so
li

d
s

g
M

L
S

S
/
m

3
1
8
0

p
H

(E
n

d
ae

ro
b

ic
)

-
7.

6
0

B
u

lk
S

ol
u

ti
on

T
em

p
er

at
u

re
an

d
p
H

T
(E

n
d

a
er

o
b
ic

)
◦ C

22
.1

T
T

em
p

er
at

u
re

◦ C
2
2
.1

M
L

S
S

(E
n

d
a
er

o
b

ic
)

g/
m

3
26

90
p

H
A

ve
ra

ge
A

n
ae

ro
b

ic
p

H
-

7
.6

0
E

ffl
u

en
t

E
ffl

u
en

t
fi

lt
er

ed
an

d
fl

o
cc

u
la

te
d

C
O

D
(S

I)
g
C

O
D

/m
3

39
.0

5
A

m
m

o
n

iu
m

a
n

d
a
m

m
o
n

ia
n

it
ro

ge
n

gN
/m

3
0.

00
N

it
ra

te
N

it
ro

g
en

(N
O

3
)

gN
/m

3
0.

00
N

it
ri

te
N

it
ro

g
en

(N
O

2
)

gN
/m

3
0.

00
N

O
3

+
0
.6

N
O

2
gN

/m
3

0.
00

O
rt

h
op

h
o
sp

h
a
te

(P
O

4
)

gP
/m

3
1.

35



124

Table 5.9: Calibrated parameters for Reactor PX5 simulations

Parameter Description Default PX6 PX5 Purpose

bA XA decay rate 0.15 0.125 0.10 Fit nitrification
KP.A Half-Sat. coeff. for SPO 0.01 0.001 0.0001 Fit nitrification
iN.BM Biomass N content 0.07 0.02 0.02 Decrease SNH release
nfe AN hydrolysis correction factor 0.2 0 0 Decrease SNH release
qfe Fermentation rate 3 0.7 1.0 Fit SNH & SA, decrease PAOs
YPO.AN AN yield for SPO release/SA 0.35 0.1 0.1 Fit AN SPO release
qac XPAO AN uptake rate of SA 4.3 2.25 2.25 Fit SA uptake, XPAO, XPHA, & XGLY

Kac Half-sat. coeff. for growth on SA 32 4 4 Fit AN SA, XPAO, XPHA, & XGLY

kpp Xpp formation 0.1 0.04 0.085 Fit SPO uptake
kGLY XGLY formation 5.83 1.2 2.2 Fit glycogen formation
µgx AX XGLY degradation rate 0.6874 0.859 0.859 Fit AX glycogen
kPHA XPHA consumption 5.51 8 8 Fit XPHA degradation
KfPHA Half-sat. ceoff. for XPHA/XPAO 0.2 0.09 0.09 Fit XPHA degradation
KO.PAO PAO half-sat. coeff. for SO 0.2 0.08 0.135 Fit XPHA and XGLY through OHO and PAO
KO.H OHO half-sat. coeff. for SO 0.2 0.08 0.135 Fit XPHA and XGLY through OHO and PAO
bh XH decay rate 0.4 0.2 0.2 Fit XPHA and XGLY through OHO and PAO
KGLY.px Half-sat. coeff. for AX XGLY degradation 1 0.009 0.1 Fit AX XGLY degradation
KPHA.PX Half-sat. coeff. for AX XPHA switch - 0.1 0.3 Implement XGLY degradation
δo Aerobic P/O ratio 1.85 1.45 1.25 Decrease PAO, PHA, and glycogen
δn Anoxic P/O ratio 0.925 0.725 0.625 Decrease PAO, PHA, and glycogen

Note: AN=Anaerobic, AE=Aerobic, AX=Anoxic

Ammonia concentrations were overpredicted, likely influenced by an inadequate description

of OHO maintenance and decay processes inherited from the ASM2d lysis-regrowth modeling

concept for OHOs, and the same parameters were adjusted to fit ammonia as previously de-

scribed for reactor PX6. An increase in the nitrification rate was obtained by decreasing the

autotrophic decay rate, bA. This resulted in simulated aerobic ammonia concentrations closer

to the observed values. An increase in the nitrification rate can result in overprediction of ni-

trate in the reactor, however. Therefore, a balance must be made in fitting the model between

the two constituents. The denitrification rate was found to be adequately close to the observed

rate without direct calibration. An overprediction of nitrate at the end of the aerobic cycle

results in a later temporal depletion of nitrate in the anoxic cycle compared to the data (5

hours simulated vs. 4.5 hours observed). Phosphorus concentrations were calibrated primarily

by adjusting the anaerobic yield coefficient for phosphorus release on acetate to 0.1 gP/gCOD

and by adjusting the phosphate uptake rate, kpp, from 0.1 to 0.04 gP/gCOD-d. While anaerobic

phosphorus release is underpredicted, aerobic and anoxic phosphorus concentrations could be

adequately described for Reactor PX5.

Overall, the model adequately predicts denitrification and phosphorus removal processes well.

The simulation results of both reactor PX6 and PX5 indicate that anaerobic PHA and VFA
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Figure 5.2: PX5 Model vs. experimental results. Observed data from the reactors are shown as points
(�). Model simulations are shown as lines (−).

concentrations in addition to overall ammonia concentrations are areas where the model can

be improved.

5.3 Simulation of Scale Model.

For further evaluation, the model was compared against data collected from the University of

Idaho scale model over 5 days in September 2015. The scale model was placed into operation

in March of 2015 by inoculating the system with 40 gallons of return activated sludge from the

Moscow, Idaho WRRF facility and subsequently operated by feeding a continuous stream of
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degritted and screened wastewater from the Moscow WRRF which feeds the activated sludge

reactors. The scale model was originally constructed as a 1/1000th scale configuration of the

Moscow WRRF which is configured as a modified A2/O process. During the 2015 operational

season, the scale model configuration was modified to operate in a post-anoxic configuration as

shown in Figure 5.3.

Figure 5.3: University of Idaho scale model process schematic

Influent is pumped to an inline fermenter for production of VFAs prior to flowing to a primary

settler. A continuous stream from the bottom of the settler is recycled to the head of the

fermenter. Garrett wasting from the fermenter is used to control the fermenter SRT. Three

anaerobic continuous stirred tank reactors (CSTRs), two anaerobic CSTRs, and an anoxic

carousel reactor provide biological treatment. Effluent from the biological treatment processes

is directed to a secondary settler prior to being discharged back to the Moscow WRRF activated

sludge intake basin. A recycled activated sludge (RAS) stream taken from the secondary clarifier

is directed to the first anaerobic reactor. The system SRT is controlled by wasting from the

bottom of the secondary settler.

The system from the primary settler to the anoxic basin effluent was modeled in Aquasim using

the average wastewater characteristics obtained over the five day sample record. The anaerobic

and aerobic reactors were modeled as completely mixed stirred tank reactors (CSTRs) with the

anoxic carousel reactor modeled as four CSTRs in series to simulate the plug flow nature of
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the reactor. The influent and RAS flows were input as continuous, steady flows. During the

sample period for the data set, the influent flow was estimated at approximately 8.2 m3/d with

RAS flow set at 96% of the influent flow rate. The average system SRT was estimated at 22

days based on the average sludge MLSS and wasting rate during the sample period. Model

runs to 300 days allowed for steady state conditions to be reached, confirmed by negligible daily

changes in constituent concentrations.

Wastewater Characterization. Table 5.10 shows the percent PAOs, GAOs, nitrifiers and

ammonia oxidizing bacteria found in the scale model approximately one month before the model

run sample data was collected.

Table 5.10: Percent PAOs, GAOs, nitrifiers, and ammonia in the scale model

% PAOs % GAOs % Nitrobacter % Nitrosonomas % Ammonia Oxidizers n

14.14 ± 1.37 0.86 ± 0.15 5.52 ± 1.66 0.30 ± 0.03 0.09 ± 0.00 3

Sufficient sample data to allow estimation of the influent soluble and particulate COD fractions

in addition to ammonia, nitrate, and phosphorus were obtained in this data set. Nitrite data

was not available for the sample period, however. Historic nitrite sample data collected for

the scale model in 2015 are summarized in Table 5.11. Generally, influent nitrite for domestic

wastewater is negligible. A nitrite concentration of 0 mg/L was assumed for the simulations due

to this and since this concentration is within the error of the historic influent sample results

for 2015. In the absence of nitrite data for the sample set, the average historic nitrite data

was used for comparison of model’s predicted combined nitrate and nitrite profile through the

system.

The influent wastewater characterization and model input parameters are shown in Table 5.12.

The model was calibrated using a similar stepwise procedure previously described for the lab-

oratory reactors, PX6 and PX5. A summary of the calibrated parameters are shown in Table

5.13. The calibrated parameters from the PX6 and PX5 simulations are also included in Table

5.13 for comparison. Simulation results from the calibrated model are shown in Figure 5.4
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Table 5.11: 2015 observed scale model nitrite concentrations

Reactor Average Concentration Sample Size (n)

Influent 0.16 ± 0.27 3
AN 3 0.18 ± 0.23 7
AE 1 6.48 ± 6.15 8
AE 2 5.90 ± 7.90 9
AX 0.24 ± 0.10 2
2o Clarifier 0.23 ± 0.25 15

As shown in Figure 5.4, the actual PHA in the system was not depleted. Therefore, denitrifiers

could access internal PHA as a source of energy production in the anoxic zone. Glycogen was

thus observed to be replenished in the anoxic zone, according to conventional EBPR theory.

The added model processes for simulation of denitrification on glycogen when PHA is depleted

could therefore not be directly tested with this data set. The data set is useful, however,

to check the integrated model’s response to simulate a pilot scale system on real wastewater,

check the performance of the added kinetic switches on the new processes to implement anoxic

glycogen degradation in the presence of low PHA levels, and to further identify any structural

issues that may need to be corrected in the model.

