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The sequencing batch reactor (SBR), developed from batch reactor technology, has made
significant progress in the past two decades with increasing use in wastewater treatment.
However, there are still some important aspects of the system that need improvement.
Modelling SBR system, developing lab methods for estimation of the model parameters,
re-defining SBR design parameters and comparing SBR and continuous flow stirred tank

reactor (CFSTR) systems were the four objectives of this thesis.

Previous SBR models cannot predict an entire SBR operation cycle because they have
some obvious deficiencies. No consideration of soluble microbial products (SMP) by the
models is one of the deficiencies. These deficiencies were carefully reviewed and
discussed before beginning the modelling work.

A new mathematical model based on the standard Lawrence and McCarty model and
IAWPRC model No. 1 has been developed for the SBR activated sludge system. In
contrast with previous SBR models, the most important developments of the new model
activated sludge decay and classifying diﬁ‘erem basic chemical oxygen demand (COD)
categories based on their biodegradabilities. In the new SBR model, total COD is divided
into two parts: soluble and insoluble. The soluble part is further subdivided into easy-to-
biodegrade substrate (EBS), difficult-to-biodegrade substrate (DBS) and biologically nert
organic materials (IOM). The classification of COD makes it possible to describe the

degradation process of organic substances more precisely.
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Quantitative batch test methods for the classification of the substrate have been devised to
aid in characterizing and developing the coefficient values of the new SBR model. The
batch test techniques were employed for measuring the three different (EBS, DBS and
IOM) soluble COD fractions in the influent as well as the formation or release of these
three types of substances from metabolism and siudge decay. The kinetic constants of the
new model can also be estimated by the techniques. It was found that EBS degradation

followed Monod kinetics and DBS degradation followed first-order kinetics. It was also

i

found that the soluble COD released from substrate metabolism is closely related to the |

type of substrate degraded while the soluble COD released from activated sludge decay is
not. Experiments furthermore revealed that the major portion of soluble COD released
from sludge decay is easily biodegradable which is different from expectation.

With a single set of experimentally measured kinetic constants and other coefficients, and
supported by a computer program, the model successfully predicted the SBR performance

over a wide range.

The third important contribution of the project is systematic development of design
definitions and engineering parameters for SBR systems. Although SBR technology has
been widely used in wastewater treatment, it is not as popular as continuous flow systems
for many reasons. One of the major reasons is lack of widely accepted design standards.
The parameters of an SBR system which are diﬁ‘eréﬁt from those in continuous flow
systems and need to be redefined are effective reactor volume, true hydraulic retention

time, true sludge age, total effective biomass, sludge decay rate constant, true sludge



loading rate and volumetric loading rate.

In an SBR system, the effective reactor volume is variable and depends on both the
aeration time and fill time in an operational cycle. The true hydraulic retention time is a
function mainly of the fill length after total and initial reactor volumes and cycle length are
determined. The total effective biomass in an SBR reactor is significantly affected by the
operational mode and the biokinetic parameters. The true sludge age is also affected by
the operational mode. The true sludge loading rate is calculated based on the total
effective biomass and the true volumetric loading rate based on the effective reactor

volume.

The last major contribution is the completion of an overall experimental comparison
between SBR and CFSTR systems. Systematic comparison of three SBR and three
CFSTR reactors was conducted under equivalent HRT. The SBR system showed slightly
improved kinetics over the CFSTR, while having more strict physical constraints than the
" latter. The major physical constraint is initial reactor volume at the beginning of each
SBR cycle, which reduced reactor volume utilization rate and limited the quantity of
sludge held in the reactor. As a result of the constraints, the advantages of SBR system
compared to CFSTR system are seriously diminished. Based on equivalent HRT, the
~ overall average COD removal efficiency by the SBR system was about one percent higher
than that of the CFSTR system. Also at equivalent conditions, the SBR system possessed
slightly higher volumetric loading and slightly higher specific substrate removal rates.
Results of analysis of variance (ANOVA) for the two systems revealed that improved

