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ABSTRACT

This research developed a dynamic activated sludge model (ASM) to better describe
the overall removal of organic substrate, quantified as chemical oxygen demand (COD), from
A-stage high rate activated sludge (HRAS) systems. This dynamic computer model is based
on a modified ASM1 (Henze et al., 2000) model. It was determined early in the project that
influent soluble COD, which is normally represented by a single state variable in ASM1, had
to be subdivided into two state variables (Sgs and Sgg, or slow and fast fractions) to simulate
the performance of A-stage systems. Also, the addition of state variables differentiating
colloidal COD from suspended COD was necessary due to short hydraulic residence times in
A-stage systems which do not allow for complete enmeshment and bioflocculation of these
particles as occurs in conventional activated sludge systems (which have longer solid
retention times and hydraulic retention times). It was necessary to add several processes
(both stoichiometry and kinetic equations) to the original ASM1 model including
heterotrophic growth on both soluble substrate fractions and bioflocculation of colloidal
solids. How to properly quantify heterotrophic growth on Sgs and Sgr resulted in two
separate approaches with respect to process kinetic equations. In one approach the Sgrwas
metabolized preferentially over Sgs which was only utilized when Sgr was not available. This
is referred to as the Diauxic Model. In the other approach Sgrand Sgs were metabolized
simultaneously, and this is referred to as the Dual Substrate Model. The Dual Substrate
Model calibrated slightly better than the Diauxic Model for one of the two available pilot

studies data sets (the other set was used for model verification).
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The Dual Substrate A-stage model was used to describe the effects of varying specific
operating parameters including solids retention time (SRT), dissolved oxygen (DO), influent
COD and temperature on the effluent COD:N ratio. The effluent COD:N ratio target was
based on its suitability for a downstream nitrite shunt (i.e. nitritation/denitritation) process.

In the downstream process the goal is to eliminate nitrite oxidizing bacteria (NOB) from the
reactor while selecting for ammonia oxidizing bacteria (AOB). The results showed that a
low SRT (<0.25 d) can produce high effluent substrates (Sg and Cg), and elevated COD:N
ratios consistent with NOB out-selection downstream, the HRAS model was able to predict
the measured higher fraction of Cg in the A-stage effluent at lower SRTs and DO
concentrations, and to achieve the benefits of operating an A-stage process, while
maintaining an effluent COD:N ratio suitable for a downstream nitritation/denitritation
process, an A-stage SRT in the range of 0.1 to 0.25 d should be maintained.

This research also included an analysis of A-stage pilot data using stoichiometry to
determine the bio-products formed from soluble substrate removed in an A-stage reactor.
The results were used to further refine the process components and stoichiometric parameters
to be used in the A-stage dynamic computer model, which includes process mechanisms for
flocculation and enmeshment of particulate and colloidal substrate, hydrolysis, production of
extracellular polymeric substances (EPS) and storage of soluble biodegradable substrate.
Analysis of pilot data and simulations with the dynamic computer model implied (indirectly)

that storage products were probably significant in A-stage COD removal.
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CHAPTER 1
INTRODUCTION

1.1 General
Mathematical modeling of the activated sludge process has become an essential part
of the design and operation of wastewater treatment plants. These models were developed to
analyze the biochemical transformations that occur in wastewater treatment facilities. These
biochemical operations modify or destroy materials that microorganisms can act upon via
mineralization or biotransformation (Grady et al., 2011). Biochemical operations in activated
sludge employ two major cycles: carbon and nitrogen. The microorganisms involved in each
cycle derive their energy and reducing power from oxidation reactions, involving the transfer
of electrons. Organisms that use organic compounds as their electron donor and source of
carbon for cell synthesis are heterotrophic bacteria. Those organisms that used inorganic
compounds (e.g. NH3) as their electron donor and carbon dioxide as the carbon source are
referred to as autotrophic bacteria.
In this dissertation activated sludge systems are defined as follows:
e A conventional activated sludge system is defined by an SRT of 3-15 days, an
HRT of 4-8 hours, and a DO of 2 mg/L.
e A typical HRAS system is defined by an SRT of 1-3 days, an HRT of 1.5 to 3
hours, and a DO of 2 mg/L.
e An A-stage HRAS system is defined by an SRT of 4-12 hours, an HRT of 30

minutes, and a DO of <1 mg/L.



This research will develop mathematical models which evaluate the carbon cycle as it
pertains to an A-stage HRAS system. This research will develop a carbon removal model
using ASM1 as the initial framework. The framework will be modified adding the required

removal mechanisms to accurately predict the performance of a HRAS system.

1.2 Research Objectives

1.2.1 Problem Statement
Hampton Roads Sanitation District (HRSD) is implementing a pilot plant program to
develop recommendations to improve the performance of seven wastewater treatment plants
that discharge to the James River Basin, Virginia. This effort is in response to the Total
Maximum Daily Load (TMDL) limits imposed by the U.S. Environmental Protection
Agency (EPA) to restore clean water in the Chesapeake Bay and the region’s streams, creeks
and rivers (December 2010). In response, the State of Virginia established a Watershed
Improvement Plan (WIP) to comply with these limits. Under the WIP, HRSD is required to
do the following (Hingley, 2012):
e Reduce total nitrogen discharged by 1.6 million pounds annually by 12/31/2016.
e Reduce total nitrogen discharged by an additional 1 million pounds annually by
12/31/2021.
As part of the pilot program, HRSD is conducting pilot testing of several nitrogen
removal processes including a novel deammonification process. The study was initiated in
March 2011, and the pilot testing work is ongoing. HRSD has contracted with UCF to

develop a mathematical model of the HRAS (A-stage, activated sludge system operated to



remove organic carbon from influent wastewater at low SRTs, typically less than 1 day and
no measurable dissolved oxygen) pilot plant to accurately predict carbon and nitrogen
removal. The challenge is that HRSD is evaluating processes, e.g. HRAS, simultaneous
nitrification/denitrification (SND), and mainstream deammonification, which could be

considered non-conventional.

1.2.2 Statement of Research Objectives

This research will develop a modified ASM1 model to better describe the overall
removal of organic substrate from the high rate activated sludge process. Organic substrate
removal in the A-stage HRAS process can be primarily attributed to microbial storage of
readily biodegradable soluble substrate and removal of colloidal and particulate substrate
through the production of extracellular polymeric substances (EPS) and bioflocculation.
Biomass is wasted before significant hydrolysis and mineralization can occur. This modified
model will incorporate those substrate removal mechanisms that best simulate the
performance of the A-stage. The modified model will be calibrated using the HRAS data
collected byJimenez (2002); Jimenez et al. (2005) including EPS production at varying
SRT’s and DO concentrations. The HRSD pilot plant will evaluate the performance of the
A/B process which, for this research, will include an initial “A-stage” high rate activated
sludge process followed by either a “B-stage” Nitritation/Denitritation or a Mainstream
Deammonification process without bioaugmentation from a sidestream process. Model
validation will be conducted using data from the existing HRSD A-stage pilot plant. The

research objectives are summarized below:



1. Develop a mathematical model that accurately predicts the removal of carbon
substrate for HRAS, i.e. valid at low HRT and SRT’s from 2 days to washout.

2. The model will simulate the removal of both particulate and colloidal material
separately. The mechanisms developed should simulate effluent quality and EPS
production in accordance with existing data from Jimenez (2002), and Jimenez
(personal communication).

The HRAS (A-stage) system is operated to remove organic carbon from influent

wastewater with as little oxidation as possible and yield a waste activated sludge (WAS)

with high methane (CHa4) production potential i.e. to reduce energy requirements.

3. This research will evaluate, using experimental data from a typical HRAS pilot and
A-stage HRAS pilot, the removal mechanisms which affect the removal efficiency of
organic carbon from an A-stage system to determine which mechanisms should be

included in the A-stage model.



CHAPTER 2
LITERATURE REVIEW

2.1 ASM Modelling

The IWA task group on mathematical modeling for design and operation of biological
wastewater treatment processes has introduced activated-sludge models ASM No. 1, 2, 2D,
and 3 (Henze et al., 2000). ASMI1 simulates the removal of organic matter (carbon) and
nitrogen. Carbon removal occurs through the biological oxidation of organic matter and
assimilation via biosynthesis. Nitrogen removal occurs through biological nitrification and
denitrification, plus assimilation. The ASM2 models (2, 2d) are an extension of ASM1
incorporating biological nutrient (nitrogen and phosphorus) removal. ASM3 was developed
as a possible replacement for ASM1 with the significant difference being the importance of
storage polymers in the heterotrophic conversion of organics in activated sludge systems
(Krishna & Van Loosdrecht, 1999).

The ASM1 and ASM3 models were developed to simulate the aerobic and anoxic
treatment of domestic wastewater based on typical operating conditions, e.g. Solids Retention
Time (SRT) greater than 3 days. These models were not developed to model activated
sludge systems with low SRTs (less than 1 day) where bioflocculation/adsorption of
particulate and colloidal (slowly biodegradable) substrate and storage may become limiting
(Henze et al., 2000).

The ASM1 and ASM3 models implicitly assume that the removal of slowly
biodegradable substrate (primarily particulate substrate and colloidal substrate) is from

instantaneous enmeshment and hydrolysis of particulate and colloidal substrate followed by



oxidation of soluble biodegradable substrate. However, researchers have overlooked the
effect of the kinetics of bioflocculation on the overall particulate and colloidal substrate
removal process and have concentrated their attention on the kinetics of hydrolysis and

oxidation when modeling carbon removal in activated-sludge systems.

Jimenez et al. (2005, 2007) revealed that flocculation plays a major role in the
removal of particulate and colloidal COD and many operational parameters such as solids
retention time (SRT), dissolved oxygen (DO) and hydraulic retention times (HRT) can affect
their removal in the activated sludge process. At low SRT (less than 2 days) and low HRT
(less than 1 hour) some of the particulate and (especially) colloidal COD may not be
removed since the kinetic rate of flocculation may not result in complete enmeshment and
hydrolysis. Hence, flocculation should be considered as an important mechanism when
modeling activated sludge systems, especially high-rate activated sludge (HRAS) processes
(i.e. systems with low SRT and HRT).

Developing a mathematical model to simulate the behavior of activated sludge
systems; integrates biological phenomena for carbon oxidation, nitrification and
denitrification that results in multiple complex reactions (Henze et al., 2000). These
equations are mass balance equations developed for each component of interest in the
reactor. Each component is referred to as a state variable, e.g. Ss is the state variable for
soluble substrate. The reactions involved are referred to as processes and may affect multiple
state variables (Henze et al., 2000). At a minimum, the deterministic models for activated
sludge consist of the following elements (Henze et al., 2000):

e A list of components (state variables)



e The transformation processes involved including a stoichiometric matrix (vi;)
and process rate constants(p;).

e Wastewater treatment facility process schematic.

e Internal transport and mixing, including settling, return and waste flow rates.

The models implement a fundamental approach by first identifying specific processes
involved in accomplishing a certain level of biochemical treatment, carbon and nitrogen
removal in ASM1 to nutrient removal (N and P removal) in ASM2d. Each process in the
biokinetic matrix is defined by the specific stoichiometry of the reaction involved in the
biochemical operation. Typically these stoichiometric reactions are developed based on
molar units; however, these units do not facilitate comparison of, through mass balances, the
fate of the participating constituents. Thus, evaluating the biochemical operations would be
better accomplished by converting to mass based stoichiometry using COD for organics, and
“as N and ““as P” units for nutrients (Grady et al., 2011).

The ASM models use matrix notation for the presentation of biokinetic models. This
approach for heterotrophic growth in an aerobic environment is shown in Table 1. Henze et
al. (1999) summarized the matrix approach, the components (state variables) which are to be
considered in the model and the transformation processes are defined by the indices 1 and ]
respectively. The stoichiometric coefficients are presented in the form of a matrix defined by
vii. The process rate constants form a vector pj. The matrix is often referred to as the

Peterson matrix (Peterson, 1965) and will be referred to as such throughout this research.



Table 1 Process Kkinetics and stoichiometry for aerobic growth of heterotrophs (Henze et al., 2000)
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The stoichiometric matrix relates to a material balance in the vertical direction. A

material balance can be written for each component i (state variable) which may be affected

by one or all of the processes j. The observed transfer rate is the sum of the transformation

rates from each process (Gujer & Henze, 1991): The rate of production of each component

(state variable) i, rj, can be computed by

ri=

2 VjiPj

for all processes j

(1)

For state variables shown in Table 1 the material balance equations are shown in Figure 1.




Mass Balance Equation for Soluble Substrate:

dSs 1 Ss
—_——% ¥ —
dt YH H?’?I,H KS + SS OHO

Mass Balance Equation for particulate substrate:
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Numerical :
Solver ;
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dt Yy

Mass Balance Equation for dissolved oxygen:
dSo 1- Yy 8
—_—— * * ——

dt Yu o H Kg + Sq

Figure 1: Non steady state material balance equations for each state variable in Table 1

The material balance equations shown in Figure 1 are used as input to a numerical
solver which generates either static (based on a snapshot of the system) or dynamic (time
dependent variation) results.

In the development of the ASM models substrate utilization and biomass growth have
been coupled (Process 1, Table 1) such that the generalized equation can be written as

Carbon source + energy source + electron acceptor + nutrients = biomass + CO,+ reduced acceptor
+ end products. (2)

Figure 2 shows the stoichiometric development of Equation 2 starting with a mole
based equation (1) converted to a mass based equation (1 = 2) then to a COD based
equation (2 = 3 =»4) normalized to the carbon source and finally to a COD based equation

normalized to biomass (4 =5).



¥1C1oH1903N(S,) + yuNH, ™ + v,0,(S,) + ¥;HCO3™ = ¥;C5H;0,N(Xopo) + ¥:€C02 + y,H20 (1)
¥+ MW,
Yy o+ MW, U' Mass based

CLUHI‘JD:]N(SS) + ZENH4+ + 2302(50) +23HC03- = ZECSHTUQN(XO![()J + 26002 +Z—;H20 {2 }

¥+ MW, = COD; COD based, since HCO;, CO,, and H,0 do not change
¥+ MW, « COD, their oxidation state these constituents drop out
(1)Ss+ —xS¢ =YuXono (3)

ﬂ Continuity — Solve for x

(—1)8s + (=1)(=(1 = Yy))So + Yy Xono = 0 (4)
ﬂ Normalize for Xoun
1 —(1—Yy)
(““ﬁ;)55+(_1] (—YH‘E—)SQ'{"XQﬁa:o {5}

Sy = Soluble substrate concentration (mgCOD/L) =» Carbon Source

54 = Dissolve oxygen concentration (mgCOD/L) = Electron acceptor

Yy = Biomass yield coefficient (mgCOD/mgCOD)

Xopo = Biomass Caoncentration (mgCOD/L)

x = stoichiometric coefficient for O,

Continuity - sum of the coefficients for the reactants = sum of the coefficients of the products

COD, = COD Mass Equivalents

Figure 2: Stoichiometric development of Equation 2

As part of the COD based transformation (Figure 2(Equation 2)), since HCO3", CO»,
and H>0 do not change their oxidation state these constituents drop out of the equation. This
is also the case with NH4", there is no change in the oxidation state of N (-IIT) in ammonia
and biomass N (-III). The biomass (Xono) coefficient is considered the true yield (Yn). The
stoichiometric coefficient for oxygen (So) is negative, indicating that oxygen is consumed in
the reaction (Grady et al., 2011).

Continuity is maintained by applying conservation equations based on the principal
that in chemical reactions, elements, electrons, and COD are neither created nor destroyed

(i.e. for the mass based and COD based stoichiometric coefficients, 2 products = X reactants)
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The stoichiometric coefficients in Figure 2 (Equation 5) are the same as those in Table 1 for
Process 1. The process rate equations rely on a hyperbolic inhibition (switching) function
(Ko/(Ko + So) to determine when a particular process would become active based on specific
environmental conditions. Aerobic growth, defined by process 1 in Table 1 has a kinetic rate
affected by the concentration of readily biodegradable substrate and DO (Ss, So respectively)
according to the Monod expressions (Ss/(Ks + Ss)) and (So)(So/(Ko + So)), where Ksand Ko
are the half-rate saturation coefficients. The half-rate saturation coefficient determines how
rapidly p (biomass specific growth rate d') approaches /i (maximum specific growth rate d!)

and is defined as the concentration at which p is equal to half of /i, as shown in Figure 3.

&6 4+ T " I
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0.0 | ! | ! | | | |
0 20 4 6l 80 100
Substrate conc., mg/L

Figure 3: Typical plot of the relationship between the specific growth rate coefficient and the
concentration of a non-inhibitory substrate (Grady et al., 2011)
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2.2 High Rate System for Carbon Removal

The need to develop a treatment technology that reduced energy consumption in
treating influent wastewater, along with the need for nutrient removal, led to the development
of the high rate activated sludge (HRAS) process. A typical HRAS process can be defined
by an SRT of 1-3 days, an HRT of 1.5 to 3 hours, and a DO of 2 mg/L.

The Adsorption/Bio-oxidation process or A/B process, is an HRAS process which can
be categorized as a two-stage, dual activated sludge process. The first stage (A-stage, high
F:M ratio) is design to reduce the influent total COD upstream of the B-stage (bio-oxidation)
for nitrification and denitrification (Boehnke et al., 1997). The A-stage is a HRAS process
which can be defined by an SRT of 4-12 hours, an HRT of 30 minutes, and a DO of <1
mg/L.

Boehnke et al. (1997) suggested that experiments using municipal wastewater showed
a 40 percent removal of the influent organic load within the first minute and 70 percent
removal within 10 minutes. This removal is attributed to physical/chemical causes as
opposed to biological removal mechanisms, suggesting that adsorption, flocculation and
coagulation play a significant role. This observation was true for both high and low F:M
ratios.

Boehnke et al. (1997) also determined that a critical operating aspect of the A-stage
is that it builds on the microbial population that exists in the sewer system. This is
significant in modeling this type of system since the influent active biomass concentration is
a key parameter in accurately predicting the performance on the A-stage. In addition,

although anaerobic conditions need to be avoided, the oxygen content in the A-stage reactor
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is non-measurable. The lower SRT in the A-stage promotes the growth of bacteria in the
reactor which have the highest metabolism per unit weight, and as a result, are more efficient
at reducing soluble organic substrate. The A-stage has also been shown to modify hard to
decompose (refractory) organics, passing more easily biodegradable organics to the B-stage,
which significantly reduces the treatment burden on the downstream B-stage, especially if
denitrification is required.

The soluble organic substrate (COD) removal efficiency of the A-stage is a critical
design parameter in achieving the target nitrogen removal efficiency in the B-stage. The
theoretical BOD:N ratio required for denitrification is >3.0 (COD:N >4.8). Higher ratios
would improve the stability of the denitrification process. To accommodate B-stage nitrogen
removal the COD removal efficiency in the A-stage should be low, however, higher COD
removal are preferred due to the low cost per gram of COD removed. The target COD
removal efficiency for the A-stage would be determined based on treatment objectives
established in order to comply with regulatory requirements.

The objective of a HRAS is to remove organic carbon from influent wastewater at
low SRTs, typically less than 1 day. In the A-stage, the primary removal mechanisms for
removal of colloidal and readily biodegradable COD include biomass synthesis, adsorption,
and storage. In addition, energy production and the production of extracellular polymeric
substances (EPS) can be significant (Laspidou & Rittmann, 2002a; Ni, Zeng, et al., 2009).
EPS aids in the adsorption mechanism. Formation of storage products (Beun et al., 2002;
Krishna & Van Loosdrecht, 1999; Ni & Yu, 2008; Third et al., 2003) occurs under high

food/microorganism (F/M) ratios and low DO environments.
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2.2.1 Wastewater Characterization

Typical characteristics for any municipal wastewater include both soluble and
particulate organics. Total chemical oxygen demand (TCOD) can be defined as the sum of
particulate COD (pCOD) and soluble COD (sCOD) present in the wastewater. Jimenez et al.
(2005) stated that the pCOD consists of organic suspended solids (ssCOD) and organic
colloids (cCOD) in the wastewater (pCOD = ssCOD + ¢COD). The ssCOD is quantified
with a 934AH glass fiber filter. Soluble COD was quantified by floc filtered COD
(ffCOD,(Mamais et al., 1993)). Colloidal COD was the difference between ssCOD filtrate
(TCOD - ssCOD) and ffCOD filtrate.

Figure 4 shows the COD breakdown of Jimenez (2002) adopted for this study. The
most important aspect is the differentiation of particulate and colloidal COD, which have not
traditionally been considered separately in most studies or in the ASM derived models. The
reason for this is that in higher HRT and SRT systems there is plenty of time for both
colloidal and particulate COD to flocculate completely and to be degraded (Jimenez, 2002).
However in low HRT/SRT systems (HRAS) there is not always time for this to occur. This
also means that effluent CODs in HRAS systems are higher than would be expected in higher

HRT and SRT systems (Miller et al., 2013) .
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pCOD (Xa)

retained by 1.5 micron filter

<COD (Cs)

passes 1.5 micron filter but not 0.45
microns + coagulant

Figure 4: COD Fractionation for particulate (pCOD), colloidal (cCOD) and soluble (readily
biodegradable) COD (ffCOD) adopted for this work (Jimenez, 2002)

2.2.2 Extracellular Polymer Substances (EPS)

EPS is considered the prerequisite for the existence of all microbial aggregates
(Flemming & Wingender, 2001). It is the construction material responsible for the cell to
cell adhesion or bacterial aggregation (Ehlers & Turner, 2011; Higgins & Novak, 1997;
Jorand et al., 1995). The composition of EPS has been studied extensively and is believed to
consist primarily of polysaccharides and proteins (Flemming & Wingender, 2001; Park &
Novak, 2007). Earlier studies suggest that polysaccharides were the most abundant and
important constituent, however, more recent studies have shown that protein may be the most
abundant constituent by ratio, i.e., protein/polysaccharide ratio in the range of 2 to 5 (Higgins
& Novak, 1997; Jorand et al., 1995; Park & Novak, 2007). Higgins and Novak (1997)
studied the role of protein in bioflocculation and found that since cation concentration mainly
affects the bound protein and not the bound polysaccharide, that the protein not only plays an
important role in bioflocculation of activated sludge, but it may in fact be dominant. The role
of cations is significant in the development of a stabilized biopolymer network. Higgins and

Novak (1997) found that divalent cations bind exocellular protein within the biological floc
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resulting in a stable biopolymer network with good settling and dewatering characteristics.
High concentrations of monovalent cations displaced the divalent cations from within the
floc reducing the bound protein content which deteriorated the settling characteristics of the

sludge.

2.2.2.1 Modelling EPS

Laspidou and Rittmann (2002b) stated that EPS is microbially produced organic
material that contains both electrons and carbon, but are not active cells. This is significant
since the diversion of electrons and carbon away from biosynthesis to EPS formation affects
both the cell yield and growth rate. The traditional view of activated sludge systems is that
the substrate electrons are shunted along two pathways either to the electron acceptor to
create energy or to biomass synthesis (Rittmann & McCarty, 2001). When a significant
portion of the electrons are shunted to EPS production, less is available for biomass synthesis
and biomass yield and specific growth rate decreases. Laspidou and Rittmann (2002a)
developed a unified theory, which attempts to quantify the relationships among extracellular
polymeric substances (EPS), soluble microbial products (SMP), original substrate, and an
electron acceptor. In this theory, the rate of EPS formation is proportional to the substrate

utilization rate.

2.2.2.2 Operational Factors Affecting EPS Production
Extracellular Polymer Substances (EPS) production impacts the bioflocculation
removal efficiency for particulate and colloidal substrate. Past models assume instantaneous

enmeshment where recent research data shows that this assumption may not be valid for high
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rate systems. For this research EPS production calibration data, collected by (Jimenez,
2002, 2013), unpublished), indicates EPS is a function of growth ( as volatile suspended
solids VSS), hydrolysis rate of Xg (slowly biodegradable substrate), DO concentration in the
reactor and EPS hydrolysis rate. The data shows that EPS production increases with an
increase in both SRT (0.3 to 2 days) and DO (.01 to 2 mg/L at an SRT of 1.5 days).

Ehlers and Turner (2011) evaluated the impact of EPS on bioflocculation in HRAS
(HRT = 1.1 d, SRT from 0.7 to 1.4 d) systems using domestic wastewater and found an
inverse relationship between the F:M ratio and EPS production rate. The results suggested
that as the F:M ratio increased the EPS production rate decreased. In addition, in a
continuous feed reactor during low COD influent feed, an efficient aggregating population
was not formed which may be due to limiting nutrients and competing microorganisms
resulting in washout. Ni, Zeng, et al. (2009) compared the EPS formation coefficient values
reported in the literature and found that the when using acetate as the electron donor the keps
values ranged from 0.18 to 0.23 (gCODgps/g CODac). The true biomass yield (Yono) ranged

from 0.49-.61 on acetate. These values are based on a sludge age >> 3d.

2.2.3 Storage Polymers

2.2.3.1 PHB Formation on Acetic Acid
In the presence of external substrate, organisms may use the substrate for growth or
form storage products (Van Loosdrecht & Heijnen, 2002). Van Aalst-Van Leeuwen et al.

(1997) developed a metabolic model for PHB production and consumption in bacterial cells

17



in a pure culture subject to feast/famine conditions. The stoichiometry is described by seven

internal reactions (Figure 5).

Biomass Growth
Synthesis —— Polymerization b
3
Soluble
Substrate il PHE 16 — PHB Formation
17 — Ac-CoA Synthesis
NADH2
\
) ATP
Cell Wall

Figure 5: Stoichiometry of PHB formation (Van Aalst-Van Leeuwen et al., 1997)

Poly-B-hydroxybutyrate (PHB) was the dominant storage polymer under excess
acetate conditions (Smolders et al., 1995; Van Aalst-Van Leeuwen et al., 1997). Under
conditions of carbon surplus the rate of substrate uptake will be larger than that needed for
growth. The formation of NAPH: results from the uptake of substrate which is consumed by
oxidative phosphorylation resulting in the formation of adenosine triphosphate (ATP) and
NAD". Should the consumption of ATP be limited then ATP will accumulate resulting in
subsequent accumulation of NAD". As a result, the production of PHB is highly likely since
PHB formation requires NADH>. A key premise of the metabolic model states that the
composition of the biomass consists of two compartments (Roels, 1983; Van Aalst-Van
Leeuwen et al., 1997) an active biomass compartment and a PHB compartment. The active
biomass is capable of reproduction and growth, and the PHB compartment for storage of
carbon and energy. The fraction of PHB in the biomass is represented by fpus. The fraction

of active biomass in the total biomass is than 1-fpup. Van Aalst-Van Leeuwen et al. (1997)
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developed a kinetic model for PHB production where there is a linear relationship (Equation
3) between the steady state growth rate (dilution rate) and the maximum fraction of PHB
stored in the cell (feuB,Max).

fris =0.38—-0.78u (3)

Based on this relationship, no PHB accumulation occurs as the dilution rate approaches the
maximum growth rate. Should the specific growth rate reach zero, the maximum obtainable
PHB content (fpiB,max) becomes 0.39 (C mol/C mol).

As an alternative to the metabolic model, Ni 2007 developed a growth/storage based
model using a modified ASM3 framework. ASM3 is a growth based model expanded to
include the storage phenomena. Studies have shown that the ASM3 model developed
inconsistencies when used to interpret data from short-term respirometric batch experiments
(Krishna & Van Loosdrecht, 1999; Ni & Yu, 2008). ASM3 assumes that all the soluble
substrate is first converted to storage products before it is used for growth. Krishna and Van
Loosdrecht (1999) determined that using a simplified version of ASM3 (only aerobic
heterotrophic conversions and acetate as the sole substrate) was inconsistent under two
conditions; one being the inconsistencies in the biomass growth rate observed experimentally
during feast and famine conditions, and second the elevated levels of internal storage
polymers predicted (SRT of 2.5 days and an HRT of 8h) which were inconsistent with the
measures oxygen consumption (Ni & Yu, 2008). Ni and Yu (2008) developed a modified
ASM3 model incorporating a simultaneous substrate, storage, and growth concept along with
consideration for microbial maintenance processes and oxygen transfer. Processes were

included for hydrolysis of slowly biodegradable substrate, growth on readily biodegradable
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substrate, formation of storage products, growth on storage products, maintenance on readily
biodegradable substrate, maintenance on storage products, and biomass decay and oxygen
transfer. Growth on either external substrate (Ss) or internal substrate (Xsto) is managed
using a substrate switching function controlled by the substrate half saturation coefficient K.
Growth stops when all the external and internal substrate are consumed. Kinetic parameters
were added to describe maximum growth rate on storage products, production rate of storage
products and maintenance rate. Results showed that these parameters along with the substrate
affinity constant were vital to the models ability to effectively predict the simultaneous
heterotrophic growth and storage in an activated sludge system under aerobic conditions.
Review of the literature suggests that systems operated at low DO concentrations
(<0.9 mg/L; according to Third et al., 2003), typical of an A-stage system, result in the
microbial uptake of readily biodegradable soluble COD and could result in the formation of
storage polymers. Third et al. (2003) showed that during the fill phase of an SBR, using a
synthetic wastewater with acetate as the organic carbon substrate and at low DO (< 0.01
mg.L ), 20% of the substrate goes to oxidation, 5% goes to assimilation, and 75% to PHB
production . At higher DO (> 0.9 mg.L"), 20% of the substrate goes to oxidation, 20% goes

to assimilation, and 60% to PHB production.

2.2.3.2 PHB Formation on Domestic Wastewater

As discussed in the previous section, there is an abundance of research supporting
aerobic storage product production under dynamic conditions in a laboratory plant, using
synthetic substrate and pure cultures. There is also significant research studying storage

product formation using real sludge and real wastewater. Carucci et al. (2001) evaluated the
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formation of storage products when real sludge is mixed with real wastewater. Respirometric
batch tests were run using pure acetate, flocculated and filtered wastewater, and influent
unsettled wastewater using a F/M ratio of 0.05 — 0.3 gCOD/gVSS to separate the high-OUR
bCOD from the low-OUR sbCOD. The experimental results show a significant production
of PHB when using only acetic acid as the carbon source (0.55 gCODpup/gCODAac). When
using raw (domestic) wastewater PHB production increased (0.74 vs 0.55 gCOD/gCOD).
Confirming that PHB is stored from other substrates, however, acetate is still the major
contributor. This study only identified PHB analytically, but in order to explain the OURs
generated either other storage products are being formed or other removal mechanism (non-

storage) must be active.

2.3 Stoichiometry

Chemical stoichiometric equations have been used ((McCarty, 1975; Sherrard &
Schroeder, 1976) to describe the activated sludge bio-oxidation process. This approach has
proven effective in understanding how these treatment processes function. Typical equations
written to describe aerobic processes are written qualitatively as follows (Sherrard &
Schroeder, 1976):
Bacteria + Organics + Nutrients + Oxygen = New Bacteria + CO; + H20 + Residual
organics and Inorganics

This equation could be represented by a chemical stoichiometric equation for an
aerobic system using domestic wastewater as the organic substrate as follows:

aa[CNCSHm*NCSOn*NCSNp*NCS + aOZ + bNH3 4 CCNCBH Or*NCBNS*NCB + +dH20 + eCOZ] (4)

q*Ncp
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Equation 4 represents a typical activated sludge system operating at an SRT > 3 d where the
available electrons are shunted primarily to biomass growth (f;) or energy (fe). McCarty
(1975) was able to demonstrate that for suspended growth systems, the fraction of electrons
going to mineralization (energy, fe ) increases as the sludge age (SRT) increases. Using the
half reaction approach, McCarty (1975) showed that, using domestic wastewater as the
electron donor and oxygen as the electron acceptor, the production of CO2 would decrease
and the consumption of Oz would also decrease as electrons are shunted away from energy

production towards synthesis of new biomass.

2.4  Mainstream Nitrogen Removal
The conventional approach to Nitrogen removal includes two primary mechanisms,
Nitrification and Denitrification as shown in Figure 6. The nitrification pathway is a two-
step oxidation of ammonia (NH3/NH4"). The first step oxidizes ammonia to nitrite (NO2") by
Ammonia Oxidizing Bacteria (AOB) (Nitritation), the second step oxidizes nitrite to nitrate

(NOs") by Nitrite Oxidizing Bacteria (NOB) (Nitratation).

22



Autotrophic Bacteria

Aerobic Environment

Nitrification
Nitritation Nitratation
; 1 mol Ammonia 1 mol Nitrite "‘._
% NHy/NH,* NO, ;
“ 3"! % Ammonia Oxidizing ‘ o

. Nitrite Oxidizing
Bacteria (AQB)

....... Bacteria (NOB))
e ee s senneresss= e T 1 o) Nitrate
- ..........-----u:.......-......-....-....------....__“ NOB_
Denitrification

LT
.

Denitritation Denitratation

+ % mol Nitrogen Gas T

o < 1 mol Nitrite k
Ty 2 NO; Rt

LT wnnsss
e T P T PP T TR PP T LA LA 1

Heterotrophic Bacteria

Anoxic Environment

Figure 6: Conventional Nitrogen Removal

The first step (Nitritation) consumes 75 percent of the oxygen (energy) and
approximately 100 percent of the alkalinity required for the two step process. The remaining
25 percent of the overall energy requirement is consumed in the second step (Nitratation).
The oxidation of ammonia is carried out in an aerobic environment by autotrophic bacteria.
The denitrification pathway again, is the two step reduction of nitrate to nitrogen gas in an
anoxic environment (negligible dissolved oxygen) by ordinary heterotrophic bacteria (OHO).
In the first step (denitratation) the OHOs oxidize organic substrate (COD) using NO3™ as the
electron acceptor which is reduced to NO>™ This consumes approximately 40 percent of the
total organic substrate needed to complete the denitrification process. In the second step
(denitritation) NO»- is converted to nitrogen gas consuming the remaining 60 percent of the

total organic substrate needed for the reaction. The process described above

23



(nitrification/denitrification) would be considered the conventional approach to removing
nitrogen from wastewater. The industry has introduced alternative approaches to nitrogen
removal several of which are being evaluated by HRSD including Nitritation/Denitritation

and Mainstream Deammonification.

2.4.1 Nitritation/Denitritation

This approach is a modification of the conventional process where the NO2™ resulting
from the first step in the nitrification pathway is shunted to the second step of the
denitrification pathway, in other words the second step of nitrification (Nitratation) and the
first step of denitrification (Denitratation) are eliminated. The elimination of these two steps
is referred to as “Nitrite Shunt”. To achieve this, the goal is to eliminate NOB from the

reactor while selecting for AOB (Regmi et al., 2012). This process is illustrated in Figure 7.
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Figure 7: Nitrite Shunt
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This is the Nitrite Shunt process where the first step is referred to as the nitritation
step and the second is denitritation. The SHARON process has been used successfully to
treat ammonium rich sidestream flows i.e. reject water from a digester dewatering process
(Hellinga et al., 1998). The sidestream flows also have elevated temperatures (30 °C) which
the SHARON process takes advantage of, operating at high specific growth rates with
minimal or no sludge retention required. When compared to a mainstream system elevated
temperature provides a second advantage in that, at normal temperatures (i.e. as in a
wastewater treatment plant 5 to 20°C) the nitrite oxidizing bacteria grow faster than the
ammonium oxidizers. The result is that ammonium is completely oxidized to nitrate. The
reverse is true at the elevated temperatures. This introduces one of the key challenges of
implementing mainstream “nitrite shunt”, NOB suppression since the main wastewater
stream rarely has elevated temperatures. The advantages of the sidestream (SHARON)
approach include (Jubany et al., 2009);

e A 25% reduction in oxygen demand (energy)
e A 40% reduction in supplemental carbon (electron donor) demand)
e A reduction in biomass production

These advantages can result in lower capital investment as the result of a decrease in
required mainstream reactor volumes, and a savings in annual operational costs. However,
these advantages most likely would not be realized in a mainstream application, primarily
due to the fact that COD and Nitrogen removal are still coupled together. In a mainstream
application there are several operational challenges, the most critical being able to attain

nitritation through NOB suppression. One approach to attain NOB suppression is DO control
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(Jubany et al., 2009). Research has shown that NOB have a lower affinity for oxygen than
the AOB (Guisasola et al., 2005; Jubany et al., 2009). As a result, NOB suppression and
nitrite accumulation are favored at low DO concentration (Garrido et al., 1997; Jubany et al.,
2009; Pollice et al., 2002; Ruiz et al., 2003) . Regmi et al. (2012) induced NOB suppression
using ammonia based DO control. The aeration in the activated sludge reactor is controlled
based on the reactor ammonia concentration. A solenoid valve regulates the reactor HDO
(high DO) and LDO (low DO) set points. The objective is to control the growth rate of
NOBs by reducing the concentration of the electron acceptor (DO) available. The
denitritation pathway converts the NO;" to nitrogen gas using organic substrate as the carbon
source. The challenge is to operate the A-stage process to reduce the carbon passed to the B-
stage to a level that favors the growth of autotrophic biomass, but still having enough
organics to drive the denitritation process by heterotrophic biomass. This would avoid having

to provide an exogenous carbon source, e.g. methanol or acetate, to drive denitritation.