Calibration of Solids Production and SRT. Reduction of the model SRT from 22 days

to 20 days and adjustment of the XS/(XS+XI) ratio to 0.85 allowed the solids production

to be simulated adequately. It should be noted that calculation of the system SRT based

on MLSS concentrations, while being the most common method of SRT calculation, can be

prone to large errors. In a comparison of different methodologies for calculating the SRT on

a full scale modified University of Cape Town (UCT) BNR plant, Puig et al. found that

calculation of SRT using the sludge MLSS resulted in an average SRT of 36.2 days with a

standard deviation of 22.2 days.77 As a comparison, calculation of SRT using a total phosphorus

balance based on phosphorus leaving the process resulted in an average SRT of 36.4 days with a

standard deviation of 1.5 days. Since total phosphorus data across the system was not available

for the scale model, the estimation of SRT is made using the MLSS concentrations with the

understanding that the resulting SRT value is prone to large variability. That a better fit of

solids production was obtained by reducing the SRT in the model is therefore not surprising.
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Table 5.13: Calibrated parameters for scale model simulations

Parameter Description Default PX6 PX5 SM Purpose

bA XA decay rate 0.15 0.125 0.10 0.08 Fit nitrification
KP.A Half-Sat. coeff. for SPO 0.01 0.0001 0.0001 - Fit nitrification
iN.BM Biomass N content 0.07 0.02 0.02 0.02 Decrease SNH release
nfe AN hydrolysis correction factor 0.2 0 0 0 Decrease SNH release
qfe Fermentation rate 3 0.7 1.0 1.5 Fit SNH & SA, decrease PAOs

Y AN
PO AN yield for SPO release/SA 0.35 0.1 0.1 0.32 Fit AN SPO release

qac XPAO AN uptake rate of SA 4.3 2.25 2.25 2.7 Fit SA uptake, XPAO, XPHA, & XGLY

Kac Half-sat. coeff. for growth on SA 32 4 4 24 Fit AN SA, XPAO, XPHA, & XGLY

kpp Xpp formation 0.1 0.04 0.085 - Fit SPO uptake
kGLY XGLY formation 5.83 1.2 2.2 - Fit glycogen formation
µgx AX XGLY degradation rate 0.6874 0.859 0.859 0.859 Fit AX glycogen
kPHA XPHA consumption 5.51 8 8 - Fit XPHA degradation
KfPHA Half-sat. ceoff. for XPHA/XPAO 0.2 0.09 0.09 - Fit XPHA degradation
KO.PAO PAO half-sat. coeff. for SO 0.2 0.08 0.135 0.6 Fit XPHA and XGLY

KO.H OHO half-sat. coeff. for SO 0.2 0.08 0.135 0.6 Fit XPHA and XGLY

bh XH decay rate 0.4 0.2 0.2 0.2 Fit XPHA and XGLY

KGLY.px Half-sat. coeff. for AX XGLY degradation 1 0.009 0.1 0.01 Fit AX XGLY degradation
KPHA.PX Half-sat. coeff. for AX XPHA switch - 0.1 0.3 1 Implement XGLY degradation
δo Aerobic P/O ratio 1.85 1.45 1.25 - Decrease PAO, PHA, and glycogen
δn Anoxic P/O ratio 0.925 0.725 0.625 - Decrease PAO, PHA, and glycogen

Note: AN=Anaerobic, AE=Aerobic, AX=Anoxic, SM=Scale Model

Calibration of Nitrification and Denitrification. The model initially overpredicted nitri-

fication and phosphorus removal in the aerobic reactors, most strongly in reactor AE2. Likely

the process in the existing AE2 reactor is not operating optimally, due to short-circuiting in

the reactor caused by inadequate mixing, aeration coverage, or other factors. Hydraulic short-

circuiting results in a reduction in the overall hydraulic retention time in the reactor. A 30%

reduction of the volume of AE2 from 1.363 m3 to 0.954 m3 brought ammonia and phosphorus

concentrations in the reactor much closer to observed values.

In addition, to better fit ammonia across the system, the anaerobic hydrolysis process was

disabled and the fermentation rate was reduced in the model. This is justified given that the

upstream fermenter will ferment much of the fermentable substrate in the wastewater prior to

the wastewater entering the anaerobic zone. The biomass nitrogen content had to be dramat-

ically reduced from 0.07 gN/gCOD to 0.02 gN/gCOD, as was done for the laboratory reactor

simulations, in order to provide a closer fit to effluent ammonia concentrations. While this val-

ue is unrealistic, it is a compromise made to better simulate actual OHO death and ammonia

release processes given the lysis-decay concept used by the model for OHOs, inherited from the

ASM2d model structure.

Nitrate was found to be non-detectable across all reactors over the 5 days of data, with the
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Figure 5.4: Scale Model simulation vs. experimental results. Observed data from the reactors are
shown as points (�). Model simulations are shown as marked lines (+).

exception of AE2 which showed an average nitrate concentration of 0.18 gN/m3. The average

historic nitrite concentration in AE2 was 5.90 gN/m3. Assuming this nitrite concentration

occurs in AE2 during the sample period results in a calculated SNO of 0.18 + 0.6 (5.90) =

3.72 gN/m3 which is much smaller than the 10.97 gN/m3 predicted to occur in AE2 by the

model. Ammonia reduction across AE1 and AE2 are adequately simulated, however. This

points to a significant level of nitrate reduction in the aerated basins, likely from simultaneous

nitrification/denitrification occurring within the biomass floc that is not being simulated.
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Calibration of Phosphorus, PHA, and Glycogen. Phosphate was calibrated by reduc-

tion of the anaerobic phosphate to VFA yield coefficient and the anaerobic acetate uptake rate

for PAOs. Anaerobic phosphorus release and anaerobic acetate uptake rate (not shown) were

both underpredicted. Indeed, the model predicts VFAs persisting through Reactor AE1 before

being depleted, while observations showed complete VFA depletion in AN1.

The calibrated model was able to predict aerobic phosphorus concentrations well, while effluent

phosphorus is slightly overpredicted. In addition, anaerobic PHA was found to be overpredicted

by the model, as occurred in the simulations of PX6 and PX5. The model was able to predict

sufficient glycogen replenishment at the expense of PHA with a PAO specific growth rate

on glycogen, µpx,value of 0.859 gCOD PAO/gCOD glycogen and a half-saturation coefficient,

KPHA.PX, value of 1.0. It was found that the simulation was sensitive to glycogen degradation

in the post-anoxic zone, even though a net glycogen replenishment was observed in the anoxic

reactor. The post-anoxic glycogen degradation rate in the model can be controlled by adjusting

the specific growth rate on glycogen or the half-saturation coefficient, KPHA.PX. Increasing

KPHA.PX in the model increases the activity of the post-anoxic glycogen degradation process.

Adjustment of KPHA.PX from a value of 0.1 used in the PX6 reactor to 1.0 indicates that some

glycogen degradation may be occurring in the floc even though a net PHA concentration in the

biomass is still available. It can be theorized that a subset of dPAOs and/or dGAOs within the

overall biomass may have depleted their PHA stores while adequate stores are still available

for the majority of dPAOs and/or dGAOs in the overall biomass. Alternatively, a different set

of calibration parameters which has not been identified but that includes no active post-anoxic

glycogen degradation may be possible. Future testing of the model against pilot scale data can

provide further insight into this issue and if improvements to the model glycogen degradation

processes need to be made.

Further calibration efforts of the model against the data set was not deemed to be productive as

overall, as the model could predict the effluent ammonia, nitrate, and phosphate concentrations

at a reasonable level while issues for further investigation to improve the model had been

identified.
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5.4 General Observations and Recommendations for Future Research

Commentary on Modeling of Laboratory SBR Reactors. Due to their cyclic nature,

SBRs are never in a steady state condition. This property makes accurate long term simula-

tions of an SBR reactor difficult to achieve. The summation of small deviations of simulated

concentrations of the model’s sensitive parameters can increase dramatically over a large num-

ber of cycles, making long term simulation difficult. For example, Murnleitner et al. notes

that the TUDP model was found sensitive to influent substrate concentrations, such that small

errors compounded from cycle to cycle, essentially making the influent substrate concentration

a model parameter in SBR simulation.67 This feature of SBRs makes calibration of a model

complex, as one or even several parameters may need to be adjusted to tight tolerances to keep

the system close to the observed data. In addition, it was found that the model was sensitive

to the balance of OHOs and PAOs. As an example, a slight adjustment to the OHO affinity

for oxygen, KO.H, may lead to decreased OHOs and a resulting proliferation of PAOs and ex-

tremely large and unrealistic PHA concentrations after many cycles. This type of behavior was

significantly less noticeable in the modeling of the continuous flow scale model simulations as

was found with the laboratory SBRs PX6 and PX5.

In addition, modeling of an SBR can require significantly more computational resources than

modeling a steady state continuous flow system. The original TUDP model has 22 process

equations. The integrated model, developed in this work, expands the number of process e-

quations to 39. Use of the full model to simulate an SBR, which is constantly in a dynamic

state, demands significant computational resources and can lead to significantly long compu-

tation times, particularly at long SRTs. During the model calibration phase, when dozens of

model runs can be required, the cumulative modeling time can become significant. Modeling

of a continuous flow system can be much quicker, as once the model approaches steady state

conditions, the computational time to solve the system speeds up rapidly during each model

run. Despite these disadvantages, the use of the developed model to simulate potential con-

figurations of laboratory SBRs can be an important tool to optimize the process and to save

significant amount of laboratory time testing configurations that may not be optimal.
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Model Performance and Recommendations for Future Research The processes added

to the model to simulate post-anoxic denitrification on glycogen were found to work well against

the laboratory data sets examined. In addition, the model switch to inhibit the use of glycogen

as substrate in the presence of PHA was found to be able to be adjusted to simulate post-

anoxic glycogen concentrations satisfactorily. In depth testing of the added nitrate assimilative

reduction processes during ammonia limitation was not extensively performed and is left for

future work. It was observed, however, that the new model predicts greater growth of OHOs

and PAOs under ammonia limitation due to the addition of the nitrate assimilation processes in

the model (data not shown). Future work is needed to verify that these processes are working

to simulate actual growth on nitrate adequately.