performance in the SBR is significant at o = 0.05 but not significant at & = 0.01. From the
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comprehensive comparison of the two systems, it was concluded that an SBR will show
no overwhelming advantages to a CFSTR system under the circumstances of low and
comparatively stable feed concentration, easy-to-biodegrade organic components and
stable influent flow rate. Only with high strength or refractory organic components,
unstable flow rate, unstable concentration, theoretically, will an SBR system be expected
to perform better than a CFSTR. These situations require a treatment system that can
provide low F/M ratio, flexible HRT and sludge age to deal with various organic
compounds and large capacity of withstanding hydrauﬁc or organic shock. Further

experimental verification is required to confirm these theoretical predictions.
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Batch reactors have been widely used in chemical engineering for a long time. Batch
reactors (BR) were used in seminal laboratory work performed to develop the activated
sludge process for sewage treatment early in this century (Ardern and Lockeit, 1914a,
1914b, 1915). However, continuous flow stirred tank reactors (CFSTR) were installed in
the field because wastewater was continuously delivered from a city or a plant and the
batch operating mode was difficult to implement at that time. In the past 20 years, with
the development of computer technology and the improvement of other automated control
devices such as level sensors and valves, engineers and researchers have been able to
refine and develop sequencing batch reactor (SBR) technology to treat a continuous flow
wastewater. Consequently, the process has been a fobus of research in environmental

 engineering for more than two decades.

Mechanistic-based mathematical modelling of wastewater treatment can serve many
purposes. First, modelling can offer an overall conceptual understanding to researchers
and extend their knowledge. Second, it can provide designers with the tools to evaluate a
wide range of system variables to find optimal designs in which the process objectives can
be reached at the lowest cost. Third, modelling can serve operators of wastewater
treatment plants by optimizing the operation or adjusting some operating parameters to
realize the desired performance. Finally, modelling can be 2 tool for students with which

they can learn more systematically and easily.



Unfortunately, the modelling of an SBR activated sludge process has not been as
successful as that of a CFSTR system because a CFSTR system works under more
" constant conditions in which the changes of substrate and biomass concentrations in the
reactors can commonly be neglected. This simplifies the process and benefits model
building. In contrast, substrate removal in the SBR system is carried out under an
unsteady state in which both the substrate and biomass concentrations in the system
change significantly. This is 2 more complicated situation and, consequently, provides a

greater challenge to environmental researchers to mathematically model the system.

In spite of many advantages, environmental engineers are sometimes reluctant to use
mathematical models because some models are highly "mathematical” and mechanically
unclear, or so complicated in their expressions that the parameters are difficult to estimate
and, therefore, not easily employed in practice. Engineers prefer to use simple mechanistic
models, for example, the Lawrence & McCarty (1970) model for the activated sludge
processes, which was proposed in 1970 and has been widely accepted by environmental
engineers and scientists because it is simple in formula and clear in mechanism. Attention

should be paid to these practical concerns when developing a mathematical model.

More study with consequent development has been given to CFSTR systems compared to
the SBR systems. A researcher or an engineer can summarize the advantages and
disadvantages of a CFSTR system and this can be done for an SBR system too. But, it is
still unclear what level of performance can be achieved and what biological and physical

constraints will occur if an SBR system is applied to situations that a CFSTR system can



or cannot handle. In other words, there has been no comparison study for the two
systems. Irvine and Ketchum (1989) stated in their summary report on SBRs that the
relationships among sludge age, mass loading, hydraulic residence time (HRT), and tank
sizing are mot clear for an SBR because of the dramatic impact of aeration and mixing

strategies on overall performance.
From the above analysis, the objectives of the thesis are as follows:

1. Derive a mechanistically-based mathematical model that can predict SBR performance

over a wide range of operating conditions.
2. Develop a set of experimental methods to test the parameters of the new model.

3. Make an overall comparison between SBR and CFSTR systems based on experiment

and model simulation.
4. Summarize operational constraints of SBR.

5. Develop the quantitative calculation methods for the effective reactor volume, true
HRT, true sludge age, true sludge loading rate and true volumetric loading rate for an

SBR system.