2.4.2 Deammonification

Deammonification is a two-step process with partial nitritation as the first step
followed by an anaerobic reactor with anammox biomass. Anaerobic ammonium oxidation
(anammox) is the biological conversion (Figure 8) of ammonium and nitrite to dinitrogen gas
(Strous et al., 1999). Anammox bacteria are obligate anaerobes that convert ammonia and
nitrite to dinitrogen gas and biomass according to the following overall Equation 5 (Strous et
al., 1998)

1NH," + 1.32N0,™ + 0.066HCO;~ + 0.13H"
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The nitritation reactor is operated to produce an effluent with equal amounts of
ammonia and nitrite which is required for the downstream anammox process. Ammonia —
oxidizing bacteria (AOB) aerobically convert about half the ammonia to nitrite and the
anammox bacteria anaerobically oxidize the remaining ammonia using nitrite to nitrogen gas
(Wett et al., 2013). This process has been used successfully to treat ammonia rich waste
streams such as dewatering sidestreams from anaerobically digested sludge (Wett, 2007;
Wett et al., 2013)

In mainstream processes this is accomplished using transient anoxia where the
aeration is cycled ON/OFF to control the growth of NOB and create an environment that
favors the growth of AOBs. (Regmi et al., 2012). Regmi et al. (2014) developed a nitritation
DO control strategy to produce equal amounts of ammonia-N and nitrite-N based by
comparing the NH3-N concentration to the NOx-N (NO2-N+NO3™-N) concentration. If NH3-

N 1s greater than NOx-N, aeration is increased, if it is less than aeration is decreased.
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Figure 8: Nitritation/Anammox process
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The mainstream deammonification process does have several operational challenges
(Bott, 2012)

e The Anammox bacteria are sensitive to temperature, they preferred temperatures >
30°C. Typically domestic wastewaters average 20°C which results in a slow growth
rate, e.g. 10 day doubling time, requiring long SRTs (30 — 50 days).
Deammonification has been successfully used for sidestream treatment of recycle
streams (typically centrate from anaerobic digesters) which is warm and nitrogen rich
(low C/N ratio).

e Sensitive to nitrite concentration (NH4":NO; ratio 1:1.3), causes irreversible loss of
activity and the toxicity is a function of concentration and exposure time.

e Sensitive to DO, however, this inhibition is reversible.

e Sensitive to free ammonia concentrations > 10 mg/1.

2.4.3 Importance of C:N Ratio for B-stage nitrite shunt and/or anammox

Daigger et al. (2011) performed a desktop analysis of several biological nitrogen
removal processes including nitrification, nitritation, and anammox using standard biological
process calculations. It is well documented that there are oxygen and carbon savings
associated with the treatment of ammonia-rich sidestreams using either nitritation
(SHARONP® process) or anammox (DEMON® process). Daigger et al. (2011) evaluated the
application of these process to estimate the minimum carbon: nitrogen ratio (C:N) needed for
total nitrogen removal and the associated oxygen requirements as follows:

e -Nitrification/denitrification (mgCOD-mg N ') =3.5-4.0
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e Nitritation/denitritation (mgCOD-mg N 1) =2.0-2.5
e Partial nitritation/denitritation (mgCOD-mg N ") =0.5

The net oxygen requirement for each removal process is the same (1.71 mg O2-mg N
converted to N2). Daigger et al. (2011) demonstrated that when using nitritation and partial
nitritation, with the associated mainstream nitrogen removal process, significantly reduced
the influent wastewater C:N ratio required for nitrogen removal. In addition, for each
mainstream nitrogen removal process the oxygen requirement is the same provided that
enough organic material is available to convert the oxidized nitrogen to nitrogen gas.
Lemaire et al. (2008) adjusted the influent readily biodegradable COD (rbCOD)
concentration feeding a single lab scale SBR providing biological nutrient removal. They
found that by reducing the influent rbCOD concentration; the NOx (nitrite + nitrate) started
to accumulate in the effluent apparently caused by incomplete denitrification due to lack of
COD supply. They found that the COD:N ratio required for conventional nitrification
(active nitrate pathway) was approximately 9:1, whereas, when the system was operating via
the nitrite shunt pathway the COD:N ratio was around 7:1. The relatively high COD:N ratio
(7:1) reported by Lemaire et al. (2008) may be due to the specificity of the wastewater
treated (i.e., high levels of slowly biodegradable particulate COD and non-biodegradable
COD).

The significance of the colloidal fraction of COD on the downstream B-stage using
nitrite shunt cannot be ignored when modeling HRAS systems. The removal efficiency of the
colloidal fraction of COD (Cg) is a function of the active biomass and EPS concentrations in

the reactor; both of which are a function of the SRT (Jimenez, 2002). Longer SRTs (> 0.5
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days) result in an increase in active biomass and EPS concentrations in the reactor, resulting
in an increase in Cp removal efficiency. Regmi et al. (2014) hypothesized that the type and
quantity of COD is important in inducing and maintaining NOB suppression and AOB
activity. A rise in the soluble COD fraction in the HRAS effluent would result in a larger
portion of the influent COD being rapidly removed in the downstream B-stage reactor,
making less COD available for denitritation. The ideal effluent from the HRAS (A-stage)
system would consist primarily of colloidal COD.

Depending on how the HRAS process is operated the removal efficiency of the
colloidal fraction of COD can have a significant impact on the TCOD in the reactor effluent,

which impacts the colloidal COD fraction and the COD:N ratio received downstream.

2.5 Diauxic Growth
The preferential use of some substrates over others present in a mixture describes the
diauxic behavior of many bacteria. “The diauxie refers to the phenomenon in which a batch
culture of bacteria growing on a mixture of two substrates preferentially utilizes only one of

the substrates”. This phenomenon is illustrated in Figure 9.
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Figure 9: Diauxic growth of Escherichia coli on a mixture of glucose and lactose (Clark, 2012).
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Such a substrate utilization pattern results in the appearance of two successive
exponential growth phases, with each growth phase corresponding to the consumption of

only one of the two substrates (Narang et al., 1997).
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CHAPTER 3
MATERIALS AND METHODS

3.1 Data for Model Calibration and Validation

3.1.1 Pilot Scale Data Used for Model Calibration

The New Orleans (NO) is a HRAS pilot plant comprised of the following
components: a rotating screen, an inlet mechanism (30 gal mixing tank), an aeration tank (40
gal), a mechanical flocculator and a secondary clarifier (70 gal) (Figure 10). The unit was
designed for a flow rate of 7.5 m*/d (2000gal/d) and a hydraulic retention time in the aeration

tank of 30 minutes. The SRT ranged from 0.3 days to 2.0 days

Aeration tank Mechanical

O
Influent N

Rotating
Screen

Effluent

Secondary
Clarifier

Inlet

Mechanism Flocculator

RAS

Figure 10: University of New Orleans pilot plant configuration

The sampling plan for the NO pilot plant involved collecting grab samples several
times per week. The sampling points included the effluent from the rotary screen (plant
influent), the supernatant and MLSS from the aeration tank, the return activated sludge and
secondary effluent. Samples were analysed for total COD, soluble COD (i.e. ffCOD is truly
soluble COD) using a 0.45 micron Hach No. 300 glass qualitative filter paper, floc filtered
COD using flocculated samples filtered using a 0.45 micron Hach No. 300 glass qualitative
filter paper, and total and volatile suspended solids (Jimenez, 2002). EPS was extracted by
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using the extraction method developed by Frolund et al. (1995) and is summarized as
follows:
e Transfer 300 ml of sludge to an extraction beaker with baffles and the cation
exchange resin (CER) was added (70g CER/g VSS).
e Stir suspension for 3 hours at 1000 rpm.
e The extracted EPS were harvested by centrifugation of a sample of the CER-sludge
suspension for 1 minute at 12,000g to remove the CER.
e The supernatant was centrifuged twice for 15 minutes at 12,000g in order to remove
remaining floc components.
e Quantify EPS by measuring the total organic carbon content of the sample by using
an Apollo 9000HS-TOC analyzer (Tekmar-Dohrmann, Mason, Ohio).

o EPS was extracted at least three times per SRT. Triplicate values were averaged.

The data collected by Jimenez et al. (2013), at varying SRTs and dissolved oxygen
(DO) concentrations, are based on the pilot plant operating parameters summarized in Table
2. The SRT and DO concentration were varied in order to evaluate the effect on the
production of EPS and the subsequent effect in the removal efficacy of particulate and
colloidal organics. A qualitative dataset was generated establishing the relationship between
SRT, EPS production, and particulate COD removal and DO concentration, EPS production

and particulate COD removal.
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Table 2 Typical HRAS model calibration, process operating parameters used to generate model output to
compare to data in Figure 11.

SRT - Solids Retention Time, DO — Dissolved Oxygen concentration in the reactor

SRT Influent Flow WAS Flow Reactor Volume RAS Flow Reactor DO
(m*/d) (m?/d) (m?) (m3/d) (mg/1)

0.3 5 0.2 0.15 3.75 1.5

0.5 7.5 0.15 0.22 3.75 2.0

1.0 3.75 0.11 0.22 3.75 1.25

1.5 3.75 0.12 0.35 3.75 1.5

2.0 3.75 0.09 0.35 3.75 1.5

The feed source for the pilot was raw influent from the local municipal treatment facility.

The average influent constituent concentrations are summarized in Table 3.

Table 3 A-stage model influent wastewater constituent concentrations

Symbol Description Value Units
S Soluble undegradable organics 10 g COD.m-3
Sgr Soluble biodegradable organics 60 g COD.m-3
Sgs Slowly biodegradable organics 30 g COD.m-3
Cs Colloidal biodegradable organics 60 g COD.m-3
Xu Particulate undegradable organics from the influent 30 g COD.m-3
XB Particulate biodegradable organics 150 gCOD.m-3
Xonoact Active Ordinary heterotrophic organisms 10 g COD.m-3
Xk Particulate undegradable endogenous products 0 g COD.m-3
Snox Nitrate and nitrite (NO3 + NO2) 0 g N.m-3
Snx Ammonia (NH4 + NH3) 35 g N.m-3
Sns Soluble biodegradable organic N 5 g N.m-3
XNB Particulate biodegradable organic N 10 g N.m-3
SaLk Alkalinity 6 meq/L
XINORG Inorganic suspended solids 40 g TSS.m-3
XEps Extracellular Polymer Substances 1 g COD.m-3
Xst0 Storage Polymer Substances 1 g COD.m-3
pH pH 7 -
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Figure 11 shows data used to calibrate the HRAS model for rbCOD removal, EPS

production and colloidal removal which was collected by (Jimenez, 2002). This data includes

EPS production as a function of SRT (Figure 11a), the effect of DO concentration on EPS

production (Figure 11b), the effect of SRT on the removal efficiency of readily

biodegradable and colloidal COD (Figure 11c¢), and impact of DO on the removal efficiency

of readily biodegradable and colloidal COD (Figure 11d).
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Figure 11: HRAS model Calibration data (Jimenez, 2002)
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3.1.2 Hampton Roads Sanitation District (HRSD) Pilot Data (used for A-stage Model
Validation and Stoichiometric Analysis)

HRSD owns and operates an A/B (adsorption/bio-oxidation) pilot plant located at the
Chesapeake-Elizabeth treatment plant in Virginia Beach, Virginia. The pilot plant consists of
an A-stage reactor for carbon removal followed by a B-stage for nitrogen removal. Currently,
the A-stage includes three reactors (45 gal per reactor), operated at a 0.2 day SRT and a
combined 0.5 hour HRT, and is fed screened and degritted raw municipal wastewater at 4.5

gpm (24.53 m*/d) (Figure 12).

Off-Gas
Analyzer

B stage
Influent

A stage
nfluent
(TK1O1)

Aeration tanks

RAS
Figure 12: Process flow diagram of the HRSD A-stage process pilot plant

Operational data from the A-stage pilot plant was used to validate (not calibrate) the
new carbon A-stage removal model and the stoichiometric analysis.
The 24 MGD Chesapeake-Elizabeth Treatment Plant (CETP) in Norfolk Virginia provides an

important opportunity for the potential application of the mainstream deammonification

process. CETP does not currently perform nitrogen removal, but Hampton Roads Sanitation
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District (HRSD) anticipates a future treatment objective of 4-5 mg/L Total Nitrogen (TN).
HRSD is currently operating a pilot study at CETP (Figure 12) to evaluate mainstream
deammonification.

The A-stage or adsorption stage utilizes an SRT and HRT lower than most high rate
activated sludge (HRAS) processes. The idea is to remove COD without oxidizing it by
adsorption and assimilation. However the bioflocculation of particulate (pCOD) and

colloidal COD (¢cCOD) may only be partial at these low SRTs and HRTs.

3.1.3 Sample Collection and Monitoring

Treatment efficiency of both the A-stage and B-stage were monitored by collecting
24-hr flow-weighted composite samples from the influent and effluent of each stage and
analyzing it for TSS, total volatile suspended solids (TVSS), COD, sCOD, floc-filtered COD,
total Kjeldahl nitrogen (TKN), soluble TKN, total phosphorus (TP) soluble orthophosphorus
(SOP), and alkalinity. Grab samples are also routinely collected from the influent and
effluent of each stage and from all activated sludge reactors. The grab samples were analyzed
for TSS and the soluble species such as NO3™-N, NO2-N, PO4*-P (same as SOP), and total
ammonia nitrogen (NH3-N + NH4"-N = TAN). The sum of nitrate and nitrite was given the
term NOx-N or oxidized nitrogen species (Miller et al., 2012).

Table 4 shows the sampling plan used to collect the data from the HRSD pilot. EPS
and storage products were not measured in the HRSD study, but Oz and CO- off-gas was in
the later part of the study. Each of the three A-stage reactors were covered, with the off-gas
collected and analyzed using a Servomex Model 1440 gas analyzer. Data collected at 10

second intervals included %COz2, %0O: and the standard airflow rates (SLPM). By comparing

37



this data to the ambient air concentrations, the change in CO2 and Oz concentrations in the
off-gas were calculated. The change in CO; along with airflow data allowed the calculation

of the CO» production rate (CO>_PR) and the oxygen utilization rate (OUR).
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Table 4 HRSD A-stage HRAS sampling plan (Miller, 2013)

RWI HRAS Inf/Eff HRAS HRAS Effluent
Parameter Units HRAS RAS
TK-101 TK-103 and TK-109 TK-105 TK-107
CEL

TSS mg/L 2x/Wk/Composite  2x/Wk/Grab 2x/Wk/Composite
VSS mg/L 2x/Wk/Composite  2x/Wk/Grab 2x/Wk/Composite
TCOD mg/L 1x/Wk/Grab
sCOD mg/L
VFA, Distillation mg/L 2x/Wk/Composite 2x/Wk/Composite
VFA, GC mg/L 1x/Wk/Composite 1x/Wk/Composite
TcBODs mg/L 1x/Wk/Composite 1x/Wk/Composite
ScBODs mg/L 1x/Wk/Composite 1x/Wk/Composite
TKN mg N/L 2x/Wk/Composite  1x/Wk/Grab 2x/Wk/Composite
SKN mg N/L 1x/Wk/Composite 1x/Wk/Composite
Pilot Plant
Ammonia mg N/L 5x/Wk/Composite 5x/Wk/Composite
Nitrate mg N/L 5x/Wk/Composite 5x/Wk/Composite
Nitrite mg N/L 5x/Wk/Composite 5x/Wk/Composite
COD mg/L 5x/Wk/Composite 5x/Wk/Composite
Sol COD, GF mg/L 5x/Wk/Composite 5x/Wk/Composite
Sol COD, CM mg/L 1x/Wk/Composite 1x/Wk/Composite
ffCOD mg/L 1x/Wk/Composite 1x/Wk/Composite
TSS mg/L 3x/Wk/Grab 3x/Wk/Grab 3x/Wk/Comp
SVI mL/g 3x/Wk/Grab
Temperature °C Sx/Week Sx/Week S5x/Week S5x/Week
pH 5x/Week 5x/Week 5x/Week 5x/Week
DO mg Oy/L Sx/Week S5x/Week S5x/Week

Online Monitoring
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RWI HRAS Inf/Eff HRAS HRAS Effluent

Parameter Units HRAS RAS
TK-101 TK-103 and TK-109 TK-105 TK-107
TSS mg/L Continuous
Temperature °C Continuous  Continuous Continuous Continuous
pH Continuous
DO mg Oy/L Continuous

CEL — Certified Environmental Laboratory

Pilot Plant — On-site sample analysis

Online Monitoring — Instrumentation and Telemetry system
RWI — Raw Water Influent

HRAS Inf/Eff — Pilot influent and effluent

HRAS RAS — Pilot Return Activated Sludge
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3.2 Model Development

The base model to be used for the development of the A-stage HRAS model as part of
this research is the Activated Sludge Model No.1 (ASM1) (Henze et al., 2000). This model
consists of 14 state variables and 8 processes (Table 5). Although this model has been
developed for both carbon (r1 and r2) and nitrogen (r3) removal; in meeting our objective of
developing a model capable of integrating with a full plant model, we will incorporate
nitrogen transformation by coupling them to carbon transformations. The stoichiometric
coefficients which represent heterotrophic biomass growth on soluble substrate are shown in
the biokinetic matrix (Table 5) as coefficients for transformation process 1.

The elemental composition matrix shown in Table 5 are the conversion values i for
the state variables to be used. The parameters listed in Table 6 are the default parameters
used for the model. These parameters are adjusted to calibrate the model to a specific
operating condition. Data should be calibrated with as little change to the default values as

possible.
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Table 5 SUMO Peterson Matrix for ASM1 (Takacs, 2013)

j | Symbol Name S1 Ss Xu X8 XB,H XB.A XE So SNo S~ SNp XnND SALK SN2 Rate expression (rj)

Aerobic growth of ) 1. P I wu*(Ss/(KstSs))*(So/(Ko,ut+S0)) *(Snu/(Knbu
1 rl heterotrophs I/YH 1 (1 YH)/YH IXB IXB ™ lCharge SNHx +SNH))*(SALK/(KALK+SALK)) *XB,H

. (- (- (I-

Anoxic growth of . % . . SV s . wu*(Ss/(KstSs))*(Ko,u/(KoutSo0))*(Sno/(Kno

2 r2 heterotrophs -1/¥u ! Yi)/(inos.n TIxB YH)/(lN(.B N Vi) icharge s YH):‘(lNO}’N +8n0)) *(Sne/(KnmatSnn)) ¥ * X n
Yn) NOx~IXB*iCharge SNHx 2*Yn)
: (- _ - * * *

3| r3 | Acrobicgrowthof 1 (-icop Nos 1/Y, ixn-1/Ya (ix+1/¥a) Ficharge snin( Aa*(Sir/ (Rt Swir)) *(Sof(Ko.a+So))*(Sar/(

autotrophs Ya)/Ya b Kark+Sark))*Xs,a

1/YA) ICharge_SNOx

Decay of : % *
4 r4 heterotrophs L -1 e ixg-fp*ixp bu*Xpn
5 rs :l)lftc:t}ll'(:);hs /e -1 fe ixg-fp*ixp ba*XB A

Ammonification
6 ré of soluble organic 1 -1 iCharge_SNHx k*Snp*XBH

Nitrogen

Hydrolysis of o ¥ (X< / / *((Se
7 r7 entrapped 1 -1 (X5 Xpn)/ (Kt Xs/Xp.) *((So/(KoyrtSo)

j +1n*(Ko,u/(Ko,u+S0))*(Sno/(Knot+Sno))) *XB 1

organics

Hydrolysis of Jn* (X! Xs)* ((Xs/ Xp.10)/(Kx+ X5/ X5.11)) *((So/(
8 r8 entrapped organic 1 -1 Ko ,utS0))tm*(Ko,u/(Ko utS0))*(Sno/(KnotS

nitrogen No))*Xpn
Elemental composition
COD 1 1 1 -1 icoD NO3 0 0 iCOD N2
N 0 ixB IXB ixp 0 1 1 0 1
Charge 0 0 0 0 l‘ChargeisNOx iChargefSNHx -1 0
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Table 6 ASM1 Kkinetic and stoichiometric parameters used in the Peterson matrix (Takacs, 2013)

Symbol  Name Default Unit
value

kn Maximum specific hydrolysis rate 3 gXCp.g Xono'.d!
Kx Saturation coefficient for Xp/Xomo 0.03 g XCg.g Xono™
" Corre;qtion factor for hydrolysis under anoxic 04 -

conditions
Un Maximum growth rate of Xomuo 6 d!
g Reduction factor for anoxic growth of Xono 0.8 -
Ky Half-saturation coefficient for Sg 20 gSp.m?
bu Decay rate for Xomuo 0.62 d!
Kon Half-saturation coefficient for So» 0.2 gSo.m?
Kno Half-saturation coefficient for Snox 0.5 g Snoxm™
Knon Half-saturation coefficient for NH4* 0.05 g Snpxm?
UA Maximum growth rate of Xano 0.8 d!
ba Decay rate for Xano 0.15 d!
ka Rate constant for ammonification 0.08 m’.g XCpnl.d!
Ko Half-saturation coefficient for So» 0.4 gSo.m?
Knn Half-saturation coefficient for Snux 1 g Snmem?
Karx Half-saturation coefficent for alkalinity 0.001 meq/L
Stoichiometric parameters
Yu Yield for Xono growth 0.67 g Xomo.g XCg™!
fr Fraction of Xy generated in biomass decay 0.08 g Xu.g Xpio™!
Ya Yield of Xano growth per Sxos 024 g Xaur.g Snos™!
ixp N content of biomass (Xoro, Xpao, XaNo0) 0.086 gN.g Xgi!
ixp N content of products from biomass 0.06 gN.g Xug'!
INO3 N2 NO; reduction to N» electron equivalence 2.857 gCOD.gN'!
icob NO3 NHj; to NOs oxidation electron equivalence -4.571 gCOD.gN"!
icop_N2 NHs to N oxidation electron equivalence 171428 57_ g COD.g N'!
icharge sNHx  Conversion factor for NH in charge 0 kCharge.g N'!
icharge SNOx  Conversion factor for NOs in charge -7.14E-05 kCharge.g N*!
icv Particulate COD to VSS ratio 1.48 gCOD.g VSS'!
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3.3 Mathematical Model IDE and Calibration/Validation Procedure

The software used for model simulation is SUMO version 0.9.15.0 developed by

Dynamita SARL Nyons, France. SUMO includes an integrated development environment

(IDE) used to define the process configuration to be modeled. This process configuration

along with the model matrix are analyzed by the SUMO analysis engine to generate the

performance data. The analysis can be run as a static simulation using the baseline data

entered into the model or as a dynamic simulation using variable input for specific state

variables. Each pilot configuration (HRSD and NO) was developed using the SUMO IDE

(Figure 13).
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3.3.1 A-stage Model Calibration using NO Dataset

Table 7 shows the model parameter values used to generate the model output. The

calibration results shown in Table 7 were generated using the current A-stage model matrix

which is a dual substrate (Sgrand Sgs) model based on a single heterotrophic population.

Growth on the external substrate (Sgs) is managed using a substrate switching function

controlled by the substrate half saturation coefficient Kgs (Appendix B).

Calibration results

discussed in subsequent Chapters may differ from the results in Table 7 since those efforts

used an earlier version of the model matrix.

Table 7 Partial list of parameter values for the mass balance equations

Symbol Name Value Unit
LOHO Maximum growth rate of Xono 8 d!
Kgr Half-saturation coefficient for Sg 20 g Spr.m™
Kas Half-saturation coefficient for Sgs 40 g Spe.m™
boro Decay rate for Xono 0.62 d!
Ko,on0 Half-saturation coefficient for So» 0.1 g Sox.m™
gADS Rate constant for adsorption 0.065 d!
Ks. Half-saturation coefficient for surface limitation 0.009 -
gsto Rate constant for growth on Xsto 2 d!
keps,mMax EPS formation coefficient 0.225 g CODgps.gVSS'!
qEPS,HYD EPS hydrolysis 0.25 d!
Keps Half-saturation coefficient for EPS 100 gXgps.m
qXBHYD Rate Constant 2.75 d!
ksto,max Maximum Production Rate for Storage Polymers  0.58 g Xsr0.2Spf!
fsto Fraction of Xsro in Active Biomass 0.15 -
JsTo,HYD Storage Hydrolysis Rate Constant 3 d’!
Ksronyp Hydrolysis Half-saturation coefficient for STO 0.15 gXsto0.gXono™!
Ko,eps Half-saturation coefficient for Soz 1 g Spp.m™

The model was calibrated by adjusting the kinetic parameters associated with each

process. For soluble substrate removal, the maximum specific growth rate (Lono) was
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adjusted (to 8 day™!) so that the utilization rate for the Spr fraction was fast enough to initiate
the uptake of Sgs. This is consistent with work by Insel et al. (2012) who established in a
bench-scale activated sludge SBR, fed acetate as the sole carbon source, that the maximum
specific growth rate(uono ) increased from 3.9 to 7 day 'when the SRT was changed from 10
to 2 days. The half saturation coefficients (Kgpr and Kgs) were then adjusted to better control
the utilization of Sgrand Sgs to simulate the removal of soluble COD to fit the data (Figure
I1c, d). The elevated half saturation coefficients Kgr (20 gCOD/m3) and Kgs (40 gCOD/m3)
at an SRT ranging from 0.3 to 2 days are consistent with results obtained by Insel et al.
(2012) . Insel et al. (2012) established that the half saturation coefficient for growth (Ks)
increased from 5 to 25 g CODs/m?® when the SRT was changed from 10 to 2 days. This
suggests that Ks could be even higher in shorter SRT systems like the A-stage.

EPS removal (Figure 11a, b) was calibrated by adjusting the EPS formation
parameter kepsmax (0.225 gCODgps.gVSS) and the EPS hydrolysis parameter qeps,nyp (0.25 d°
1. Colloidal substrate removal (Figure 11c, d) was calibrated by adjusting the adsorption
rate parameter qaps (0.065 d') and the surface limitation parameter Ksr. (0.009) until the
HRAS model results trended well with the experimental data. The A-stage model calibration

results are summarized in Figure 14 with the detailed results included in Appendix C.
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Figure 14: A-stage Model Calibration Results — NO Dataset

3.3.2 A-stage Model Validation using HRSD Dataset

The HRSD configuration was validated against the A-stage model matrix shown in
Appendix B, using a subset of the pilot data collected (Appendix D). This dataset includes
dynamic influent and effluent data for state variables including Sgy, Sgs, C, X, influent
biomass, and reactor DO (SO;). Dynamic input into the SUMO IDE also includes influent
flow, the return activated sludge (RAS) flow, and waste activated sludge (WAS) flow. The
default parameter values were obtain from the calibration results (Table 7). The validation

procedure involved adjusting the select parameters to improve the model results fit with the

47



HRSD pilot data. It was found that the A-stage model results were highly sensitive to
variations in the dissolved oxygen half saturation coefficient Ko,ono ( adjusted to 0.02 g
SO,.m™ ) and the initial fraction of storage products in the cell fsto (adjusted to 0.1).
Modifying these parameters generated results that trended well with the observed HRSD
pilot data for soluble substrate (Sgrand Sgs) and reactor volatile suspended solids (VSS)

(Figure 15)

100.00
20.00
60.00
40.00
20.00 e Y S .
0.00 emrmnearaei gzt el i waie AT fad
0 20 40 &0 80 100 120 140
Time (days)

Concentration (g/m?)

SBs{Measured)  sv-eeeeer Eff SBf = = = Eff SB5 oee=- SBf{Measured)

4000.00
3000.00
2000.00

1000,00

Concentration (g/m?)

0.00
[ 20 40 60 80 100 120 140

Time [days)

XVss{Measured) ===== XSS

Figure 15: A-stage Model Validation Results — HRSD Dataset

The results shown in Figure 15 for reactor VSS are based on a revised particulate
COD conversion factor of 1.86 gVSS/gCOD (default value is 1.48 gVSS/gCOD). This
revised conversion factor was determined based on COD mass balances generated using the
HRSD dataset (Appendix G). The procedure for determining this revised conversion factor

is discussed in Chapter 7.
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CHAPTER 4
MATHEMATICAL MODELING OF CARBON REMOVAL IN THE HIGH-RATE
ACTIVATED SLUDGE SYSTEM: MODEL PRESENTATION AND APPLICATION

Note: The contents of this chapter will be submitted for publication in Water Research.
Thomas M. Nogaj, Andrew A. Randall, Jose A. Jimenez, Imre Takacs, Charles B. Bott, Mark
W. Miller, Sudhir Murthy and Bernhard Wett; Mathematical Modeling Of Carbon Removal
In The High-Rate Activated Sludge System: Model Presentation And Application

4.1 Introduction

Mathematical modeling of the activated sludge process has become an essential part
of the design and operation of wastewater treatment plants. These models were developed to
analyze the biochemical transformations that occur in wastewater treatment facilities. These
biochemical operations alter or destroy materials that microorganisms can act upon via
mineralization or biotransformation(Grady et al., 2011). Biochemical operations in activated
sludge employ two major cycles: carbon and nitrogen. The microorganisms involved in each
cycle derive their energy and reducing power from oxidation reactions, involving the transfer
of electrons. Organisms that use organic compounds as their electron donor and source of
carbon for cell synthesis are heterotrophic bacteria.

The IWA task group on mathematical modeling for design and operation of biological
wastewater treatment processes has introduced activated-sludge models ASM No. 1, 2, 2D,
and 3(Henze et al., 2000). ASMI1 simulates the removal of organic matter (carbon) and
nitrogen. Carbon removal occurs through the biological oxidation of organic matter and

assimilation via biosynthesis, nitrogen removal occurs through biological nitrification and
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denitrification, plus assimilation. The ASM 2 models (2, 2d) are an extension of ASM 1
incorporating biological nutrient (nitrogen and phosphorus) removal. ASM3 was developed
as a possible replacement for ASM1 with the significant difference being the importance of
storage polymers in the heterotrophic conversion of organics in activated sludge systems

(Krishna & Van Loosdrecht, 1999).

The ASM1 and ASM3 models were developed to simulate the aerobic and anoxic
treatment of domestic wastewater based on typical operating conditions, e.g. Solids Retention
Time (SRT) greater than 3 days. These models were not developed to model activated
sludge systems with very high organic loads or low SRTs (less than 1 day) where
bioflocculation/adsorption of particulate and colloidal (slowly biodegradable) substrate and
storage may become limiting (Henze et al., 2000). In addition, the very short hydraulic
retention times of some HRAS systems may result in differences in predicted performance
since the implicit assumption that substrate reactions can proceed to completion may no
longer be true.

These models assume a two-step process for the removal of slowly biodegradable
substrate (primarily particulate substrate and colloidal substrate): instantaneous enmeshment
and hydrolysis of particulate and colloidal substrate followed by oxidation of soluble
biodegradable substrate. However, researchers have overlooked the effect of the kinetics of
bioflocculation on the overall particulate and colloidal substrate removal process and have
concentrated their attention on the kinetics of hydrolysis and oxidation when modeling

carbon removal in activated-sludge systems.
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Jimenez et al. (2005, 2007) revealed that flocculation plays a major role in the
removal of particulate and colloidal COD and many operational parameters such as solids
retention time (SRT), dissolved oxygen (DO) and hydraulic retention times (HRT) can affect
their removal in the activated sludge process. At low SRT (less than 2 days) and low HRT
(less than 1 hour) some of the particulate and (especially) colloidal COD may not be
removed since the kinetic rate of flocculation may not result in complete enmeshment and
hydrolysis. Hence, flocculation should be considered as an important mechanism when
modeling activated sludge systems, especially high-rate activated sludge (HRAS) processes
(i.e. systems with low SRT and HRT).

This paper will discuss a mathematical modeling approach which evaluates the
carbon cycle as it pertains to High Rate Activated Sludge (HRAS) systems. HRAS are
operated at low SRTs (typically less than 1 day) where past ASM models are not adequate.
This approach uses the ASM 1 as the initial framework. The framework will be modified
adding the required removal mechanisms to accurately predict the performance of a HRAS

system.

4.2 Materials and Methods
The 24 MGD Chesapeake-Elizabeth Treatment Plant (CETP) provides a unique
opportunity for the potential application of the mainstream deammonification process. CETP
does not currently perform nitrogen removal, but Hampton Roads Sanitation District (HRSD)
anticipates a future treatment objective of 4-5 mg/L Total Nitrogen (TN). HRSD is
currently operating a pilot study at CETP (Figure 16) to evaluate mainstream

deammonification.
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Hampton Roads Sanitation District (HRSD) owns and operates an A/B
(adsorption/bio-oxidation) pilot plant located at the Chesapeake-Elizabeth treatment plant in
Virginia Beach, Virginia. The pilot plant consists of a HRAS reactor for carbon removal
followed by a B-stage for nitrogen removal. Currently, the HRAS A-stage is a single reactor,
operated at a 0.5 day SRT and 0.5 hour HRT, and is fed screened and degritted raw

municipal wastewater at 1.5 gpm (Figure 16).

A-stage HRAS B-stage Nitritation/Anammox

Ty
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Figure 16: Process flow diagram of the HRSD A/B process pilot plant

HRSD is in the process of modifying the A stage configuration to include a parallel
process train to include three AS columns. This configuration would provide flexibility in
the process to be operated as either CSTR or plug flow type reactor. Operational data from
the HRAS pilot plant will be used to further develop and to validate the new carbon HRAS

removal model discussed in this paper.
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4.2.1 Sample Collection and Monitoring

Treatment efficiency of both the A-stage and B-stage are monitored by collecting 24-
hr flow-weighted composite samples from the influent and effluent of each stage and
analyzed for TSS, total volatile suspended solids (TVSS), COD, sCOD, floc-filtered COD,
total Kjeldahl nitrogen (TKN), soluble TKN, nitrate, nitrite, total phosphorus (TP), soluble
phosphorus (SOP), and alkalinity. Grab samples are also routinely collected from the influent
and effluent of each stage and from all activated sludge reactors. The grab samples are
analyzed for TSS and the dissolved fractions of NO3™-N, NO,-N, PO4*-P, and total ammonia
nitrogen (NH3-N + NH4"-N = TAN). The sum of nitrate and nitrite is given the term NOx-N
or oxidized nitrogen species. The data collected through the sampling and monitoring
program will be supplemented by extracellular polymeric substances EPS data collected by

Jimenez as part of his dissertation(Jimenez, 2002).