The integrated model inherits several processes from the ASM2d and TUDP model structure.

Anaerobically, VFA uptake and PHA production were found to be inadequately described by

the model. Overprediction of PHA was also observed for all three data sets. Reduction of the

metabolic P/O ratio was found to bring PHA levels much closer to observed concentrations,

but an overprediction of anaerobic PHA could not be completely rectified without adversely

affecting other model processes. It is noted that the TUDP model kinetics, including PHA

and glycogen cycling kinetics, were performed using synthetic fed batch reactors with highly

enriched EBPR sludge.41,67,88,89 Although the TUDP model has been verified to be able to

perform well in simulating overall COD, nitrogen, and phosphorus conversions within EBPR

processes, specific validation of the TUDP model to predict the observed PHA and glycogen

concentrations in full scale EBPR sludge has not been extensively performed. Our use of real

wastewater, supplemented by fermenter liquor for supply of VFAs, provides an influent with a

more complex mixture of organic substrates than supplied to synthetic fed laboratory cultivated

cultures. This may explain the discrepancies in observed versus predicted VFA and PHA

concentrations and the required adjustment of the P/O ratio in the simulations performed in

this work. Future work to compare and improve the new model kinetics against real wastewater

fed systems is recommended.

Further, it was observed that the use of the lysis-regrowth concept for OHO endogenous

metabolism appears to result in overprediction of ammonia and phosphorus release in the data
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sets examined. Decreasing the OHO decay rate in the model also affects the PAO/OHO balance

and can lead to a proliferation of PAOs that will negatively affect other model processes. A

structural change to the model so that OHO metabolism is simulated using the maintenance

concept, similar to that used in ASM3 is warranted further investigation to fix this issue.

Finally, given the significant nitrite fraction that can accumulate in the aerobic reactors of

the post-anoxic BNR configuration, it is recommended that nitrite be incorporated as a state

variable in a future version of the model. This will allow for evaluation of options aimed at

achieving nitritation, which can provide significant energy savings to the post-anoxic BNR

process.
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Appendix A: The Integrated Metabolic Model



Table A1:  Model Stoichiometric Matrix 
  1 2 3 4 5                

 Component: SO SF SA SNH SNO                
Process  gO2/m3 gCOD/m3 gCOD/m3 gN/m3 gN/m3                

1 Aerobic Hydrolysis gCODXS/d  1 − fSI  c1.NH                 
2 Anoxic Hydrolysis gCODXS/d  1 − fSI  c2.NH                 

3 Anaerobic Hydrolysis gCODXS/d  1 − fSI  c3.NH                 
Ordinary Heterotrophic Organisms (OHOs)    

4 Aerobic Growth on SF gCODXH/d −(1 − YH)/YH −1/YH  c4.NH           
       

4b Aerobic Growth on SF w/NO3 gCODXH/d 
−(𝟏 − 𝐘𝐇.𝛗)/𝐘𝐇𝛗
− 𝐢𝐂𝐂𝐂.𝐍𝐂𝐍 ⋅ 𝐢𝐍.𝐁𝐁 

−𝟏/𝐘𝐇.𝛗  𝐜𝟒𝟒.𝐍𝐇 −𝐢𝐍,𝐁𝐁                

5 Aerobic Growth on SA gCODXH/d −(1 − YH)/YH  −1/YH c5.NH                 

5b Aerobic Growth on SA w/NO3 gCODXH/d 
−(𝟏 − 𝐘𝐇.𝛗)/𝐘𝐇𝛗
− 𝐢𝐂𝐂𝐂.𝐍𝐂𝐍 ⋅ 𝐢𝐍.𝐁𝐁 

 −𝟏/𝐘𝐇.𝛗 𝐜𝟓𝟒.𝐍𝐇 −𝐢𝐍,𝐁𝐁                

6 Anoxic Growth on SF gCODXH/d  −1/YH  c6.NH −(1 − YH)/(iNO3.N2 ⋅ YH)                

6b Anoxic Growth on SF w/NO3 gCODXH/d  −𝟏/𝐘𝐇.𝛗  
+ 𝐢𝐂𝐂𝐂.𝐍𝐂𝐍 ⋅ 𝐢𝐍.𝐁𝐁  𝐜𝟔𝟒.𝐍𝐇 −

𝟏 − 𝐘𝐇.𝛗

𝐢𝐍𝐂𝐍.𝐍𝐍𝐘𝐇.𝛗
− 𝐢𝐍,𝐁𝐁         

        

7 Anoxic Growth on SA gCODXH/d   −1/YH c7.NH −
1 − YH

iNO3.N2YH
                

7b Anoxic Growth on SA w/NO3 gCODXH/d   
−𝟏/𝐘𝐇.𝛗 + 𝐢𝐂𝐂𝐂.𝐍𝐂𝐍

⋅ 𝐢𝐍.𝐁𝐁 
𝐜𝟕𝟒.𝐍𝐇 −

𝟏 − 𝐘𝐇.𝛗

𝐢𝐍𝐂𝐍.𝐍𝐍𝐘𝐇.𝛗
− 𝐢𝐍,𝐁𝐁                

8 Fermentation gCODSF/d  −1 1 c8.NH                 
9 Heterotrophic Lysis gCODXH/d    c9.NH                 

Phosphorus Accumulating Organisms (PAOs)   
10 Anaerobic Storage of SA gCODSA/d   −1 c10.NH                 
11 Anaerobic Maintenance gP/d    c11.NH                 

12 Anoxic Storage of SA gCODSA/d   −1 c12.NH −�1 − YSANO�/iNO3.N2                

13 Anoxic PHA Consumption gCODPHA/d    c13.NH −�1 − 1/YPHANO �/iNO3.N2                

13b Anoxic PHA Consumption w/NO3 gCODPHA/d    𝐜𝟏𝐍𝟒.𝐍𝐇 
−�𝟏 − 𝟏/𝐘𝐏𝐇𝐏.𝛗

𝐍𝐂 � /𝐢𝐍𝐂𝐍.𝐍𝐍

− 𝐢𝐍.𝐁𝐁/𝐘𝐏𝐇𝐏.𝛗
𝐍𝐂  

               

14 Anoxic Storage of XPP gP/d    c14.NH −(1/YPPNO)/iNO3.N2                

14b Anoxic Storage of XPP w/NO3 gP/d    𝐜𝟏𝟒𝟒.𝐍𝐇 −
𝟏/𝐘𝐏𝐏.𝛗

𝐍𝐂

𝐢𝐍𝐂𝐍.𝐍𝐍
                

15 Anoxic Glycogen Formation gCODGLY/d    c15.NH −
1/YGLYNO − 1

iNO3.N2
                

15b Anoxic Glycogen Formation w/NO3 gCODGLY/d    𝐜𝟏𝟓𝟒.𝐍𝐇 −
𝟏/𝐘𝐆𝐆𝐘.𝛗

𝐍𝐂 − 𝟏
𝐢𝐍𝐂𝐍.𝐍𝐍

                

16 Anoxic Maintenance gCODPAO/d    c16.NH −1/iNO3,N2                

16b Anoxic Maintenance w/NO3 gCODPAO/d    𝐜𝟏𝟔𝟒.𝐍𝐇 −𝟏/𝐢𝐍𝐂𝐍,𝐍𝐍                

17 Aerobic PHA Consumption gCODPHA/d −1 + 1/YPHAO    c17.NH                 

17b Aerobic PHA Consumption w/NO3 gCODPHA/d 
−𝟏 + 𝟏/𝐘𝐏𝐇𝐏.𝛗

𝐂

− 𝐢𝐂𝐂𝐂.𝐍𝐂𝐍 ⋅ 𝐢𝐍.𝐁𝐁/𝐘𝐏𝐇𝐏.𝛗
𝐂  

  𝐜𝟏𝟕𝟒.𝐍𝐇 −iN.BM/YPHA.φ
O                 

18 Aerobic Storage of XPP gP/d −1/YPPO    c18.NH                 

18b Aerobic Storage of XPP w/NO3 gP/d −𝟏/𝐘𝐏𝐏.𝛗
𝐂    𝐜𝟏𝟏𝟒.𝐍𝐇                 

19 Aerobic Glycogen Formation gCODGLY/d −(1 − YGLYO )/YGLYO    c19.NH                 

19b Aerobic Glycogen Formation w/NO3 gCODGLY/d −(𝟏 − 𝐘𝐆𝐆𝐘.𝛗
𝐂 )/𝐘𝐆𝐆𝐘𝛗𝐂    𝐜𝟏𝟏𝟒.𝐍𝐇                 

20 Aerobic Maintenance gCODPAO/d −1   c20.NH                 
20b Aerobic Maintenance w/NO3 gCODPAO/d −𝟏   𝐜𝐍𝟐𝟒.𝐍𝐇                 

Autotrophic Nitrifying Organisms    
21 Aerobic Growth on XA gCODXA/d −(iCOD.NO3 − YA)/YA   c21.NH 1/YA                
22 Autotrophic Lysis gCODXA/d    c22.NH                 