6. Propose procedures for SBR system design.



2.1. THE SEQUENCING BATCH REACTOR ACTIVATED SLUDGE SYSTEM

Actually, an SBR is 2 batch system operated according to a designated time sequence. In
its simplest form, the SBR system consists of a single vessel in which timed periods of
filling, reacting, settling, drawing and idling sequentially take place. Figure 1 shows the
five phases in one cycle of a single tank SBR. To provide batch treatment in a continuous
flow situation, the system must have more than one tank (reactor). In a muiti-tank SBR
system, each reactor works independently but follows the same cycle although each tank is

in a different phase of the cycle.

aerate ’ aerate

and mix and mix ‘ 3

|

!

o o

fll react settle draw idle
Figure 2-1. Typical five phases of an operational cyclem a single tank SBR system

For example, consider a three tank system where each tank is in an idle phase and they all
contain a concentrated sludge occupying the bottom portion of the tank. At the beginning

there is no flow coming into the system. When a constant continuous flow is initiated, the



first reactor begins to fill with wastewater and aeration is commenced. The first reactor
fills to capacity and flow is directed to the second reactor which begins its fill period. The
first reactor now enters the react phase. When the second reactor is full, flow is directed
to the third reactor. Now the second reactor enters the react phase. The first reactor
must complete the phases of react, settle, draw and idle during the fill periods of the
second, and third reactors to haﬁie the available volume to receive influent when the third
reactor is ﬁlli. When the third reactor is full, the influent is directed back into the first-
reactor which then repeats the whole cycle as the second and third reactors go through the
phases of react, settle, draw and idle to be able to accept influent at the appropriate time.
Sludge produced during the cycle can be removed during the dr;w or idle phases. A

pictorial representation of this operating sequence is shown in Fig. 2-2.

t g § i

.!eactisettle 3 i react-l § settle 1

draw 1 :draw 2 draw 3
Figure 2-2. Operating sequence of a three tank SBR system for a continuous flow

In Fig. 2-2, the x axis represents time and the y axis the reactor volume. Each reactor has

the same initial volume, Vi, full reactor volume, Vs, and cycle mode. There are no a priori



requirements on the duration of each phase of the cycle. The only mandatory requirement
is that at least one reactor has available volume at any time to receive influent. In a steady
flow situation, maximum treatment efficiency will be attained when each reactor has the
same cycle as shown in Fig. 2-2. Idle time would not be incorporated into the cycle in a

steady flow situation because it is wasted time and therefore wasted volume.

The phases do not normg,lly have the same duration. For instance consider a wastewater
which gives rise to a sludge that settles in 20 min. The designer uses a three tank system
and sets the cycle time at 6 h for a steady flow. For maximum volume efficiency in this
system the fill time will be 2 h, the react and draw periods will total 3 h and 40 min,
respectively. How this time is split between the react and draw periods depends on the
pumping capacity for withdrawing clarified effluent. If more reaction time is required, the
designer can increase pumping capacity with due consideration to turbulence and
concomitant disturbance of the settled sludge. Or the volume of the tanks can be
| increased which will increase the fill, react and cycle times. Obviously there are many
routes to vary the relative duration of each phase of the cycle. These range from physical
measures such as volume adjustments (which can also be ;.dditionai tanks) to measures
such as adding a chemical agent to improve settling or heat to increase the rate of

reaction.

In a variable flow situation, optimum treatment will dictate that the durations of the phases
are variable under the constraint that one reactor is always available to receive influent.

When the flow rate is high the reactor receiving the influent will have a shorter fill period.



As flows decrease, the reactor receiving influent will have a longer fill period and the
previously filled reactor(s) will have longer times for react, settle, draw and idle periods.
Idle time will probably occur on a periodic basis. The degree of flow variability and the
regularity of the flow pattern will determine the total system volume and cycle variability

through time.