4.3 Results and Discussion

4.3.1 High-Rate Activated Sludge (HRAS) System for Carbon Removal

The objective of a HRAS process is to remove organic carbon from influent wastewater
at low SRTs, typically less than 1 day, which minimizes the oxygen required to remove
influent organics and prevents nitrification. Detailed observations of preliminary results

from the HRAS pilot system have led to the following modifications of existing models:
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Preliminary results from the pilot show a higher effluent soluble COD than the B-stage
where it is removed at a significantly longer SRT (Table 8). Normally, the method to
quantify the non-biodegradable soluble COD is to operate a lab or pilot scale activated
sludge system and use the effluent soluble COD as the non-biodegradable fraction.
However, at the low SRT (and low HRT) of the HRAS system there is a fraction of the
effluent COD that is biodegradable in the higher SRT B stage, but not biodegradable in
the A (HRAS) stage. This has led to the establishment of two state variables for
soluble biodegradable substrate designated as Sgr(Ss fast) and Sgs (Ss slow). Sgr is the
soluble COD that is biodegradable in both the HRAS and also in the B stage. Sgs is the
soluble COD that is non-biodegradable in the HRAS system, but is biodegradable in
the B stage. In the HRAS model Sgris biodegraded first, and it is only when Sgr runs
out that biodegradation of Sgs becomes significant. This is analogous to diauxic
growth in which one substrate is biodegraded immediately by constitutive enzymes,
and only when it runs out are enzymes induced for metabolism of the second substrate.
The data does not show, or disprove, this mechanism, but this approach is at least
plausible mechanistically. There are several other plausible approaches, however, such
as simply running out of time to complete the biodegradation of Sgrdue to the low

HRT.
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Table 8 HRSD A-stage HRAS experimental data

Tank ID TCOD  sCOD pCOD ffCOD cCOD
A-stage (SRT < 1d)

Influent 455 260 195 188 72
Effluent 260 113 147 56 57

% Removed  43% 57% 25% 70% 21%

B-stage (SRT >= 6 d)

Influent 260 113 147 56 57
Effluent 63 33 30 22 11
% Removed 76 % 71% 80% 61% 81%

Typical characteristics for any municipal wastewater include both soluble and
particulate organics. Before developing modifications to the mathematical model it is
important to define the soluble, particulate and colloidal fractions of the influent
COD. In Table 8 total chemical oxygen demand (TCOD) can be defined as the sum
of particulate COD (pCOD) and soluble COD (sCOD) present in the wastewater. For
the purpose of this investigation, the pCOD consists of organic suspended solids
(ssCOD) retained by a 1.5 micron filter excluding the soluble COD (sCOD) in the
wastewater (pCOD = TCOD - sCOD). The state variable Xg represents pCOD in
the A-stage HRAS model. The colloidal COD (cCOD) consists of the fraction of the
soluble COD (sCOD, fraction passing the 1.5 micron filter) retained by the 0.45
micron filter plus coagulant. The state variable Cg represents cCOD in the A-stage
HRAS model. The dissolved COD excluding colloids is the truly soluble organic

material in the wastewater and this was quantified by coagulation/flocculation
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followed by filtration (i.e. ffCOD) (Jimenez et al., 2005). The truly soluble COD is
defined in the HRAS model as the sum of the state variables Sgr, Sgs and Sr.

Figure 17 shows the COD breakdown adopted for the purpose of developing the
HRAS carbon removal model(Jimenez, 2002). The most important aspect is the
differentiation of particulate and colloidal COD, which has not traditionally been
done in most studies nor in the ASM derived models. The reason for this is that in
higher HRT and SRT systems there is plenty of time for both colloidal and particulate
COD to flocculate completely and to be degraded. However, in low HRT/SRT
systems (HRAS) there is not always time for this to occur. This also means that
effluent CODs in HRAS systems are higher than would be predicted by existing

models.

pCOoOD (X4

retained by 1.5 micron filter

00 (Co)
passes 1.5 micron filter

but not 0,45 microns +

HCOD (Sar+ S + S)

passes 0.45 microns +
: roasnlant

Figure 17: COD Fractionation for particulate (pCOD), colloidal (¢cCOD) and soluble COD (ffCOD)
adopted for this work

The effluent from the pilot A-stage is the influent feed to the B-stage (Figure 16).

Experimental results from the pilot reveal a sSCOD removal efficiency of approximately
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57%, oxidation of the truly soluble COD accounts for most of the SCOD removal. The
results (Table 8) show a 25% reduction in pCOD and 21% reduction in cCOD, which
demonstrates that the assumption that the pCOD and cCOD are instantaneously
enmeshed may not be accurate. In addition, even the effluent ffCOD in the A-stage
was higher than the B-stage effluent suggesting that there is a fraction of the ffCOD
that degrades slower than the rest.

Extracellular Polymer Substances (EPS) production impacts the bioflocculation
removal efficiency for particulate and colloidal substrate (Jimenez, 2002). Past models
assume instantaneous enmeshment whereas the data from Jimenez (2002 and 2013)
shows that this assumption may not be valid for high rate systems. The EPS data
produced by Jimenez (2002) and Jimenez et al. (2013) was used as calibration data for
this study. The data indicates EPS production increased with SRT (thus decreased with
growth) over a range of 0.3 to 2.0 days. In addition, EPS increased with the DO
concentration over the same range of SRT values. Laspidou and Rittmann (2002a)
hypothesized that the net EPS concentration is a function of the portion of influent
soluble substrate (substrate electron pool) shunted to EPS formation versus the EPS
hydrolysis rate. Our HRAS model incorporates EPS production as part of the aerobic
growth process on Sgrand Sgs. The proportionality coefficient keps pc quantifies the
portion of influent electrons shunted to EPS formation. The portion of substrate
electrons that are shunted to EPS formations (keps,pc) are then subtracted from the
biomass yield coefficient Yono, 1.e. Yono™(1- keps,pc)), reducing the electrons

available for biomass synthesis. As substrate concentration decreases, the growth rate
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decrease subsequently reduces EPS production. EPS formation is first driven by Sgr
during aerobic growth, although some influent electrons are lost to storage products.
EPS formation on Sgs does not occur until Spr starts to run out. In the model EPS
formation driven by influent Sgs does not have to compete with the formation of
storage products (which only occurs through Sgf). Additional Sgs becomes available
through hydrolysis of Xg (Carucci et al., 2001). Ko gps was estimated using a nonlinear
regression analysis of the EPS production data vs DO concentration data provided by
Jimenez et al. (2000). The value krpsmax (maximum EPS production) was determined
by developing a least square logarithmic fit of the dataset provided by Jimenez et al.

(2000) resulting in an estimated kepsmax value of 0.25 (gCODEgps/gVSS).

K So
Kk - (M) X | ——2— 6
EPS,SC icp (Ko,EPS"'SOz) "

Equation 6 shows how keps, pc was calculated; The term ics is a stoichiometric
conversion factor that converts keps max from units of gCODEgps/gVSS to
gCODEps/gCODyss.

The production of storage polymers during the growth phase. Past studies have shown
that the production of storage polymers at low SRT’s (typical of a HRAS system)
indicate that storage is dependent on the growth rate of the biomass (Sin et al., 2005;
Van Aalst-Van Leeuwen et al., 1997). A linear correlation was developed for the
accumulation rate of storage polymers based on the difference between the maximum

substrate uptake rate and the uptake rate required for growth. When the system is

58



operated close to its maximum uptake rate (which exceeds the possible growth rate)
then minimal storage is observed (Sin et al., 2005; Van Aalst-Van Leeuwen et al.,
1997).

Since most WWTP’s are operated at high SRT’s (i.e. low growth rates relative to
HRADS) it is hypothesized that the maximum substrate uptake rate is higher than the
amount needed for growth. Therefore, the maximum flux into the cell(substrate
electron pool) exceeds the amount that can be utilized for biomass synthesis, resulting
in a portion of the influent electrons/carbon being diverted to formation of storage
polymers (Sin et al., 2005).

The diversion of substrate electrons to storage in our HRAS model is represented by
the proportionality constant ksto,pc. Only Spf can be utilized to form storage products
in the model. The portion of substrate electrons that are shunted to storage product
formation (ksto,pc) are also subtracted from the biomass yield coefficient Yomo, i.e.
(Youno™(1- keps,pc — ksto,pc)), for aerobic growth using Sgf, further reducing the
electrons available for biomass synthesis. Similar to how our HRAS model simulates
EPS formation our model incorporates the formation of storage products into the
process for aerobic growth. However, only Sgris used to form storage products. As
the HRAS model evolves during the duration of this research it may be necessary to
incorporate the formation of storage products in the process for aerobic growth on Sgs

(Carucci et al., 2001).
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4.3.2 HRAS Model Matrix

The ASM models uses matrix notation for the presentation of biokinetic models. The
matrix approach summarizes the components (state variables) and the transformation
processes which are to be considered in the model. The stoichiometric coefficients and
process rate equations are presented in the matrix. The matrix is often referred to as the
Peterson matrix and will be referred to as such throughout this paper. Using the ASM1
Peterson matrix as our reference model, proposed modifications to the mathematical model
for the HRAS model are defined in Figure 18. A partial list of state variables used is shown
in Table 9. The modified stoichiometric matrix is shown in Table 10 with the associated
process rate equations shown in Table 11. It must be noted that the pathways emanating
from Sgrand Sgs will never both be significant at the same time due to the model kinetic
equations being such that Sgs transformations will not be significant until Sgrruns out (i.e.
when Sgr < Kgy; see Table 11). The colloidal substrate (Cg) is added as a new state variable.
The Cg and slowly biodegradable particulate COD (Xg) are enmeshed which represents the
colloidal and particulate COD adsorbed through the bioflocculation- removal mechanism.
The adsorbed organics are then converted through hydrolysis to the slow fraction of soluble

readily biodegradable substrate Sgs.
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Figure 18: Proposed mathematical model modifications for the HRAS carbon removal model

Table 9 Partial list of state variables

Symbol Name Units

Su Soluble non-biodegradable organics g COD.m?
Sgt Soluble biodegradable organics g COD.m?
Sgs Slowly biodegradable organics g COD.m?
Cu Colloidal non-biodegradable organics from the influent g COD.m?
Cs Colloidal biodegradable organics g COD.m?
Xvu Particulate non-biodegradable organics from the influent g COD.m?
X Particulate biodegradable organics g COD.m?
Xonoacr Active Ordinary heterotrophic organisms g COD.m?
XaNo Autotrophic nitrifying organisms (NH4+ to NO3-) g COD.m?
Xx Particulate non-biodegradable endogenous products g COD.m?
Soz Dissolved oxygen g Or.m?

SALK Alkalinity meq/L

Xkeps Extracellular Polymer Substances g COD.m-3
Xsto Storage Polymer Substances g COD.m-3
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A new state variable (Xsto) was added for storage products. Gujer et al. (1999) in
ASM 3 defines Xsto as a cell internal storage product of heterotrophic organisms (COD). It
occurs only associated with Xono and is not included in the mass of Xono. Xsrto cannot be
directly compared with analytically measured PHA or glycogen. ASM 3 hypothesized, that
all heterotrophic microorganisms (XoHo) can store substrate. In contrast, Hanada et al.
(2002) studied the possibility of combining the characteristics of ASM 1 and ASM 3,
assuming there are two types of heterotrophic biomass, those that use storage material and
those that don’t. This was called the dual biomass model. Hanada et al. (2002) concluded
that the ratio of heterotrophs to PHA producing heterotrophs (Xono/pra) varied from 15-35%
between facilities; based on operational and environmental conditions. The results revealed
that the storage rate constant as defined in ASM 3 was not universally applicable. As part of

this study, both concepts will be considered in developing the HRAS mathematical model.
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Table 10 Partial Peterson matrix for the HRAS model

Jj | Symbol Name S Spe Sgs Cy| G | Xy | X |Xowoacr| Xe Son Xeps Xsro
Aerobic growth of kEPS,PC/ (YOHO,AER*( 1- [kgro/ (YOHO,AER*( 1-
1 rl /(Y ono,aer*(1- 1 -(1-Yn)/Yu
heterotrophs - Fast Kp:ps pc-Ksto.pc)) Kpps pc-Ksro.pc))

kEPS,PC'kSTO.PC))

Aerobic growth of -1/(Yonoaer*(1- Kips pc/(Y ono,azr *(1-
2 2 1 -(1-Yn)/Yn

heterotrophs - Slow Kepspc)) Keps pc)
3 r3  |Decay of heterotrophs 1y -1 fu

Hydrolysis of entrapped

organics

flocculation of colloidal

substrate

flocculation of colloidal

6 6 -1 1
inerts
Hydrolysis of storage

7 r7 1 -1
products

8 r8  |EPS hydrolysis 1 -1
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Table 11 Partial Peterson matrix process rate equations for the HRAS model

j | Symbol Name Rate expression (r;)

1 rl Aerobic growth of heterotrophs - Fast Horo*(Sed (KpSp) *(S02/(Ko, onoTS02)) *(S02/ (Ko, gps TS 02)) * (St (Kt nu™Snin)) *Xono

2 r2 Aerobic growth of heterotrophs - Slow Homo,sLow*(Sey/(KastSpe)) *(Ka (KptSpe) *(So2/ (Ko 0105 02)) *(S02/(Ko £pstS 02)) *(Sxti/ (Ktixmu M Sne)) *Xomo

3 13 |Decay of heterotrophs bono*Xonoact

4 r4 Hydrolysis of entrapped organics dxe,ivp " (Xe/Xono)/ (Kp nyptXs/Xono)) *((So2/(Ko onotS02)) Muyp * (Ko om0/ (Ko onotS02)) *(Snox (Knox™Sno))) *Xorno
5 15 flocculation of colloidal substrate daps*Cr* (XonotXano) *(Kst/((Co/(Xono X ano) TKs1) *(Xepg/(Keps t X eps))

6 16 flocculation of colloidal inerts Aaps*Cu*(Xono X ano) *Ks/(Cu/(XonotXano)HKs ) *(Xeps/(KepstXgps))

7 r7 Hydrolysis of storage products dsto,uvD " (Xsto/Xono/ (Ksro,nyptXsto/Xono)) (Kai (KatSp) *(Kay (K tSp0) *(S02/(Ko,0n0 TS 02)) *Xono

8 8 EPS hydrolysis qePAHYD *XEPS
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Mathematical model modifications taking into account the effect of low sludge age
(SRT) on the wastewater fractions of Ss and Si resulted in the inclusion of three new state
variables, inert colloidal COD (Cuy), organic molecules available to the fast growing biomass
associated with low SRT/HRT systems (Sgf) and a fraction of the biodegradable COD
concentration that is not utilized at low SRT’s (SRT<1 d) and HRT’s (Sgs) but biodegrades at
high SRT/high HRT. Low SRT and HRT result in only partial degradation of the soluble
substrate in the wastewater; the rest of the biodegradable soluble substrate is removed in the
B-stage. The ffCOD experimental data supports this hypothesis. The A-stage obtained an
ffCOD percent removal of 70% (SRT < 1 d) with an additional 18% removal in the B-stage
(SRT > 6 d). The data reveals that the A-stage effluent ffCOD still contains readily
biodegradable COD unlike effluents at greater SRTs. The biodegradable fraction remaining
in A-stage effluent is designated as Sgs which is further biodegraded in the B-stage. So the

Ss of ASM1 is split into two fractions to model HRAS, i.e. Sgrand Sgs.

4.3.3 Fate of the Influent Substrate (Spr & Sgs)

Laspidou and Rittmann (2002b) developed a unified theory, which attempts to
quantify the relationships among extracellular polymeric substances (EPS), soluble microbial
products (SMP), original substrate, and an electron acceptor. We have adopted this theory in
part by developing a model consistent in the way it describes the metabolism of all biomass
types (De Silva & Rittmann, 2000). This approach, illustrated in Figure 19 and Figure 20,

shows the fate of the COD (electron flow) as the substrate enters the cell.
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Figure 19: Sss electron flow schematic for HRAS model

For Sgs, three (3) pathways were identified for which the COD (electrons) entering
the cell could flow. A portion of the electrons are used by the cell for biomass synthesis
(pathway No.1),while pathway No. 2 is for the production of EPS and pathway No. 3 are
electrons sent to the electron acceptor to generate energy. The distribution of electrons for
each pathway is defined by a proportionality coefficient (PC); keps,pc is the proportionality
coefficient for the production of EPS (Masseps/Massss) and Yy is the true yield if all the
influent substrate were used for biomass synthesis. Since this not the case in our model, Yy is

decreased by the factor (1-kgps,pc).
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Figure 20: Spr electron flow schematic for HRAS model

For Sgr, the HRAS model has been expanded to include a 4" pathway for which the
COD (electrons) entering the cell could flow. A portion of the electrons are used by the cell
for the production of STO (pathway No. 4). The proportionality coefficient kstopc has been
added for the production of storage polymers (Msto/Ms). Y is discounted by the factor (1-
keps,pc — ksto,pc).

This electron scheme can be incorporated into the Peterson matrix by modifying the
stoichiometry for the aerobic growth of heterotrophs to account for the portion of electrons

that are shunted to EPS resulting in:

(1)Sgg + —Xs;.So = Yu(1 — Kepspc)Xono + KepspcXeps (7)
(1S, + —Xs,,S0 = Yu(1 — Kgpspc — Kstopc)Xouo + KepspcXeps + KstopcXsto (8)

We can do a continuity check of the COD based coefficients since

Z COD Based Coef ficients(Reactants) = Z COD Based Coef ficients(Products)
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and solve for x (stoichiometric coefficient for dissolved oxygen So)

Bs= - * - )
Xs (1— Y) * (1 — Kgpspc) (9)

Xy, = (1—Yy) * (1 — Kgpspc — Ksropc) (10)

Substituting Equation (9) into Equation (7) and rearranging maintaining continuity

(=1)Sgs + (-1) (((1— Yu) + (1 - kEPS,PC))) So + Yu(1 — Kgpspc)Xono + KepspcXgps = 0 (11)

and Equation (10) into Equation (8) and rearranging maintaining continuity

(—1)Sgs + (—1)(1—Yy) * (1 — Kgpspc — Ksro,pc)So + Yu(1 — Kepspc — Ksro,pc)Xono +
Keps pcXeps + KstopcXsto = 0 (12)

Using Xono as the reference constituent, Equation (11) can be written as

S S _ (-Yy) keps,pc _
( YH(1—kEPs,PC)) Sps + (=1 ( Yy )SO *+Xono + (1~kgpspc)Yu Xeps =0 (13)

and Equation (12) can be written as

1 1-Y, k
( )SBf + (—1) (( H)) SO + XOHO + EPS,PC XEPS =0 ( 14)

B Yu(1-Keps,pc—Kstopc) Yy (1-Keps,pc—Ksto,pc)Yu

In addition to the stoichiometric modifications two (2) new state variables Xgps (g
CODkps/L) and Xsto (g CODst0/L) have been added to the matrix.

A hydrolysis process (r8) has been added to the HRAS Peterson matrix for the

hydrolysis of Xgps to Sgr. A simple but reliable approach for EPS hydrolysis has been added

to the HRAS model (Table 11); the EPS rate expression is a first order relationship with
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respect to EPS (Xeps) with qeps,nyp as the hydrolysis rate constant(Laspidou & Rittmann,
2002a).

The framework for the storage component of the HRAS model is in the preliminary
development phase. The storage proportionality coefficient kstopc is estimated based on the
kinetic model for the storage product (STO) production phase presented by (Van Aalst-Van
Leeuwen et al., 1997). It is assumed that bacterial biomass consists of two primary
compartments, one for the active biomass and the other for storage products. The active
biomass is capable of reproduction and growth; the storage products are used as storage for
carbon and energy(Roels, 1983). Further evaluation, e.g. STO product consumption, and
validation through a review of previous pilot studies and literature will be required to confirm

which process components and parameters are to be included in the HRAS model.

4.3.4 Flocculation

Experimental results from the HRSD pilot plant (Table 8) reveal that a large fraction
of the effluent COD from the A-stage comprises particulate and colloidal COD. Based on
this data, particulate and colloidal COD removal efficiencies of 25% and 21%, respectively,
were accomplished. This data demonstrates that the assumptions included in the existing
activated sludge models, i.e. that particulate and colloidal COD are instantaneously
enmeshed into the bio- floc, are not accurate.

Proposed modifications to the mathematical model for the HRAS process are shown
in Table 10 (Jimenez, 2002; Jimenez et al., 2005). The model to date incorporates two new
process components; r5 flocculation of colloidal substrate (Cg) and r6 flocculation of

colloidal inerts (Cy). The kinetic rate expression for each process
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K X
15: qaps X Cp X (Xono + Xano) X e X ( - ) (15)
( )"'KSL

— B Keps+Xgps
(XoHo*XaNo)

K X
16: gaps X Cy X (Xono + Xano) X o X ( o ) (16)
( )+KSL

— U Keps+Xgps
(XoHo+XANO)

is a first order rate expression with respect to the colloidal concentration. The kinetic
parameter qaps is the adsorption rate constant and Ksi. is the surface limitation coefficient.
The colloidal substrate (Cg) is flocculated onto the particulate substrate (Xg). The adsorbed
organics are then converted through hydrolysis to the slow fraction of the soluble readily
biodegradable substrate (Sss) which can then be oxidized or stored by the biomass. The inert
colloids (Cu) are flocculated onto the inert particulates (Xu) and removed from the system
through wasting.

The work to-date forms a solid framework for the removal of colloids from a HRAS
system. Additional pilot scale studies will be required to confirm this framework including
the evaluation of the colloidal and particulate COD through the flocculation-removal
mechanism forming Xaps which defines the aggregation (adsorption) of the colloidal and

suspended (particulate) solids onto the microbial floc.

4.3.5 Mathematical Model Calibration
The software used for model simulation is SUMO version 0.9.15.0 developed by

Dynamita SARL Nyons, France. The process consists of influent flow, aeration basin
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(reactor), clarifier (solids separation), return activated sludge flow to the reactor (RAS),
waste activated sludge flow (WAS) and effluent.

The data collected by Jimenez et al. (2013), at varying SRTs and dissolved oxygen
(DO) concentrations, are based on the pilot plant operating parameters summarized in Table
12. The SRT and DO concentration were varied in order to evaluate the effect on the
production of EPS and the subsequent effect in the removal efficacy of particulate and
colloidal organics. A qualitative dataset was generated establishing the relationship between
SRT, EPS production, and particulate COD removal and DO concentration, EPS production

and particulate COD removal.

Table 12 HRAS model calibration, process operating parameters

Influent Flow WAS Flow Reactor RAS Flow Reactor DO
SRT (m*/d) (m*/d) Volume (m?) (m3/d) (mg/)
0.3 5 0.2 0.15 3.75 1.5
0.5 7.5 0.15 0.22 3.75 2.0
1.0 3.75 0.11 0.22 3.75 1.25
1.5 3.75 0.12 0.35 3.75 1.5
2.0 3.75 0.09 0.35 3.75 1.5

The feed source for the pilot was raw influent from the local municipal treatment facility.

The average influent constituent concentrations are summarized in Table 13.
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Table 13 HRAS model influent wastewater constituent concentrations

Symbol Description Value Units
S Soluble undegradable organics 10 g COD.m-3
Sgr Soluble biodegradable organics 60 g COD.m-3
Sgs Slowly biodegradable organics 30 g COD.m-3
Cu Colloidal undegradable organics from the influent 20 g COD.m-3
Cs Colloidal biodegradable organics 40 g COD.m-3
Xu Particulate undegradable organics from the influent 30 g COD.m-3
XB Particulate biodegradable organics 150 gCOD.m-3
Xomnoact Active Ordinary heterotrophic organisms 10 g COD.m-3
Xk Particulate undegradable endogenous products 0 g COD.m-3
Snox Nitrate and nitrite (NO3 + NO2) 0 g N.m-3
SNHx Ammonia (NH4 + NH3) 35 g N.m-3
Sns Soluble biodegradable organic N 5 g N.m-3
XNB Particulate biodegradable organic N 10 g N.m-3
SaLk Alkalinity 6 meq/L
XINORG Inorganic suspended solids 40 g TSS.m-3
XEps Extracellular Polymer Substances 1 g COD.m-3
Xsto Storage Polymer Substances 1 g COD.m-3
pH pH 7 -

The model was calibrated by adjusting the kinetic parameters associated with each process.

Table 14 shows the model parameter values used to generate the model output.
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Table 14 Partial list of parameter values for the mass-balance equations

Symbol Value Unit
Kguyp Saturation coefficient for Xs/Xono 0.03 g XCg.g Xono™
HoHo Maximum growth rate of Xono 7 d!

Kage Half-saturation coefficient for Sg 2 g Spr.m™
Kas Half-saturation coefficient for Sgs 3 g Sps.m?
bono Decay rate for Xomuo 0.62 d!
Ko om0 Half-saturation coefficient for So, 0.1 g Sop.m
Knox Half-saturation coefficient for Snox 0.5 g Snox.m™
KNHx nut Nutrient half-saturation coefficient 0.05 g Snuem?
gaps Rate constant for adsorption 0.08 d!
Ks, Hal.f—se.lturatlon coefficient for surface 0.002 i
limitation
gsto Rate constant for growth on Xsto 2 d!
K Substrate Half-saturation coefficient for 1 S
NHx ANOs £ ONHx.
Keps MAX EPS formation coefficient 0.25 g CODgps.gVSS™!
qEPS,HYD EPS hydrolysis 0.12 d!
Keps Half-saturation coefficient for EPS 100 gXgps.m
qXB,HYD Rate Constant 2.75 d!
Kstonax llz/laximum Production Rate for Storage 058 ¢ Xs10.858¢"
olymers
fsto Fraction of Xsro in Active Biomass 0.2 -
gSTO,HYD Storage Hydrolysis Rate Constant 3 d!
Kstovn Igl%/grolysis Half-saturation coefficient for 015 Xs10.2Xoro!
Ko,eps Half-saturation coefficient for So» 1 g Sop.m
HOHO,SLOW Maximum gl‘OWth rate of Xowno on Ssiow 1.5 d!
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Figure 21 presents the HRAS model output as either a function of SRT, or as a
function of DO concentration. The parameters affected by SRT and DO were ffCOD
removal (Sgr+SgstSi1), and colloidal COD removal. These predictions are compared to the
corresponding experimental data from Jimenez et al., 2002. Overall, the model outputs
capture all the experimental trends.

For the removal of soluble readily biodegradable substrate (Figure 21a,b) the
maximum growth rates used for Sgrand Sgs were 7 d”! and 1.5 d”! respectively. One
challenge that had to be overcome during calibration involved developing the matrix so that
the model would accurately predict results at low DO’s. Initially, the matrix was designed to
hydrolyze the particulate biodegradable substrate (Xg) to Spr. At a maximum growth rate for
St greater than or equal to 3 d”!, the HRAS model over predicted the readily biodegradable
COD removal at low DO but trended well at the higher DO (greater than or equal to 1.0
mg/1). Since Sgris considered to consist of the most biodegradable fraction of the influent
organics (e.g. due to low molecular weights, functional groups that facilitate biodegradation,
compounds with constitutive enzymes corresponding to them, etc.) we expect a high growth
rate. Laspidou et al. (2002a) used a growth rate of 7.5 d"!. In order to lower the removal
efficiency of soluble organics in the HRAS model to those that were observed, the HRAS
matrix was modified so that Xp is hydrolyzed to Sgs. However, this modification alone did
not improve the model accuracy, in fact, it had the opposite effect. This was due to two
factors, one Xg was now hydrolyzing to produce more Sgs and second the utilization of Sgs
was slowed by a switching function preventing Sgs uptake until all the Sgr was utilized. The

solution was to increase the growth rate on Sgrto 7 d! (which was a value that also agreed
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better with Laspidou et al., 2002a) which accelerated the utilization of Sgrand initiated the
uptake of Sgs sooner. The utilization of Sgs was controlled by the maximum growth rate on
Sgs, and this value was adjusted to 1.5 d! so that the simulated removal of soluble COD fit
the data. Using this value and the revised maximum growth rate for Sgf, the HRAS model

results trended well with the experimental data (Figure 21a, b).
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Figure 21: HRAS model calibration results.

Colloidal substrate removal (Figure 21c,d) was calibrated by adjusting the adsorption
rate parameter qaps (0.08 d!) and the surface limitation parameter Ksr(0.002) until the
HRAS model results trended well with the experimental data (Figure 21c¢, d). Future

research includes experiments to further validate these parameter values
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4.4 Conclusions

Simulation of the HRAS system was accomplished by including the kinetics of
flocculation on the overall particulate and colloidal substrate removal process. In addition,
the removal of soluble substrate in an HRAS system was simulated by differentiating the
COD that is non-biodegradable in the HRAS system but biodegradable in longer SRT/HRT
systems. The biosynthesis and hydrolysis/biodegradation of EPS and storage products were
also included. All of the changes made were driven by observed data with the exception of
including storage products.

The following list summarizes the preliminary conclusions based on the work completed

to date:

1. Differentiating Ss into Sgrand Sgs allowed simulation of the difference in the effluent
soluble COD of the HRAS (A stage) effluent versus the higher SRT/HRT B stage.

2. Differentiating colloidal COD from particulate COD allowed better simulation of the
partial removal of this wastewater constituent observed in HRAS and B stage
effluent.

3. The model framework presented in this paper is preliminary and just one approach
that our team is evaluating. Future research efforts will evaluate alternatives, e.g.
single substrate, in order to develop a reliable and efficient HRAS mathematical

model.
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CHAPTER 5
MODELLING OF ORGANIC SUBSTRATE TRANSFORMATION IN THE HIGH-
RATE ACTIVATED SLUDGE PROCESS

Note: The contents of this chapter has been approved for publication in Water Science &
Technology. Thomas M. Nogaj, Andrew A. Randall, Jose A. Jimenez, Imre Takacs, Charles
B. Bott, Mark W. Miller, Sudhir Murthy and Bernhard Wett; Modelling Of Organic Substrate
Transformation In The High-Rate Activated Sludge Process

5.1 Introduction

The high-rate activated sludge (HRAS) process for carbon removal uses high food-to-
microorganism ratios and low solids and hydraulic retention times (SRT and HRT) for the
biological transformation and removal of wastewater organics (COD). When a HRAS system
is the first step in the Adsorption-Bio-oxidation (A/B) process(Bohnke & Diering, 1986), the
general objectives are to maximize the removal of organics through adsorption/absorption
while minimizing the energy input required for treatment and to produce large amounts of
waste sludge that can be converted to biogas by anaerobic digestion (Schulze-Rettmer &
Zuckut, 1998). A key mechanism in the adsorption of colloidal and particulate COD is the
production of extracellular polymeric substances (EPS) produced as part of the aerobic
growth transformation process. It is argued that the production of EPS is essential to sludge
floc formation (Li & Yang, 2007). A key mechanism in the absorption of soluble substrate is
the production of cellular storage products. The literature (Beun et al., 2000; Third et al.,
2003) suggests that the operating environment of HRAS systems, high F/M ratios and low
DO, is conducive to the production of storage products which allows for the redirection of

COD to downstream processes €.g. anaerobic digestion for energy recovery. Hence, accurate
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modelling of this system is of importance to design, control, and optimize the performance of
not only HRAS systems but of the A/B process as a whole.

The modelling of the activated sludge process, particularly the COD transformations,
has significantly evolved towards fundamental principles in the past decades from simple
single-substrate models to more complex multiple-substrate models involving the processes
of oxidation, hydrolysis and storage (Dold et al., 1980; Sin et al., 2005). However, these
models have evolved to describe COD removal in systems operating at long SRT (i.e. > 3
days) where the biodegradable soluble organic substrate (Sg) can be modelled as a single
substrate with a single kinetic expression. However, full-scale and pilot-scale results from
HRAS (Haider et al., 2003; Jimenez, 2002; Miller et al., 2012) show that very low SRT (i.e.
<1 day) may result in a selection of fast growing bacteria, which are only able to biodegrade
the most readily degradable organics in the process conditions of the A-stage (i.e. low SRT
and short contact time). Haider et al. (2003) showed that the inert soluble COD fraction (Su)
in the effluent from a HRAS with an SRT of 0.5 days was always higher than the same COD
fraction from a system with an SRT of 20 days. Hence, they recommended that for
modelling, the Sg fraction of the wastewater should be split into two distinct biodegradable
fractions. In addition, current models assume that flocculation and adsorption of colloidal and
particulate substrate (Cg and X3g) is complete and instantaneous; hence, flocculation can be
ignored in these models (Haider et al., 2003; Jimenez, 2002). However, in HRAS systems
such as those employed in the A/B process, these assumptions with respect to organic
substrate flocculation are no longer applicable (Jimenez et al., 2005) and removal of Xg and

Cg is only partial.
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5.1.1 ASM1 Model

The ASM1 model framework as presented by (Henze et al., 2000) was used as a first
step to simulate the performance of the HRAS system and the results are depicted in Figure
22. In summary, the ASM1 model does not properly predict the removal of organic substrate
at low SRTs. The ASM1 model under predicts the performance of the HRAS system with

respect to effluent soluble COD and does not address the higher effluent colloidal CODs

observed for the HRAS.
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Figure 22: ASM1 Prediction for the HRAS System [Aerobic SRT = 0.25 d, DO = 0.2 mg/L, HRT = 30
min, Umax = 6.0 d-1 ; Ks = 20 mg/L; Ko, = 0.2 mg/L; bu = 0.62 d-1; Yu = 0.67]

This study discusses a modelling approach which evaluates the organic substrate
transformations as it pertains to HRAS systems. This approach uses the Activated Sludge
Model No.1 (ASM1) (Henze et al., 2000) as the initial framework. The original framework
was modified to describe the proper mechanisms required to accurately describe the

performance of the HRAS system.
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5.2 Materials and Methods

Historical operating data from two pilot systems were evaluated to understand the
organic substrate transformation mechanisms in HRAS and used to calibrate and validate the
proposed process model. The data used during this study includes operating data from an A-
stage pilot plant owned and operated by the Hampton Roads Sanitation District (HRSD)
(Miller et al., 2013) and from a HRAS pilot plant operated at the University of New Orleans
(Jimenez et al. unpublished data).

HRSD owns and operates an A/B (adsorption/bio-oxidation) pilot plant located at the
Chesapeake-Elizabeth treatment plant in Virginia Beach, Virginia. The pilot plant consists of
a HRAS reactor for carbon removal followed by a B-stage for nitrogen removal (Figure 23).
Currently, the HRAS A-stage includes three reactors (45 gal per reactor), operated at a 0.2
day SRT and 0.5 hour HRT, and is fed screened and degritted raw municipal wastewater at

4.5 gpm (24.53 m*/d).
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Analyzer

[ S———
B stage
Influent

Astage
Influent

L

Effluent

Air Flow

Ageration tanks

RAS

Figure 23: HRSD A-stage pilot plant configuration
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The dataset used to calibrate the modified models was collected by Jimenez
(unpublished data) and is refered to as the New Orleans (NO) dataset. The SRT and DO
concentration were varied by Jimenez in order to evaluate the effect of these operating
parameters on the production of EPS and the removal of organic substrate, and the same
parameters were varied in the models presented in this paper during calibration using the NO
dataset.

A partial list of the kinetic parameter values established through model calibration is
summarized in Table 49 in Appendix F. The kinetic parameters added represent the
pathways incorporated in the modified models for soluble substrate, EPS production,
adsorption/flocculation and creation of storage polymers.