Denitrifying PAOs without External Substrate   

23 Anoxic Glycogen Degradation gCODPAO/d    𝐜𝐍𝐍.𝐍𝐇 −
𝟏 − 𝐘𝐠𝐠𝐍𝐂

𝐘𝐠𝐠𝐍𝐂 ⋅ 𝐢𝐍𝐂𝐍.𝐍𝐍 
  

 
              

24 Anoxic Glycogen Degradation w/NO3 gCODPAO/d    𝐜𝐍𝟒.𝐍𝐇 −
𝟏 − 𝐘𝐠𝐠.𝛗

𝐍𝐂

𝐘𝐠𝐠.𝛗
𝐍𝐂 ⋅ 𝐢𝐍𝐂𝐍.𝐍𝐍 

− 𝐢𝐍.𝐁𝐁  
 
          

   
   

25 Anoxic Maintenance on Glycogen gCODPAO/d    𝐜𝐍𝟓.𝐍𝐇 −𝟏/𝐢𝐍𝐂𝐍.𝐍𝐍                

26 Anoxic Maintenance on Glycogen w/NO3 gCODPAO/d    𝐜𝐍𝟔.𝐍𝐇 −𝟏/𝐢𝐍𝐂𝐍.𝐍𝐍                

27 Anoxic Maintenance on XPP gCODPAO/d    𝐜𝐍𝟕.𝐍𝐇                 
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Table A1:  Model Stoichiometric Matrix 
        6 7 8 9 10 11 12 13 14 15 16 17 18  

        SN2 SPO SI SHCO XI XS XH XPAO XPP XPHA XGLY XA XTSS  
        gN/m3 gP/m3 gCOD/m3 mole/m3 gCOD/m3 gCOD/m3 gCOD/m3 gCOD/m3 gP/m3 gCOD/m3 gCOD/m3 gCOD/m3 g/m3  

           c1.PO fSI c1.HCO  −1       c1.TSS rHO 
           c2.PO fSI c2.HCO  −1       c2.TSS rHNO 

           c3.PO fSI c3.HCO  −1       c3.TSS rHAN 
       

             c4.PO  c4.HCO   1  
     c4.TSS rSFO  

       
 

      𝐜𝟒𝟒.𝐏𝐏  𝐜𝟒𝟒.𝐇𝐇𝐏   𝟏      𝐜𝟒𝟒.𝐓𝐓𝐓 𝐫𝐓𝐒.𝛗
𝐏  

             c5.PO  c5.HCO   1      c5.TSS rSAO  

       
 

      𝐜𝟓𝟒.𝐏𝐏  𝐜𝟓𝟒.𝐇𝐇𝐏   𝟏      𝐜𝟓𝟒.𝐓𝐓𝐓 𝐫𝐓𝐒.𝛗
𝐏  

            (1 − YH)/(iNO3.N2 ⋅ YH) c6.PO  c6.HCO   1      c6.TSS rSFNO 

         
     

𝟏 − 𝐘𝐇.𝛗

𝐢𝐍𝐏𝐍.𝐍𝐍𝐘𝐇.𝛗
 𝐜𝟔𝟒.𝐏𝐏  𝐜𝟔𝟒.𝐇𝐇𝐏    

𝟏      𝐜𝟔𝟒.𝐓𝐓𝐓 𝐫𝐓𝐒.𝛗
𝐍𝐏  

            
1 − YH

iNO3.N2YH
 c7.PO  c7.HCO   1      c7.TSS rSANO 

         
 

   
𝟏 − 𝐘𝐇.𝛗

𝐢𝐍𝐏𝐍.𝐍𝐍𝐘𝐇.𝛗
 𝐜𝟕𝟒.𝐏𝐏  𝐜𝟕𝟒.𝐇𝐇𝐏   𝟏      𝐜𝟕𝟒.𝐓𝐓𝐓 𝐫𝐓𝐒.𝛗

𝐍𝐏  

          c8.PO  c8.HCO         c8.TSS rfeAN 
           c9.PO  c9.HCO fXI,H 1 − fXI,H −1      c9.TSS rHL 

      
             c10.PO  c10.HCO     −YPOAN YSAAN 1−YSAAN  c10.TSS rSAAN 
           c11.PO  c11.HCO     −1    c11.TSS rMAN 

            �1 − YSANO�/iNO3.N2 c12.PO  c12.HCO     −YPONO YSANO   c12.TSS rSANO 

           �1 − YPHANO �/iNO3.N2 c13.PO  c13.HCO    1/YPHANO   −1   c13.TSS rPHANO  

          
 

 
 �𝟏 − 𝐘𝐏𝐇𝐒.𝛗

𝐍𝐏 �/𝐢𝐍𝐏𝐍.𝐍𝐍 𝐜𝟏𝐍𝟒.𝐏𝐏  𝐜𝟏𝐍𝟒.𝐇𝐇𝐏    𝟏/𝐘𝐏𝐇𝐒.𝛗
𝐍𝐏   

−𝟏 + 𝐢𝐇𝐏𝐂.𝐍𝐏𝐍

⋅ 𝐢𝐍.𝐁𝐁/𝐘𝐏𝐇𝐒.𝛗
𝐍𝐏    𝐜𝟏𝐍𝟒.𝐓𝐓𝐓 𝐫𝐏𝐇𝐒.𝛗

𝐍𝐏  

            (1/YPPNO)/iNO3.N2 c14.PO  c14.HCO    −1/YPPNO 1    c14.TSS rPPNO 

             
𝟏/𝐘𝐏𝐏.𝛗

𝐍𝐏

𝐢𝐍𝐏𝐍.𝐍𝐍
 𝐜𝟏𝟒𝟒.𝐏𝐏  𝐜𝟏𝟒𝟒.𝐇𝐇𝐏    −𝟏/𝐘𝐏𝐏.𝛗

𝐍𝐏  𝟏    𝐜𝟏𝟒𝟒.𝐓𝐓𝐓 𝐫𝐏𝐏.𝛗
𝐍𝐏  

           
1/YGLYNO − 1

iNO3.N2
 c15.PO  c15.HCO    −1/YGLYNO    1  c15.TSS rGLYNO  

            
𝟏/𝐘𝐆𝐆𝐘.𝛗

𝐍𝐏 − 𝟏
𝐢𝐍𝐏𝐍.𝐍𝐍

 𝐜𝟏𝟓𝟒.𝐏𝐏  𝐜𝟏𝟓𝟒.𝐇𝐇𝐏    −𝟏/𝐘𝐆𝐆𝐘.𝛗
𝐍𝐏    𝟏  𝐜𝟏𝟓𝟒.𝐓𝐓𝐓 𝐫𝐆𝐆𝐘.𝛗

𝐍𝐏  

          1/iNO3,N2 c16.PO  c16.HCO    −1     c16.TSS rMNO 

           𝟏/𝐢𝐍𝐏𝐍,𝐍𝐍 𝐜𝟏𝟔𝟒.𝐏𝐏  𝐜𝟏𝟔𝟒.𝐇𝐇𝐏    −𝟏     𝐜𝟏𝟔𝟒.𝐓𝐓𝐓 𝐫𝐁.𝛗
𝐍𝐏  

            c17.PO  c17.HCO    1/YPHAO   −1   c17.TSS rPHAo  

       
      𝐜𝟏𝟕𝟒.𝐏𝐏  𝐜𝟏𝟕𝟒.𝐇𝐇𝐏    𝟏/𝐘𝐏𝐇𝐒.𝛗

𝐏   −𝟏   𝐜𝟏𝟕𝟒.𝐓𝐓𝐓 𝐫𝐏𝐇𝐒.𝛗
𝐏

 

             c18.PO  c18.HCO    −1/YPPO  1    c18.TSS rPPO  

              𝐜𝟏𝟏𝟒.𝐏𝐏  𝐜𝟏𝟏𝟒.𝐇𝐇𝐏    −𝟏/𝐘𝐏𝐏.𝛗
𝐏  𝟏    𝐜𝟏𝟏𝟒.𝐓𝐓𝐓 𝐫𝐏𝐏.𝛗

𝐏  

            c19.PO  c19.HCO    −1/YGLYO    1  c19.TSS rGLYO  

             𝐜𝟏𝟏𝟒.𝐏𝐏  𝐜𝟏𝟏𝟒.𝐇𝐇𝐏    −𝟏/𝐘𝐆𝐆𝐘.𝛗
𝐏    𝟏  𝐜𝟏𝟏𝟒.𝐓𝐓𝐓 𝐫𝐆𝐆𝐘.𝛗

𝐏  

           c20.PO  c20.HCO    −1     c20.TSS rMO  
            𝐜𝐍𝟐𝟒.𝐏𝐏  𝐜𝐍𝟐𝟒.𝐇𝐇𝐏    −𝟏     𝐜𝐍𝟐𝟒.𝐓𝐓𝐓 𝐫𝐁,𝛗

𝐏  
      

             c21.PO  c21.HCO        1 c21.TSS rAO 
           c22.PO  c22.HCO fXI,A 1 − fXI,A      −1 c22.TSS rAL 

       

         
 
  

𝟏 − 𝐘𝐠𝐠𝐍𝐏

𝐘𝐠𝐠𝐍𝐏 ⋅ 𝐢𝐍𝐏𝐍.𝐍𝐍 
 𝐜𝐍𝐍.𝐏𝐏  𝐜𝐍𝐍.𝐇𝐇𝐏    𝟏   −𝟏/𝐘𝐠𝐠𝐍𝐏  𝐜𝐍𝐍.𝐓𝐓𝐓 𝐫𝐆𝐆𝐘.𝐏𝐏

𝐍𝐏  

          
 