2.2 TEEORETECAEJ ANALYSIS OF EFFECT VOLUME FOR BATCH
REACTOR, CONTINUOQUS FLOW AND STIRRED TANK REACTOR AND
PLUG FLOW REACTOR

In this section, three typical types of reactors, BR, CFSTR and PFR, will be compared
based on the theoretical analysis of their effective reactor volume. SBR, as described
before, is a BR operated according to a pre-set time sequence. Thus the BR can be used
asa repfesentative of SBR for a theoretical comparison. An assumption for a BR should
be made before the theoretical comparison, that is, neglecting fill and draw time and

considering a “pure” effective reactor volume for this system.

The effective volume is the basic factor to evaluate a reactor. The treatment efficiency, n,
similar to the conversion efficiency in chemical engineering, and the substrate removal
rate, q, are the two main factors for selecting an appropriate reactor for wastewater
treatment. Reliability and simplicity of operation are also important considerations. The

treatment efficiency and substrate removal rate are defined as

So-S S |
= = E"““— 2_1
n s, S, (2-1)




where S, and S are the substrate concentrations of influent and effluent respectively, and

— m (2-2)

ta
where V is the effective volume of the reactor for BR, CFSTR and PFR systems and t4 in
the effective reaction time or HRT.

Differentiating Eq. (2-1) with respect to time t results in

dgn _ 1dS (2-3)
dt Sy dt

The reaction in the BR can be assumed to be first-order and the reaction equation is

ds

— = -kS§
dt

where k is the first-order rate constant. Applying this expression with Eq. (2-1) to Eq. (2-

 3)yields

dn 1
S - kS = -k(1- 2-4
< 5, (1-n) (2-4)

Integrating Eq. (2-4) gives

F.——-—d“'m = §tdkdt
o (1-m) 0

which becomes

1 1 ‘
= —lg —— 2
tdr kln(}—n) @)



Applying Eq. (2-5) to Eq. (2-2) and rearranging it results in

M — En(__i_) ‘ {2_6)
q I-n

The subscript b refers to a BR. This equation is for a BR under the condition of a first-
order reaction. Similarly, from the mass balance and at steady state, the treatment

efficiency in a CFSTR with a first-order reaction can be determined:

ds
QS,-QS-kSV = —V = 0

dt

and
S—-8§ = }—(EY kSt
0 - Q d -
Then
SN R L @)

SQ 1+tdk
and

n
t =
¢ 7 k(1-m)

is obtained from Eq. (2-7). Applying this to Eq. (2-2) results in

q I-n

QAT - T (2-8)

The subscript ¢ refers to a CFSTR.



For a PFR, the same equations and same derivation procedures as for a BR reactor are

used. Hence, the same equation for 14 related to the treatment efficiency is applied:

td = —in(ﬂ) {2-9)

After substituting Eq. (2-9) into Eq. (2-2), a result similar to the above equations is

obtained,

KV S -
pof 1 (2-10)
q I-n

The subscript p refers to a PFR.

The effective volumes of the three reactors may now be compared. When k, Sy, q and 1

have the same values in each system, the effective volume ratio of aBR to a CFSTR is

Vy _ In[i/(-m)] (1—-min[1/1-n)] .

. - (2-11)
Ve n/(1-n) n
and the effective volume ratio ofa BRtoaPFRis =~ -
M _ Wi/a-m] _ ' o2
Vp In[1/(1—m)]
Using the same method, the general equation for an nth-order reaction ina BRis
43
Y% 0 : [(1-n'"-1] nz0, n=l) (2-13)
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Also a general equation for a CFSTR is

kv.S,"

;0” - Uflf (020, n=1) (2-14)
and for g PFR:
kVpSOD”ﬁ 1 1-n

- = O%ﬂﬂ“”n) ~1] (@20, nz1) (2-15)

Thereafter the effective volume ratios for general expressions are

Yy _ (-m)-(-n)°

= nZO, n#l 2-16
V. n(a-1) ( ) 10
and
M- (>0, nzl) (2-17)
Vp

Assuming treatment efficiencies, n = 0.1, 0.2, 0.3, 04, 0.5, 0.6, 0.7, 0.8, 0.9, and 1,
respectively, and considering reaction orders of n = 0, 0.5, 1.0, 1.5 and 2, a series of

V,/V, curves were generated and are shown in Fig. 2-3.