The New Orleans (NO) is a HRAS pilot plant comprised of the following
components: a rotating screen, an inlet mechanism (30 gal mixing tank), an aeration tank (40
gal), a mechanical flocculator and a secondary clarifier (70 gal) (Figure 24). The unit was
designed for a flow rate of 7.5m?/d (2000gal/d), a hydraulic retention time in the aeration

tank of 30 minutes, and the SRT varied from 0.3 days to 2 days.
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Figure 24: University of New Orleans pilot plant configuration

81



The sampling plan for the NO pilot plant involved collecting grab samples several times
per week. The sampling points include the effluent from the rotary screen (plant influent),
the supernatant and MLSS from the solids contact tank, the return activated sludge and
secondary effluent. Sample were analysed for total COD, filtered COD using a 0.45 micron
Hach No. 300 glass qualitative filter paper, dissolved COD using flocculated samples filtered
using a 0.45 micron Hach No. 300 glass qualitative filter paper, total and volatile suspended
solids. EPS was extracted by using the extraction method developed by Frolund et al. (1995)

and is summarized as follows:

e 300 ml of sludge were transferred to an extraction beaker with baffles and the CER
was added (70g CER/g VS).

e The suspension was stirred for 3 hours at 1000 rpm.

e The extracted EPS were harvested by centrifugation of a sample of the CER-sludge
suspension for 1 minute at 12,000g to remove the CER.

e The supernatant was centrifuged twice for 15 minutes at 12,000g in order to remove
remaining floc components.

e EPS was quantified by measuring the total organic carbon content of the sample by

using an Apollo 9000HS-TOC analyzer fabricated by Tekmar-Dohrmann.

EPS was extracted at least three times per SRT. Triplicate values were averaged.
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Dynamic simulations were run to calibrate and validate the HRAS model framework.
The model was calibrated against the NO dataset based on the removal efficiency of the
soluble (Sg) and colloidal COD and the EPS production rate. These parameters were
evaluated under variable SRT and variable DO (constant SRT) conditions. Model validation
was based on the removal efficiency of the soluble substrate (Sg) using a subset of the HRSD
dataset spanning a 4 week period. Weekly averages were used as input parameters generated

from daily composite samples.

5.3 Modified Model Description
To describe the behavior of the HRAS pilot plants, the ASM1 model was modified to
incorporate non-steady state material balance equations for dual soluble substrate (S, Sgs)
utilization, production of EPS (Xgps), production of storage products (Xsto), and adsorption
of inert and biodegradable colloidal COD (Cyand Cg,). The modifications were also
influenced by the literature (Jimenez, 2002; Laspidou & Rittmann, 2002b; Miller et al.,

2013).

5.3.1 Fate of Soluble Substrate

Conventionally, the method to quantify the non-biodegradable soluble COD from an
activated sludge plant is to operate a laboratory or pilot scale system at an SRT longer than 3
days (Ekama et al., 1986) and use the effluent soluble COD as the non-biodegradable soluble
fraction. However, at the low SRT (and low HRT) of the HRAS system, this method is no
longer valid since there is a fraction of the effluent COD that is biodegradable in the higher

SRT B-stage, but not biodegradable in the A-stage. This led to the establishment of two state
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variables for Sg designated as Sgr(Sg fast) and Sgs (Sg slow). Sgf corresponds to the high
affinity soluble COD that is biodegradable in the HRAS system at low SRT and HRT
(Haider et al., 2003; Pala-Ozkok et al., 2013). The high affinity substrate is defined as the
raw influent SCVFA concentration. To further support this fractionation; in our model Sgr is
removed in the A-stage which is validated by the experimental results from the HRSD A-
stage pilot which shows, on average, 95 percent removal of influent SCVFAs. Sgs is the
lower affinity fraction of the soluble COD that is biodegradable at a slower rate in the HRAS
system and thus only partially biodegraded in the A-stage. Two modified models were
developed. In one model, Sgris biodegraded first, and it is only when Sgr is fully utilized that
biodegradation of Sgs becomes significant. This is analogous to diauxic growth in which one
substrate is biodegraded immediately by constitutive enzymes, and only when the first
substrate runs out are enzymes induced for metabolism of the second substrate. The data does
not show, or disprove, this mechanism, but this model is at least plausible mechanistically.
This is referred to in this study as the Diauxic Model. The second model is a dual substrate
model where Sgrand Sgs are utilized simultaneously with the growth on Sgroccurring at a
higher maximum specific substrate utilization rate than growth on Sgs. This model is referred
to as the Dual Substrate Model in this study. The difference between the two model
frameworks is the addition of an inhibition function in the Diauxic Model (Kg¢#/(Kgf+Sgf))
which applies to heterotrophic growth on Sgs. There are significant differences in the kinetics
between each model with the diauxic model including maximum growth rates and half
saturation coefficients for each soluble substrate fraction. The Dual Substrate Model uses a

single maximum growth rates with specific half saturation coefficients for each fraction.
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Using ASM1 as the template for the development of both models several new state variables
were added to the matrix, a list of the state variables added to both models is shown in Table
15. The stoichiometric and kinetic matrices were also modified with the changes included in

Appendix F. Further details are discussed in the following sections.

Table 15 Partial list of state variables (gCOD.m?)

Symbol Name
Su Soluble non-biodegradable organics
St Rapidly biodegradable soluble organics
SBs Slowly biodegradable soluble organics
Cu Colloidal non-biodegradable organics
Cs Colloidal biodegradable organics
Xu Particulate non-biodegradable organics
XB Particulate biodegradable organics
Xomo Active ordinary heterotrophic organisms
Xe Particulate non-biodegradable endogenous products
Xeps Extracellular polymeric substances
Xsro Intracellular storage polymeric substances

5.3.2 Adsorption of Colloidal COD
For the purpose of this investigation, the particulate COD (pCOD) consists of organic

suspended solids (ssCOD) in the wastewater (pCOD =TCOD + sCOD). The soluble COD
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(sCOD) excluding colloids is the truly soluble organic material in the wastewater and this
was quantified by coagulation/flocculation followed by filtration (i.e. ffCOD) (Mamais et al.,
1993). The sCOD is the sum of the state variables Sgf, Sgs and Su.

In the Diauxic model it must be noted that the growth rates from Sgrand Sgs will
never both be significant at the same time. This is due to the model kinetic equations being
such that Sgs transformations will not be significant until Sgrruns out (i.e. when Sgf < Kgy).

The colloidal substrate is distinguished from suspended material in the HRAS model
since flocculation and enmeshment of colloidal solids may not be complete in low SRT and
HRT HRAS systems. The colloidal fraction is separated into its’ biodegradable fraction (Cg)
and its’ non-biodegradable fraction (Cy) and added as new state variables. The Cg are
enmeshed into Xg via bio-flocculation (see process r5 in Table 47 of the Appendix F) and
when this occurs in the model they become part of the Xg which can subsequently be
hydrolyzed (process r4) to form Sgs. The kinetic rate expression for flocculation is a first-
order rate expression with respect to the colloidal concentration (See Table 48 in Appendix
F). The Cg is flocculated onto the Xg, becoming part of that category of organics. The
adsorbed organics are then converted through hydrolysis to Sgs which can then be oxidized or
converted to EPS or biomass by the microorganisms. The Cy is flocculated onto the Xy and
removed from the system through wasting. The A-stage influent Cy concentration is defined
as the B-stage effluent Cy concentration. Due to flocculation and adsorption in the B-stage,
this definition could result in the model under estimating the influent Cy concentration, just
as current methods for estimating S; for ASM1 and ASM2 type-models may over-estimate Sy

since soluble microbial products are not explicitly accounted for because it is not practical to
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do so. This is the same reason we do not explicitly account for the bio-
flocculative/adsorptive removal of influent Cu.  However, better methods for determining
these COD fractions may be developed in future investigations, with the major difficulty
being developing something still suitable for practical use (as the current method we propose

is), as opposed to methods only possible in a handful of academic labs

5.3.3 EPS Production

Extracellular polymeric substances (EPS) production impacts the bioflocculation
removal efficiency for particulate and colloidal substrate (Jimenez, 2002). The EPS data
produced by Jimenez et al. (unpublished data) was used as calibration data for the models.
This dataset shows a linear correlation between substrate utilization rate and EPS production
and an increase in EPS production with SRT over a range of 0.3 to 2.0 days. In addition, EPS
increased with the DO concentration over the same range of SRT values. Laspidou and
Rittmann (2002a) indicated that the net EPS concentration is a function of the portion of
influent soluble substrate (substrate electron pool) shunted to EPS formation versus the EPS
hydrolysis rate. Hence, the modified models incorporate EPS production as part of the
aerobic growth process on Sgrand Sgs. The proportionality coefficient keps pc (Equation 18)
quantifies the portion of influent electrons shunted to EPS formation. The portion of substrate
electrons that are shunted to EPS formations (kgpspc) are then subtracted from the biomass
yield coefficient Yomno,aEr, i.e. Yono,aer*(1- kepspc)), reducing the electrons available for
biomass synthesis. In the Diauxic model, EPS formation is first driven by Ssr during aerobic
growth. EPS formation on Sgs does not occur until Sgf starts to run out. In contrast, the EPS

formation in the Dual Substrate model occurs simultaneously on both soluble substrate
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fractions. Additional Sgs becomes available through hydrolysis of Xg (Carucci et al., 2001).
The values for kepsmax (maximum EPS production) and Ko gps were estimated using a
nonlinear regression analysis of the EPS production data vs DO concentration data provided
by (Jimenez, 2002). This analysis resulted in an estimated keps max value of 0.25 (g
CODgps/g VSS) and Ko eps value of 1.5 (gS02/m®). The proportionality coefficient kgps, pc is

calculated as shown in Equation 17 and Equation 18.

kEPS,SC — (kElTS,MAX) % <( So, > (17)

icB Ko,EPs+SOZ)

The value kgps sc is the stoichiometric coefficient (SC) normalized to the biomass
concentration (gCODgps/gCODxono). The term icg (1.48 gCODxono/gVSS) is a
stoichiometric conversion factor that converts keps max from units of gCODEgps/gVSS to
gCODEgps/gCODxono. Since EPS is produced as a function of growth rate, and EPS
hydrolysis is first order with respect to the amount of EPS available, EPS increases at very
low SRTs. But as SRT increases a point is reached where the EPS hydrolysis rate exceeds
EPS production, and beyond that point EPS decreases with increasing SRT. For the current

models that occurred at an SRT greater than 2.0 days.

k _ (keps.scXYono,aer)*(1-Kstopc)
EPSPC (1+(kEPS,SC XYOHo,AER))

(18)

5.3.4 Production of Storage Products

Review of the literature suggests that systems operated at low DO concentrations
(<0.9 mg/L; according to Third et al., 2003), typical of a HRAS system, the microbial uptake
of rapidly biodegradable soluble COD (Sg¢) could result in the formation of storage
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polymers. Third et al. (2003) found using acetate as the substrate for COD, the microbial
uptake of acetate and its conversion to storage polymers was strictly oxygen dependent. At
low DO, the flow of electrons was used for acetate uptake and production of storage
polymers. Higher DO supply rates resulted in higher growth rates with the flow of electrons
mainly going to biomass production with approximately 20% of the substrate being oxidized,
independent of the DO concentration. The following expression was added to both the
Diauxic and Dual Substrate models to simulate the flow of electrons to storage as a function

of DO concentration.

S
fsro = (fShunt,max) X <m) (19)

Where fsto represents the fraction of storage products in the active biomass, fshunt,max
represents the maximum flow of electrons as a function of dissolved oxygen concentration
and Ko sto is the half-saturation coefficient for Soo.

The diversion of substrate electrons to storage in the modified models is represented
by the proportionality constant ksto,pc. The portion of electrons that are shunted to ksto,pc
are also subtracted from the biomass yield coefficient Yono,aer, i.€. (Yono,aer*(1- keps,pc—
ksto,pc)), for aerobic growth using Sgrand Sgs, further reducing the electrons available for
biomass synthesis. Storage products are biodegraded in the model when both Sgrand Sgs are

depleted. Xsto is hydrolyzed directly to Sgs and used for aerobic growth in such cases.
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5.4 Results and Discussion
The Diauxic and Dual Substrate models were analyzed using the process simulator
software SUMO version 0.9.15.0 developed by Dynamita (Nyons, France). The experimental
datasets from New Orleans and HRSD were used to calibrate and validate the modified

models.

5.4.1 Model Calibration

The soluble substrate (Sg) removal efficiency for the NO dataset of 70 percent
compared to 69 percent for the Dual Substrate Model and 64 percent for the Diauxic Model
indicates that, although both models were effective in predicting the removal efficiency, the
dual substrate model results were slightly closer to the NO data. Figure 25 presents
calibration curves comparing the Dual Substrate Model results, as a function of SRT and DO,
with the NO experimental data. The model fit the NO data reasonably well.

Colloidal substrate removal was calibrated by adjusting the adsorption rate parameter
qaps (0.07 d!) and the surface limitation parameter Ksi (0.002) until the Dual Substrate
Model results trended well with the experimental date. Ongoing research includes analysis

of independent datasets to validate these parameter values.
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Figure 25: Dual Substrate Model calibration results

5.4.2 Modified Model Validation

The HRSD dataset used for validation spanned a four week period where the pilot
plant had reached steady-state operating conditions. Weekly averages, based on daily
composite samples, were calculated for that period and the data reduced to a format
compatible with the models. Influent values for select state variables are shown in Table 16.
Su, Sgs, Cp and Cy were obtained by comparing the A-stage (low SRT) and B-stage (high
SRT) effluent COD fractions, including 1.5 micron filtration, ffCOD (0.45 micron membrane
filters plus coagulant) and VFAs. Dynamic input data for model validation also included

weekly DO concentrations, and return and waste activated sludge (RAS and WAS) flow.
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Table 16 Influent state variables for model validation

Time Q Su Spr Sgs Cu Cs Xu XB Xono
(week)  (mYd) (g/m’) (gm’) (gm’) (gm) (gm’) (gm’) (g/m?) (g/m?)

1 24.53 28+1.2 53+£2.7 76+£3.0 4+0.5 44+4.5 31+5.5 312434 20+1.0
2 24.53 19+£1.03 50+3.12 89+54 11+£1.5 40+£3.5 38+6.5 278+58.7 20+1.34
3 24.53 19+0.22 51+0.6 89+1.01 10£1.75 324.0& 5343 355+£2.89 40+0.25
4 24.53 27+0.31 48+0.72 83+0.94 2+0.2 53+£7.0 20+1.5 362+13.2 40+0.25

Ranges shown are + one standard deviation.

Dynamic simulations were performed in order to compare the predicted effluent
values with those of the HRSD pilot plant. Figure 26a presents a comparison of the effluent
soluble biodegradable fraction (Sgr+ Sgs) for both the Diauxic and Dual Substrate models.
Based on these results, the Dual Substrate model better predicts the performance of the
HRSD pilot plant, however this may be due to the specific process configuration (especially
HRT) in combination with the specific value of the switching function parameter in the
Diauxic Model. This will be further evaluated in the future. Figure 26b shows the Dual
Substrate Model predicted values for Sgrand Sgs. Based on the definition of the Sgrand Sgs
fractions discussed previously, the model predicts almost full removal of Sgr whereas a
significant part of the Sgs fraction passes through the biological reactor operated at an SRT of
approximately 0.2 days.

The A-stage typically removed 68 to 77% of the influent Sgs with the remainder being

removed in the B-stage. The lower removal efficiencies/higher effluent Sg in the A-stage
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during weeks 1 and 2 can be attributed to lower SRTs (0.086 and 0.126 days respectively)

when compared to weeks 3 and 4 (0.236 and 0.23 days respectively).
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Figure 26: Validation Results for the Diauxic and Dual Substrate models

5.4.3 Effect of Influent Biomass

The HRSD pilot operates at an SRT approaching the washout SRT condition based
on the maximum growth rate for the heterotrophic biomass population. This results in a
biomass population that varies significantly depending on the influent biomass concentration.
Figure 27 shows the effect of influent biomass concentration at various SRT’s on the reactor

biomass concentration. The results show that as the SRT increases above 0.3 d, the biomass
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concentration in the reactor approaches a condition where the influent biomass concentration
no longer determines the reactor biomass concentration. However, at the lower SRT (typical
of the HRSD pilot) the biomass concentration varies significantly depending on the influent
biomass concentration. Therefore, the influent biomass concentration is essential to the
model’s ability to predict the MLVSS and the removal of soluble COD. This is consistent
with the results in Figure 26 where the influent biomass concentration increased for weeks 3

and 4 (Table 16).
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Figure 27: Effect of Influent Biomass Concentration

5.5 Conclusions
A modified ASM1 model was developed to describe the organic substrate
transformation in the high-rate activated sludge (HRAS) process. Data from two HRAS pilot
plants was used to calibrate and to validate the proposed model for HRAS systems. Two
soluble substrate models were evaluated during this study, i.e. the Dual Substrate and the

Diauxic Models. Both models used two state variables for biodegradable soluble substrate
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(Serand Sgs) and a single biomass population. The Dual Substrate model provided better

results than the Diauxic model and therefore it was adopted during this study. Overall,

e The Dual Substrate model described successfully the higher effluent soluble COD
observed in the HRAS systems due to the partial removal of Sgs which is almost
completely removed in higher SRT systems.

e The Dual Substrate Model was able to accurately predict the elevated (compared to
SRT>>1day) effluent soluble COD for the HRSD A-stage.

e The Dual Substrate Model was more accurate than the Diauxic Model with respect to

effluent soluble COD during the validation phase using HRSD A-stage data.
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CHAPTER 6
MATHEMATICAL MODELING OF THE HIGH RATE ACTIVATED SLUDGE
SYSTEM: OPTIMIZING THE COD:N RATIO IN THE PROCESS EFFLUENT

Note: The contents of this chapter will be submitted for publication in Water Research.
Thomas M. Nogaj, Andrew A. Randall, Jose A. Jimenez, Imre Takacs, Charles B. Bott, Mark
W. Miller, Sudhir Murthy and Bernhard Wett; Mathematical Modeling Of The High Rate
Activated Sludge System: Optimizing The COD:N Ratio In The Process Effluent

6.1 Introduction

The industry has shown a considerable amount of interest in alternative approaches to
nitrogen removal; one such approach is partial nitrification, i.e. the oxidation of ammonium
to nitrite (nitrite pathway). This approach is a modification of the conventional process
(Figure 28) where the second step in the nitrification pathway is shunted to the second step of
the denitrification pathway, in other words, the second step of nitrification (Nitratation) and
the first step of denitrification (Denitratation) are eliminated. The elimination of these two
steps is referred to as “Nitrite Shunt”.
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Figure 28: Conventional Nitrogen Removal
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The goal is to eliminate nitrite oxidizing bacteria (NOB) from the reactor while
selecting for ammonia oxidizing bacteria (AOB) (Regmi et al., 2012) . This process is
illustrated Figure 29, where the first step is referred to as the nitritation step and the second is
denitritation. This paper evaluates a mainstream A/B (Adsorption/Bio-oxidation) process
focusing on the performance of the A-stage, specifically, the factors effecting the COD:N
(total COD:TKN) ratio in the A-stage effluent. The advantages of this approach include:

e A reduction in oxygen demand (energy)
e No supplemental carbon source is needed (use COD in the A-stage
effluent)

These advantages would result in lower capital investment as the result of a decrease
in required reactor volumes, and a savings in annual operational costs. Along with the
advantages to this approach there are several operational challenges, the most critical being
able to attain nitritation through NOB suppression. The challenge is to reduce the carbon
passed to the activated sludge reactor to a level that favors the growth of autotrophic
biomass, but also drives the denitritation process by heterotrophic biomass. This would avoid
having to provide an exogenous carbon source, e.g. methanol or acetate, to drive
denitrification. The optimal amount of carbon passed to the activated sludge process is
measured based on the COD:N ratio. The COD:N ratio in the B-stage influent (A-stage
effluent) needed to support nitrogen removal in the B-stage is dependent on the type
treatment provided in the B-stage. More influent COD may be needed due to the control
strategy employed in the B-stage. One strategy used is transient anoxia (Regmi et al., 2014) ,
where the air flow is cycled on/off based on select set points, the COD is needed to drive

down the residual DO concentration in the reactor (when air flow is off) to suppress NOB
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activity. Current research suggests that conventional nitrification/denitrification may require
a COD:N ratio of >9:1 (Grady et al., 2011; Lemaire et al., 2008), nitritation/ anammox may
require a COD:N ratio < 3:1 (Desloover et al., 2011; Jenni et al., 2014), and

nitritation/denitritation a COD:N ratio of 7:1(Lemaire et al., 2008; Regmi et al., 2014).
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Figure 29: Nitrite Shunt

6.2 Materials and Methods
A calibrated process model(Nogaj et al., 2013), using SUMO (developed by
Dynamita, Nyons, France) was used to evaluate the impact of process operating parameters
on the effluent COD:N ratio. The process matrix used for this analysis was developed to
model a HRAS system (Nogaj et al., 2013). The process configuration is shown in Figure

30.

98



influent!

fiow combiner! CHRS Chion? Effivent’
: % i
Sede flow drvider!

e’

(ot

Figure 30: HRAS Process Configuration in SUMO

Historical operating data from two pilot systems were used to understand the effect of
varying specific HRAS operating parameters on the soluble substrate removal and
bioflocculation mechanisms in the HRAS model. The data used during this study includes
operating data from an A-stage pilot plant owned and operated by the Hampton Roads
Sanitation District (HRSD) (Miller et al., 2013) and from a HRAS pilot plant operated by
the University of New Orleans (Jimenez, 2014).

The HRAS model process matrix subdivided the readily biodegradable fraction into
Ser (VFAs) and Sgs (the same as ASM2 F-rbCOD). Biodegradable non-soluble COD is
subdivided into particulate COD (Xcop) and colloidal (Cg). The HRAS model also includes
storage of soluble biodegradable substrate, hydrolysis and oxidation.

The stoichiometry for the aerobic growth of heterotrophic biomass on both Sgrand
Sgs shunts influent electrons (COD), not just for growth and maintenance, but also for the
production of extracellular polymeric substances (Xgps) and cellular storage products (Xsto).
The rate of bioflocculation is a function of the concentration of colloidal substrate, the total

active biomass and EPS in the reactor.
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6.3 Results and Discussion

One of the benefits of nitrite shunt is the lower operating costs associated with the
reduction in COD required to complete the denitrification process. Lemaire et al. (2008)
demonstrated this concept by adjusting the influent readily biodegradable COD (rbCOD)
concentration feeding a single lab scale SBR providing biological nutrient removal. They
found that by reducing the influent tbCOD concentration; the NOy™ (nitrite + nitrate) started
to accumulate in the effluent apparently caused by incomplete denitrification due to lack of
COD supply. They found that the COD:N ratio required for conventional nitrification
(active nitrate pathway) was approximately 9:1, whereas, when the system was operating via
the nitrite pathway the COD:N ratio was around 7:1. These results support the reduced COD
requirement for nitrite shunt. The relatively high COD:N ratio reported by Lemaire et al.
(2008) may be due to the specificity of the wastewater treated (i.e., high levels of slowly
biodegradable particulate COD and non-biodegradable COD). Also, additional nutrient
removal (biological P) was achieved in their experiments.

The significance of the colloidal fraction of COD cannot be ignored when modeling
HRAS systems. The removal efficiency of the colloidal fraction of COD is a function of the
active biomass and EPS concentrations in the reactor; both of which are a function of the
SRT. Longer SRTs (= 0.5 days) result in an increase in active biomass and EPS
concentrations in the reactor, resulting in an increase in Cg removal efficiency. Regmi et al.
(2014) hypothesized that the type and quantity of COD is important in inducing and
maintaining NOB suppression and AOB activity. A rise in the soluble COD fraction in the

HRAS effluent would result in a larger portion of the influent COD being rapidly removal
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downstream, making less COD available for denitritation. The ideal effluent from the HRAS
system would consist primarily of colloidal COD. Colloidal COD can be better managed
downstream in the B-stage due the slower kinetics associated with hydrolysis.

The International Water Association (IWA) task group on mathematical modeling for
design and operation of biological wastewater treatment processes has introduced activated-
sludge models ASM No. 1, 2, 2D, and 3 (Henze et al., 2000). ASM1, which targets the
removal of carbon and nitrogen, assumes a two-step process for the removal of slowly
biodegradable substrate (primarily particulate substrate and colloidal substrate):
instantaneous enmeshment and hydrolysis of particulate and colloidal substrate followed by
oxidation of soluble biodegradable substrate. Flocculation plays a major role in the removal
of particulate and colloidal COD and many operational parameters such as SRT, DO and
HRT can affect their removal in the activated sludge process (Jimenez et al., 2005, 2007).
The HRAS model includes mechanisms for the removal of the colloidal fraction of COD
through the bioflocculation transformation process. Depending on how the HRAS process is
operated the removal efficiency of the colloidal fraction of COD can have a significant
impact on the TCOD in the reactor effluent, which impacts the colloidal COD fraction of the
COD:N ratio received downstream.

A number of HRAS model (Nogaj et al., 2013) simulations were run in order to
determine the effect of varying on the A-stage operating parameters on the effluent COD:N
ratio. The model predictions for Sg removal, EPS production, Cg removal and storage
products (Xsto) were compared to support the model results. These results are based on the

New Orleans data set which has an influent COD:N(TKN) ratio of 8.5:1.
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It is important to keep in mind, the COD:N ratio in the influent to the B-stage is only
one of the criteria used for the out selection of NOBs, additional parameters include low SRT
and intermittent aeration. The focus of this paper is on the operational factors effecting the

COD:N ratio in the A-stage effluent.

6.3.1 Variable SRT

Preliminary results using the HRAS model at variable SRT (DO > 1 mg/l) are shown
Figure 31. The results (Figure 31a) show that the COD:N(TKN) ratio decreases as the SRT
increases from 0.3 days to 2 days. The most significant reduction occurs between 0.5 and 1.5
days which correlates well with the production of EPS (Figure 31c¢), the removal of the
colloidal fraction of the influent COD, and the increase in active biomass (MLVSS)

concentration (Figure 31d) in the reactor.
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Figure 31: Effect of variable SRT on A-stage effluent COD:N ratios (a), TCOD fractions (b), EPS
production (c) and active biomass concentration (d) (HRAS model), St = Su + Sst + Sss where Su is the
inert fraction.

The total COD fractions are shown in Figure 31b. At the lower SRTs the total COD
consists primarily of colloidal and particulate COD (> 65 %), which, correlates well with the
lower EPS production rate and active biomass concentration. These results suggest that
operating at low SRTs and a DO > 1.0 mg/l, would increase the COD:N ratio to a value
adequate to support the B-stage nitritation/denitritation process. In addition, the composition
of the total COD in the A-stage effluent, has the highest percentage of colloidal COD, would

be more suitable for the nitritation process (Regmi et al., 2013).
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6.3.2 Variable Dissolved Oxygen

The effect of variable DO concentration in the reactor was evaluated at an SRT of 1.5
days and 0.13 days. The lower SRT (0.13 days) is more representative of the HRSD data set.
Figure 32 shows COD:N ratios at variable DO for an SRT of 1.5 days. The results suggest
that at lower DO’s the COD:N ratio would be adequate to support a downstream nitritation
process. This would largely be due to the lower removal efficiency of colloidal and
particulate COD, although the soluble biodegradable COD concentration also increases at
low SRTs (data not shown). Again, the higher percentage of colloidal and particulate COD
correlates well with the EPS production rate and active biomass concentrations. Based on
the literature these results would suggest that an adequate COD:N ratio would result at the
lower DO concentrations with the total COD composition that would be ideal to support the
nitritation process. At higher DO concentrations (> 1.0 mg/L) COD:N ratios are less than 3
suggesting that an insufficient amount of COD would be available; a supplemental source of

carbon would be required.
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Figure 32: Effect of variable DO on A —stage effluent COD:N ratios (a), TCOD fractions (b), EPS
production (c) and active biomass concentration (d) at SRT = 1.5 days (HRAS Model), St = Su + Sst + Sss
where Su is the inert fraction.

Figure 33 shows COD:N ratios at variable DO’s for an SRT of 0.13 days. The results
suggest (Figure 33a) that the variable DO has minimal effect on the COD:N ratio at the lower
SRT. The COD:N ratios are adequate to support downstream nitritation independent of the
operating DO in the reactor. In addition, the soluble COD fraction is significantly higher;
this would be attributed to the reduced removal efficiency of soluble substrate at these
operating conditions supported by the very low EPS production (Figure 33c) and active

biomass concentration (Figure 33d) in the reactor.
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Figure 33: Effect of variable DO on effluent COD:N ratios (a), TCOD fractions (b), EPS production (c)
and active biomass concentration (d) at SRT = 0.13 days (HRAS Model), St = Su + Ssr + Sps where Sy is
the inert fraction.

6.3.3 Effect of Storage

The HRAS model shunts a portion of the influent electrons to the formation of
cellular storage products. At low DOs and SRT the HRAS model predicts soluble substrate
removal as the accumulation of storage products (Xsto) in the cells (Third et al., 2003),
which shunts electrons away from the production of EPS. Colloidal COD removal efficiency
is a function of the EPS concentration in the reactor, hence lower EPS production rates result
in a lower Cp removal efficiencies. As a result, the colloidal COD would account for a
larger fraction of the effluent TCOD, as seen in Figure 31, Figure 32, and Figure 33.

For variable SRT and DO > 1.0 mg/L (i.e. Figure 34a), the model predicted a St
removal efficiency of 60% at an SRT of 0.3 days. However, colloidal removals are low, and
Figure 33c indicates that at low SRT, EPS production is very low, regardless of the DO level.
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From Figure 34a it can be seen that the Sg removal efficiency may be attributed to an
increase in Xsto which shunts electrons away from growth(Figure 31d) and EPS
production(Figure 31c) resulting in reduced Cg removal efficiency. Even more significant is
the effect of low DO (Figure 34b) which shows significant Xsto production as the DO
decreases. In addition, we see low active biomass (Figure 32d) and EPS concentrations

(Figure 32c) along with low Cg removal efficiencies.
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Figure 34: Comparison of the effect of variable SRT and DO on COD removal in the HRAS model (a)
variable SRT DO >1.0, (b) variable DO at SRT = 1.5 d. Influent TCOD= 301 mg/L
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6.3.4 Temperature Effect on the COD:N Ratio

The effect of temperature was evaluated by running each of the above simulations at

20, 15 and 10 degrees Celsius. The results are summarized in Figure 35. As would be

expected the COD:N ratio increases with a decrease in temperature. The variation is more

significant at the lower SRT and DO concentration. The results show that temperature does

not have a significant effect on A-stage effluent COD:N ratios.
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Figure 35: Effect of Temperature on COD:N ratio at (a) variable SRT, (b) SRT = 1.5 d and variable DO

6.3.5 Optimal HRAS Operating Parameters

The results presented to this point suggest that there would be a set of optimal

operating parameters that would stabilize the A-stage effluent and consistently produce an

effluent with a suitable COD:N for the type nitrogen removal process downstream. Figure

36 is a comparison of COD:N ratios at varying SRT and DO concentrations for the New

Orleans data set having an influent COD:N ratio of 8.5. The results suggest an SRT in the

range of 0.25 to 0.5 days would reliably produce an effluent COD:N ratio at or above 3.0,

independent of the DO concentration (Figure 36a). At and SRT > 0.5 days the DO
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concentration can significantly reduce the COD:N ratio due to heterotrophic biomass growth
(Figure 36b,d). The soluble substrate removal at the lower SRTs (<0.25 d) can be more
attributed the production of storage products than biomass growth, with an increase in Xsrto
at the lower DO (Figure 36¢). The specific OUR (SOUR) data (Figure 36d) shows lower
SOUR values at lower DO’s which is consistent with the predicted increase in Xsro.
Assimilation of soluble substrate and conversion to Xsto shunts electrons away from EPS
production which results in lower colloidal COD removal (Figure 36e,f). As a result, the

colloidal fraction of the TCOD in the effluent would increase as the SRT and DO decrease.
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Figure 36: Comparison of COD:N ratios at constant SRT and variable DO, TCOD = 361 mg/L(), Influent
COD:N ratio = 8.5:1 (HRAS model)

The results shown in Figure 36a suggest that the COD:N ratio would increase rapidly
at very low SRTs. However, as the ratio approaches a threshold value, i.e., the influent
COD:N ratio, the A-stage is no longer providing any operational value. Based on these
model results the A-stage would begin to approach this threshold at an SRT at or below 0.2

days.
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The effect of higher influent TCOD (TCOD = 600 mg/L, influent COD:N ratio of
15:1), which is representative of the HRSD data set, is shown in Figure 37. The increased
influent TCOD generated higher COD:N ratios similar to the values seen by Lemaire et al.

(2008) especially at SRTs < 0.25d (Figure 37a).
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Figure 37: Comparison of COD:N ratios at constant SRT and variable DO, TCOD = 600 mg/L, influent
COD:N = 15:1 (HRAS model)
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Regmi et al. (2014) operated an A/B pilot to evaluate control strategies for
mainstream nitritation/denitritation. The pilot was operated using intermittent aeration
without oxidized nitrogen recycle and supplemental carbon addition. They used a novel
aeration strategy based on set-points for reactor ammonia, nitrite and nitrate concentration
having the goal of maintaining equal effluent ammonia and nitrite + nitrate (NOx)
concentrations. In addition, unique operational and process control strategies were
developed to facilitate the out-selection of NOB including optimizing the influent COD,
imposing transient anoxia, operating at an aggressive SRT towards AOB washout and high
DO (> 1.5 mg/L). An A-stage effluent COD:N ratio of 7:1 was used to support the B-stage
nitritation/denitritation. The model results from Figure 37 suggest that the A-stage pilot
would have to operate at an SRT at or less than 0.25 d, independent of the reactor DO
concentration, to produce an effluent with a COD:N ratio of 7:1.

A monthly average summary of the last 10 months of A-stage effluent COD: N ratios
are shown in Figure 38 (influent COD:N= 13:1). The pilot consistently produced an effluent
with a suitable COD:N ratio, at an SRT at or below 0.25 d, to support the downstream
nitritation/denitritation process. Also, Figure 38 includes the HRAS model results for this

period which show that COD:N ratios predicted by the model trend well with the pilot data.
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Figure 38: Comparison of A-stage effluent COD:N ratio

The average A-stage effluent TCOD fractions for this period are shown in Figure 39.
A comparison of the results support that the predicted results from the HRAS model trends
well with the HRSD pilot data. The majority of COD in the A-stage effluent is in the

particulate and colloidal form consistent with the model results for low SRT and DO.
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Figure 39: Comparison of TCOD fractions between the pilot data and the HRAS model
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6.4 Conclusion
By using a model that integrates the kinetics of flocculation of the particulate and
colloidal fractions of the influent COD in a HRAS process, the mechanisms for removal
including enmeshment and bioflocculation can be added to the process matrix to accurately
simulate the COD fractions in the effluent COD:N ratio. Based on the results of the model

the findings are summarized as follows:

e A low SRT (<0.25 d) insures high effluent substrates (Sg and Cg), and elevated
COD:N ratios consistent with NOB out-selection downstream.

e Temperature did not have a significant impact on the effluent TCOD:N ratio.

e Atlow SRTs (<0.25 d) the COD:N ratio was not significantly affected by the DO
concentration.

e The HRAS model was able to predict the measured higher fraction of Cg in the A-
stage effluent at lower SRTs and DO concentrations.

e To achieve the benefits of operating an A-stage process, while maintaining an
effluent COD:N ratio suitable for a downstream nitritation/denitritation process, an

A-stage SRT in the range of 0.1 to 0.25 d should be maintained.

This will assist in developing control strategies that optimize the performance of the HRAS

system to produce an effluent that supports the downstream nitrogen removal process.
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CHAPTER 7
USING A STOICHIOMETRIC MASS BALANCE APPROACH TO IDENTIFY
SOLUBLE SUBSTRATE REMOVAL PATHWAYS IN THE HIGH RATE
ACTIVATED SLUDGE PROCESS

Note: The contents of this chapter will be submitted for publication in Water Science &
Technology. Thomas M. Nogaj, Andrew A. Randall, Jose A. Jimenez, Imre Takacs, Charles
B. Bott, Mark W. Miller, Sudhir Murthy and Bernhard Wett; Using a Stoichiometric Mass
Balance Approach To Identify A-stage Soluble Substrate Removal Pathways.