  
𝟏 − 𝐘𝐠𝐠.𝛗

𝐍𝐏

𝐘𝐠𝐠.𝛗
𝐍𝐏 ⋅ 𝐢𝐍𝐏𝐍.𝐍𝐍 

 𝐜𝐍𝟒.𝐏𝐏  𝐜𝐍𝟒.𝐇𝐇𝐏    𝟏   
−𝟏/𝐘𝐠𝐠.𝛗

𝐍𝐏 +
𝐢𝐇𝐏𝐂.𝐍𝐏𝐍 ⋅ 𝐢𝐍.𝐁𝐁   

 𝐜𝐍𝟒.𝐓𝐓𝐓 𝐫𝐆𝐆𝐘.𝐏𝐏.𝛗
𝐍𝐏  

            𝟏/𝐢𝐍𝐏𝐍.𝐍𝐍 𝐜𝐍𝟓.𝐏𝐏  𝐜𝐍𝟓.𝐇𝐇𝐏       −𝟏  𝐜𝐍𝟓.𝐓𝐓𝐓 𝐫𝐦.𝐠𝐠
𝐍𝐏  

             𝟏/𝐢𝐍𝐏𝐍.𝐍𝐍 𝐜𝐍𝟔.𝐏𝐏  𝐜𝐍𝟔.𝐇𝐇𝐏       −𝟏  𝐜𝐍𝟔.𝐓𝐓𝐓 𝐫𝐦.𝐠𝐠.𝛗
𝐍𝐏  

             𝐜𝐍𝟕.𝐏𝐏  𝐜𝐍𝟕.𝐇𝐇𝐏     −𝟏    𝐜𝐍𝟕.𝐓𝐓𝐓 𝐫𝐦.𝐠𝐠.𝐩𝐩
𝐍𝐏  
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Table A2:  State Variables 
Component Description Units 

Dissolved Components 

S  Fermentable organic matter g COD/m3 

S  Fermentation products (acetate) g COD/m3 
S  Soluble inert, non-biodegradable organics g COD/m3 
S  Dissolved oxygen g O2/m

3 
S  Ammonia (NH4

+ + NO3) g N/m3 
S  Nitrate and nitrite (NO3 + NO2) g N/m3 
S  Dissolved nitrogen gas g N/m3 
S  Inorganic soluble phosphorus g P/m3 
S  Alkalinity (HCO3) g P/m3 

Particulate Components 
X  Particulate inert, non-biodegradable organics g COD/m3 
X  Particulate biodegradable organics g COD/m3 
X  Ordinary heterotrophic organisms g COD/m3 
X  Autotrophic, nitrifying organisms g COD/m3 
X  Phosphorus accumulating organisms g COD/m3 
X  Stored PHA in PAOs g COD/m3 
X  Stored glycogen in PAOs g COD/m3 
X  Stored polyphosphates in PAOs g P/m3 
X  Total suspended solids g TSS/m3 
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Table A3:  Stoichiometric Matrix Composition Factors for SNH and SPO 
	 /    	 /  

c .  i . i . ⋅ f i . 1 f   c .  i . i . ⋅ f i . 1 f  

c .   i . i . ⋅ f i . 1 f   c .   i . i . ⋅ f i . 1 f  

c .   i . i . ⋅ f i . 1 f   c . i . i . ⋅ f i . 1 f  

c .   i . /Y i .   c .   i . /Y i .  

.   . / .   . . / . .  

c .   i .   c .   i .  

.     . .  

c .   i . /Y i .    c .   i . /Y i .  

.   . / . . ⋅ . ⋅ .    . . / . . . ⋅ . ⋅ .  

c .   i .    c .   i .  

.      . .  

c .   i .    c .   i .  

c .   i . i . ⋅ f . i . 1 f .    c .   i . i . ⋅ f . i . 1 f .  

c .   0    c .   Y .  

c .   0    c .   1 

c .   0    c .   Y  

c .   i . /Y    c .   i . /Y  

.      . . / .  

c .   i . /Y    c .   i . /Y 1 

.   . / .    . . / .  

c .   i . /Y    c .   i . /Y  

.   . / .    . . / .  

c .   i .    c .   i .  

.   .    . .  

c .   i . /Y    c .   i . /Y  

.      . . / .  

c .   i . /Y    c .   i . /Y 1 

.   . / .    . . / .  

c .   i . /Y    c .   i . /Y  

.   . / .    . . / .  

c .   i .    c .   i .  

.   .    . .  

c .   i . 1/Y    c .   i .  

c .   i . i . ⋅ f . i . 1 f .    c .   i . i . ⋅ f . i . 1 f .  

.   .    . .  

.       . .  

.       .  

.       .  

.       .  

Note: Composition factors in bold from this thesis.  Remaining composition factors from Meijer (2004). 
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Table A4:  Stoichiometric Matrix Composition Factors for SHCO 
/ ) 

c .  c . ⋅ i . c . ⋅ i .  

c .   c . ⋅ i . c . ⋅ i .  

c .   c . ⋅ i . c . ⋅ i .

c .   c . ⋅ i . c . ⋅ i .  

.   . ⋅ . . ⋅ . . ⋅ .  

c .   c . ⋅ i . c . ⋅ i . 1/Y ⋅ i .  

.   . ⋅ . . ⋅ . / . ⋅ .  

c .   c . ⋅ i . c . ⋅ i . c . ⋅ i .  

.   . ⋅ . . ⋅ . . ⋅ .  

c .   c . ⋅ i . c . ⋅ i . c . ⋅ i . 1/Y ⋅ i .  

.   . ⋅ . . ⋅ . / . ⋅ .  

c .   c . ⋅ i . c . ⋅ i . i .  

c .   c . ⋅ i . c . ⋅ i .  

c .   c . ⋅ i . i . Y ⋅ i . .  

c .   i . i . .  

c .   c . ⋅ i . i . Y ⋅ i . . c . ⋅ i .  

c .   c . ⋅ i . c . ⋅ i . c . ⋅ i .  

.   . ⋅ . . ⋅ .  

c .   c . ⋅ i . c . ⋅ i . c . ⋅ i . i . . 	

.   . ⋅ . . ⋅ . . ⋅ . . .  

c .   c . ⋅ i . c . ⋅ i . c . ⋅ i .  

.   . ⋅ . . ⋅ . . ⋅ .  

c .   c . ⋅ i . c . ⋅ i . c . ⋅ i .  

.   . ⋅ . . ⋅ . . ⋅ .  

c .   c . ⋅ i . c . ⋅ i .  

.   . ⋅ . . ⋅ .  

c .   c . ⋅ i . c . ⋅ i . i . .  

.   . ⋅ . . ⋅ . . .  

c .   c . ⋅ i . c . ⋅ i .  

.  . ⋅ . . ⋅ .  

c .   c . ⋅ i . c . ⋅ i .  

.   . ⋅ . . ⋅ .  

c .   c . ⋅ i . c . ⋅ i . c . ⋅ i .  

c .   c . ⋅ i . c . ⋅ i .  

.   . ⋅ . . ⋅ . . ⋅ .  

.   . ⋅ . . ⋅ .  

.   . ⋅ . . ⋅ . . ⋅ .  

.   . ⋅ . . ⋅ . . ⋅ .  

.   . . .  

                           Note: Composition factors in bold from this thesis.  Remaining composition factors from Meijer (2004). 
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Table A5:  Stoichiometric Matrix Composition Factors for XTSS 
/ ) 

c .  i .  

c .   i .  

c .   i .  

c .   i .  

.   .  

c .   i .  

.   .  

c .   i .  

.   .  

c .   i .  

.   .  

c .   0 

c .   i . ⋅ f . i . 1 f . i .  

c .   i . Y i . ⋅ Y i . 1 Y  

c .   i .  

c .   i . Y i . ⋅ Y  

c .   i . /Y i .  

.   . / . 	 . ⋅ . ⋅ . / .  

c .   i . /Y i .  

.   . / . .  

c .   i . /Y i .  

.   . / . .  

c .   i .  

.   .  

c .   i . /Y i .  

.   . / . .  

c .   i . /Y 	 i .  

.   . / . .  

c .   i . /Y i .  

.  . / . .  

c .   i .  

.   .  

c .   i .  

c .   i . ⋅ f . i . 1 f . i .  

.   . . /  

.   . . 	 / . . ⋅ .  

.   .  

.   .  

.  .  

 Note: Composition factors in bold from this thesis.  Remaining composition factors from Meijer (2004). 
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Table A6:  Stoichiometric Matrix Composition Factors for SNH and SPO 
Process Kinetic Rate (M L-3 T-1) 

1. Aerobic Hydrolysis r k ⋅
X / X X

K X / X X
⋅

S
K . S

⋅ X X  

2. Anoxic Hydrolysis r k ⋅ η . ⋅
K .

K . S
⋅

X / X X
K X / X X

⋅
S

K . S
⋅ X X  

3. Anaerobic Hydrolysis r k ⋅ η ⋅
K .

K . S
⋅

X / X X
K X / X X

⋅
K .

K . S
⋅ X X  

4. Aerobic Growth on SF r μ ⋅
S

K . S
⋅

S
K S

⋅
S

S S
⋅

S .

K . S
⋅

S
K . S

⋅
S

K . S
⋅ X  

4b. Aerobic Growth on SF 
w/NO3 

. ⋅
.

⋅ ⋅ ⋅ .

.
⋅ ⋅

.
⋅

.
⋅

.
⋅  

5. Aerobic Growth on SA r μ ⋅
S

K . S
⋅

S
K S

⋅
S

S S
⋅

S .

K . S
⋅

S
K . S

⋅
S

K . S
⋅ X  

5b. Aerobic Growth on SA 
w/NO3 

. ⋅
.

⋅ ⋅ ⋅ .

.
⋅ ⋅

.
⋅

.
⋅

.
 

6. Anoxic Growth on SF r μ ⋅ η . ⋅
K .

K . S
⋅

S
K . S

⋅
S

K S
⋅

S
S S

⋅
S

K . S
⋅

S
K . S

⋅
S

K . S
⋅ X  

6b. Anoxic Growth on SF 
w/NO3 

. ⋅ . ⋅ .