These curves indicate that for higher order reactions and higher treatment efficiency, the
BR requires less effective volume than a CFSTR if fill and draw times of a BR are
neglected. From Eqs. (2-12) and (2-17), it is obvious that a BR always requires the same

effective volume as a PFR.

Most of the biological reactions in wastewater treatment are considered as first-order



(Grady and Lim, 1980) except when the influent has a very high substrate concentration.
In the latter situation, the reaction is zero-order because the reaction rate is not affected by

substrate concentration, and a BR should not be the first choice (as shown in Fig. 2-3)

unless other factors are important.

Vy/V, ratio

0 0.2 04 0.6 0.8 1
Substrate removal efficiency

Figure 2-3. Effective volume comparison between BR and CFSTR

The above analysis theoretically verifies the kinetic advantage of a BR. In reality, the

operational constraints of an SBR will partly diminish the BR advantage. This will be

discussed in detail in Chapter 9 in Part IL

2.3. THE ADVANTAGES OF SBR SYSTEM ANﬁ ITS APPLICATION

SBR technology has many theoretical and practical advantages. A number of researchers

(Irvine et al., 1977, 1979; Ketchum et al., 1978, 1979; Alleman and Irvine, 1980a, 1980b;



Silverstein and Schroeder, 1983; Palis and Irvine, 1985; Arora et al., 1985; Manning and
Trvine, 1985, Chiesa and Irvine, 1985, Mandt, 1985, Abufayed and Schroeder, 1986) have

concluded that an SBR system possesses many advantages as discussed below:

1. Theoretically reaction in an SBR has plug flow (PF) kinetics for substrate degradation,
which results in a larger driving force for mass transfer and other substrate
transformation reactions than a CFSTR and other non-PF reactors because of greater
concentration gradients in a PF flow pattern. The flow regime, of course, does not
dictate the metabolic regime (first-order, second-order, etc.) but directly influences the
overall treatment efficiency in terms of unit substrate processing rate. The flow regime

is not a simple process parameter but a fundamental process embodiment.

2. Because effluent discharge is periodic, influent can be held within a wider range of
limits, until it meets a specified requirement: very low chemical oxygen demand (COD)
or biological oxygen demand (BOD), nitrification, denitrification, and phosphorus

removal. Flexible operation modes can be selected for different requirements.

3. Aeration for the activated sludge and sedimentation occur in the same basin. During
the latter period, sludge settles under nearly ideal quiescent conditions and no short-
circuiting or other disturbances, such as channeling and bypassing, occur providing
highly clarified effluent. Solids separation is more challenging in the secondary
sedimentation basin of a CFS. Besides deteriorating effluent quality, loss of solids in

the clarified effluent results in uncontrolled loss of biomass.

4. .Sludge bulking caused by filamentous growth can be controlled to some extent by

13



varying the operating mode (in particular oxygen supply) during the fill period of the
operating cycle. The PF or batch regime that naturally occurs in an SBR tank is
known to promote the growth of the zoogloeal microorganisms that settle quickly and

compact to a high degree.

5. Tt can tolerate shock loading including very high feed concentration and peak flow
because of higher concentrated sludge held in the reactor which results in lower ratio

of food to microorganisms (F/M ratio).

6. No sludge recycle pumping is needed which leads to cost saving in both capital and

operation.

The above advantages have re-established SBR as a viable technology for wastewater
treatment. Irvine and Busch (1979) reported applications of a full-scale single tank SBR
system to treat meat-packing waste in Ada, OK, and a two-tank system to treat dairy
waste. Bloemer et al. (1980) and Bloemer and Irvine (1982) introduced a three-tank SBR
system at Eaton Corporate Manufacturing services Center in Willoughby Hills, OH, to
deal with municipal wastewater_flowing at 9.46 m*/d which was only 25% of the original
design flow rate but had no adverse effect on performance. Later Irvine et al. (1983 and
1985) reported on full-scale operation of a SBR system in the town of Culver, IN, which
was shifted from a conventional continuous flow activated sludge treatment plant with a
capacity of 1400 m’/d. Other researchers also reported on applications of SBR

technology (Barth, 1983; Wilderer, 1984; and Sudo and Okado, 1984).