7.1 Introduction

A-stage activated sludge systems are operated at low solids retention times (SRT),
low hydraulic retention times (HRT) and low residual dissolves oxygen concentrations. The
objective is the removal of soluble substrate and adsorption while minimizing oxidation of
the organic carbon. The mechanisms for organic removal include bioflocculation of the
particulate and colloidal fraction of the influent COD and intracellular storage of the soluble
COD fractions of the influent COD (Beun et al., 2000; Carucci et al., 2001; Third et al.,
2003). Research has shown that the bioflocculation of the colloidal COD fraction is a
function of the amount of extracellular polymeric substances (EPS) produced by the bacterial
cells (Jimenez et al., 2005). Past models assume instantaneous enmeshment whereas the data
from Jimenez (2002) shows that this assumption may not be valid for A-stage systems with
SRTs lower than 2 days.

Research has also shown that under certain operating conditions (low DO, high F:-M
ratio) the low DO limits biomass growth and most of the available DO is used by the

bacterial cells to transport the soluble substrate into the cell(Third et al., 2003). This allows
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the cells to preserve reducing power from influent chemical oxygen demand (COD) by using
intracellular storage products such as poly-B-hydroxybutyrate (PHB) (Third et al., 2003).
These soluble substrate removal pathways have been incorporated into an A-stage
mathematical model (Nogaj et al., 2013) as illustrated in Figure 40. Although the current
research supports the likelihood of the production of storage products in A-stage systems,
this conclusion remains speculative due to the paucity of storage product data for A-stage
systems.

Given that the A-stage operates a low SRT’s (<1 d) this can affect the amount of
substrate used for energy production and that used for synthesis. Considering the observed
yield as a function of SRT based on Equation 20, the observed yield would decrease as the

SRT increases (Grady et al., 2011).

(1+fp*by*SRT)*Yy
Y == 20
OBS 1+by*SRT (20)

Yu = True growth yield (gCOD/gCOD)

bu = Decay coefficient for heterotrophs (time™)

fp = Fraction of active biomass contributing to biomass debris

SRT = Solids Retention Time (time™)

This is because longer SRT’s provide greater opportunity for biomass decay requiring
a greater need for maintenance energy. Shunting more carbon and electrons to CO2 and H2O
leaves less carbon and electrons available for synthesis of new biomass and other removal
mechanisms. At the lower SRT less maintenance energy is required (lower CO> production)
leaving more electrons available for the formation of other bioproducts.

This study utilized two data sets; one based on an A/B pilot configuration at Hampton

Roads Sanitation District (HRSD) (Miller et al., 2012) and the second dataset from the
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University of New Orleans (NO) (Jimenez, 2002). Neither of these datasets included
laboratory results on the production of PHAs and/or glycogen and only the NO dataset
included EPS data. A stoichiometric procedure was developed based on mass balances to
determine the most likely fate influent organic, i.e. mineralization to CO2 and H>O,

biosynthesis, EPS, and storage products.

7.2 Objective
This paper will present an analysis using stoichiometry to determine the bio-products
formed from soluble substrate removal in an A-stage reactor operating at low SRT (<1 day),
low HRT (20 min), high F:M ratio (19 gCOD/gMLVSS.d), and no measurable DO (0 .2
mg/L), providing pretreatment for a mainstream nitrogen removal activated sludge process.
The results will be used to develop the process components and stoichiometric parameters to

be used in the HRAS model.

7.3 Materials and Methods
Historical operating data from two pilot systems were evaluated to understand the
organic substrate transformation mechanisms in A-stage systems and used to calibrate and
validate the proposed process model. The data used during this study includes operating data
from an A-stage (low SRT (SRT <1 day), HRT of 0.5 hrs) pilot plant owned and operated by
the Hampton Roads Sanitation District (HRSD) (Miller et al., 2013) and from a (low SRT
(SRT <2 day), HRT of 0.5 hrs) A-stage pilot plant operated at the University of New Orleans

(Jimenez et al. unpublished data(Jimenez, 2002)).
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The data set used from the HRSD pilot included the off-gas data collected from the
A-stage which consisted of three A-stage reactors in series. These reactors were covered to
collect the off-gas and analyzed using a Servomex Model 1440 gas analyzer. Data was
collected at 10 second intervals included %CO2, %0O; and the standard airflow rates. By
comparing this data to the ambient air concentrations, the change in CO: and O2
concentrations in the off-gas were calculated. The change in CO: represented the CO»
production rate (CO2_PR) while the change in O» concentration represented the oxygen
utilization rate (OUR).

The dataset used to calibrate the model was collected by Jimenez (unpublished data)
and is refered to as the New Orleans (NO) dataset. The SRT and DO concentration were
varied by Jimenez in order to evaluate the effect of these operating parameters on the
production of EPS and the removal of organic substrate including colloids, and the same
parameters were varied in the A-stage model referenced in this paper during calibration using
the NO dataset. The process matrix used for this analysis was developed to model an A-
stage system (Nogaj et al., 2013). The soluble substrate partitioning (Rittmann & McCarty,
2001) pathways incorporated into the model process configuration are shown in Figure 40.
This process matrix (Table 17 and Table 18) includes mechanisms for flocculation or
enmeshment of particulate and colloidal substrate, hydrolysis, and oxidation and storage of
soluble biodegradable substrate. Extracellular Polymer Substance (EPS) production impacts
the bioflocculation removal efficiency for particulate and colloidal substrate (Jimenez et al.,
2005). This model includes mechanisms to predict the production of EPS associated with the

aerobic growth of heterotrophic biomass. The low SRT (SRT < 1 day for the HRSD dataset
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and an SRT < 2 days for the NO dataset) and no measurable DO (DO < 1.0 mg/L for the
HRSD dataset and 1.0 mg/L < DO < 2.0 mg/L for the NO dataset) conditions in the A-stage
reactor promote the formation of intracellular storage products. As such, a process
component was added to the A-stage matrix to predict the formation of storage products.
This pathway proved to be significant in closing the COD mass balances around the pilot
reactors.

The process matrix develop by Nogaj et al. (2013) (Table 17) to describe the
performance of an HRAS system established two state variables for soluble biodegradable
substrate designated as Spr(Ss fast) and Sgs (S slow). Sgris the soluble COD that is rapidly
biodegradable in the A-stage. Sgs is the slowly biodegradable soluble COD that is partially
degraded in the HRAS system and also in the B stage. In the A-stage model Sgris

biodegraded first, and it is only when Sgr runs out that biodegradation of Sgs becomes

significant.

Biomass Growth

Soluble
Substrate

S

XGHO,ACT

-

- Formation of Storage

N . Products
\ Oxidation
Energy (CO,, X*
and H,0) 2,

Figure 40: HRAS Model substrate partitioning pathways (for electron and carbon flow)
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Each pathway is defined by a substrate partitioning coefficient with feps representing
EPS production, fs representing biosynthesis, fs representing the formation of storage

products and f. representing energy (conversion to CO2 and H>O, mineralization).
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Table 17 Partial Peterson matrix processes and stoichiometric coefficients for the HRAS model

Name Sgf Sgs Cs Cu Xs Xu  XoHO, ACT XEPs Xsto

Aerobic growth of Xonos — -1/ (YOHO,AER*( 1 'kEPS,PC' kEPS,PC/ (YOHO,AER*( 1- ksro/(Yomo arr *(1-
rl 1

Fast kstopc)) Kgps pc-Ksro,pc)) Kgps pc-Ksro,pc))

) Aerobic growth of Xonos — -1/ (YOHO,AER*( 1 'kEPs,PC' 1 kEPS,PC/ (YOHO,AER*( 1- kgro/ (YOHO,AER*( 1-

r

Slow ksrorc) Kgps pc)) Kgps pc-Ksto.pc))
13 Decay of heterotrophs I-fy -1

Hydrolysis of entrapped
4 1 -1
organics

flocculation of colloidal
r5 -1 1
substrate

flocculation of colloidal -1 1
r6
inerts

Hydrolysis of storage
17 1 -1

products

r8 EPS hydrolysis 1 -1
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Table 18 Partial Peterson matrix process rate equations for the HRAS model

Name

Rate expression (r;)

rl

r2a

r2b

r3

r4

5

r6

17

r8

Aerobic growth of heterotrophs - Fast
Aecrobic growth of heterotrophs - Slow
Aerobic growth of heterotrophs - Slow

Decay of heterotrophs

Hydrolysis of entrapped organics

flocculation of colloidal substrate
flocculation of colloidal inerts
Hydrolysis of storage products

EPS hydrolysis

Moo Max“(Sp/ (KptSpe) *(S02/ (Ko, 010 TS02)) *(Sxin (Kt nuHSnid) *Xomo

Moo Max*(Sps/(Kgs+Sp)) *(Kg i/ (Kpt-Spp) *(S02/(Koa 010 S 02)) * (St (K mut tSxind)) *Xomo

Hom0,max* (S (K tSp:)) *(S02/(Koz,010™S02)) *(Snin/ (K nut P Snmx)) *Xomo

boro*Xomo.act

qXB,HYD*((XB/ Xono)/ (KB,HYD+XB/ Xono))*((Soy/ (K02,OHO+S02))+T]HYD*(K02,OHO/ (K02,OHO+SOZ)) *(Snox’(Knox™Snox)))
*Xomo

Aaps*Cp™ (XonotXano) *(Ksr/(Cp/(XonotX ano) TKsp) *(Xeps/(Kepst X eps))

Aaps*Cu*(Xono X ano) *Ks/(Cu/(Xonot Xano)HKs ) *(Xeps/(KepstXgps))

stonyp*(Xsro/Xono/ (Ksto nyptXsto/Xono)) *(Kay (KptSpp) *(Kpy/ (K tSp:) *(S02/(Koz 010 02)) *Xomo

qePAHYD *XEPS

r2a corresponds to the Diauxic model, r2b corresponds to the Dual Substrate model
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7.4 COD Mass Balance
One of the most important concepts in evaluating the validity of any experimental
dataset is the mass balance. HRSD collected off-gas data from the HRAS system measuring
the oxygen and carbon dioxide concentrations. This data was used to calculate the oxygen
utilization rate (OUR) and CO; production rate (CO>_PR) in the aerated reactors. The
oxygen concentrations in both the off-gas and ambient air are calculated using the form of

the ideal gas law shown in Equation 21 (Cooper & Alley, 2011).

Copm*MW g, %1073

0,Conc (%) = Ty (21)

Cppm = Oxygen concentration in parts per million (v/v)
MWo2 = molecular weight of oxygen (32 g/mol)

Ry= 0.08208 atm-m3/kg-mole-K

T = Temperature °K

P = atmospheric pressure (1 atm)

The oxygen uptake rate (OUR) and the carbon dioxide production rate (CO2_PR) are
calculated based on the oxygen (O2) and carbon dioxide (CO2) concentrations in the reactor
off-gas and ambient air containing 20.95 percent Oz and 0.04 percent CO> using Equation 22

and Equation 31 respectively.

OUR(%) = ((Ambient O, — Of f Gas 0,) * (Air Flow * 60))/( Tanks Aerated « Vprg)  (22)
Ambient O = Oxygen concentration in the ambient air (mg/L)
Off-Gas O = Oxygen concentration in the reactor off-gas (mg/L)
Air Flow = Air flow rate to the reactors (standard liters per minute (SLPM))
Tanks Aerated = Number of tanks aerated in the pilot configuration
V_RTR = Volume of each reactor (L)
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Using the HRSD dataset from September 2013 to January 2014, daily COD mass balances

were calculated using Equation 23 (Melcer & Foundation, 2003).

Q «COD s = Q x CODggf + qy * Xygs * fcy + OUR * V gpp + 24 — 4.57 x Syo * Q (23)

Q= Influent flowrate

qw = waste activated sludge flow

Xvss = Reactor volatile suspended solids concentration
fcv = COD/VSS ratio (1.48 g COD/g VSS)

OUR = oxygen utilization rate

Vagr = Aerated reactor volume

Sxo = Effluent nitrate concentration

The average COD percent recovery for this period is 99.79 % + 1.25% (Figure 41).

140%
130%
120% -

110%

100% — =

90% e -

COD Mass Balance

BO%
70%

60%
8/24/2013 9/13/2013 10/3/2013 10/23/2013 11/12/2013 12/2/2013 12/22/2013

= Calculated Mass Balance  =====Target

Figure 41: Calculated COD mass balances based on off-gas data
It was found that approximately 80 % of the COD mass balances calculated were <

100% (averaging 92%), suggesting that a portion of the COD leaving the system is
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unaccounted for. Based on the biodegradable soluble substrate removal pathways identified
in Figure 40, the one pathway that is not considered in the mass balance calculation is the
formation of storage products. The COD removed through this would leave the system as
effluent suspended solids or waste activated sludge. This would suggest that the solids
COD/VSS ratio of 1.48 gCOD/gVSS does not take into account intracellular storage which
would result in under predicting the COD being removed as suspended solids from the
system. Evaluating the fraction of the dataset with COD mass balances less than 100% and
applying Equation 24 resulted in an adjusted VSS/COD ratio of 1.86 is needed to close the

mass balances.

Q*CODInf+4-.57*SNO*Q—Q*CODEff—OUR*VAER*Z‘l-

_ 24
f CV_Actual qw*Xyss ( )

Using fcv Actal, the target Xsto (gCOD/d) needed to close COD mass balances shown in

Figure 41, were calculated using Equation 25

Xsro rarget = (@w * WASyss) * (fev actuat — fev) (25)

7.5 Stoichiometry
In a dynamic model of a conventional aerobic system (SRT >3 days, DO > 2 mg/L)
the stoichiometry is typically represented by Equation 26.

Carbon source + energy source + electron acceptor + nutrients — biomass +CO2+ reduced acceptor +
end products (26)

In this system electrons are typically shunted along two pathways, either mineralization (fc)
or biosynthesis (fs). Alternative pathways do not need to be modeled i.e. bioflocculation or

the formation of storage products, since the SRT (>3 days) and HRT (> 4 hours) of these
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system are long enough to allow for the development of a flocculated biomass (colloidal
COD removal) and utilization of storage products. This type of system can being analyzed
using the half reactions approach with the observed oxygen consumption as input for fe.
With an A-stage model the system operates at low SRT (< 1 day), low HRT (0.5 hrs), and no
measurable DO, in this system alternative pathways may play a more significant role in
modelling substrate removal making the evaluation of this system more complex and
dynamic.

In the A-stage model, the primary removal mechanisms for colloidal COD is
sequential and involves adsorption (facilitated by EPS), hydrolysis, and consumption for one
of the four processes shown in Figure 40. The literature supports the production of
extracellular polymeric substances (EPS) (Laspidou & Rittmann, 2002a; Ni, Zeng, et al.,
2009)which aid in the adsorption mechanism and formation of storage products (Beun et al.,
2002; Krishna & Van Loosdrecht, 1999; Ni & Yu, 2008; Third et al., 2003) which occur
under high food/microorganism (F/M) ratios and low DO environments. These removal

mechanisms can be represented by Equation 27.

Carbon source + energy source + electron acceptor + nutrients — biomass + EPS + STO +CO2+ reduced

acceptor + end products
(27)

To solve the stoichiometry in Equation 27 a computer based solution was develop,
this method is referred as the substrate partitioning model. This method uses observed
substrate utilization data and a calculated CO2:O; ratio as input to a numerical solver (Excel

Solver) with a series of applied constraints to generate a solution for the stoichiometric
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coefficients and substrate partitioning fractions representing each substrate removal pathway.
Since the substrate partitioning model is used to solve the A-stage stoichiometry represented
in Equation 27, the half reaction model was modified to reflect the A-stage stoichiometry
with the partitioning fractions from the substrate partitioning model as input to valid the

results.

7.5.1 Half Reaction Approach

The generally accepted half reaction approach, in the absence of significant soluble
microbial product formation, consists of two pathways for electrons and carbon; one for
energy the other for biomass synthesis. These types of reactions consist of three half
reactions: one for cell material (R¢), one for an electron donor (R4, organic substrate for
heterotrophic growth), and one for the electron acceptor (Ra, oxygen in an aerobic
environment). The overall stoichiometric equation (R) is the sum of the half reactions

(McCarty, 1975).

R=R;—f.*R,— f; *R, (28)

In order for Equation 28 to balance all the electrons originally in the donor must end up in

either the electron acceptor or biomass:

fetfi=1 (29)
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To validate this hypothesis, the stoichiometry incorporating each pathway was
evaluated using the CO,:0z ratio as the observed parameter calculated from the off-gas data.
McCarty (1975) was able to demonstrate that for suspended growth systems, the fraction of
electrons going to mineralization (energy, f.) increases as the sludge age (SRT) increases.
This supports the hypothesis that the A-stage systems, operating at low sludge ages would
shunt a higher fraction of the available electrons to the synthesis of new biomass (f5). Using
the half reaction approach, McCarty (1975) showed that, using domestic wastewater (Table
19) as the electron donor and oxygen as the electron acceptor, the production of CO; would
decrease and the consumption of Oz would also decrease as electrons are shunted away from
energy production towards biosynthesis (Figure 42). Using the CO»:0; ratio as an indicator
as to the distribution of electrons, and Table 19 stoichiometry, if all the electrons are
transported to the electron acceptor the CO,:0z ratio would be 1.1 (Figure 42). As electrons
are shunted away from energy production (f. }) to synthesis of new biomass (f T) the
CO07:0; ratio decreases. This is due to the CO2 produced decreasing at faster rate than the

decrease of oxygen consumption.
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Figure 42: Rate of change in the CO2:0: ratio as electrons are shunted away from fe and towards fs.
Using domeastic wastewater (Sss) as the electron donor (Table 19).

The stoichiometric molar ratio of CO2:0Ox is equivalent to the ratio of the CO; production rate

(CO2_PR) to the oxygen utilization rate (OUR) (Equation 30).

50_022(5) — dooz/ dt _ CO2 PR (30)
Using the HRSD off-gas data, the concentration for CO produced can be determined

from the calculated CO2_PR and the concentration of Oz consumed can be determined from

the calculated OUR.. Equation 31 was used to calculate the CO; production rate (CO,_PR).

CO,_PR = ((Off Gas CO, — Ambient CO,) * (Air Flow x 60))/( Tanks Aerated xV_RTR) (31)
CO2_PR = CO2 production rate (mg/L-hr)

Ambient CO, = Carbon dioxide concentration in the ambient air (mg/L)
Off-Gas CO2 = Carbon dioxide concentration in the reactor off-gas (mg/L)

Air Flow = Air flow rate to the reactors (SLPM)
Tanks Aerated = Number of tanks aerated in the pilot configuration
V_RTR = Volume of each reactor (L)
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This approach was used to establish baseline CO,:O> ratios for varying A-stage
operating conditions as well as to validate the stoichiometric coefficients determined from

the substrate partitioning approach discussed in the next section.

7.5.2 Substrate Partitioning Approach
To account for significant product formation including the production of EPS and the
formation of storage products (STO) Equation 28 was modified to incorporate each end

product (Equation 32):

R=Ry—fexRy— fs*R.— feps * Reeps — [sro * Resto (32)

To balance this equation:

fet[s+fepstfseo=1 (33)
In an attempt to predict the performance of the HRAS system including all four

pathways shown in Figure 40, a modified approach was taken to partition the substrate

represented stoichiometrically by Equation 34.

aa(CNcsHm*NcsOn*Ncsz*Ncs + a0, + bNH; - CCnegHganeg Orsneg Noangg

ACNpp, Hesngp, Ousngp, Nosngp, + €Cngpy Hxsngp, Oyengp, Nzengp, T FH20 +gC0;)  (34)

This is the basic equation used, NH3 will show up as either a reaction product (b = negative)

or reactant (b= positive) depending on the balanced constraint equations. The stoichiometric

coefficients for CO2 (g) and O2 (a) are calculated form observed values as describe earlier for

the CO2_PR and OUR respectively. The subscript Ncs represents the electron donor, Ncg

biomass synthesis; the equation includes the production of two bio-products, Ngpi

representing EPS production and Ngp2 the formation of STO.
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The experimental dataset are based on aggregate samples representing the
performance of the A-stage pilot. The stoichiometry used for the slow fraction of the readily
biodegradable soluble substrate (Sgs) is shown on Table 19. The stoichiometry shown for
substrate, biomass, and EPS were obtained from McCarty (1975), the stoichiometry for STO,
considered to be PHB for this study, was obtain from Dawes (1988) and Van Aalst-Van
Leeuwen et al. (1997). Sgs was calculated from observed data using ffCOD — VFA-Sy (B-

stage effluent sSCOD). This means Sg;s is equivalent to F-rbCOD from ASM2d.

Table 19 Stoichiometry for the slow fraction (Sss) of the readily biodegradable soluble substrate (i.e.
equivalent to F-rbCOD from ASM2d)

Substrate Biomass EPS STO

Element (Ncs) (NcB) (NBpr1) (NBr2)
C Ncs 10 | NcB 5 | Ngpi 16 | Ngp2 4
H m*Ncs 19 | q*Ncs 7 | t*Ngpi 24 | x*Ngp2 6
0] n*Ncs 3 | r*Ncs 2 | u*Ngpy 5 | y*Ngp2 2
N p*Ncs 1 | s*Ncs 1 | v*Ngpi 4 | z*Ngps 0
MW 201 113 352 86
COD Mass Eq! 1.99 1.42 1.5 1.67
m 19| q 14|t 1.5 | x 1.5
n 03 |r 4lu 3l |y .5
p 0.1 s 21V 25|z 0

! COD Mass equivalents (gCOD/gSubstrate)

Ser was equal to the observed VFA values and its’ stoichiometry is represented by the
stoichiometry shown in Table 20 with acetate as the electron donor. The biomass formula
was obtained from Rittmann and McCarty (2001) for biomass growth using acetate and

ammonia in an aerobic environment.
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Table 20 Stoichiometry for the fast fraction (Ssr) of the readily biodegradable soluble substrate

Substrate Biomass EPS STO
Element (Ncs) (NcB) (Nzr1) (Nsr2)
C Ncs 2 | Ncs 7 | Ngpi 16 | Ngp2 4
H m*Ncs 4 | q*Ncs 12 | t*Ngp 24 | x*Ngp2 6
O n*Ncs 2 | r*Ncg 4 | u*Ngp; 5 | y*Nap 2
N p*Ncs 0 | s*Ncs 1 | v¥Ngp 4 | z*Ngp2 0
MW 60 174 352 86
COD Mass Eq! 1.07 1.33 1.5 1.67
m 21q 14|t 1.5 | x 1.5
n l|r 04 |u 031 |y 0.5
p 0]s 02 |v 025 ]|z 0

' COD Mass equivalents (gCOD/gSubstrate)

The literature suggests that EPS consists of varying combinations of proteins and
polysaccharides (Bala Subramanian et al., 2010; Frolund et al., 1996; Ni, Fang, et al., 2009;
Park & Novak, 2007). However, protein is produced at a higher rate by a factor of 3 (Park &
Novak, 2007). As such, the stoichiometric analysis for both fractions (Sgrand Sgs) were
made with EPS (Ngp1) represented as a protein with the empirical formula C16H2405N4
(McCarty, 1975).

The degrees of reduction (NCEES, 2011), which are the electrons available per unit
of carbon was determined for the substrate, biomass, and both bio-products. This was used
for developing the carbon, nitrogen, hydrogen, oxygen, electron, and energy balances (Table
21). This information was then input into excel solver to generate the COD based
stoichiometric coefficients for oxygen consumption, biomass production (fs), EPS production

(feps), and storage product (expressed as PHB) formation (fstw).
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Table 21 Summary of equations used in the Substrate Partitioning Approach (NCEES, 2011)

Degrees of reduction - Available electrons per unit of carbon, a high degree of reduction denotes a low
degree of oxidation
e’/unit of
. e’/unit of carbon carbon
DR Equations Acetate Domestic
WW
DRcs 4+m-2n-3p 4 5
DRcs 4+q-2r-3s 4 4
DRgpy 4+t-2u -3v 4.125 4.125
DRgp2 4+x-2y-3z 4.5 4.5
Excel Solver — Objective Function
5o Balance Equations Value
Balance
Electron ¢DRgNcg + dDRpp Ngp, + eDRgp, Ngp, — aaDR;N.s + 4a 0
Excel Solver - Constraints
Cal‘bon CNCB + dNBP1 + eNsz + g - aaNCS 0
NitrOgen CSNCB + vaBPl + eZNBPZ - aapNCS - b 0
Hydrogen cqNcp + dtNgp, + exNgp, + 2f —aamN¢g —3b —h 0
OXygen CTNCB + duNBpl + eyNsz + f + Zg - aanNCS - 2(1 0
Energy! Qo * (¢DRgN¢g + dDRgp Ngp, + eDRpp,Ngp, — aaDRsN,s + 4a) 0
Determination of Stoichiometric Coefficients (Sgrand Sgs)
aa(observed S
substrate B-Removed
removed) COD Mass Eq x MW %1000
a (oxygen OUR * Vol,,, * 24
consumed, (0, Consumed)s, = — (0, Consumed)
F Bf
dual substrate)
g (CO, CO,_PR xVoly,, * 24
produced) (CO, Produced)s, = F e —(Co, Produced)ssf

! Q, Heat evolved per unit equivalent of available electrons = 26.9 kcal/mole O, consumed

For the purposes of this study the CO»:0; ratio was a key parameter used to match the
observed data to the model simulation and to understand the shunting of electrons along the
different pathways. In developing this ratio, the HRSD pilot dataset used for this study
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presented specific challenges. Given that the pilot plant is a continuous flow system, the
experimental results represent an aggregate sample of all the biochemical reactions occurring
in the reactor. No additional experiments were conducted to determine the contribution of
each readily biodegradable soluble substrate fraction (Sgrand Sgs) to the aggregate oxygen
utilization rate (OUR_Sys) or the aggregate CO> production rate (CO2_PR_Sys). For the
purpose of this study, in an attempt to match the Xsto target Value (Equation 25)), an iterative
approach (Figure 43) was used to select a CO:O; ratio for the Sgr fraction which best
represented the contribution of the Sgr fraction to the system OUR (Table 50 in Appendix G).
Subtracting the Sgr OUR and CO>_PR values from the aggregate values resulted in the target
OUR and CO;_PR values for the Sgs fraction. Using these values the target CO2:0; ratio
was calculated for the Sgs fraction. The target CO2:O- ratio along with the initial Sgs removed
were input into the substrate partitioning model and the contribution of Sgs to the aggregate
OUR_Sys and CO>_PR_Sys and the substrate partitioning fractions were determined (Figure

44).
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HRSD Dataset

See Appendix Start
Table A1 S

A

/ C€02:02 Increment = 0.025 /

>
A

Set molar concentration of
soluble substrate = SBf_Rem

Set initial value of
C€02:02 ratio = 1.40

>

Run Solver
OF : Electron Balance
Constraints
C'arbon Balance Results Dataset Sg;
::'::_’gzr:‘%a;f;:‘i . Stoichiometric Coefficients
gxygin Balatnce- e  COD based O, consumption
Energy Balance . Substrate Partitioning
coefficients for fs feps,fsto
Molar Coefficients
Biomass >0
EPS>0
STO>0

/ €02:02 ratio = CO2:02 ratio +inc /

False IF
€02:02 ratio > 1.95
False
Move Next < IF
Record End of Recordset

True

Figure 43: Procedure for determining stoichiometric coefficients for Sgr at varying CO2:0: ratios using
the stoichiometry shown in Table 20.
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Initialize Parameters

Results Dataset

MGl hind Mas Sui_Rem Select SBf Set Coefficients Calculate
Coefficients for OUR_Sys €0,:0, Sue_0,_Mass OUR_Sa¢
S CO;_PR_Sys ratio Se_CO,_Mass CO;_PR_Sgs
» XSTO_target 'y
A4
Calcilots SBETagRts Calcuaite SBs Target C0O2:02 ratio
CURCSES ~ DUR. Sys~ OURISHS €02:02 = CO2_PR_SBS/OUR_S8s
CO2_PR_SBs =C0O2_PR_Sys~CO2_PR_SBf A e =

C€02:02

Target ratio

Initial
SBs_Rem

S5B8s_Rem Increment =
000005

Run Solver
OF : Electron Balance
Constraints
Carbon Balance
Nitrogen Balance
Hydrogen Balance
Oxygen Balance
Energy Balance
Molar Coefficients
Biomass >0
EPS >0
STO>0

Results Dataset Sy,
True . Stoichiometric Coefficients
. COD based 0, consumption
. Substrate Partitioning
coefficlents for fs,feps,fsto

False

If Calcualted OUR (QUR_CV)
Is within + 10% of target OUR
(OUR_SBs)

False

Does
XSTC_target = XSTO_Calc

Figure 44: Procedure for determining stoichiometric coefficients for Sgs using the stoichiometry shown in
Table 19
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7.6 Results and Discussion:

7.6.1 Dataset Analysis

7.6.1.1 Single Substrate

Figure 45 shows the observed CO,:0; ratios for the pilot. Three dashed lines are
superimposed over the pilot data. The upper line shows the predicted CO,:0; ratio assuming
the influent COD removed was metabolized like acetic acid (Table 20) and that f; = 0. This
gives a maximum CO>:0; boundary, and it can be seen that the observed CO»:0; ratios do
not exceed it significantly. In contrast, 35% of the observed CO1:0O; ratios exceed the
boundary if the COD removed is quantified like domestic wastewater (Table 19)

stoichiometry. The lowest line uses Table 19 stoichiometry with f; = 0.63.

1800 -

CO2:02 Ratio (g/g)
.

Q200
Bf14/2013 9731013 9232013 101312013 1142203 11/23/3M3 if132m3 1/1/3m4

CO2:02 Ratio [8/g) - Criergy WWW[fe=1.0)
- Energy Ac [fe=1.0) wxenns CHO Growih WW [fs=0.63, TEPS=015TO=0)

Figure 45: Comparison of off-gas CO2:0: ratio to stoichiometric substrate partition fractions based on
single substrate using stoichiometry defined in Table 19 and Table 20.
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7.6.1.2 Mixed Substrate

Using the observed VFA (COD) removal and the stoichiometry of Table 20 (all
treated as acetic acid) it was possible to calculate the oxygen consumption and CO>
production resulting. The O and CO; changes were then subtracted from the aggregate
OURs and CO>_PR observed. The remaining OURs and CO>_PRs were due to non-VFA
COD removed (i.e. Influent Sgs plus hydrolyzed colloidal and particulate COD). In this way
it was possible to input the non-VFA driven OUR and CO>_PR into the Table 19
stoichiometry to back-calculate the quantity of Sgs biodegraded. In addition, by using the
stoichiometry form Table 19 and Table 20, it was possible to calculate the corresponding

biomass, storage product (all treated as PHB) and EPS production.
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Figure 46: Composite substrate partition fractions based on combined Sgpr (acetic acid) and Sgs (domestic
wastewater) stoichiometry

The results in Figure 46 show a consistent portion of the electrons being shunted to
biomass synthesis (fs) over the entire dataset. The results suggest that the shunting of

electrons to feps and fio 1s significate over the entire range. Consistently a higher fraction of
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electrons are shunted to fs as opposed to feps. The results support the hypothesis that when
operating an A-stage system at high F:M ratios and low SRT with no measurable DO that
formation of storage products is possible which could account for the unidentified COD lost
in the mass balance. In addition, the results also suggest that the four mechanisms
incorporated into the A-stage model should effectively simulate the performance of this type
of system. The variation in the partitioning coefficients could be due to specific operating
parameters and conditions in the system, i.e. F:M ratio, SRT, temperature, DO. Further
investigation would be required to determine the specific effect of any one or combination of
the parameters, as well as, others not yet identified.

A summary of the stoichiometric yield coefficients generated for the study period
using combined Sgrand Sgs stoichiometry (i.e. combined Table 19 and Table 20

stoichiometry) are summarized in Table 22.

Table 22 Average aggregate COD based stoichiometric yield coefficients based on combined
stoichiometry

Substrate f; (gCOD/gCOD) feps fsto (gCOD/gCOD)
(gCOD/gCOD)
SBsys 0.27 0.085 0.27

The results in Table 22 show that, based on the experimental constraints for OUR and
C0.:02 ratio, a significant portion of the readily biodegradable COD entering the reactor
could be proportioned to one of the bio-products as either biomass synthesis (f;), EPS
production (fgps), or formation of STO (fsto). The average stoichiometric maximum yield
for biomass (YonoMax = fs/(1-feps — fst0)) ,for the system (Spr+Sgs), was 0.47 (gCOD/gCOD).

Using the revised solids COD/VSS ratio, determined from the COD mass balances, the
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calculated Y obs would be 0.32 (gVSS/gCODsg); this value is comparable to the observed
value of 0.4 (gVSS/gCODsg). A comparison of the Xsrto calculated from stoichiometry and
the COD mass balance showed that 38% of the data points were within £10 % and better
than 60% were within + 30%. This suggests that the stoichiometric approach supports the
speculative hypothesis that in an A-stage system, the unaccounted for COD in the mass

balances could be attributed to the formation of storage products.

7.7 Aggregate Stoichiometric Results
The calibration of the HRAS (A-stage) dynamic computer model using the NO
dataset generated the results shown in Figure 47 for the proportionality coefficients for EPS
production (keps,pc, equivalent to feps) and the formation of storage products (ksrto,pc,

equivalent to fsto).
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Figure 47: Substrate Partitioning coefficients keps.pc (feps) and ksrto,pc (fsto) generated from the A-stage
model at variable SRT and DO (SRT=1.5 days).

The results in Figure 47 suggest that as the SRT decreases, while maintaining a DO
>1.0 mg/1, the ksto,pc (fsto) would increase slightly at an SRT > 1.0 d and that kgps pc

(feprs)would remain relatively constant. Dissolved Oxygen appears to have an inverse effect
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with ksrto pc increasing with decreasing DO and kgps pc decreasing even at an SRT of 1.5
days. The average aggregate feps (keps,pc )and fswo (ksto,pc )values generated
stoichiometrically (0.085 gCOD/gCOD, 0.27 gCOD/gCOD respectively) for the HRSD pilot
operating at a low SRT (< 2 days) and low DO (<0.2 mg/L), are consistent with the NO pilot
being operated at very low SRT (average 0.08 days) and low DO (average 0.10 mg/L).
Operating at a low DO and SRT would suggest increased production of storage products and
a decrease in the production of EPS. Steinbuchel (1996) has shown that oxygen limitation

induces PHA biosynthesis.

7.8 Conclusions
The COD mass balance data and a stoichiometric approach are were consistent with
the speculative hypothesis that storage products with significant associated oxygen demand
were a significant part a A-stage COD removal. An independent dynamic computer model
also implied that storage products should be significant at low DO concentrations. Future
work should quantify storage products, EPS, and methane production potential of the waste

activated sludge to better understand and optimize A-stage systems.
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CHAPTER 8
CONCLUSIONS AND FUTURE RESEARCH

The purpose of this research was to simulate the performance of an HRAS (A-stage)
system and simulate the probable mechanisms affecting the removal of soluble and
particulate COD. Once these mechanisms were identified from the literature and pilot data,
the objective was to develop a mathematical model framework that could effectively simulate
the performance of this type of system. The task of developing the nitrogen removal model

is being completed by other members of the research team.