.
⋅

.
⋅ ⋅ ⋅ .

.
⋅

.
⋅

.

⋅
.

 

7. Anoxic Growth on SA r μ ⋅ η . ⋅
K .

K . S
⋅

S
K . S

⋅
S

K S
⋅

S
S S

⋅
S

K S
⋅

S
K . S

⋅
S

K . S
⋅ X  

7b. Anoxic Growth on SA 
w/NO3 

. ⋅ . ⋅ .

.
⋅

.
⋅ ⋅ ⋅ .

.
⋅

.
⋅

.

⋅
.

 

8. Fermentation r q ⋅
K .

K . S
⋅

K .

K . S
⋅

S
K S

⋅
S

K . S
⋅ X  

9. Heterotrophic Lysis r b ⋅ X  

10. Anaerobic Storage of SA r q ⋅
S

K S
⋅

K .

K . S
⋅

K .

K . S
⋅

X
K X

⋅
X

K X
⋅ X  

11. Anaerobic Maintenance r m ⋅
K .

K . S
⋅

K .

K . S
⋅

X
K X

⋅ X  

12. Anoxic Storage of SA r q ⋅
S

K S
⋅

K .

K . S
⋅

S
K . S

⋅
X

K X
⋅ X  

13. Anoxic PHA Consumption 

r k ⋅ η . ⋅
K .

K . S
⋅

S
K . S

⋅
S

K . S
⋅

S
K . S

⋅
S

K . S

⋅
X /X

K X /X
⋅ X  

13b. Anoxic PHA  
        Consumption w/NO3 

. ⋅ . ⋅ .

.
⋅ .

.
⋅

.
⋅

.
⋅

.

⋅
/

/
⋅

.
⋅  

14. Anoxic Storage of XPP 

r k ⋅ η . ⋅
X
X

⋅
K .

K . S
⋅

.
⋅

S
g ⋅ K . S

⋅
S

K . S
⋅

X
K X

⋅
f . ⋅ X /X

K f . X /X
⋅ X  
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Process Kinetic Rate (M L-3 T-1) 

14b. Anoxic Storage of XPP 
w/NO3 

. ⋅ . ⋅ ⋅ .

.
⋅

⋅ .
⋅ .

.
⋅

.
⋅

⋅
. ⋅

. /
⋅

.
⋅  

15. Anoxic Glycogen Formation 

r k ⋅ η . ⋅
X
X

⋅
K .

K . S
⋅

.
⋅

S
K . S

⋅
X

K X

⋅
f X /X 	

K f X /X
⋅

S
K . S

⋅ X  

15b. Anoxic Glyc. Form. 
w/NO3 

. ⋅ . ⋅ ⋅ .

.
⋅ .

.
⋅

.
⋅

⋅
/

⋅
.

⋅
.

⋅  

16. Anoxic Maintenance r m ⋅
K .

K . S
⋅

S
K . S

⋅
.

⋅ X  

16b. Anoxic Maintenance 
w/NO3 

. . ⋅ .

.
⋅

.
⋅ .

.
⋅

.
⋅  

17. Aerobic PHA Consumption r k ⋅
S

K . S
⋅

S
K . S

⋅
S

K . S
⋅

S
K . S

⋅
X /X 	

K X /X 	
⋅ X  

17b. Aerobic PHA  
        Consumption w/NO3 

. ⋅
.

⋅ .

.
⋅

.
⋅

.
⋅

/ 	
/ 	

⋅
.

⋅  

18. Aerobic Storage of XPP r k ⋅
X
X

⋅
S

g ⋅ K . S
⋅

.
⋅

S
K . S

⋅
X

K X
⋅

f
X
X

K f .
X
X

⋅ X  

18b. Aerobic Storage of XPP 
w/NO3 

. ⋅ ⋅
⋅ .

⋅
.

⋅ .

.
⋅ ⋅

.

⋅
.

⋅  

19. Aerobic Glycogen  
      Formation 

r k ⋅
X
X

⋅
S

K . S
⋅

.
⋅

X
K X

⋅
f X /X 	

K f X /X 	
⋅ X  

19b. Aerobic Glycogen  
        Formation w/NO3 

. 	 ⋅ ⋅
.

⋅ .

.
⋅ ⋅

/ 	
/ 	

⋅
.

⋅  

20. Aerobic Maintenance r m ⋅
S

K . S
⋅

.
⋅ X  

20b. Aerobic Maintenance 
w/NO3 

. . ⋅
.

⋅ .

.
⋅  

21. Aerobic Growth on XA r μ ⋅
S

K . S
⋅

S
K . S

⋅
S

K . S
⋅

S
K . S

⋅ X  

22. Autotrophic Lysis r b ⋅ X  
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Process Kinetic Rate (M L-3 T-1) 

23. Anoxic Glycogen 
Degradation 

. ⋅ . ⋅
/

. /
⋅ .

.
⋅

.
⋅

.
⋅ .

.

⋅ ⋅
.

⋅
.

⋅  

24. Anoxic Glycogen Deg. 
w/NO3 

. . ⋅ . ⋅
/

. /
⋅ .

.
⋅ .

.
⋅

.
⋅ .

.

⋅ ⋅
.

⋅
.

⋅  

25. Anoxic Maintenance on  
      Glycogen . ⋅ .

.
⋅

.
⋅

.
⋅ .

.
⋅ ⋅

.
⋅  

26. Anoxic Maintenance on        
      Glycogen w/NO3 

. . . ⋅ .

.
⋅ .

.
⋅

.
⋅ .

.
⋅

.

⋅
.

⋅  

27. Anoxic Maintenance on XPP . . . ⋅ .

.
⋅

.
⋅ ⋅ .

.
⋅ ⋅

.
⋅  

 Note: Kinetic rates and functions in bold from this thesis.  Remaining rates and functions from Meijer (2004). 
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Table A7:  Stoichiometric Coefficients 
Parameter Definition Value Unit 

Hydrolysis 

f  Fraction of inert COD generated in hydrolysis 0 g COD SI/g COD (XH+XPAO) 

Ordinary Heterotrophic Organisms 

Y  Yield for XH growth w/NH4 as N source 0.625 g COD XH/g COD 

.  Yield for XH growth w/NO3 as N source .  g COD XH/g COD 

f .  Fraction of XI generated in heterotrophic biomass decay 0.10 g COD XI/g COD XH 

Phosphorus Accumulating Organisms 

Y  Aerobic yield for degradation of XPHA w/NH4 as N source 1.39 g COD XPHB/g COD XPAO 

.  Aerobic yield for degradation of XPHA w/NO3 as N source .  g COD XPHB/g COD XPAO 

Y  Anoxic yield for degradation of XPHA w/NH4 as N source 1.72 g COD XPHB/g COD XPAO 

.  Anoxic yield for degradation of XPHA w/NO3 as N source .  g COD XPHB/g COD XPAO 

Y  Aerobic yield for formation of XPP w/NH4 as N source 4.42 g P/g COD XPAO 

.  Aerobic yield for formation of XPP w/NH4 as N source .  g P/g COD XPAO 

Y  Anoxic yield for formation of XPP w/NH4 as N source 3.02 g P/g COD XPAO 

.  Anoxic yield for formation of XPP w/NO3 as N source .  g P/g COD XPAO 

Y  Yield for anaerobic formation of PHA from SA 1.50 g COD XPHB/g COD SA 

Y  Yield for anoxic formation of PHA from SA 0.71 g COD XPHB/g COD SA 

Y  Anaerobic yield for phosphate release 0.35 g P/g COD SA 

Y  Observed yield for anoxic phosphate release 0.23 g P/g COD SA 

Y  Aerobic yield for formation of XGLY w/NH4 as N source 1.11 g COD XGLY/g COD XPAO 

.  Aerobic yield for formation of XGLY w/NO3 as N source .  g COD XGLY/g COD XPAO 

Y  Anoxic yield for formation of XGLY w/NH4 as N source 1.18 g COD XGLY/g COD XPAO 

.  Anoxic yield for formation of XGLY w/NO3 as N source .  g COD XGLY/g COD XPAO 

 Yield for XPAO growth on glycogen w/NH4 as N source .  g COD XPAO/g COD XGLY 

.  Yield for XPAO growth on glycogen w/NO3 as N source .  g COD XPAO/g COD XGLY 

Autotrophic Organisms 

Y  Yield of XA growth 0.24 g COD XA/g N SNH 

f .  Fraction of XI generated in autotrophic biomass decay 0.10 g COD XI/g COD XA 