8.1 Conclusions

1. It was observed that to effectively model an A-stage activated sludge system that the
influent readily biodegradable soluble COD (rbCOD) must be subdivided into two
fractions. One fraction (Sgr) representing the rapidly utilized fraction of the readily
biodegradable COD which for this research were the volatile fatty acids (VFA) in the
influent. The second fraction or slow fraction (Sss) represented the remaining readily
biodegradable COD which was only partially removed in the A-stage. This division
of tbCOD into two state variables allowed the model to correctly simulate the higher
effluent sCOD observed in the A-stage relative to the B-stage effluent sCOD.

2. Colloidal COD was observed to pass through the A-stage to the B-stage, indicating
that enmeshment and hydrolysis of colloidal COD is not complete as assumed in
current models (ASM1). This led to the addition of a new process component to the
A-stage model matrix for flocculation. The reaction is represented by a first order

reaction with respect to colloidal substrate concentration.
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3. It was determined from review of the literature and analysis of the NO data that EPS
production, which is essential for flocculation of colloidal COD, is a function of
microbial growth on soluble substrate. EPS (Xgps) production is defined in the A-
stage model matrix as an end product of aerobic growth for both fast and slow
fractions of the tbCOD. The adjustment of kinetic parameters (Kgps, qeps,nyp, Ko,eps)
and the relevant stoichiometric coefficient (keps,max) during the model calibration
phase result in the model agreeing well with the NO dataset.

4. The calibration process simulated NO data best when the storage pathway was
significant. Removal efficiencies for soluble substrate fractions and EPS production,
were best simulated over the range of SRT (0.3 to 2 days) when storage product
formation was significant. Preliminary calibration results eliminating this pathway
did not capture the experimental trends as accurately as when the storage pathway
was included. This affect was also observed during model validation using the
HRSD dataset.

5. It was also observed that the model had difficulty simulating the HRAS performance
when the influent biomass concentration was not considered. The results of the
model simulation show that as the SRT increases above 0.3 d, the biomass
concentration in the reactor approaches a condition where the influent biomass
concentration no longer determines the reactor biomass concentration. However, at
the lower SRT (typical of the HRSD pilot) the biomass concentration varies

significantly depending on the influent biomass concentration. Therefore, the influent
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biomass concentration is essential to the model’s ability to predict the MLVSS and
the removal of soluble COD.

. It was observed that a low SRT (<0.25 d) typical of an A-stage activated sludge
system can produce high effluent substrate concentrations (Sg and Cg), and elevated
effluent COD:N ratios which support NOB out-selection downstream since COD
helps drive the creation of anoxic conditions (transient anoxia). It was also observed
that temperature and DO did not have a significant impact on the effluent COD:N
ratio at low SRTs (< 0.25 d). The A-stage model was able to predict the measured
higher fraction of Cg in the A-stage effluent at these low SRTs and DO
concentrations. To achieve the benefits of operating an A-stage process, while
maintaining an effluent COD:N ratio suitable for a downstream
nitritation/denitritation processes, an A-stage SRT in the range of 0.1 to 0.25 d should
be maintained. The model was able to accurately simulate the elevated effluent
colloidal COD and COD:N ratio by adding a process equation for flocculation of
colloidal substrate (see also conclusion 2).

The calculated COD mass balance using off-gas data suggests that, for better than 80
percent of the sampling events evaluated, a significant fraction of the COD 1is
unaccounted for (mass balance <100%). The consistent negative bias made it
unlikely that the low COD mass balances were due to analytical error. To complete
the mass balances, the COD in the solids fraction leaving the system was recalculated
to be 1.86 gCOD/gVSS rather than the 1.48 gCOD/gVSS which is used for

conventional systems. An independent stoichiometric analysis was also evaluated
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and it also implied that there was probably significant storage product formation.
However, this hypothesis is speculative and future studies need to evaluate the role of

storage products in A-stage systems.

8.2 Recommendations for Future Research

Future work should quantify storage products, EPS, and methane production potential
of the waste activated sludge to better understand and optimize A-stage systems.
It was observed during the calibration/validation effort that the results were highly sensitive
to changes in several parameters. Substrate consumption was controlled by varying the half
saturation coefficients (Kgrand Kgs). Similar values were used (Kgr =20 and Kgs = 40) for
calibration and validation. The validation process is highly sensitive to the DO half
saturation coefficient where a significantly lower value (Ko,ono = 0.02) was used as
compared to the default value of 0.10 used for calibration. In addition, the formation of
storage products had a significant effect on the A-stage models ability to simulate the
removal of soluble substrate (Sgrand Sgs) for both validation and calibration. Future work
should include a sensitivity analysis to identify the extent to which specific parameters affect
the accuracy of the A-stage model. Future work should also determine if Sgr is preferentially

biodegradable relative to Sgs.
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APPENDIX A: STOICHIOMETRY SAMPLE CALCULATIONS
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Chapter 4: Calculate the oxygen utilization rate (OUR) from the off-gas in mg/L-hr
1. Calculate the oxygen concentration in both the off-gas and ambient air used for
aeration.

Cppm * MW, * 1073
R,T
u /P

myg
0,Conc (T) =

Cppm = Oxygen concentration in parts per million (v/v)
MWo2 = molecular weight og oxygen (32 g/mol)

Ry= 0.08208 atm-m*/kg-mole-K

T = Temperature °K

P = atmospheric pressure (1 atm)

a. Using an off-gas oxygen concentration of 19.47% or Cppm = 194,700 ppm v/v

mg) 194700 32 1073

0,Conc (T = 0.08208+ 293/,

= 259 mg/L

b. Using an ambient air oxygen concentration of 20.95% or Cppm = 209,500 ppm
v/v

mg) 209500 * 32 %107°

0,Conc (T = 008208+293;

=279 mg/L
c. Using these values calculate the OUR

OUR( ) = ((Ambient O, — Off Gas 0,)
* (Air Flow * 60))/( Tanks Aerated * V_RTR)

Air Flow = 82 SLPM @ 25°C, 66 SLPM @ 20°C
V_RTR = Reactor Volume @Three reactors 170L each
Tanks Aerated =2

d. OUR(:EE) = (279 — 259) * (66 * 60))/(2 * 170) =233 mg/L-hr

2. Calculate the Carbon Dioxide concentration in both the off gas and ambient air used

for aeration.
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3.

Cppm * MWCOZ * 10_3
R,T
u /P

mg
CO,Conc (T) =

Cppm = Carbon Dioxide concentration in parts per million (v/v)
MWco2 = molecular weight og oxygen (44 g/mol)

Ry= 0.08208 atm-m3/kg-mole-K

T = Temperature °K

P = atmospheric pressure (1 atm)

Using an off-gas Carbon Dioxide concentration of 1.05% or Cypm = 10,500 pm
v/v

CO.C mgy 10,500 * 44 * 1073
2-onc (_) ~ 0.08208 * 293/1 .

=19 mg/L

. Using an ambient air Carbon Dioxide concentration of .04% or Cppm = 400

ppm v/v

mg 400 * 44 x 1073
) = 0.73 mg/L

CO,Conc (T = 0.08208 = 293/,

Using these values calculate the CO» production rate CO>_PR

CO,_PR = ((Off Gas CO, — Ambient CO,)
* (Air Flow * 60))/( Tanks Aerated * V_RTR)

Air Flow = 82 SLPM @ 25°C, 66 SLPM @ 20°C
V_RTR = Reactor Volume @three reactors 170 L each
Tanks Aerated = 2

CO,(2) = ((19 —.73) % (66 * 60))/(2 * 170) =213 mg/L-hr

The Observed ratio of Carbon Dioxide produced to oxygen consumed would be:

CO, CO, PR 213 _ 0 91gco2
0, OUR 233 77 go,
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4. Calculate the COD mass balance
a. Using the following mass balance equation to represent the HRAS system.
Q * CODyyr = Q * CODggr + qu * Xyss * foy + OUR * Vagg * 24
—4.57 xSyo * Q

COD_Inf = Q*CODinr = Total mass of COD in the influent (gCOD/m?)
COD_Eff = Q*CODgs = Total mass of COD in the Effluent (gCOD/m?)
COD_WAS = qw * Xvss * fcy = Mass of COD in the waste activated sludge
(gCOD/m?)

COD_OUR = OUR * Vagr * 24 = Mass of COD removed through
mineralization (gCOD/m?)

COD N =4.57 * Syo * Q = Oxygen utilized for nitrification, assumed to be
zero for the HRAS system.

b. Calculate the COD percent recovery using the following parameter values:
Q =24.53 m*/d, qw = 0.87 m*/d, CODj»¢ = 520 gCOD/m’
CODefr = 204 gCOD/m?, WAS_TSS = 4733 gTSS/m?
VSS fraction = 0.74, fcv = 1.48 gCOD/gVSS
Volume = 0.17 m?, No. of reactors aerated = 2

OUR =225 g/m*-hr

COD Inf=24.53 * 520 = 12,756 gCOD/m?
COD _Eff=(24.53 - 0.87) * 204 = 4,827 gCOD/m>
COD WAS = (0.87* 4733* (0.74*1.48) = 4510 gCOD/m?

COD_OUR = ((0.17 * 2) * 225 * 24) = 1,836 gCOD/m’
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COD_Eff + COD_WAS + COD_OUR — COD_N)
COD_Inf

COD % Recovery =

4,827 + 4,510 + 1,836 — 0
COD % Recovery = 1775 * 100 = 87.6%

c. Calculate the revised fcv required to close the COD mass balance.

Q * CODInf + 4.57 * SNO * Q - Q * CODEff — OUR = VAER * 24

qQw * Xyss

fev—Actual =

i 12,756+ 0 — 4,828 — 1,836 _
CV—Actual = 0.87 * 4733 % 0.74 -

d. Estimated production of storage product (Xsto) based on the revised fcv.
Xsto = CODwas * (fCVactyal — fCV)

Xsto = 4510 (2.0 — 1.48) = 2,345 gCOD/m3
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APPENDIX B:
HRAS MODEL FRAMEWORK - DUAL SUBSTRATE
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Table 23 HRAS model framework

i

Symbol

Name

Su

SBI

SBS

Cs

Xu

Xz

Xomo,
ACT

Xano

Xe

Soz

Snox

SNHx

Xnp

SALK

S N2

Xinor

Xkps

Xsro

rl

Aerobic growth of
heterotrophs - Fast

1/(Yono,aE
r*(1-
Kgps pc-

ksro.pc))

'( 1 'YOI IO,AER)
/(YOI IO,AER)

-IN,XB

. s
=IN,XB" ICharge SNHx

l(EI‘S,I"C/(YOI-[O‘AER*
(1 'kEPS,PC'

ksropc))

ksto,pc/(Yomo.aer
*(1-Kgps pc-

kstopc))

r2

Aerobic growth of
heterotrophs -
Slow

/(Y ono.aer*(
1-Kgps pc-
kstopc))

'( 1 'YOI IO,AER)
/(YOHO,AER)

-IN,XB

. s
=IN,XB" ICharge SNHx

kEPS,PC/(YOI IO,/\ER*
(1 'kEPS,PC'

ksropc))

kST(),PC/ (YOI 10,AER
*( 1 'kEPS,PC'

ksrorc))

r3

Anoxic growth of
heterotrophs -Fast

1/Yono,an
ox

(1-

Yono.anox)/(inosn2™

YOHO,ANOX)

-INXB

-(1-
Yono anox)/(inos N2 * Yoro,anox) ¥ iChare
cﬁSNOx‘lN,XB*lChu|'gc7$NHx

(1-
Yoro anox)/(inosn2*Yo
HO,ANOX)

r4

Anoxic growth of
heterotrophs -Slow

-1 /YOHO,ANOX

-(1-

YOHO,ANOX)/(iNOB,NZ*

YOHO.ANOX)

-IN,XB

_(1_
YOHO,ANOX)/(iNOE,NZ* YOHO,ANOX)*iChurg
e SNOX'LN,XB*LCharge SNHx

(-
YOHO,ANOX)/( iNO},NZ* YO
HO,ANOX)

r5

Aerobic growth of
autotrophs

-(_iCOD7N03 = YANO)
/Yano

1/Yano

-l.N‘XB-
1/Yano

(inxat1/Yano) *icharge snixt(1/Yano)

*iCharge SNOx

ré

Decay of
heterotrophs

-y

Ju

INXB~
fi U*lN,xu

r7

Decay of
autotrophs

LAy

Ju

iNXB-
Sutinxu

r8

Ammonification of
soluble organic
nitrogen

ICharge SNHx

r9

Hydrolysis of
entrapped
organics

10

rl0

Hydrolysis of
entrapped organic
nitrogen

11

rll

flocculation of
colloidal substrate

12

ri2

Hydrolysis of
storage products

13

rl3

Enmeshment
/storage of Sxp

14

rl4

EPS hydrolysis

Elemental
composition

COD

icop NO3

0

icop N2

N

iNXB

INXB

inxU

1

1

1

Charge

iCharge SNOx

ICharge SN
Hx

0
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Xowo,

Xinor

j Symbol Name Su Skt Sas Cs | Xy Xp er Xano Xg So2 SNox SNHx Sne Xng SALK Sn2 p Xeps Xsro
1 rl Aerobic growthof | |} 5767,73 0 0 0 0 1 0 0 -0.492537313 0 -0.086 0 0 -0.006142857 0 0 0.070422535 0.015787473
heterotrophs - Fast 2
Aerobic growth of B
2 2 heterotrophs - 0 0 | s787a7320 | O 0 0 1 0 0 -0.492537313 0 -0.086 0 0 -0.006142857 0 0 0.070422535 0.015787473
Slowr 578747
3 3 Anoxic growth of 0 | 1.8518518 0 0 0 0 1 0 0 0 0298148148 -0.086 0 0 0.015153439 0.298148148 0 0 0
heterotrophs -Fast 52
Anoxic growth of -
4 rd heterofraphs -Slow | © 0 o 0 0 1 0 0 0 0.298148148 -0.086 0 0 0.015153439 0.298148148 0 0 0
5 rs5 Aerobic growthof | 0 0 0 0 0 0 1 0 -18.04761905 4.166666667 425266 | 0 0 -0.601380952 0 0 0 0
autotrophs
6667
6 16 Decay of 0 0 0 0 0 | 092 -1 0 0.08 0 0 0 0 0.0812 0 0 0 0 0
heterotrophs
7 7 Decay of 0 0 0 0 0 | 092 0 -1 0.08 0 0 0 0 0.0812 0 0 0 0 0
autotrophs
Ammonification of
8 r$ soluble organic 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0.071428571 0 0 0 0
nitrogen
Hydrolysis of
9 r9 entrapped 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0
organics
Hydrolysis of
10 rl0 entrapped organic 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0
nitrogen
11 ril flocculation of 0 0 0 -1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
colloidal substrate
12 ri2 Hydrolysis of 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1
storage products
13 r13 enmeshment/stora | 0 0 0 0 0 0 0 0 0 0 0 -1 1 0 0 0 0 0
ge of Snp
14 rl4 EPS hydrolysis 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0
Elemental
composition
COD 1 1 1 1 1 1 1 1 1 -1 4.57 0 0 0 0 -1.714285714 0 1 1
N 0 0 0 0 0 0 | 0086 | 008 | 0.06 0 1 1 1 1 0 1 0 0 0
Charge 0 0 0 0 0 0 0 0 0 0 -0.071 0.071 0 0 -1 0 0 0 0
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Table 24 HRAS model framework rate expressions

j Symbol Name Rate expression (rj) rj value
k * k
1 rl Aerobic growth of heterotrophs - Fast il otio.r*(Ser(KertSer)*(Sox/(Ko.onotSo2))*(Sns/(Knsixauct Sxix)) 43.29
XoHo,ACT
Hono.m*(Ses/(KstSBs)) *(Kae/(KartSgr)) *(So02/ (Ko,on0+502) ) * (Snux/
2 2 Aerobic growth of heterotrophs - Slow  (Knmx.nurtSnix)) *Xono,Act 8.66

pono. m*(Se/(Ksrt+Sar)) *(Ko,ono/(Ko,orotS02) ) *(Snox/(KnoxtSnox)

3 r3 Anoxic growth of heterotrophs -Fast Y (S (Kt Sxite) MloroAn0x* XoHoACT 3.38
. *(Ss/(KgsTSss)) *(Kp#/(KertSss))*(Ko,ono/(Ko,onotSo02))*
4 4 A th of heterotrophs -Sl Horo.*(Sp : : 0.68
r ROXIC STOWLI OF MELETOtrophis -SIow (Snox/(KnoxtSnox)) *(Snx/ (KNtx,nutSnix) ) *NGro,anox ™  Xoro,act
5 5 Aerobic growth of autotrophs pano* (Snix/(Knux+Snix)) ¥ (So2/(Ko,anotS02)) ¥ X ano 22.86
6 16 Decay of heterotrophs boz,ono.1*XoHo,AcT 6.20
7 17 Decay of autotrophs bano*Xano 12.00
3 3 I/;I&l(r)l;(:[lllﬁcatlon of soluble organic Q™S Xomo.AcT 0.0
. . *(Xp/X ) (Ks,nyp+Xs/Xono,act)) *((So2/(Ko,onotSo
9 9 Hydrolysis of entrapped xeavp*((Xp/Xowo.act)/(Ke, ’ : 25.90
r YArolysis of entrappec organics 2))Muyp*(Ko,on0/(Ko,0m0TS02)) *(Snvox/(Knox+Snox)) ) *Xowo,acT
. . *(Xne/XB) *(Xs/Xono,act)/(Ks nyp+Xs/Xono,act)) *((So2/(
Hvdrol Fent d qxB,uyD*(XNB , ) ,
10 r10 nii]rorgel};ms of entrapped organic Ko,010tS02))Muyp*(Ko,ono/(Ko,onotS02)) *(Snox/(KnoxtSnox))) * 0.52
XoHo,ACT
11 rll flocculation of colloidal substrate qaps™Cs*(Xomo acttXano) *(Kst/((Ca/(Xono acrtXan0)) +Ksi))X( 0.00
Xeps/(KepstXEeps)) ’
* %
12 12 Hydrolysis of storage products gsto.nyp*(Xsto/Xono,act/(KstonyptXsro/Xono,act)) *(Kae/(KprS 378

Br)) *(Kgs/(Kps+Sas)) *(S02/(Ko,o101S02)) *XomHo,acT
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j Symbol Name Rate expression (rj) rj value
13 r13 enmeshment/storage of Sng gsto*Sne/Sef*(See/(Kg stotS8r)) *(S02/(Ko,0n01tS02)) *XoHo,acT 1.82
14 rl4 EPS hydrolysis qeps,nyD * XEps 0.00
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Table 25 HRAS model state variables

Initial
Symbol Name Influent concentration Unit

Su Soluble undegradable organics 10 25 g COD.m™
Ser Soluble biodegradable organics 60 5 g COD.m™
SBs Slowly biodegradable organics 30 10 g COD.m>
Cs Colloidal biodegradable organics 40 1 g COD.m™
Xu Particulate undegradable organics from the influent 30 700 g COD.m>
XB Particulate biodegradable organics 150 100 g COD.m™
Xono,act  Active Ordinary heterotrophic organisms 10 10 g COD.m™
XaNo  Autotrophic nitrifying organisms (NH4+ to NO3-) 1 80 g COD.m>
XE Particulate undegradable endogenous products 0 200 g COD.m™

So2 Dissolved oxygen 0 1 g O,.m™

SNox Nitrate and nitrite (NO3 + NO3) 0 20 g N.m?

Snux Ammonia (NHs+ NH3) 35 1 g N.m?

SnB Soluble biodegradable organic N 5 1 g N.m?

XNB Particulate biodegradable organic N 10 2 g N.m?
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Symbol

Name

Initial

Influent concentration Unit
SaLK Alkalinity 6 3 meq/L
Sn2 Dissolved nitrogen 16 16 g N.m?
XmorGg  Inorganic suspended solids 40 350 g TSS.m™
XEPS Extracellular Polymer Substances 10 0 g COD.m™
Xsto Storage Polymer Substances 10 50 g COD.m>
Scoz Total inorganic carbon 351.00 250.00 g CO2.m™
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Table 26 HRAS model kinetic parameters for Hydrolysis

Symbol Name Default Unit
Kgnyp Saturation coefficient for Xs/Xono 0.03 g XCp.g Xono™
Correction factor for hydrolysis under anoxic
HYD conditions 0.4 )
qEPS, HYD EPS hydrolysis 0.16
KEeps Half-saturation coefficient for EPS 100
Kepsuyp  Hydrolysis Half-saturation coefficient for EPS 0.05
GXBHYD Rate Constant 2.75
qsro,HYD Storage Hydrolysis Rate Constant 3
Ksromyp  Hydrolysis Half-saturation coefficient for STO 0.15
Ko eps EPS Half-saturation coefficient for So» 0.70 g Sop.m?
Table 27 HRAS model kinetic parameters for Heterotrophic growth and decay
Symbol Name Default Unit
pono Maximum growth rate of Xono 8 d!
nero,anox Reduction factor for anoxic growth of Xono 0.8 -
K Half-saturation coefficient for Sg 20 g Sprm™
Kps  Half-saturation coefficient for Sgs 40 g Sgs.m’
bono Decay rate for Xono 0.62 d!
Kooono Half-saturation coefficient for Soz .015 g Sop.m?
Knox  Half-saturation coefficient for Snox 0.5 g Snox.m™
Knixne Nutrient half-saturation coefficient 0.05 g Snix.m’
gsto Rate constant for growth on Xsto 2 d!
Kgsro Half-saturation coefficient for storage of Sg 5 -
Kosro Half-Saturation Coefficient STO for Soz 0.7 g SO2.m-3
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Table 28 HRAS model kinetic parameters for Autotrophic growth and decay

Symbol Name Default Unit
Uano  Maximum growth rate of Xano 0.8 d!
Knnix Substrate Half-saturation coefficient for ANOs 1 g Snix.m™

Koano  Half-saturation coefficient for So» 0.4 g Sop.m™
bano  Decay rate for Xano 0.15 d!
Table 29 HRAS model kinetic parameters for other conversion reactions
Symbol Name Default Unit
gamm Rate constant for ammonification 0.08 m’.g XCpn'.d!
gaps Rate constant for adsorption 0.06 d!
K5 Half-saturation coefficient for surface limitation 0.009 -
Table 30 HRAS model kinetic parameters for temperature dependency

Symbol Name Default Unit
6010  Arrhenius coefficient 1.04 -

Ob.02.0n0 Arrhenius coefficient 1.03 -

Table 31 HRAS model kinetic parameters for operational inputs
Symbol Name Default Unit
T Temperature 20.0 Cc°
Tbase  Arrhenius base temperature 20.0 c°
Table 32 HRAS model stoichiometric parameters for growth yields
Symbol Name Default Unit
YoHO,AER Yield for aerobic Xono growth 0.67 g Xono.g Sp™!
YOHO ANOX Yield for anoxic Xono growth 0.54 g Xono.g Sp™!
Ysto Yield for Sg storage and enmeshment 0.9 g Xp.g Sp™!
Yano Yield of Xano growth per Snos 0.24 g Xaut.g Snos™!
fu Fraction of Xy generated in biomass decay 0.08 g Xu.g Xgio!
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Table 33 HRAS model stoichiometric parameters for nitrogen fractions

Symbol Name Default Unit
IN.XB N content of biomass (Xono, Xpao, XAN0) 0.086 g N.g Xgio”!
IN.XU N content of products from biomass 0.06 g N.g Xug™!
inEPS N content EPS 0.12 g N.g Xgps™!

Table 34 HRAS model stoichiometric parameters for charge and electron equivalence

Symbol Name Default Unit
iNO3 N2 NO; reduction to N, electron equivalence 2.857 g COD.g N'!
icop_NO3 NHj3 to NOs3 oxidation electron equivalence -4.571 g COD.g N'!
icop N2 NHj3 to N> oxidation electron equivalence -1.714285714 g COD.g N'!
[Charge_SNHx Conversion factor for NHy in charge 0.071 Charge.g N'!
[Charge_SNOx Conversion factor for NO; in charge -0.071428571 Charge.g N'!

Table 35 HRAS model stoichiometric parameters for calculated variable conversions

Symbol Name Default Unit
icv  Particulate COD to VSS ratio 1.86 g COD.g VSS'!
ice Biomass COD to VSS ratio 1.42 g COD.g VSS'!

Table 36 HRAS model stoichiometric parameters for EPS and Storage Products (STO)

Symbol Name Default Unit

keps,max EPS formation coefficient 0.2 g CODgps.gVSS™!

ksro.max Maximum Production Rate for Storage Polymers 0.56 g Xs10.2Spf!
fsto Fraction of STO 1in the biomass 0.15
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Table 37 Calculated stoichiometric parameter values for oxygen demands

Symbol Name Expression Value Unit
Xcop Particulate COD XutXpt+XouotXanotXetXepstXsto 1140.0 g COD.m™
Stoc Total Soluble (Dissolved) Organic Carbon  Sy+Sert+Sas 40.0 g COD.m?
Croc Total Carbon Xcop+Stoc+Cp 1181 g COD.m?
Table 38 Calculated stoichiometric parameter values for suspended solids
Symbol Name Expression Value Unit
Xvss VSS Xcop/icy 770.3 g.m?
Xrvss TVSS XysstXNORG 1120.3 g.m?
Table 39 Calculated stoichiometric parameter values for other variables
Symbol Name Expression Value Unit
Xono OHO's Xono,act 10.0 g COD.m™
Stin Total Kjeldahl Nitrogen Sna+Snix 2.0 gN.m*
Stin Total Inorganic Nitrogen SxuxtSnox 21.0 g N.m?
St Total Soluble Nitrogen SnuxtSnoxtSna 22.0 g N.m?
NN Total Nitrogen StntXnB 24.0 g N.m?
Rcion Carbon to Nitrogen ratio Croc/N1N 49.2 gCOD/g N
Peps EPS Production (XEPs/ Xvss)* 1000 0.0
Rcioamm ~ TCOD to Ammonia Ratio Croc/Snnx 1181.0
Rsro Ratio Xsro to Xcop Xsto/Xcop 0.0
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Table 40 Calculated kinetic parameter values for OUR and Temperature dependency

Symbol Name Expression Value Unit
OUR Oxygen Uptake Rate -(v1_So2*rl+v2_So2*12+v5_So2*15)/24 18.7 mg/l/hr
-1
WoHO,T toro*Arrh(0,.0n0; T; Tbase) 7.00 d
-1
boz,ono. bono*Arrh(0y,02.0n0;T; Tbase) 0.62 d
Table 41 Calculated kinetic parameter values for Growth Rate and Proportionality Coefficients
Symbol Name Expression Value Unit
* k *
mu Actual Growth Rate Rono.r*(Ser/(KertSur))*(So2/(Ko.onotS02))*(S 43 d!
NHx/(KNtx nuttSnix))
fstomax ~ STO saturation capacity of biomass (-.783*((mu)/24))+0.39 0.249
Yrc02 STO yield adjusted for DO concentration (Ys’ro)*(Ko,s"ro/ (Ko,s"ro+Soz)) 0.371 g Xono.g Sg™!
ksto.pc STO Proportionality Coefficient Max(.01;Ypc,02*(1-(fsto/fsto,max))) 0.010 g CODsro,g CODggf!
kEPS,SC EPS Stoichiometric Coefficient (kEPs’MAx/iCB)*(Soz/(KO,Eps'f‘Soz)) 0.070 g CODEps,g COD)(()Ho'l
Lo . ((keps,sc*Yono,aer)*(1- A
kepspc  EPS Proportionality Coefficient K10/ 1+ (kips sc*Y o0 AbR) 0.045 g CODgps,g CODspy
Table 42 Calculated Kkinetic parameter values for saturation concentrations
Symbol Name Expression Value Unit
Gozsateqfield  OXygen saturation concentration 9.1 9.1 mol.L!.bar"!
Goz,sateqst Oxygen saturation concentration 9.1 9.1 mol.L! bar"!
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APPENDIX C: NO DATASET CALIBRATION RESULTS
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Effect of Variable SRT

Readily Biodegradable COD

Modeling Results
Influent 10 60 30
SRT SU SBF SBS
0.3 10 2.9 20.5
0.5 10 1.25 18
1 10 0.4 12.6
1.5 10 0.3 9.6
2 10 0.2 8.32
SRT (days) % COD Removal — Observed Data % COD Removal — A-stage Model
0.3 62.0% 66.6%
0.5 70.0% 70.8%
1 80.0% 77.0%
1.5 82.0% 80.1%
2 88.0% 81.5%
100.0%
*
_ 800% - &
;
£ 600% - *
a
©
38‘ 40.0%
o
200% -
0 0.2 0.4 0.6 08 1 1.2 14 16 138 2
SRT (d)
#+ 9% CODRemoval -Jimenez =% COD Removal - SUMO
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EPS Production

Modeling Results
SRT XEps Xvss
0.3 80.2 1582
0.5 185 2369
1 228 2242
1.5 223 1992
2 288 2581
EPS Production Rate
Obseved Data EPS Production Rate
SRT (days) (mgCOD/gvss) A-stageModel (mgCOD/gyss)
0.3 45 50.70
0.5 70 78.09
1 100 101.69
1.5 110 111.95
2 115 111.58
140
@ 120
% 100
E“ /
w80 +
a /
9 60 {
1)
_E_ 40
v
8 20
0 1 ] |
0.5 1 1.5
SRT (d)
® EPSlJimenez EPS SUMO
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Colloidal COD Removal Efficiency

Modeling Results
Influent 0 60
SRT Cy Cs
0.3 0 57.7
0.5 0 48
1 0 24.5
1.5 0 17.4
2 0 10.9

% COD Removal — Observed % COD Removal — A-

SRT (days) Data stage Model
0.3 8.0% 3.8%
0.5 25.0% 20.0%
1 50.0% 59.2%
1.5 65.0% 71.0%
2 78.0% 81.8%
100.0%

(=]
E 60.0% ¢
P /
8 40.0%
Q
X 20.0%
0.0% T T T 1
0 0.5 1 1.5 2
SRT (d)

% 9% CODRemoval - Jimenez % COD Removal - SUMO
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Effect of Variable DO

Readily Biodegradable COD

Modeling Results
Influent 10 60 30
DO Su Sgr Sss
0.01 10 49.8 28.3
0.1 10 1.5 20.4
0.3 10 0.4 14.6
0.5 10 0.32 12
1 10 0.28 10
1.5 10 0.28 9.6
2 10 0.28 9.5
% COD Removal — % COD Removal — A-
DO (mg/l) Observed Data stage Model
0.01 2.0% 11.9%
0.1 60.0% 68.1%
0.3 75.0% 75.0%
0.5 78.0% 77.7%
1 80.0% 79.7%
1.5 83.0% 80.1%
2 83.0% 80.2%
Soluble Substrate Removal - 1.5 day SRT
90.0% -
80.0% | < ®
70.0% |
T 60.0% |
g 50.0% -
=
® 40.0% |
§ 30.0% -
20.0% -
10.0% -
0.0% * . i : i i i .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
DO (mg/1)
® % COD Removal - limenez — 5 COD Removal - SUMO
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EPS Production

Modeling Results
DO (rng/l) XEPS Xvss
0.01 8 2053
0.1 20.4 2424
0.3 86.5 2066
0.5 125.7 2036
1 182.5 2038
1.5 221.2 2059
2 249 2078
EPS Production Rate EPS Production Rate A-
Observed Data stage Model
DO (mg/1) (mgCOD/gyss) (mgCOD/gyss)
0.01 10 4.60
0.1 15 10.00
0.3 45 44.00
0.5 60.0 64.50
1 90.0 93.00
1.5 105.0 112.00
2 120.0 125.00
Impact of DO on EPS Production
1.5 day SRT
140
120 —%
v 100 4
g /
ag
= 80
8
o
E’ 60
v
& 40
20 -+
0 - ; ; -
0 0.5 1 1.5 2
DO (mg/1)
® EPSLAB(mgCOD/gVss)  ——EPS Model (mgCOD/gVss)
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Colloidal COD Removal Efficiency

Modeling Results
Influent 0 60
DO (mg/]) Cu Cs
0.01 0 59.9
0.1 0 56.5
0.3 0 29.5
0.5 0 23
1 0 18.9
1.5 0 17.4
2 0 16.6
% COD Removal - % COD Removal — A-
DO (mg/l) Observed Data stage Model
0.01 2.0% 0.2%
0.1 10.0% 5.8%
0.3 40.0% 50.8%
0.5 55.0% 61.7%
1 74.0% 68.5%
1.5 75.0% 71.0%
2 75.0% 72.3%

Impact of DO - Colloidal COD Removal - 1.5 day SRT

100.0%

90.0%
80.0%
70.0%
60.0%

50.0%

30.0%

% Colloidal COD Removed

20.0%
10.0%

40.0% -

0.0%

J

(0] 0.5

& % COD Removal - Jimenez

I 1.5
DO mg/i

— % COD Removal - SUMO
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Modified Parameter Values

Table 43 NO calibration modified parameter list

Symbol Name Default Value Unit
LOHO Maximum growth rate of Xomuo 3 8 d!
Kae Half-saturation coefficient for Sg 2 20 g Spr.m™
Kags Half-saturation coefficient for Sgs 10 40 g Sps.m
Ko om0 Half-saturation coefficient for So, 0.1 0.15 g Sop.m™
JEPS,HYD EPS hydrolysis 0.16 0.25
gaDS Rate constant for adsorption 0.07 0.065 d!
Kst Half-saturation coefficient for surface limitation 0.002 0.009 -
keps Max EPS formation coefficient 0.2 0.225 g CODgps.gVSS!
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Table 44 HRSD pilot influent state variables

Inf Q Q WAS Inf Su Inf Sgt Inf Sgs Inf Cg Inf Xy Inf X3 Inf Xono_acr Inf Snux Inf XnB Inf VSS
Date Time (m%d) (m3/d) (gCOD/m’®) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gN/m3) (gN/m3) (gVSS/m3) Temp (°C)
03-Sep-13 0 24.53 0.87 38.22 53.50 88.13 37.15 170.00 220.00 23.41 42.01 12.74 207.30 26.80
04-Sep-13 1 24.53 0.87 32.30 45.21 74.49 44.00 137.00 180.00 19.79 35.50 10.77 175.20 26.70
09-Sep-13 2 24.53 0.87 30.77 47.89 66.10 85.24 48.00 210.00 18.82 36.48 9.41 177.04 26.50
10-Sep-13 3 24.53 0.87 33.80 52.60 72.60 41.00 106.00 230.00 20.68 40.07 10.34 194.45 26.80
11-Sep-13 4 24.53 0.87 30.96 48.18 66.50 61.35 74.00 210.00 18.94 36.71 9.47 178.13 26.90
12-Sep-13 5 24.53 0.87 36.95 57.51 79.37 26.17 136.00 250.00 22.60 43.81 11.30 212.59 26.90
16-Sep-13 6 24.53 0.87 27.35 50.90 96.41 60.34 54.00 230.00 20.02 37.97 12.28 167.68 26.70
17-Sep-13 7 24.53 0.87 27.40 51.00 96.60 28.00 87.00 230.00 20.06 38.04 12.30 168.00 26.50
18-Sep-13 8 24.53 0.87 31.30 58.26 110.35 35.10 99.00 260.00 2291 43.45 14.05 191.91 26.50
23-Sep-13 9 24.53 0.87 30.51 56.79 87.80 83.90 100.00 220.00 22.33 40.86 10.64 198.74 26.00
24-Sep-13 10 24.53 0.87 28.40 52.86 81.73 62.00 114.00 200.00 20.79 38.04 9.91 185.01 26.00
25-Sep-13 11 24.53 0.87 30.14 56.10 86.74 51.02 128.00 220.00 22.06 40.37 10.51 196.33 25.70
26-Sep-13 12 24.53 0.87 34.94 65.03 100.54 11.50 201.00 250.00 25.57 46.79 12.18 227.57 25.70
30-Sep-13 13 24.53 1.01 32.73 37.01 100.34 63.92 114.00 220.00 21.91 44.54 12.24 173.60 25.50
01-Oct-13 14 24.53 1.01 30.60 34.60 93.80 56.00 116.00 200.00 20.48 41.64 11.44 162.29 25.30
02-Oct-13 15 24.53 1.01 31.81 35.97 97.51 74.71 102.00 210.00 21.29 43.28 11.90 168.71 25.20
03-Oct-13 16 24.53 1.08 33.08 37.40 101.40 79.12 103.00 220.00 22.14 45.01 12.37 175.44 25.20
07-Oct-13 17 24.53 1.08 33.48 48.99 68.99 72.54 87.00 270.00 22.41 38.35 8.09 220.19 25.80
08-Oct-13 18 24.53 1.08 28.29 41.40 58.31 73.00 60.00 230.00 18.94 32.41 6.83 186.08 25.30
09-Oct-13 19 24.53 1.08 31.00 45.36 63.89 35.75 112.00 250.00 20.75 35.51 7.49 203.89 25.10
10-Oct-13 20 24.53 1.08 28.24 41.32 58.19 31.26 101.00 230.00 18.90 32.34 6.82 185.70 24.50
15-Oct-13 21 24.53 1.08 21.70 52.20 72.10 58.00 66.00 230.00 19.29 36.41 5.89 183.88 24.30
16-Oct-13 22 24.53 1.08 23.39 56.27 77.72 40.61 91.00 250.00 20.79 39.26 6.35 198.22 24.10
17-Oct-13 23 24.53 1.08 23.83 57.32 79.17 85.69 53.00 250.00 21.18 39.98 6.47 201.90 24.20
21-Oct-13 24 24.53 1.08 22.46 53.06 57.81 98.67 77.00 210.00 20.02 38.52 12.52 193.04 24.30
22-Oct-13 25 24.53 1.08 25.10 59.30 64.60 48.00 153.00 230.00 22.37 43.05 13.99 215.73 24.00
23-Oct-13 26 24.53 1.08 23.37 55.21 60.14 62.28 129.00 210.00 20.83 40.08 13.02 200.85 24.00
24-Oct-13 27 24.53 1.08 24.41 57.66 62.82 57.11 142.00 220.00 21.76 41.86 13.60 209.78 23.60
28-Oct-13 28 24.53 1.08 15.45 46.89 81.17 108.50 109.00 160.00 20.10 38.21 11.79 169.68 22.90
29-Oct-13 29 24.53 1.08 16.90 51.30 88.80 51.00 192.00 170.00 21.99 41.80 12.90 185.64 22.90
04-Nov-13 30 24.53 0.79 17.82 49.21 82.07 59.89 102.00 290.00 20.00 39.74 14.28 212.02 22.50
06-Nov-13 31 24.53 0.79 17.91 49.46 82.48 52.15 102.00 300.00 20.10 39.94 14.35 213.08 22.40
07-Nov-13 32 24.53 0.79 17.49 48.31 80.57 56.62 97.00 290.00 19.63 39.02 14.02 208.14 22.40
12-Nov-13 33 24.53 0.87 23.66 54.40 70.53 70.41 117.00 230.00 18.84 38.84 10.75 140.06 21.50
13-Nov-13 34 24.53 0.87 24.20 55.65 72.15 55.00 142.00 230.00 19.27 39.73 11.00 143.28 21.20
14-Nov-13 35 24.53 0.87 23.66 54.40 70.53 65.41 122.00 230.00 18.84 38.84 10.75 140.06 21.10
18-Nov-13 36 24.53 0.94 24.03 66.80 94.03 56.14 114.00 220.00 18.00 41.38 5.51 198.98 21.00
19-Nov-13 37 24.53 0.94 21.19 58.90 82.91 65.00 79.00 200.00 15.87 36.49 4.86 175.44 20.80
20-Nov-13 38 24.53 0.94 21.19 58.90 82.91 55.00 89.00 200.00 15.87 36.49 4.86 175.44 20.80
21-Nov-13 39 24.53 1.01 23.99 66.68 93.87 39.46 130.00 220.00 17.97 41.31 5.50 198.63 20.60
25-Nov-13 40 24.53 1.01 24.33 67.61 95.17 75.89 99.00 220.00 18.22 40.91 5.58 201.40 20.00
26-Nov-13 41 24.53 1.01 23.95 66.57 93.70 52.78 116.00 220.00 17.94 40.27 5.49 198.28 20.20
02-Dec-13 42 24.53 0.87 21.44 55.51 93.41 92.65 104.00 190.00 17.44 39.20 9.53 181.36 18.70
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Inf Q Q WAS Inf Su Inf Sgt Inf Sgs Inf Cg Inf Xy Inf X3 Inf Xono_acr Inf Snux Inf XnB Inf VSS

Date Time (m%d) (m3/d) (gCOD/m’®) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gN/m3) (gN/m3) (gVSS/m3) Temp (°C)
03-Dec-13 43 24.53 0.87 22.40 58.00 97.60 59.00 145.00 200.00 18.22 40.95 9.95 189.50 18.60
04-Dec-13 44 24.53 0.87 21.40 55.41 93.24 78.95 117.00 190.00 17.41 39.12 9.51 181.04 18.80
05-Dec-13 45 24.53 0.79 23.79 61.59 103.64 65.99 143.00 220.00 19.35 43.49 10.57 201.23 18.90
09-Dec-13 46 24.53 0.79 23.98 22.97 104.48 78.58 241.00 300.00 34.00 45.87 17.33 274.14 18.70
10-Dec-13 47 24.53 0.79 19.00 18.20 82.80 68.00 183.00 240.00 26.94 36.35 13.73 217.25 18.40
11-Dec-13 48 24.53 0.87 17.04 16.32 74.26 87.37 133.00 220.00 24.17 32.60 12.32 194.85 18.10
12-Dec-13 49 24.53 0.94 15.98 15.31 69.65 107.05 106.00 200.00 22.67 30.58 11.55 182.76 18.20
18-Dec-13 50 24.53 1.04 12.69 35.72 58.99 113.60 129.00 200.00 24.25 31.97 11.26 175.27 17.40
30-Dec-13 51 24.53 1.04 13.89 39.09 64.56 111.45 153.00 220.00 26.55 35.79 14.70 203.75 17.10
02-Jan-14 52 24.53 1.04 14.70 41.37 68.32 154.62 128.00 230.00 28.09 37.87 15.55 215.60 17.00
06-Jan-14 53 24.53 1.04 13.20 52.17 121.33 50.31 55.00 280.00 25.22 36.53 6.29 204.27 16.70
07-Jan-14 54 24.53 1.04 9.97 39.40 91.63 78.00 1.00 212.00 19.05 27.59 4.75 154.28 16.90
08-Jan-14 55 24.53 1.04 13.64 53.90 125.36 11.10 97.00 290.00 26.06 37.75 6.50 211.06 16.10
09-Jan-14 56 24.53 1.04 12.88 50.89 118.36 22.88 73.00 280.00 24.61 35.64 6.14 199.27 16.30
13-Jan-14 57 24.53 1.04 10.22 40.40 49.90 116.47 6.00 220.00 18.00 26.97 1.85 158.20 16.00
14-Jan-14 58 24.53 1.04 12.00 47.43 58.57 81.00 61.00 260.00 21.13 31.66 2.17 185.70 15.90
15-Jan-14 59 24.53 1.04 11.61 45.88 56.66 80.86 58.00 250.00 20.44 30.62 2.10 179.63 16.50
16-Jan-14 60 24.53 1.04 13.06 51.62 63.76 52.56 105.00 280.00 23.00 34.46 2.36 202.13 16.10
21-Jan-14 61 24.53 0.87 13.66 38.60 82.08 124.66 83.00 250.00 19.21 30.67 7.48 166.18 16.20
23-Jan-14 62 24.53 0.84 15.07 42.58 90.53 63.82 171.00 270.00 21.19 33.83 8.25 183.30 15.40
27-Jan-14 63 24.53 0.84 17.49 49.42 105.09 68.99 207.00 310.00 31.00 37.74 20.35 313.73 14.80
30-Jan-14 64 24.53 0.87 14.19 40.10 85.27 76.44 149.00 250.00 25.15 30.62 16.51 254.54 14.10
03-Feb-14 65 24.53 0.87 22.11 30.54 102.33 74.02 159.00 200.00 24.05 35.79 12.01 255.43 14.30
04-Feb-14 66 24.53 0.87 19.40 26.80 89.80 75.00 135.00 170.00 21.10 31.41 10.54 224.15 14.20
05-Feb-14 67 24.53 0.87 16.92 23.37 78.31 74.40 107.00 150.00 18.40 27.39 9.19 195.48 14.30
06-Feb-14 68 24.53 0.87 21.62 29.86 100.07 48.45 185.00 190.00 23.52 35.00 11.74 249.78 14.20
10-Feb-14 69 24.53 0.87 25.54 40.58 72.32 99.57 118.00 150.00 20.69 31.62 3.13 219.14 14.20
11-Feb-14 70 24.53 0.87 21.40 34.00 60.60 98.00 90.00 120.00 17.34 26.50 2.63 183.62 14.00
12-Feb-14 71 24.53 0.87 29.27 46.51 82.90 36.32 215.00 170.00 23.72 36.25 3.59 251.18 14.00
13-Feb-14 72 24.53 0.87 24.73 39.29 70.03 30.94 185.00 140.00 20.04 30.62 3.04 212.21 13.20
17-Feb-14 73 24.53 0.87 23.96 40.60 93.13 59.30 226.00 230.00 42.00 36.76 18.29 255.53 13.90
18-Feb-14 74 24.53 0.87 19.30 32.70 75.00 98.00 137.00 180.00 33.82 29.61 14.73 205.79 14.30
19-Feb-14 75 24.53 0.87 22.04 37.35 85.65 77.96 186.00 210.00 38.63 33.81 16.82 235.03 14.20
20-Feb-14 76 24.53 0.94 22.47 38.07 87.32 94.15 179.00 210.00 39.38 34.47 17.15 239.58 14.50
24-Feb-14 77 24.53 0.94 23.06 54.72 72.59 93.63 80.00 230.00 22.00 31.62 3.03 161.61 14.90
25-Feb-14 78 24.53 1.01 20.40 48.40 64.20 95.00 52.00 210.00 19.46 27.97 2.68 142.94 14.90
26-Feb-14 79 24.53 1.01 21.69 51.46 68.26 74.59 85.00 220.00 20.69 29.74 2.85 151.99 14.80
27-Feb-14 80 24.53 1.01 33.89 80.40 106.65 103.06 150.00 340.00 32.32 46.46 4.45 237.46 15.10
06-Mar-14 81 24.53 1.01 30.48 63.10 62.68 52.74 343.00 180.00 29.07 38.01 8.20 215.57 14.40
10-Mar-14 82 24.53 1.01 15.09 22.94 97.59 85.37 168.00 230.00 17.00 33.58 15.24 218.58 14.40
11-Mar-14 83 24.53 1.01 14.80 22.50 95.70 62.00 192.00 220.00 16.67 32.93 14.94 214.34 14.50
12-Mar-14 84 24.53 1.08 14.65 22.28 94.75 67.31 182.00 220.00 16.51 32.60 14.80 212.22 14.90
13-Mar-14 85 24.53 1.08 14.58 22.17 94.28 82.97 164.00 220.00 16.42 32.44 14.72 211.16 15.00
17-Mar-14 86 24.53 1.15 17.38 26.69 77.76 94.18 155.00 170.00 14.86 31.06 12.10 171.30 15.00
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Inf Q Q WAS Inf Su Inf Sgt Inf Sgs Inf Cg Inf Xy Inf X3 Inf Xono_acr Inf Snux Inf XnB Inf VSS

Date Time (m%d) (m3/d) (gCOD/m’®) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gN/m3) (gN/m3) (gVSS/m3) Temp (°C)
18-Mar-14 87 24.53 1.23 16.80 25.80 75.17 52.23 193.00 160.00 14.36 30.02 11.70 165.60 14.80
19-Mar-14 38 24.53 1.30 16.99 26.10 76.03 56.88 183.00 170.00 14.53 30.37 11.83 167.50 14.60
24-Mar-14 89 24.53 1.44 19.84 41.85 62.44 102.88 97.00 270.00 16.31 36.58 12.16 197.13 15.30
25-Mar-14 90 24.53 1.44 18.20 38.40 57.29 90.11 91.00 250.00 14.97 33.56 11.16 180.87 15.40
26-Mar-14 91 24.53 1.44 16.66 35.16 52.45 86.73 78.00 230.00 13.70 30.73 10.22 165.61 14.90
27-Mar-14 92 24.53 1.44 17.93 37.84 56.44 86.79 98.00 240.00 14.75 33.07 11.00 178.22 15.20
31-Mar-14 93 24.53 1.59 16.13 33.84 74.96 87.06 78.00 220.00 14.01 32.22 8.76 174.06 15.50
01-Apr-14 94 24.53 1.73 17.30 36.30 80.40 61.00 122.00 230.00 15.02 34.56 9.40 186.69 15.70
02-Apr-14 95 24.53 1.73 18.66 39.15 86.72 47.47 148.00 250.00 16.20 37.27 10.14 201.37 15.80
03-Apr-14 96 24.53 1.73 17.93 37.63 83.34 57.10 131.00 240.00 15.57 35.82 9.74 193.52 16.00
07-Apr-14 97 24.53 1.08 17.34 43.65 80.78 76.24 146.00 200.00 15.49 35.33 10.55 198.98 16.80
08-Apr-14 98 24.53 1.08 17.00 42.80 79.20 62.00 152.00 200.00 15.19 34.64 10.35 195.10 16.70
09-Apr-14 99 24.53 1.08 15.74 39.63 73.33 87.31 116.00 180.00 14.06 32.07 9.58 180.63 17.00
10-Apr-14 100 24.53 1.01 18.94 47.68 88.22 40.16 201.00 220.00 16.92 38.59 11.53 217.32 16.90
14-Apr-14 101 24.53 1.01 17.31 45.73 77.50 80.46 178.00 210.00 16.73 36.23 15.24 297.51 18.10
15-Apr-14 102 24.53 1.01 17.00 44.90 76.10 64.00 186.00 210.00 16.42 35.58 14.96 292.13 18.20
16-Apr-14 103 24.53 1.01 14.19 37.47 63.50 45.85 168.00 170.00 13.70 29.69 12.49 243.77 17.70
17-Apr-14 104 24.53 1.01 13.79 36.42 61.72 59.08 144.00 170.00 13.32 28.86 12.14 236.93 17.90
21-Apr-14 105 24.53 1.01 18.35 43.87 107.49 40.30 153.00 200.00 15.46 38.21 8.42 175.56 17.60
22-Apr-14 106 24.53 1.01 17.86 42.70 104.62 26.82 166.00 190.00 15.05 37.19 8.20 170.88 17.80
23-Apr-14 107 24.53 1.01 16.00 38.26 93.74 61.00 112.00 170.00 13.48 33.33 7.35 153.10 17.90
24-Apr-14 108 24.53 1.01 18.64 44.57 109.21 43.58 156.00 200.00 15.71 38.82 8.56 178.36 18.00
29-Apr-14 109 24.53 1.15 17.00 49.30 60.70 60.00 136.00 160.00 13.26 30.20 7.55 170.71 18.50
30-Apr-14 110 24.53 1.15 18.41 53.38 65.73 51.48 164.00 170.00 14.36 32.70 8.18 184.84 18.60
05-May-14 111 24.53 1.15 20.30 45.67 91.35 64.68 218.00 170.00 16.75 37.97 12.64 187.77 19.40
07-May-14 112 24.53 0.87 20.00 44.99 90.01 82.00 194.00 170.00 16.51 37.41 12.45 185.00 19.70
08-May-14 113 24.53 0.87 18.27 41.10 82.22 69.41 188.00 150.00 15.08 34.17 11.37 168.99 19.80
12-May-14 114 24.53 0.72 18.87 40.94 72.26 110.93 94.00 230.00 15.57 3791 11.38 206.37 20.50
13-May-14 115 24.53 1.01 21.43 46.50 82.07 71.00 163.00 260.00 17.69 43.06 12.93 234.40 20.90
15-May-14 116 24.53 0.87 18.90 41.01 72.38 82.70 123.00 230.00 15.60 37.98 11.40 206.74 21.30
19-May-14 117 24.53 1.15 19.30 41.88 72.24 79.58 137.00 230.00 15.93 34.27 11.14 189.43 21.50
20-May-14 118 24.53 1.15 19.07 41.37 71.37 66.19 145.00 230.00 15.74 33.85 11.01 187.14 21.50
21-May-14 119 24.53 1.15 20.83 45.20 77.97 32.00 200.00 250.00 17.19 36.98 12.02 204.45 21.60
22-May-14 120 24.53 1.01 17.94 38.92 67.13 71.01 124.00 220.00 14.80 31.84 10.35 176.04 21.90
27-May-14 121 24.53 0.79 20.17 43.76 98.08 55.00 169.00 220.00 20.30 3691 8.57 236.89 22.70
28-May-14 122 24.53 0.79 18.50 40.15 89.99 48.37 149.00 210.00 18.63 33.86 7.86 217.34 22.70
29-May-14 123 24.53 0.79 19.50 42.31 94.84 16.35 193.00 220.00 19.63 35.69 8.28 229.07 22.90
02-Jun-14 124 24.53 0.94 19.47 52.61 91.23 62.70 179.00 180.00 19.60 39.19 7.81 192.92 22.70
03-Jun-14 125 24.53 0.94 18.84 50.90 88.26 74.00 154.00 180.00 18.96 37.92 7.55 186.65 22.80
04-Jun-14 126 24.53 0.94 17.30 46.76 81.09 80.84 134.00 160.00 17.42 34.84 6.94 171.48 23.10
05-Jun-14 127 24.53 0.94 19.60 52.97 91.85 29.58 215.00 180.00 19.73 39.46 7.86 194.24 23.20
09-Jun-14 128 24.53 1.08 19.40 58.76 89.23 65.62 140.00 210.00 19.53 38.81 6.72 200.11 23.50
10-Jun-14 129 24.53 1.15 17.04 51.60 78.36 60.00 125.00 180.00 17.15 34.08 5.90 175.74 23.80
11-Jun-14 130 24.53 1.15 16.97 51.40 78.06 56.57 127.00 180.00 17.09 33.95 5.88 175.05 24.00
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Inf Q Q WAS Inf Su Inf Sgt Inf Sgs Inf Cg Inf Xy Inf X Inf Xono_acr Inf Snux Inf XnB Inf VSS

Date Time (m%d) (m3/d) (gCOD/m’®) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gN/m3) (gN/m3) (gVSS/m3) Temp (°C)
12-Jun-14 131 24.53 1.15 20.50 62.08 94.28 18.14 201.00 220.00 20.64 41.01 7.10 211.44 24.10
16-Jun-14 132 24.53 1.15 18.44 55.83 84.79 70.94 124.00 200.00 18.56 37.22 6.38 190.16 24.30
17-Jun-14 133 24.53 1.15 18.67 56.54 85.86 72.93 127.00 200.00 18.79 37.69 6.46 192.56 24.60
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Table 45 HRSD pilot reactor state variables

TK106 TK107 TK107 TK107 XTSS
TK105 SO2 SO2 XTSS XVSS WAS TSS target
Date Time SO2 (g/m’) (g/m3) (g/m3) (gTSS/m?*  (gVSS/m’) (gTSS/m?) (gTSS/m’)  fr1_Q
03-Sep-13 0 0.02 1.75 2.93 248.48 244.03 2559.45 127.15 0.04
04-Sep-13 1 0.04 1.63 3.20 210.00 174.30 2163.09 91.88 0.04
09-Sep-13 2 0.06 0.45 1.06 2683.50 2320.38 4333.70 87.34 0.04
10-Sep-13 3 0.30 0.46 0.86 2947.45 2799.30 4759.97 72.72 0.04
11-Sep-13 4 0.25 0.33 0.96 2700.00 2349.00 4360.35 76.10 0.04
12-Sep-13 5 0.13 0.32 0.87 3222.40 3061.28 5204.00 80.97 0.04
16-Sep-13 6 0.07 0.60 1.72 2271.72 1667.30 4724.38 75.00 0.04
17-Sep-13 7 0.11 0.37 1.52 2276.09 1673.73 473348 68.00 0.04
18-Sep-13 8 0.02 0.21 1.05 2600.00 2184.00 5407.09 67.33 0.04
23-Sep-13 9 0.14 4.19 5.87 1012.24 922.16 1989.90 158.28 0.04
24-Sep-13 10 0.07 3.54 4.92 942 .31 799.15 1852.42 145.76 0.04
25-Sep-13 11 0.07 1.55 1.76 1000.00 900.00 1965.84 148.59 0.04
26-Sep-13 12 0.11 0.80 1.10 1159.09 1101.14 2278.59 133.25 0.04
30-Sep-13 13 0.09 1.31 1.75 1317.10 1192.64 3024.68 135.54 0.04
01-Oct-13 14 0.08 1.04 1.47 1231.30 1042.33 2827.65 118.18 0.04
02-Oct-13 15 0.07 1.50 1.70 1280.00 1126.40 2939.48 127.68 0.04
03-Oct-13 16 0.07 1.87 1.87 1331.01 1217.97 3056.63 133.06 0.04
07-Oct-13 17 0.10 1.87 1.77 1220.32 1106.99 2302.81 156.10 0.04
08-Oct-13 18 0.13 2.95 448 1031.28 790.60 1946.09 131.25 0.04
09-Oct-13 19 0.10 1.80 1.66 1130.00 949.20 2132.38 131.72 0.04
10-Oct-13 20 0.08 0.66 1.05 1029.18 787.38 1942.13 130.79 0.04
15-Oct-13 21 0.10 0.65 0.68 1307.98 897.87 2353.79 128.97 0.04
16-Oct-13 22 0.07 1.46 1.60 1410.00 1043.40 2537.39 147.33 0.04
17-Oct-13 23 0.06 0.42 2.40 1436.16 1082.48 2584.47 146.36 0.04
21-Oct-13 24 0.27 0.74 1.16 1595.44 1334.06 2201.23 141.64 0.04
22-Oct-13 25 0.06 0.79 0.67 1782.96 1666.08 2459.95 142.43 0.04
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TK106 TK107 TK107 TK107 XTSS

TK105 SO2 SO2 XTSS XVSS WAS TSS target
Date Time SO2 (g/m®) (g/m3) (g/m3) (gTSS/m?*  (gVSS/m®) (gTSS/m*) (gTSS/m’)  fr1_Q
23-Oct-13 26 0.06 0.34 0.34 1660.00 1444.20 2290.30 140.07 0.04
24-Oct-13 27 0.07 0.46 0.46 1733.78 1575.43 2392.09 145.56 0.04
28-Oct-13 28 0.07 1.61 2.06 1601.59 1344.36 2344.47 150.43 0.04
29-Oct-13 29 0.04 0.60 0.59 1752.22 1609.12 2564.97 148.00 0.04
04-Nov-13 30 0.07 0.35 0.32 3044.80 2544.93 5677.87 92.68 0.03
06-Nov-13 31 0.05 0.21 0.22 3060.00 2570.40 5706.21 87.58 0.03
07-Nov-13 32 0.06 0.23 0.19 2989.07 2452.62 5573.95 86.38 0.03
12-Nov-13 33 0.06 0.20 0.19 2482.97 2063.14 5524.16 109.08 0.04
13-Nov-13 34 0.06 0.20 0.27 2540.00 2159.00 5651.04 100.69 0.04
14-Nov-13 35 0.06 0.22 0.27 2482.97 2063.14 5524.16 92.65 0.04
18-Nov-13 36 0.01 0.24 0.15 1939.35 1935.52 4245.15 99.63 0.04
19-Nov-13 37 0.05 0.88 0.58 1710.00 1504.80 3743.12 96.39 0.04
20-Nov-13 38 0.06 0.50 0.32 1710.00 1504.80 3743.12 98.16 0.04
21-Nov-13 39 0.01 0.68 0.57 1935.98 1928.80 4237.77 96.68 0.04
25-Nov-13 40 0.05 1.19 1.25 1962.96 1864.81 6833.13 93.73 0.04
26-Nov-13 41 0.09 1.19 1.24 1932.60 1922.08 6727.46 93.44 0.04
02-Dec-13 42 0.09 3.32 4.90 1051.89 958.94 1978.73 140.89 0.04
03-Dec-13 43 0.47 4.19 6.51 1099.10 1046.95 2067.55 137.56 0.04
04-Dec-13 44 0.05 3.98 593 1050.00 955.50 1975.18 131.23 0.04
05-Dec-13 45 0.06 2.77 4.40 1167.09 1108.73 2195.44 140.89 0.03
09-Dec-13 46 0.08 4.44 6.71 3629.89 3448.40 6467.83 139.73 0.03
10-Dec-13 47 0.06 0.51 0.54 2876.61 2758.29 5125.61 99.03 0.03
11-Dec-13 48 0.08 0.23 0.30 2580.00 2218.80 4597.11 95.64 0.04
12-Dec-13 49 0.05 0.30 0.46 2419.93 1952.02 4311.89 111.92 0.04
18-Dec-13 50 0.07 1.37 1.83 2020.00 1858.40 4691.42 122.79 0.04
30-Dec-13 51 0.03 1.18 1.21 2210.98 2100.43 5354.40 86.76 0.04
02-Jan-14 52 0.09 1.01 1.09 2339.53 2222.55 5665.70 92.00 0.04
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TK106 TK107 TK107 TK107 XTSS

TK105 SO2 SO2 XTSS XVSS WAS TSS target
Date Time SO2 (g/m®) (g/m3) (g/m3) (gTSS/m?*  (gVSS/m®) (gTSS/m*) (gTSS/m’)  fr1_Q
06-Jan-14 53 0.02 1.41 1.72 987.21 869.48 4228.29 119.14 0.04
07-Jan-14 54 0.10 1.50 2.35 745.58 49595 3193.39 108.34 0.04
08-Jan-14 55 0.08 1.42 2.17 1020.00 928.20 4368.74 115.54 0.04
09-Jan-14 56 0.08 0.81 1.12 963.05 827.44 4124.80 123.07 0.04
13-Jan-14 57 0.08 1.18 1.10 1673.36 1296.90 3339.30 103.58 0.04
14-Jan-14 58 0.08 0.92 0.96 1964.21 1786.93 3919.72 108.00 0.04
15-Jan-14 59 0.08 0.57 0.59 1900.00 1672.00 3791.58 107.32 0.04
16-Jan-14 60 0.07 0.85 0.90 2137.97 2117.06 4266.47 108.34 0.04
21-Jan-14 61 3.52 348 3.77 2241.07 1933.40 4638.33 85.43 0.04
23-Jan-14 62 0.16 0.13 0.35 2471.99 2352.37 5116.27 80.81 0.03
27-Jan-14 63 0.04 0.01 0.10 2869.48 2726.01 7057.83 79.98 0.03
30-Jan-14 64 0.06 0.03 0.39 2328.14 2086.55 5726.34 67.00 0.04
03-Feb-14 65 0.11 0.08 0.08 2456.53 2333.71 7172.08 97.26 0.04
04-Feb-14 66 0.04 0.08 0.51 2155.73 2047.95 6293.87 79.54 0.04
05-Feb-14 67 0.10 0.08 0.02 1880.00 1673.20 5488.84 72.94 0.04
06-Feb-14 68 0.07 0.17 0.44 2402.22 2282.11 7013.52 75.72 0.04
10-Feb-14 69 0.05 0.03 0.01 2303.17 1828.48 8801.69 70.75 0.04
11-Feb-14 70 0.02 0.06 0.11 1929.93 1283.87 7375.33 58.54 0.04
12-Feb-14 71 0.02 0.03 0.11 2640.00 2402.40 10088.90 57.98 0.04
13-Feb-14 72 0.03 0.07 1.72 2230.34 1714.67 8523.38 52.71 0.04
17-Feb-14 73 0.13 0.13 0.13 2511.52 2385.94 8253.16 66.91 0.04
18-Feb-14 74 0.18 0.11 0.11 2022.65 1647.07 6646.67 62.39 0.04
19-Feb-14 75 1.05 0.12 0.12 2310.00 2148.30 7590.94 64.05 0.04
20-Feb-14 76 0.11 0.11 0.11 2354.78 2232.40 7738.10 68.34 0.04
24-Feb-14 77 0.12 0.11 0.11 1892.74 1831.49 5986.21 53.18 0.04
25-Feb-14 78 0.14 0.14 0.14 1674.09 1432.78 5294.66 48.54 0.04
26-Feb-14 79 0.42 0.45 0.45 1780.00 1619.80 5629.63 55.50 0.04
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TK106 TK107 TK107 TK107 XTSS

TK105 SO2 SO2 XTSS XVSS WAS TSS target
Date Time SO2 (g/m®) (g/m3) (g/m3) (gTSS/m?*  (gVSS/m®) (gTSS/m*) (gTSS/m’)  fr1_Q
27-Feb-14 80 2.21 2.21 2.21 2781.04 2641.98 8795.62 99.21 0.04
06-Mar-14 81 1.71 1.71 1.71 2736.66 2709.54 5022.77 78.28 0.04
10-Mar-14 82 2.13 2.13 2.13 3264.94 2925.57 6276.51 49.86 0.04
11-Mar-14 83 1.80 1.80 1.80 3201.65 2813.24 6154.84 48.77 0.04
12-Mar-14 84 2.21 2.21 2.21 3170.00 2757.90 6094.00 46.59 0.04
13-Mar-14 85 2.52 2.52 2.52 3154.18 2730.44 6063.58 48.22 0.04
17-Mar-14 86 2.19 2.19 2.19 2403.31 2162.89 4960.32 53.12 0.05
18-Mar-14 87 3.85 3.85 3.85 2323.35 2021.35 4795.28 43.90 0.05
19-Mar-14 88 3.82 3.82 3.82 2350.00 2068.00 4850.30 51.53 0.05
24-Mar-14 89 0.82 0.82 0.82 2583.13 2453.97 4850.36 60.68 0.06
25-Mar-14 90 0.45 0.45 0.45 2370.04 2226.13 4450.25 49.37 0.06
26-Mar-14 91 0.19 0.26 0.23 2170.00 1866.20 4074.63 40.11 0.06
27-Mar-14 92 0.90 0.90 0.90 2335.25 2161.25 4384.92 47.57 0.06
31-Mar-14 93 0.35 0.39 1.07 2498.14 1878.68 3815.07 53.99 0.07
01-Apr-14 94 0.24 0.27 0.58 2679.37 2161.16 4091.85 52.78 0.07
02-Apr-14 95 0.12 0.15 0.25 2890.00 2514.30 4413.51 49.46 0.07
03-Apr-14 96 0.25 0.31 0.89 2777.34 2322.09 4241.46 51.27 0.07
07-Apr-14 97 0.09 0.19 0.22 2225.16 2181.52 4220.49 73.49 0.04
08-Apr-14 98 0.09 0.40 0.42 2181.76 2097.26 4138.17 64.95 0.04
09-Apr-14 99 0.09 0.27 0.30 2020.00 1797.80 3831.36 59.55 0.04
10-Apr-14 100 0.09 0.23 0.33 2430.31 2308.80 4609.61 56.63 0.04
14-Apr-14 101 0.09 0.13 0.18 2947.83 2800.44 5559.54 110.22 0.04
15-Apr-14 102 0.08 0.11 0.14 2894.59 2876.30 5459.12 106.84 0.04
16-Apr-14 103 0.10 0.22 0.28 2415.38 2002.77 4555.35 86.22 0.04
17-Apr-14 104 0.10 0.22 1.53 2347.62 1891.97 4427.54 83.98 0.04
21-Apr-14 105 0.09 0.19 0.23 2166.39 1972.23 4589.64 86.74 0.04
22-Apr-14 106 0.10 0.20 0.19 2108.67 1868.53 4467.36 80.05 0.04
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TK106 TK107 TK107 TK107 XTSS

TK105 SO2 SO2 XTSS XVSS WAS TSS target
Date Time SO2 (g/m®) (g/m3) (g/m3) (gTSS/m?*  (gVSS/m®) (gTSS/m*) (gTSS/m’)  fr1_Q
23-Apr-14 107 0.09 0.17 0.18 1889.34 1500.04 4002.69 79.77 0.04
24-Apr-14 108 0.11 0.15 0.17 2201.02 2035.78 4663.01 82.00 0.04
29-Apr-14 109 0.11 1.68 2.96 1647.88 1379.99 3044.83 76.53 0.05
30-Apr-14 110 0.09 0.35 0.38 1784.34 1618.03 3296.99 70.02 0.05
05-May-14 111 0.14 1.11 1.52 2455.64 2332.86 5081.56 91.43 0.05
07-May-14 112 0.12 2.20 3.52 2419.41 2397.95 5006.58 98.42 0.04
08-May-14 113 0.14 2.30 3.20 2210.08 2000.95 4573.40 99.54 0.04
12-May-14 114 0.10 0.33 0.34 1825.85 1603.07 4438.45 134.34 0.03
13-May-14 115 0.14 2.10 3.67 2073.80 2068.03 5041.20 125.74 0.04
15-May-14 116 0.14 2.22 3.77 1829.07 1608.73 4446.28 120.33 0.04
19-May-14 117 2.19 2.19 3.03 2266.89 2141.73 4169.91 137.75 0.05
20-May-14 118 6.04 6.81 7.15 2239.53 2090.34 4119.59 119.34 0.05
21-May-14 119 5.52 6.13 6.26 2446.67 2324.34 4500.63 117.57 0.05
22-May-14 120 4.29 4.42 4.08 2106.64 1849.63 3875.14 106.59 0.04
27-May-14 121 1.79 1.23 0.36 3287.68 297541 7783.57 99.77 0.03
28-May-14 122 1.65 1.48 1.78 3016.42 2504.67 7141.37 93.05 0.03
29-May-14 123 1.12 091 2.56 3179.17 2782.25 7526.69 85.62 0.03
02-Jun-14 124 0.17 0.11 0.80 3396.42 3029.56 6936.97 101.74 0.04
03-Jun-14 125 0.17 0.11 0.80 3286.11 2835.96 6711.67 98.77 0.04
04-Jun-14 126 0.17 0.11 0.79 3019.04 2393.72 6166.20 93.15 0.04
05-Jun-14 127 0.21 0.21 0.24 3419.65 3071.13 6984 .41 86.22 0.04
09-Jun-14 128 1.58 1.93 1.41 1981.29 1882.22 3094.75 98.00 0.04
10-Jun-14 129 3.18 4.17 431 1740.00 1600.80 2717.86 98.00 0.05
11-Jun-14 130 3.72 491 4.84 1733.20 1588.32 2707.25 101.53 0.05
12-Jun-14 131 3.26 4.13 4.20 2093.44 1988.77 3269.93 100.89 0.05
16-Jun-14 132 3.01 3.75 3.80 1882.73 1874.20 2612.62 98.00 0.05
17-Jun-14 133 2.33 2.68 241 1906.52 1811.20 2645.64 95.11 0.05
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Table 46 HRSD pilot effluent state variables

Eff Filtered
Eff SU Eff Spr Eff Sgs Eff Cs Eff Xy Eff Xg Eff TSS Eff TVSS Eff VSS COD
Date Time (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gTSS/m3) (gVSS/m3) (gVSS/m3) (gCOD/m3)