Composition Factors 

i .  Nitrogen content of SF 0.03 g N/g COD SF 

i .  Nitrogen content of SI 0.01 g N/g COD SI 

i .  Nitrogen content of XI 0.03 g N/g COD XI 

i .  Nitrogen content of XS 0.03 g N/g COD Xs 

i .  Nitrogen content of biomass; XH, XPAO, XA 0.07 g N/g COD biomass 

i .  Phosphorus content of SF 0.01 g P/g COD SF 

i .  Phosphorus content of SI 0 g P/g COD SI 

i .  Phosphorus content of XI 0.01 g P/g COD XI 

i .  Phosphorus content of XS 0.01 g P/g COD XS 

i .  Phosphorus content of biomass; XH, XPAO, XA 0.02 g P/g COD biomass 

i .  Ratio of TSS to XI 0.75 g TSS/g COD XI 

i .  Ratio of TSS to XS 0.75 g TSS/g COD XS 

i .  Ratio of TSS to XPHA 0.6 g TSS/g COD XI 

i .  Ratio of TSS to biomass; XH, XPAO, XA (CH2.09O0.54N0.2P0.015)n 0.90 g TSS/g COD biomass 

i .  Ratio of TSS to XPP 3.23 g TSS/g P XPP 

i .  Ratio of TSS to XGLY 0.84 g TSS/g COD XI 

i .  COD equivalence of NO3 reduction to N2 40/14 g COD/g N 

i .  Ratio of COD to nitrate 64/14 g COD/g N SNO 

i .  Ratio of COD to dinitrogen 24/14 g COD/g N SN2 

i .  Ratio of charge to COD SA (CH3COO-) 1/64 Charge/g COD 

i .  Ratio of charge to NHx 1/14 Charge/g N SNH 

i .  Ratio of charge to nitrate 1/14 Charge/g N SNO 

i .  Ratio of charge to PO4 1.5/31 Charge/g P SPO 

i . .  Ratio of charge to XPP 1/31 Charge/g P XPP 

Note: Parameters in bold from this thesis.  See Meijer (2004) for source of remaining parameters. 
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Table A8:  Kinetic Coefficients 
Parameter Description Value Unit 
Hydrolysis 

k  Hydrolysis rate 3.0 ⋅ .  
K  Half-saturation coefficient for particulate COD 0.1 ⋅ . g COD XS/g COD XH + XPAO 

η .  
Reduction coefficient for hydrolysis under anoxic 
conditions 0.8 - 

η  Reduction coefficient for anaerobic hydrolysis 0.2 - 
q   Fermentation rate 3 g SF/g XH - d 

K .  Half-saturation/inhibition coefficient for SO 0.2 g O2/m
3 

K .  Half-saturation/inhibition coefficient for SNO 0.5 g N SNO/m3 

Ordinary Heterotrophic Organisms 
μ  Maximum heterotrophic growth rate 6.0 ⋅ . g COD XH/g COD XH - d 
η .  Reduction coefficient for anoxic growth of XH 0.8 - 
q  Maximum fermentation rate 3.0 ⋅ . g COD SF/g COD XH - d 
K  Half-saturation coefficient for growth on SF 4.0 g COD SF/m3 
K  Half-saturation coefficient for growth on SA 4.0 g COD SA/m3 
b  Rate constant for decay and lysis of XH 0.4 ⋅ . g COD XH/g COD XH - d 
K  Half-saturation coefficient for fermentation of SF 20.0 g COD XSF/m3 
K .  Half-saturation/inhibition coefficient for SO 0.2 g O2/m

3 
K .  Half-saturation/inhibition coefficient for SNO 0.5 g N SNO/m3 
K .  Half-saturation coefficient for ammonium (nutrient) 0.05 g N SN/m3 
K .  Half-saturation coefficient for phosphate (nutrient) 0.01 g P SPO/m3 
K .  Saturation coefficient for alkalinity (HCO3

-) 0.1 mole HCO3/m
3 

Phosphorus Accumulating Organisms 
q  Maximum anaerobic acetate uptake rate 8.0 ⋅ . g COD SA/g COD XPAO - d 
q .  Maximum anoxic acetate uptake rate 1.5 ⋅ ⋅ . g COD SA/g COD XPAO - d 
k  Rate constant for polyphosphate formation 0.10 ⋅ . g P XPP/g COD XPAO - d 
g  Saturation reduction factor for polyphosphate formation 0.22 - 

f .  Maximum ratio of XPP/XPAO 0.35 g P XPP/g COD XPAO 
K  Half-saturation coefficient for fPP (switch) 0.01 g P XPP/g COD XPAO 
k  Glycogen formation rate constant 0.93 ⋅ . g COD XGLY/g COD XPAO - d 

 PAO  specific growth rate on glycogen . ⋅ .  g COD XPAO/g COD XPAO - d 

.   Half-saturation coefficient for anoxic glycogen 
degradation 

.  g COD XGLY/g COD XPAO 

f .  Maximum ratio of XGLY/XPAO 0.5 g COD XGLY/g COD XPAO 

.   Half-saturation coefficient for anoxic PHA switch 0.1 g COD XPHA/g COD XPAO 

K  Half-saturation coefficient for XGLY/XPAO (switch) 0.01 g COD XGLY/g COD XPAO 
K  Half-saturation coefficient for XPHA/XPAO 0.2 g COD XPHA/g COD XPAO 
k  PHA degradation rate constant 5.51 ⋅ . g COD XPHA/g COD XPAO - d 
η .  Reduction factor for denitrifying P removal 0.8 - 
m  Observed oxygen consumption for maintenance  0.096 g O2/g COD XPAO - d 
m  Aerobic maintenance rate (non-NH4 limited) 0.06 ⋅ . g COD XPAO/g COD XPAO - d 

.  Aerobic maintenance rate (NH4 limited) . ⋅ .  g COD XPAO/g COD XPAO - d 
m  Anoxic maintenance rate (non-NH4 limited) 0.09 ⋅ . g COD XPAO/g COD XPAO - d 

.  Anoxic maintenance rate (NH4 limited) . ⋅ .  g COD XPAO/g COD XPAO - d 
m  Anaerobic maintenance rate 0.05 ⋅ . g COD XGLY/g COD XPAO - d

 Anoxic maintenance rate on glycogen (non-NH4 
limited) . ⋅ .  g COD XGLY/g COD XPAO - d 

.  Anoxic maintenance rate on glycogen (NH4 limited) . ⋅ .  g COD XGLY/g COD XPAO - d 

.  Anoxic maintenance rate on polyphosphate . ⋅ .  g P XPP/g COD XPAO - d 
K  Half-saturation coefficient for growth on SA 4.0 g COD SA/m3 
K .  Half-saturation coefficient for SO 0.2 g COD SO/m3 
K .  Half-saturation coefficient for SNO 0.5 g N SNO/m3 

K . .  Half-saturation coefficient for SNO in biomass assmilation 0.5 g N SNO/m3 
K .  Half-saturation coefficient for SNH (nutrient) 0.5 g N SNH/m3 
K  Half-saturation coefficient for Poly-P formation 1.0 g P SPO/m3 
K .  Half-saturation coefficient for PO4 (nutrient) 0.02 g P SPO/m3 
K  Half-saturation coefficient for XPP (switch) 0.01 g P/m3 
K  Half-saturation coefficient for XPHA (switch) 0.01 g COD XPHA/m3 
K  Half-saturation coefficient for XGLY (switch) 0.01 g COD XGLY/m3 

K .  Half-saturation coefficient for SHCO (switch) 0.01 mole HCO3/m
3 

Autotrophic Organisms 
μ  Autotrophic growth rate 1.0 ⋅ . g COD XA/g COD XA - d 
b  Autotrophic decay rate 0.15 ⋅ . g COD XA/g COD XA - d 
K .  Half-saturation coefficient for oxygen 0.5 g O2/m

3 
K .  Half-saturation coefficient for SNH 1.0 g N SNH/m3 
K .  Half-saturation coefficient for SPO 0.01 g P SPO/m3 
K .  Half-saturation coefficient for SHCO 0.5 g P SPO/m3 

Note: Parameters in bold from this thesis.  See Meijer (2004) for source of remaining parameters. 
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Model Continuity Check

Stoichiometric Parameters Stoichiometric Matrix
f SI 0 S O S F S A S NH S NO S N2 S PO S I S HCO X i X S X H X PAO X PP X PHA X GLY X A X TSS

Y H 0.63 1 Aerobic hydrolysis 1 0 0 0 0 ‐1 ‐0.75
f XI,H 0.1 2 Anoxic hydrolysis 1 0 0 0 0 ‐1 ‐0.75
Y PHA,O 1.39500088 3 Anaerobic hydrolysis 1 0 0 0 0 ‐1 ‐0.75
Y PHA,NO 1.72478288 4 Aerobic growth of XH on SF ‐0.5873 ‐1.5873 ‐0.02238 ‐0.00413 ‐0.0014 1 0.9
Y PP,NO 3.01837004 4b Aerobic growth of XH on SF with NO3 ‐0.66413 ‐1.98413 0.059524 ‐0.07 ‐0.00016 0.009259 1 0.9
Y PP,O 4.42657059 5 Aerobic growth of XH on SA ‐0.5873 ‐1.5873 ‐0.07 ‐0.02 0.020769 1 0.9
Y SA,AN 1.5 5b Aerobic growth of XH on SA with NO3 ‐0.66413 ‐1.98413 ‐0.07 ‐0.02 0.03697 1 0.9
Y SA,NO 0.70924925 6 Anoxic growth of XH on SF ‐1.5873 ‐0.02238 ‐0.20556 0.205556 ‐0.00413 0.013284 1 0.9
Y PO,AN 0.3480 6b Anoxic growth of XH on SF with NO3 ‐2.30413 0.069124 ‐0.41444 0.344444 0.003041 0.034393 1 0.9
Y PO,NO 0.23 7 Anoxic growth of XH on SA ‐1.5873 ‐0.07 ‐0.20556 0.205556 ‐0.02 0.035452 1 0.9
Y GLY,NO 1.1780022 7b Anoxic growth of XH on SA with NO3 ‐2.30413 ‐0.41444 0.344444 ‐0.02 0.066573 1 0.9
Y GLY,O 1.11396438 8 Fermentation ‐1 1 0.03 0.01 ‐0.01397
δ 1.85 9 Lysis 0.04 0.01 0.002373 0.1 0.9 ‐1 ‐0.15
α 0.334 10 Anaerobic Storage of SA ‐1 0.348 0.010012 ‐0.348 1.5 ‐0.5 ‐0.64404
Y A 0.24 11 Anaerobic Maintenance 1 ‐0.01613 ‐1 ‐3.23
f XI,A 0.1 12 Anoxic storage of SA ‐1 ‐0.10176 0.101763 0.23 0.019184 ‐0.23 0.709249 ‐0.31735
i N,SF 0.03 13 Anoxic PHA consumption ‐0.04058 ‐0.14708 0.147076 ‐0.0116 0.008168 0.579783 ‐1 ‐0.0782
i N,SI 0.01 13b Anoxic PHA consumption with NO3 ‐0.18422 0.142777 ‐0.01184 0.013732 0.592066 ‐1.18946 ‐0.18082
i N,XI 0.03 14 Anoxic Storage of XPP 0.023191 ‐0.11596 0.115957 ‐0.99337 0.025748 ‐0.3313 1 2.931826