03-Sep-13 0 38.22 39.00 25.18 84.60 136.00 70.00 127.15 120.79 134.22 137.00
04-Sep-13 1 32.30 28.18 13.52 57.00 103.00 50.00 91.88 88.59 96.99 99.00
09-Sep-13 2 30.77 1.04 41.44 45.74 54.00 60.00 87.34 82.79 84.53 91.28
10-Sep-13 3 33.80 0.87 26.33 45.00 38.00 50.00 72.72 57.40 70.38 76.00
11-Sep-13 4 30.96 0.91 31.96 43.17 46.00 50.00 76.10 62.85 73.65 79.53
12-Sep-13 5 36.95 0.97 30.00 34.08 64.00 50.00 80.97 71.15 78.36 84.62
16-Sep-13 6 27.35 1.30 24.29 72.06 20.00 80.00 75.00 69.49 72.69 70.59
17-Sep-13 7 27.40 1.18 19.42 55.00 31.00 70.00 68.00 57.12 65.91 64.00
18-Sep-13 8 31.30 1.17 15.06 82.47 2.00 70.00 67.33 56.01 65.26 63.37
23-Sep-13 9 30.51 2.27 67.12 106.10 86.00 100.00 158.28 150.37 134.55 128.13
24-Sep-13 10 28.40 2.09 61.51 76.00 103.00 90.00 145.76 138.48 123.91 118.00
25-Sep-13 11 30.14 2.13 61.51 67.22 117.00 90.00 148.59 141.16 126.31 120.29
26-Sep-13 12 34.94 1.91 47.26 39.90 126.00 80.00 133.25 126.58 113.27 107.87
30-Sep-13 13 32.73 0.57 29.77 75.92 69.00 120.00 135.54 128.76 100.25 81.43
01-Oct-13 14 30.60 0.50 23.90 68.00 63.00 100.00 118.18 94.71 87.41 71.00
02-Oct-13 15 31.81 0.54 27.07 77.58 62.00 110.00 127.68 110.55 94.44 76.71
03-Oct-13 16 33.08 0.56 28.28 83.08 57.00 120.00 133.06 126.40 98.42 79.94
07-Oct-13 17 33.48 1.25 16.41 78.86 43.00 160.00 156.10 148.29 126.20 59.46
08-Oct-13 18 28.29 1.05 13.66 66.00 31.00 140.00 131.25 106.50 106.11 50.00
09-Oct-13 19 31.00 1.05 11.10 73.85 24.00 140.00 131.72 107.27 106.49 50.18
10-Oct-13 20 28.24 1.05 13.56 65.15 31.00 140.00 130.79 105.74 105.73 49.82
15-Oct-13 21 21.70 0.83 18.47 69.00 37.00 120.00 128.97 98.83 98.19 47.68
16-Oct-13 22 23.39 0.95 22.50 66.16 52.00 140.00 147.33 128.96 112.17 54.46
17-Oct-13 23 23.83 0.94 21.76 63.47 53.00 140.00 146.36 127.28 111.43 54.11
21-Oct-13 24 22.46 13.13 35.02 99.39 81.00 110.00 141.64 134.56 134.27 85.53
22-Oct-13 25 25.10 13.20 32.70 76.00 106.00 110.00 142.43 135.30 135.02 86.00
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Eff Filtered

Eff SU Eff Spr Eff Sgs Eff Cs Eff Xy Eff Xg Eff TSS Eff TVSS Eff VSS COD
Date Time (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gTSS/m3) (gVSS/m3) (gVSS/m3) (gCOD/m3)

23-Oct-13 26 23.37 12.98 33.48 70.17 107.00 110.00 140.07 133.07 132.79 84.58
24-Oct-13 27 24.41 13.49 34.67 72.44 106.00 120.00 145.56 138.29 137.99 87.90
28-Oct-13 28 15.45 19.31 44.52 106.72 86.00 100.00 150.43 142.90 121.15 99.61
29-Oct-13 29 16.90 19.00 42.10 77.00 111.00 100.00 148.00 140.60 119.20 98.00
04-Nov-13 30 17.82 0.71 32.63 67.84 80.00 110.00 92.68 82.04 109.01 62.41
06-Nov-13 31 17.91 0.67 29.77 92.66 51.00 100.00 87.58 73.26 103.01 58.98
07-Nov-13 32 17.49 0.66 29.53 85.32 55.00 100.00 86.38 71.27 101.60 58.17
12-Nov-13 33 23.66 6.13 27.63 107.58 87.00 60.00 109.08 93.39 77.21 73.67
13-Nov-13 34 24.20 5.66 23.14 84.00 91.00 60.00 100.69 79.58 71.27 68.00
14-Nov-13 35 23.66 5.21 19.90 90.23 76.00 50.00 92.65 67.37 65.58 62.57
18-Nov-13 36 24.03 0.80 27.89 124.28 81.00 80.00 99.63 94.65 116.96 78.56
19-Nov-13 37 21.19 0.77 29.04 107.00 99.00 70.00 96.39 91.57 113.16 76.00
20-Nov-13 38 21.19 0.78 29.96 102.06 109.00 70.00 98.16 93.25 115.23 77.39
21-Nov-13 39 23.99 0.77 26.39 143.84 63.00 70.00 96.68 91.85 113.50 76.23
25-Nov-13 40 24.33 0.75 24.52 123.40 75.00 70.00 93.73 89.05 110.04 73.91
26-Nov-13 41 23.95 0.75 24.74 102.56 95.00 70.00 93.44 88.77 109.70 73.68
02-Dec-13 42 21.44 36.15 48.93 132.48 144.00 40.00 140.89 133.84 137.73 100.37
03-Dec-13 43 22.40 35.30 46.30 85.00 184.00 40.00 137.56 130.68 134.48 98.00
04-Dec-13 44 21.40 33.68 44.14 108.78 156.00 30.00 131.23 124.67 128.29 93.49
05-Dec-13 45 23.79 36.15 46.58 95.48 181.00 40.00 140.89 133.84 137.73 100.37
09-Dec-13 46 23.98 0.70 28.94 142.38 66.00 150.00 139.73 132.74 146.49 97.76
10-Dec-13 47 19.00 0.50 18.50 93.00 51.00 110.00 99.03 77.79 103.82 69.29
11-Dec-13 48 17.04 0.48 19.18 85.30 50.00 110.00 95.64 72.55 100.27 66.92
12-Dec-13 49 15.98 0.56 26.40 102.05 65.00 120.00 111.92 106.32 117.34 78.31
18-Dec-13 50 12.69 4.87 48.57 86.87 86.00 120.00 122.79 116.65 114.41 86.08
30-Dec-13 51 13.89 4.72 45.49 103.89 60.00 120.00 86.76 82.43 117.78 83.44
02-Jan-14 52 14.70 5.01 48.27 114.03 67.00 120.00 92.00 87.40 124.89 88.47
06-Jan-14 53 13.20 12.98 47.50 116.32 54.00 120.00 119.14 113.18 129.99 92.37
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Eff Filtered

Eff SU Eff Spr Eff Sgs Eff Cs Eff Xy Eff Xg Eff TSS Eff TVSS Eff VSS COD
Date Time (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gTSS/m3) (gVSS/m3) (gVSS/m3) (gCOD/m3)

07-Jan-14 54 9.97 11.80 45.23 94.00 60.00 110.00 108.34 102.92 118.21 84.00
08-Jan-14 55 13.64 12.58 45.23 94.55 67.00 120.00 115.54 109.76 126.06 89.58
09-Jan-14 56 12.88 13.40 49.83 81.89 98.00 120.00 123.07 116.92 134.28 95.42
13-Jan-14 57 10.22 0.83 31.14 128.80 44.00 90.00 103.58 88.42 108.92 58.51
14-Jan-14 58 12.00 0.87 31.13 103.00 71.00 100.00 108.00 102.60 113.56 61.00
15-Jan-14 59 11.61 0.86 31.25 93.28 79.00 100.00 107.32 101.95 112.85 60.62
16-Jan-14 60 13.06 0.87 30.20 80.86 94.00 100.00 108.34 102.92 113.92 61.19
21-Jan-14 61 13.66 0.69 21.48 79.16 104.00 40.00 85.43 76.82 72.70 49.68
23-Jan-14 62 15.07 0.65 18.18 72.10 109.00 30.00 80.81 68.74 68.77 47.00
27-Jan-14 63 17.49 0.71 18.47 121.33 57.00 50.00 79.98 91.65 109.68 50.83
30-Jan-14 64 14.19 0.59 15.93 93.28 58.00 40.00 67.00 64.32 91.88 42.58
03-Feb-14 65 22.11 0.84 22.29 84.76 90.00 60.00 97.26 107.91 121.63 61.14
04-Feb-14 66 19.40 0.69 16.91 81.00 61.00 50.00 79.54 72.18 99.48 50.00
05-Feb-14 67 16.92 0.63 16.38 63.07 73.00 40.00 72.94 60.70 91.22 45.85
06-Feb-14 68 21.62 0.66 12.95 64.78 68.00 50.00 75.72 65.41 94.70 47.60
10-Feb-14 69 25.54 1.18 44.58 89.70 64.00 30.00 70.75 82.20 110.43 76.14
11-Feb-14 70 21.40 0.98 36.62 81.00 41.00 30.00 58.54 56.28 91.38 63.00
12-Feb-14 71 29.27 0.97 28.20 61.56 59.00 30.00 57.98 55.22 90.51 62.40
13-Feb-14 72 24.73 0.88 27.51 52.87 54.00 30.00 52.71 45.63 82.28 56.73
17-Feb-14 73 23.96 0.82 24.56 83.66 108.00 40.00 66.91 60.27 106.69 70.79
18-Feb-14 74 19.30 0.76 25.94 101.00 85.00 30.00 62.39 52.39 99.48 66.00
19-Feb-14 75 22.04 0.78 24.41 117.77 64.00 40.00 64.05 55.23 102.14 67.76
20-Feb-14 76 22.47 0.83 27.09 119.61 77.00 40.00 68.34 62.87 108.97 72.30
24-Feb-14 77 23.06 0.70 28.82 129.41 63.00 30.00 53.18 40.05 80.22 77.79
25-Feb-14 78 20.40 0.64 26.96 114.00 59.00 30.00 48.54 33.37 73.22 71.00
26-Feb-14 79 21.69 0.73 32.46 109.12 93.00 30.00 55.50 43.62 83.72 81.18
27-Feb-14 80 33.89 1.31 62.91 200.90 164.00 50.00 99.21 94.24 149.65 145.11
06-Mar-14 81 30.48 0.73 48.14 46.65 109.00 40.00 78.28 76.79 80.99 77.79
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Eff Filtered

Eff SU Eff Spr Eff Sgs Eff Cs Eff Xy Eff Xg Eff TSS Eff TVSS Eff VSS COD
Date Time (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gTSS/m3) (gVSS/m3) (gVSS/m3) (gCOD/m3)

10-Mar-14 82 15.09 1.00 20.71 64.20 42.00 40.00 49.86 45.88 64.62 52.14
11-Mar-14 83 14.80 0.98 20.22 58.00 45.00 40.00 48.77 43.90 63.21 51.00
12-Mar-14 84 14.65 0.94 18.80 60.61 36.00 40.00 46.59 40.06 60.38 48.72
13-Mar-14 85 14.58 0.97 20.05 57.40 44.00 40.00 48.22 42.92 62.50 50.43
17-Mar-14 86 17.38 1.17 23.80 58.64 6.00 60.00 53.12 47.13 52.88 54.46
18-Mar-14 87 16.80 0.97 17.23 52.00 1.00 50.00 43.90 32.18 43.70 45.00
19-Mar-14 88 16.99 1.14 22.96 38.91 22.00 60.00 51.53 44.35 51.29 52.83
24-Mar-14 89 19.84 0.81 30.98 65.38 59.00 60.00 60.68 64.26 78.32 60.23
25-Mar-14 90 18.20 0.66 23.14 73.00 27.00 50.00 49.37 42.53 63.72 49.00
26-Mar-14 91 16.66 0.54 16.92 61.88 20.00 40.00 40.11 28.08 51.77 39.81
27-Mar-14 92 17.93 0.64 21.90 68.53 26.00 50.00 47.57 39.49 61.40 47.21
31-Mar-14 93 16.13 0.90 25.93 69.04 37.00 30.00 53.99 47.92 61.09 51.14
01-Apr-14 94 17.30 0.88 23.82 59.00 54.00 20.00 52.78 45.80 59.73 50.00
02-Apr-14 95 18.66 0.82 19.88 41.64 63.00 20.00 49.46 40.22 55.97 46.86
03-Apr-14 96 17.93 0.85 22.01 53.20 56.00 20.00 51.27 43.22 58.02 48.57
07-Apr-14 97 17.34 1.03 35.94 81.69 121.00 70.00 73.49 69.81 115.37 67.89
08-Apr-14 98 17.00 0.91 30.09 84.00 97.00 60.00 64.95 61.90 101.96 60.00
09-Apr-14 99 15.74 0.83 27.44 97.99 63.00 60.00 59.55 52.05 93.49 55.02
10-Apr-14 100 18.94 0.79 22.12 92.15 68.00 50.00 56.63 47.07 88.91 52.32
14-Apr-14 101 17.31 6.32 40.32 114.04 66.00 50.00 110.22 107.32 143.62 70.15
15-Apr-14 102 17.00 6.13 38.87 98.00 75.00 50.00 106.84 100.85 139.23 68.00
16-Apr-14 103 14.19 4.95 30.90 58.96 81.00 40.00 86.22 65.68 112.36 54.88
17-Apr-14 104 13.79 4.82 30.12 64.27 71.00 40.00 83.98 62.30 109.43 53.45
21-Apr-14 105 18.35 1.39 36.81 102.45 92.00 60.00 86.74 84.02 96.98 80.47
22-Apr-14 106 17.86 1.28 33.04 92.82 92.00 50.00 80.05 71.56 89.49 74.26
23-Apr-14 107 16.00 1.28 34.72 97.00 87.00 50.00 79.77 71.06 89.18 74.00
24-Apr-14 108 18.64 1.31 33.50 106.55 84.00 50.00 82.00 75.09 91.68 76.07
29-Apr-14 109 17.00 2.17 19.83 92.00 56.00 60.00 76.53 56.86 87.30 45.00
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Eff Filtered

Eff SU Eff Spr Eff Sgs Eff Cs Eff Xy Eff Xg Eff TSS Eff TVSS Eff VSS COD
Date Time (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gCOD/m3) (gTSS/m3) (gVSS/m3) (gVSS/m3) (gCOD/m3)

30-Apr-14 110 18.41 1.99 15.29 85.32 45.00 60.00 70.02 47.60 79.87 41.17
05-May-14 111 20.30 2.08 49.15 89.47 86.00 80.00 91.43 86.86 100.66 89.18
07-May-14 112 20.00 2.24 54.76 116.00 79.00 80.00 98.42 93.50 108.35 96.00
08-May-14 113 18.27 2.26 57.34 92.13 96.00 90.00 99.54 94.57 109.58 97.09
12-May-14 114 18.87 20.62 45.87 95.64 131.00 110.00 134.34 127.62 153.60 102.24
13-May-14 115 21.43 19.30 39.17 96.10 119.00 100.00 125.74 119.46 143.77 95.70
15-May-14 116 18.90 18.47 39.09 78.54 123.00 100.00 120.33 114.32 137.58 91.58
19-May-14 117 19.30 19.01 28.01 93.68 109.00 120.00 137.75 130.87 127.05 81.67
20-May-14 118 19.07 16.47 21.92 86.55 93.00 100.00 119.34 113.37 110.06 70.75
21-May-14 119 20.83 16.22 19.55 71.40 104.00 100.00 117.57 111.69 108.43 69.70
22-May-14 120 17.94 14.71 18.67 67.68 92.00 90.00 106.59 84.70 98.31 63.19
27-May-14 121 20.17 13.78 12.65 84.40 81.00 70.00 99.77 91.65 110.23 59.40
28-May-14 122 18.50 12.85 12.11 72.54 77.00 70.00 93.05 79.71 102.81 55.40
29-May-14 123 19.50 11.82 8.66 62.01 80.00 60.00 85.62 67.49 94.60 50.97
02-Jun-14 124 19.47 0.91 23.20 96.43 98.00 70.00 101.74 90.62 101.57 50.47
03-Jun-14 125 18.84 0.88 22.58 102.70 94.00 60.00 98.77 85.41 98.60 49.00
04-Jun-14 126 17.30 0.83 21.76 93.11 89.00 60.00 93.15 75.97 93.00 46.21
05-Jun-14 127 19.60 0.77 16.56 88.08 76.00 60.00 86.22 65.08 86.07 42.77
09-Jun-14 128 19.40 1.37 33.13 108.10 63.00 80.00 98.00 84.28 104.69 70.10
10-Jun-14 129 17.04 1.37 35.49 89.10 82.00 80.00 98.00 84.28 104.69 70.10
11-Jun-14 130 16.97 1.42 37.45 90.16 90.00 80.00 101.53 96.46 108.46 72.63
12-Jun-14 131 20.50 1.41 33.58 70.51 108.00 80.00 100.89 95.85 107.78 72.17
16-Jun-14 132 18.44 1.37 34.09 91.10 80.00 80.00 98.00 84.28 104.69 70.10
17-Jun-14 133 18.67 1.33 32.31 74.69 89.00 80.00 95.11 79.38 101.60 68.03
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Hydrolysis
Bacteria can only utilize low molecular weight organic compounds. Many high molecular
weight, colloidal and particulate substrates, which are typically present in domestic
wastewater, cannot be utilized directly by microorganisms. These substrates must be made
available through external enzymatic reactions that produce low molecular weight compounds
that can be transported across the cell membrane. These reactions are referred to as

hydrolysis (Henze et al., 2000).

Lysis Regrowth
The HRAS model incorporates the Lysis-regrowth concept to depict the loss of viability and
biomass in biochemical operations. Based on the assumption that only active, viable biomass
is present; it is viewed as continually undergoing death and lysis, yielding particulate
substrate (Xg) and biomass debris. Once converted to Xg, it enters the hydrolysis cycle where
it is convert to Sgs and available as substrate for growth. This process is illustrated in Figure

48 for the HRAS model.
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Figure 48: Schematic representation of the lysis: regrowth approach to modeling biomass decay

The A-stage model includes several hydrolysis processes shown in Table 23 including;
Hydrolysis of entrapped organics to form slowly biodegradable substrate (Xg = Sgs)

e Hydrolysis of storage products to readily biodegradable substrate (Xsto = Sgr)
e Hydrolysis of EPS to readily biodegradable substrate (Xgps = Sgr)

These processes play a significant role in the calibration of the model and ultimately the

ability of the model to effectively predict system performance over a wide range of operating

conditions.
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Table 47 Partial Peterson matrix processes and stoichiometric coefficients for the HRAS model

Name Sgf Sgs Cs Cu XB Xu  XoHo, ACT XEps Xsto

rl  Aerobic growth of Xonos — Fast -1/(Y ono,aer*(1-keps pc-ksro.pc)) 1 keps,pc/(Yono,aer*(1-kepspc-kstopc))  ksto,pc/(Yono,aer*(1-keps,pc-ksto,pc))
r2  Aerobic growth of Xonos — Slow -1/(Y ono,aer*(1-keps pc-ksro.pc)) 1 keps,pc/(Yono,aer *(1-kepsp-kstopcc))  kstopc/(Yono,aer*(1-keps pc-Ksto,pc))
r3  Decay of heterotrophs I-fu -1
o4 Hydrqusm of entrapped 1 1

organics

flocculation of colloidal
r5 -1 1

substrate
r6  flocculation of colloidal inerts -1 1
r7  Hydrolysis of storage products 1 -1
r8  EPS hydrolysis 1 -1

Table 48 Partial Peterson matrix process rate equations for the HRAS model

Name

Rate expression (r;)

rl

12

12

r3

r4

5

r6

r7

r8

a

b

Aerobic growth of heterotrophs - Fast
Aerobic growth of heterotrophs - Slow
Aerobic growth of heterotrophs - Slow

Decay of heterotrophs

Hydrolysis of entrapped organics

flocculation of colloidal substrate
flocculation of colloidal inerts
Hydrolysis of storage products

EPS hydrolysis

HomoMax " (Se (KptSp) *(S02/(Koz,0n0S02)) *(Snie/ (Knsix nurSnid) *Xomo

Hono,slowMax (S (KpsTSp:)) * (K (K-S ) *(S 0/ (Koz,0101S02)) * (St (Ktix nut P SNid) *Xoomo

Homo.max *(Ss/ (K tSp:))*(S02/(Koz.010S02)) *(Sxin/ (Kt nu i) *Xono

bono*Xomo.act

Axsuyp (Xe/Xono) (Kp uyptXe/Xo10)) *((So2/(Koz,0n0 TS 02)) Muyp *(Koz,0n0/(Ko2,0107502) *(Sxox/ (Kxox T Snox))) *Xo
HO

Aaps*Co*XonotXano) *(Kst /((Cp/(XonotX ano) K1) *(Xps/(Kipst X eps))

daps *Cu*(XonotXano) *Ks /((Co/(Xonot X ano)) K1) *(Xeps/(KgpstXeps))

Asto,uyp (Xsro/Xono/KsronyntXsto/Xono)) *(Ked (Kt Sp) *(Kpy/ (KpstSpe)) *(S02/(Koz,0n01tS02)) *Xomo

qePAHYD*XEPS

r2a corresponds to the Diauxic model, r2b corresponds to the Dual Substrate model
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Table 49 Partial list of default parameter values for the mass-balance equations

Symbol Name Value Unit

Ks.HYD Saturation coefficient for Xg/Xono 0.03 g Xg/g Xono
LOHO,Max Maximum growth rate of Xono on Sgr 7.0 d!

LLOHO Slow Max Maximum growth rate of Xono on Sgs 3.0 d!

Kt Half-saturation coefficient for Sgr (Xomno) 5.0 g Spr.m™

Kags Half-saturation coefficient for Sgs(Xomo) 40 g Sps.m™
boro Decay rate for Xono 0.62 d!

Ko.ono Half-saturation coefficient for So2(Xomno) 0.1 g Sop.m™
gADS Rate constant for adsorption 0.07 d!

Ks. Half-saturation coefficient for surface limitation 0.002 -

gsto Rate constant for growth on Xsro (Xomno) 2.0 d!

Keps.MAX EPS formation coefficient 0.25 g CODgps.gVSS™!
qEPS,HYD EPS hydrolysis 0.12 d!

Keps Half-saturation coefficient for EPS (Xono) 50 gXgps.m
JXB,HYD Particulate COD Hydrolysis Rate Constant 3.5 d!

ksto,mMax Maximum Production Yield for Storage Polymers .65 g Xs10.8Spr!
fShunt Max Fraction of Xsro in the Active Biomass .30 -

JsTo,HYD Storage Hydrolysis Rate Constant 3.0 d!

Ksro,nyp Hydrolysis Half-saturation coefficient for Xsro (Xomo) 0.15 gXsto.gXono!
Ko2eps Half-saturation coefficient for So, 1.5 g Sop.m™
Koz,sto Half-saturation coefficient STO for So, 1.0 gSo2.m™
Keps,nyp Saturation Coefficient Xgps 0.05 gXgps.gXono™!
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Table 50 Stoichiometry dataset

Date 15[?1?5 OUR CO;_PR COzi.Oz Agr}g‘?ic Temp fcv Calculated gg;zgz
Balance (mg/L-hr) (mg/L-hr) Ratio (d) (°C)  (gCOD/gVSS) (2COD/m’)

9/16/2013 89% 247.8 240.8 0.98 0.1 26.7 1.79 20.02
9/17/2013 91% 224.49 241.7 1.08 0.1 26.5 2.02 20.06
9/18/2013 86% 250.63 228.59 1.07 0.12 26.5 1.97 2291
9/23/2013 74% 67.14 92.97 1.38 0.05 26 2.79 22.33
9/24/2013 75% 75.26 97.18 1.31 0.05 26 2.99 20.79
9/25/2013 96% 127.11 129.02 1.05 0.05 25.7 2.8 22.06
9/26/2013 84% 189.31 164.32 0.87 0.07 25.7 3.89 25.57
9/30/2013  102% 199.96 171.76 0.92 0.06 25.5 1.66 2191
10/1/2013 95% 188.38 175.62 0.94 0.06 253 1.97 20.48
10/2/2013 86% 184 164.44 0.9 0.06 25.2 1.83 21.29
10/3/2013 94% 186.48 156.26 0.84 0.06 25.2 1.65 22.14
10/15/2013  94% 171.08 149.15 0.9 0.06 243 2.64 19.29
10/16/2013  82% 150.83 137.35 0.92 0.06 24.1 2.38 20.79
10/17/2013  78% 164.62 143.76 0.88 0.06 24.2 2.38 21.18
10/21/2013  89% 104.56 98.97 1.18 0.07 243 1.71 20.02
10/22/2013  79% 96.53 102.35 1.07 0.08 24 1.98 22.37
10/23/2013  103% 104.58 100.58 0.96 0.07 24 1.87 20.83
10/24/2013  103% 92.9 96.97 1.05 0.07 23.6 1.86 21.76
10/28/2013  93% 83.93 90.33 1.12 0.07 22.9 1.58 20.1
10/29/2013  99% 83.97 106.9 1.28 0.08 22.9 1.85 21.99
11/4/2013 91% 152.9 150.56 1.04 0.11 22.5 1.64 20

11/6/2013 96% 175.08 172.62 0.99 0.11 22.4 1.7 20.1
11/7/2013  101% 204.15 170.2 0.83 0.11 22.4 1.64 19.63
11/12/2013  108% 139.64 172.72 1.26 0.09 21.5 1.35 18.84
11/13/2013  99% 128.38 178.53 1.39 0.09 21.2 1.52 19.27
11/14/2013  91% 131.36 172.24 1.32 0.09 21.1 1.65 18.84
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COD ) Aerobic Influent
Date Mass OUR CO, PR  CO1:0> SRT Temp fcv Calculated Biomass

Balance (mg/L-hr) (mg/L-hr) Ratio (d) (°C)  (gCOD/gVSS) (2COD/m’)

11/19/2013  110% 13991 144.55 1.13 0.07 20.8 1.16 15.87
11/20/2013  112% 112.76 150.35 1.33 0.07 20.8 1.18 15.87
11/21/2013  96% 109.84 153.9 1.41 0.08 20.6 1.28 17.97
11/25/2013  145% 172.73 181.01 1.3 0.06 20 0.87 18.22
11/26/2013  117% 225.59 163.57 0.74 0.06 20.2 0.7 17.94
12/2/2013 94% 129.57 104.67 0.8 0.05 18.7 1.66 17.44
12/3/2013 81% 121.74 86.1 1.03 0.05 18.6 2.06 18.22
12/4/2013 90% 79.67 102.76 1.3 0.05 18.8 2.36 17.41
12/5/2013  100% 94.78 110.95 1.18 0.05 18.9 2.77 19.35
12/9/2013 60% 118.28 120.93 1.4 0.13 18.7 1.77 34

12/10/2013  109% 140.57 125.59 0.9 0.12 18.4 1.77 26.94
12/11/2013  108% 124.74 124.96 1.01 0.11 18.1 1.68 24.17
12/12/2013  113% 119.33 114.53 0.97 0.09 18.2 1.18 22.67
12/18/2013  129% 129.51 120.66 0.93 0.07 17.4 0.89 24.25
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Table 51 Spr substrate partition fractions

CO»0, Xsi e Yonomax Yoro Yers Ysto
Date Ratio (202/2CODsg)) (gCODono  (gCODono  (gCODgps/  (gCODsTo
/gCODsps)  /gCODspr)  gCODsps)  /gCODsgy)
9/16/2013 1.4 0.795 0.079 0.068 0.038 0.098
9/17/2013 1.45 0.556 0.233 0.168 0.077 0.200
9/18/2013 1.425 0.654 0.160 0.125 0.064 0.158
9/23/2013 1.975 0.132 0.751 0.397 0.105 0.366
9/24/2013 1.975 0.132 0.751 0.397 0.105 0.366
9/25/2013 1.525 0.381 0.400 0.254 0.095 0.270
9/26/2013 1.975 0.132 0.751 0.397 0.105 0.365
9/30/2013 1.4 0.797 0.078 0.067 0.035 0.100
10/1/2013 1.975 0.132 0.751 0.397 0.104 0.367
10/2/2013 1.4 0.798 0.078 0.067 0.035 0.100
10/3/2013 1.4 0.797 0.078 0.068 0.035 0.100
10/15/2013 1.875 0.154 0.713 0.383 0.105 0.357
10/16/2013 1.975 0.132 0.751 0.397 0.105 0.366
10/17/2013 1.925 0.142 0.733 0.391 0.105 0.362
10/21/2013 1.975 0.132 0.751 0.397 0.104 0.366
10/22/2013 1.975 0.132 0.751 0.397 0.105 0.366
10/23/2013 1.975 0.132 0.751 0.397 0.105 0.366
10/24/2013 1.65 0.250 0.566 0.327 0.102 0.322
10/28/2013 1.8 0.177 0.676 0.369 0.102 0.351
10/29/2013 1.975 0.132 0.750 0.397 0.104 0.367
11/4/2013 1.6 0.290 0.512 0.304 0.100 0.306
11/6/2013 1.5 0.426 0.352 0.231 0.090 0.252
11/7/2013 1.4 0.795 0.079 0.068 0.038 0.099
11/12/2013 1.4 0.795 0.079 0.068 0.038 0.099
11/13/2013 1.425 0.654 0.160 0.125 0.063 0.158
11/14/2013 1.975 0.132 0.751 0.397 0.105 0.366
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CO»0, Xsicae Y oHo,max Yono Yeps Ysto
Date Ratio (202/2CODsg)) (gCODono  (gCODono  (gCODgps/  (gCODsTo
/gCODsps)  /gCODspr)  gCODsps)  /gCODsgy)
11/19/2013 1.5 0.426 0.352 0.231 0.091 0.252
11/20/2013 1.45 0.555 0.233 0.169 0.077 0.199
11/21/2013  1.975 0.132 0.751 0.397 0.106 0.365
11/25/2013 1.45 0.555 0.233 0.169 0.078 0.199
11/26/2013 1.45 0.555 0.233 0.169 0.078 0.199
12/2/2013  1.525 0.380 0.402 0.255 0.098 0.267
12/3/2013  1.975 0.132 0.751 0.398 0.107 0.364
12/42013  1.975 0.132 0.751 0.398 0.107 0.364
12/52013  1.975 0.132 0.751 0.398 0.107 0.364
12/9/2013 1975 0.132 0.751 0.398 0.107 0.364
12/10/2013 1.75 0.196 0.647 0.359 0.106 0.340
12/11/2013 1.55 0.344 0.444 0.274 0.100 0.281
12/12/2013 1.4 0.790 0.082 0.070 0.045 0.095
12/18/2013 1.4 0.799 0.077 0.067 0.033 0.101
Average 0.474 0.270 0.085 0.269
Std Dev 0.277 0.133 0.027 0.106
Minimum 0.077 0.067 0.033 0.095
Maximum 0.751 0.398 0.107 0.367
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APPENDIX H: HRSD PILOT OFF-GAS DATA
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Table 52 HRSD pilot off-gas data

Date OUR mg/L.hr CO;_PR mg/L.hr CO0,:0; Ratio
9/3/2013 55.87 76.98 1.37
9/4/2013 89.22 108.80 1.40
9/5/2013 124.65 125.24 0.99
9/6/2013 113.93 118.64 1.03
9/16/2013 247.80 240.80 0.98
9/17/2013 224.49 241.70 1.08
9/18/2013 229.19 231.33 1.07
9/19/2013 223.56 223.08 1.00
9/20/2013 211.88 207.35 0.98
9/23/2013 69.25 95.10 1.38
9/24/2013 75.26 97.18 1.31
9/25/2013 128.03 130.38 1.05
9/26/2013 189.31 164.32 0.87
9/27/2013 146.33 142.51 0.92
9/30/2013 206.77 173.62 0.92
10/1/2013 188.38 175.62 0.94
10/2/2013 184.00 164.44 0.90
10/3/2013 186.48 156.26 0.84

10/11/2013 69.48 31.41 0.26
10/15/2013 179.12 154.42 0.90
10/16/2013 150.87 137.39 0.92
10/17/2013 164.62 143.76 0.88
10/18/2013 137.43 125.28 0.91
10/21/2013 105.39 102.56 1.18
10/22/2013 96.53 102.35 1.07
10/23/2013 104.58 100.58 0.96
10/24/2013 92.90 96.97 1.05
10/25/2013 83.35 92.92 1.03
10/28/2013 83.95 93.59 1.12
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Date OUR mg/L.hr CO;_PR mg/L.hr CO;:0; Ratio
10/29/2013 83.97 106.90 1.28
10/30/2013 86.22 116.61 1.38
10/31/2013 92.39 113.00 1.23
11/1/2013 104.19 105.24 0.97
11/4/2013 156.78 163.13 1.04
11/5/2013 163.83 176.15 1.08
11/6/2013 175.08 172.62 0.99
11/7/2013 204.15 170.20 0.83
11/8/2013 171.23 148.23 0.83
11/12/2013 142.32 176.48 1.26
11/13/2013 128.55 178.54 1.39
11/14/2013 131.51 172.28 1.32
11/15/2013 112.19 141.03 1.17
11/19/2013 148.81 145.89 1.13
11/20/2013 112.94 150.37 1.33
11/21/2013 110.14 154.11 1.41
11/22/2013 128.13 160.79 1.26
11/25/2013 172.45 183.34 1.30
11/26/2013 225.59 163.57 0.74
11/27/2013 249.62 142.39 0.55
12/2/2013 133.09 106.14 0.80
12/3/2013 124.12 91.30 1.03
12/4/2013 79.67 102.76 1.30
12/5/2013 95.41 111.29 1.18
12/6/2013 103.11 114.88 1.13
12/9/2013 92.87 119.93 1.40
12/10/2013 140.57 125.59 0.90
12/11/2013 124.78 125.00 1.01
12/12/2013 119.33 114.53 0.97

199



Date OUR mg/L.hr CO;_PR mg/L.hr CO;:0; Ratio
12/13/2013 109.23 105.67 0.98
12/16/2013 144.32 126.29 0.97
12/18/2013 129.51 120.66 0.93
12/19/2013 109.93 108.45 0.99
12/20/2013 118.03 119.36 1.01
3/24/2014 201.89 74.03 0.37
3/25/2014 148.46 119.44 0.83
3/26/2014 129.55 130.40 1.02
3/27/2014 113.12 139.09 1.23
3/28/2014 123.29 126.39 1.00
3/31/2014 155.64 142.39 0.92

4/1/2014 148.04 158.05 1.07
4/2/2014 141.88 148.88 1.05
4/3/2014 145.77 147.97 1.02
4/4/2014 131.13 118.13 0.89
4/7/2014 145.10 148.03 0.92
4/8/2014 171.00 172.39 1.01
4/9/2014 150.71 167.48 1.12
4/10/2014 106.64 135.70 1.27
4/11/2014 120.80 137.45 1.17
4/14/2014 150.11 158.95 1.09
4/15/2014 151.89 138.60 0.90
4/16/2014 94.06 129.89 1.41
4/17/2014 77.48 136.17 1.80
4/22/2014 145.55 130.46 0.85
4/23/2014 160.78 155.55 0.98
4/24/2014 149.26 153.98 1.04
4/25/2014 157.43 144.92 0.93
4/28/2014 154.26 158.56 1.03
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Date OUR mg/L.hr CO;_PR mg/L.hr CO;:0; Ratio

4/29/2014 130.41 136.72 1.05
4/30/2014 129.34 131.95 1.03
5/1/2014 151.76 142.56 0.94
5/2/2014 146.52 137.13 0.93
5/5/2014 151.63 152.92 1.03
5/6/2014 151.29 148.52 0.98
5/7/2014 143.65 166.80 1.16
5/8/2014 146.30 167.45 1.17
5/9/2014 148.37 172.92 1.18
5/12/2014 148.90 193.37 1.31
5/13/2014 152.03 180.63 1.21
5/14/2014 144.38 174.05 1.21
5/15/2014 148.85 160.17 1.08
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