14b Anoxic Storage of XPP with NO3 0.024105 ‐0.12052 0.120523 ‐0.99311 0.026126 ‐0.34435 1 2.920083
i N,XS 0.03 15 Anoxic glycogen formation 0.059423 0.052887 ‐0.05289 0.016978 ‐0.00035 ‐0.84889 1 0.075995
i N,BM 0.07 15b Anoxic glycogen formation with NO3 0.060923 0.045387 ‐0.04539 0.017406 0.000267 ‐0.87032 1 0.05671
i P,SF 0.01 16 Anoxic maintenance 0.07 ‐0.35 0.35 0.02 0.029032 ‐1 ‐0.9
i P,SI 0 16b Anoxic maintenance w NO3 0.07 ‐0.35 0.35 0.02 0.029032 ‐1 ‐0.9
i P,XI 0.01 17 Aerobic PHA consumption ‐0.28315 ‐0.05018 ‐0.01434 ‐0.00289 0.716845 ‐1 0.045161
i P,XS 0.01 17b Aerobic PHA consumption with NO3 ‐0.40858 ‐0.03136 ‐0.00896 0.002674 0.448049 ‐1 ‐0.19676
i P,BM 0.02 18 Aerobic Storage of XPP ‐0.22591 0.015814 ‐0.99548 0.01704 ‐0.22591 1 3.026682

18b Aerobic Storage of XPP with NO3 ‐0.14116 0.009881 ‐0.99718 0.016698 ‐0.14116 1 3.102955
i TSS,XI 0.75 19 Aerobic glycogen formation 0.102305 0.062839 0.017954 0.00362 ‐0.89769 1 0.032075
i TSS,XS 0.75 19b Aerobic glycogen formation with NO3 0.10177 0.062876 0.017965 0.003622 ‐0.89823 1 0.031593
i TSS,PHA 0.6 20 Aerobic maintenance ‐1 0.07 0.02 0.004032 ‐1 ‐0.9
i TSS,BM 0.9 20b Aerobic maintenance with NO3 ‐1 0.07 0.02 0.004032 ‐1 ‐0.9
i TSS,PP 3.23 21 Aerobic growth of XA ‐18.0476 ‐4.23667 4.166667 ‐0.02 ‐0.59927 1 0.9
i TSS,GLY 0.84 22 Lysis 0.04 0.01 0.002373 0.1 0.9 ‐1 ‐0.15
i NO3,N2 2.85714 23 Anoxic glycogen degradation ‐0.07 ‐0.25784 0.257837 ‐0.02 0.014385 1 ‐1.73668 ‐0.55881

i COD_NO3 ‐4.57143 24 Anoxic glycogen degradation with NO3 ‐0.41307 0.343069 ‐0.02 0.030473 1 ‐2.3002 ‐1.03217
i COD_N2 ‐1.71429 25 Anoxic maintenance on glycogen ‐0.35 0.35 0.025 ‐1 ‐0.84

26 Anoxic maintenance on glycogen w/NO3
‐0.35 0.35 0.025 ‐1 ‐0.84

i Charge_SVFA ‐0.01563 27 Anoxic maintenance on PolyP 1 ‐0.01613 ‐1 ‐3.23
i Charge_SNHx 0.07143
i Charge_SNO3 ‐0.07143
i Charge_SPO4 ‐0.04839
i Charge_XPAO,PP ‐0.03226

Y gx 0.57581

Y gx.no3 0.50500

Y PHA,O.NO3 2.23190

Y PP,O.NO3 7.08410

Y GLY,O.NO3 1.11330

Y PHA,NO.NO3 1.68900

Y PP,NO.NO3 2.90400

Y GLY,NO.NO3 1.14900

Y H,NO3 0.50400

AAAA
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Composition Matrix Resulting Matrix

COD N P Charge TSS COD N P Charge TSS
S O2 ‐1 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
S F 1 0.03 0.01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
S A 1 ‐0.01563 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
S NH 1 0.071429 1.11E‐16 0.00E+00 0.00E+00 0.00E+00 0.00E+00
S NO ‐4.57143 1 ‐0.07143 0.00E+00 0.00E+00 ‐3.47E‐18 ‐1.73E‐18 0.00E+00
S N2 ‐1.71429 1 1.11E‐16 0.00E+00 0.00E+00 0.00E+00 0.00E+00
S PO 1 ‐0.04839 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
S I 1 0.01 0 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

S HCO ‐1 1.11E‐16 0.00E+00 0.00E+00 0.00E+00 0.00E+00
X i 1 0.03 0.01 0.75 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
X s 1 0.03 0.01 0.75 1.11E‐16 0.00E+00 0.00E+00 0.00E+00 0.00E+00
X H 1 0.07 0.02 0.9 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
X PAO 1 0.07 0.02 0.9 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
X PP 1 ‐0.03226 3.23 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
X PHA 1 0.6 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
X GLY 1 0.84 0.00E+00 0.00E+00 0.00E+00 1.73E‐18 0.00E+00
X A 1 0.07 0.02 0.9 ‐1.11E‐16 6.94E‐18 0.00E+00 0.00E+00 0.00E+00
X TSS ‐1 0.00E+00 6.94E‐18 0.00E+00 0.00E+00 0.00E+00

0.00E+00 ‐1.04E‐17 0.00E+00 0.00E+00 0.00E+00

0.00E+00 3.47E‐18 0.00E+00 ‐6.94E‐18 0.00E+00

0.00E+00 ‐6.94E‐18 0.00E+00 1.08E‐19 0.00E+00

0.00E+00 6.94E‐18 0.00E+00 ‐1.08E‐19 0.00E+00

‐1.11E‐16 0.00E+00 0.00E+00 0.00E+00 0.00E+00

‐1.11E‐16 0.00E+00 0.00E+00 0.00E+00 0.00E+00

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

0.00E+00 0.00E+00 1.73E‐18 0.00E+00 0.00E+00

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

0.00E+00 ‐2.78E‐16 0.00E+00 0.00E+00 0.00E+00

0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

0.00E+00 0.00E+00 0.00E+00 ‐1.73E‐18 0.00E+00

4.44E‐16 0.00E+00 0.00E+00 0.00E+00 0.00E+00

‐1.11E‐16 0.00E+00 0.00E+00 0.00E+00 0.00E+00

‐1.11E‐16 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Appendix B: Synthesis of Biomass from Glucose-6-Phosphate

With Nitrate as the Nitrogen Source

The synthesis of biomass by dPAOs on glucose-6-phosphate using nitrate as the nitrogen source

is assumed to occur as follows:

(1 + η) CHa2Ob2
substrate

+ α1 HNO3 + α2 H3PO4
phosphate

+ α3 ATP CHa1Ob1Nc1Sd1Pe1
biomass

+ ηCO2 + α4 NADH2 + α5 H2O

=⇒ (1 + η) CH2O
G6-P

+ α1 HNO3 + α2 H3PO4
phosphate

+ α3 ATP CH2.09O0.54N0.2P0.015
biomass

+ ηCO2 + α4 NADH2 + α5 H2O (B.1)

The coefficient, η, is the CO2 released from the synthesis of one C-mole of biomass on glucose-6-

phosphate. The value of 0.131 C-mole that was used in Section 3.1.2 for growth with ammonia

as the substrate is assumed. Therefore:

η = 0.131

A balance on nitrogen gives:

α1 = c1 =⇒ α1 = 0.2

The coefficient on phosphate is found from a balance on phosphorus:

α2 = e1 =⇒ α2 = 0.015

A balance on oxygen results in:

(1 + η)b2 + 3α1 + 4α2 = b1 + 2η + α5 =⇒ α5 = (1 + η)b2 + 3α1 + 4α2 − b1− 2η

=⇒ α5 = (1)(1.131) + 3(0.2) + 4(0.015)− 0.54− 2(0.131) =⇒ α5 = 0.989

A balance on the degree of reduction is used to determine the coefficient on NADH2:
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(1 + η)λs = λx + α4λnadh =⇒ 2α4 = (1 + η)λs − λx

=⇒ α4 =
1

2
[(1 + η)λs − λx]

As was done in Section 3.1.2 for growth using ammonia as the nitrogen source, the coefficient on

ATP, α3 is be expressed in terms of the ATP demand for the formation of biomass monomers,

the amount of ATP required for the synthesis of biomass from monomers, and the ATP required

to support cellular maintenance. The same values assumed for growth with ammonia as the

nitrogen source are used:

αm = 0.701 mol ATP/Cmol ATP required for synthesis of biomass

from glucose-6-phosphate22

αx = 1.5 mol ATP/Cmol ATP required for synthesis of biomass

from monomers22

The ATP demand for maintenance can be expressed as mATP/µ where mATP is the specific

ATP demand for maintenance and µ is the specific growth rate. Therefore:

α3 =

(
αm + αx +

mATP

µ

)
Substitution of the values obtained for the coefficients into Equation B.1 gives:

(1 + η) CH2O
G6-P

+ 0.2 HNO3 + 0.015 H3PO4
phosphate

+

(
αm + αx +

mATP

µ

)
ATP

CH2.09O0.54N0.2P0.015
biomass

+ ηCO2 +
1

2
[(1 + η)λs − λx.ϕ)] NADH2 + 0.989 H2O