However, no comparative experiments have been made between SBR and CFSTR systems

14



to systematically verify the above advantages. It is usually assumed that the same values
of the kinetic coefficients apply to a batch, PFR, or CFSTR system. But the situation is
quite different among the three. A CFSTR reactor provides relatively uniform conditions
at all times compared to the continuously changing environment (at least with respect to
substrate) in a PFR or batch reactor that is in a quasi-steady state condition. There are
other differences between a batch and a CFSTR or continuous flow PFR. The major one
being that the concentration of sludge is very high at the beginning of the fill (inflow)
period of a batch cycle and it decreases, as the batch reactor is filled, to concentration
levels that exist with minor variation throughout a PFR and the constant concentration

that exists in a CFSTR reactor at steady state.
2.4. MODELS FOR A SBR SYSTEM

Trvine and Ritcher (1978), Orhon et al. (1986) and Droste (1990) presented mathematical
models to predict SBR process performance. However, these models still have some basic
deficiencies for describing SBR sysiem performance because their basis is the Lawrence
and McCarty model (1970) which is the most commonly used model in wastewater
treatment. A set of the model parameters tends to only depict the activated sludge process
in a narrow range (Droste, 1990). Newer more sophisticated models have been proposed
for the activated sludge process but there are few studies where these models have been
applied. In particular, their application to an SBR system has not been attempted until

1991 (Nakazawa and Tanaka, 1991).
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2.4.1. Lawrence & McCarty Model

Lawrence and McCarty (1970) proposed a unified basic model for biological treatment
design and operation based on a mass balance for a continuous flow system. Considering

substrate removal, the mass balance of the system can be expressed as follows:

Inflow — Outflow + Net removal = Accumulation

Kg+S dt

QS,-QS -
where

S, = substrate concentration of influent (mg/L);

S = substrate concentration in the reactor at any time (mg/L);
Q = flow rate of the influent (L/d);

V = volume of reactor (L);

X = concentration of biomass in the feactor (mg/L);

k = specific sﬁbstrate removal rate (d o )

Ks = half velocity constant (mg/L);

t = time (d).

At steady state around the system dS/dt = 0, and the resulting equation is:

kXS
Kg+8S

So’S'—_ td
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where tg = V/Q.

The Lawrence and McCarty model has clear mechanistic meanings for each term.
Unfortunately, there is a large deviation when applying it to an SBR system which will be

discussed later in this chapter.

1.4.2. Irvine and Ritcher’ s Model

Irvine and Ritcher (1976, 1978) proposed a model based on a first-order reaction for

substrate removal:

d(VS :
——('211——2 = QSO +VI'S and
avx)

o = QoW

where 1g and ry are rate expressions for the substrate degradation and sludge decay.
r. = kiSX when S <S%

r,=k,S"X, when § 2 8"

1, = Yk, SX - kX when § < 8",

r,= Yk,S“X —keX when S 2 8",

S" = constant, limiting waste concentration (mg/L}),
S = substrate concentration (mg/L);

S, = substrate concentration of influent (mg/L);

17
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V = liquid volume at any time (L),
Q = influent flow rate (L/d);

X, = the concentration of volatile suspended solids (VSS) in the influent, which generally

equals zero (mg/L),
X = the concentration of VSS (mg/L),
k; = substrate removal rate constant @,
k, = endogenous decay rate (d™);
Y =yield coefficient;

t = time (d).

g

The boundary conditions for these equations are: At t =0, V(0) = V;, §(0) = S, (from the

last cycle) and S, are known, after the fill time t;, dV/dt = Q = 0.

Irvine initiated research on SBR, which had a profound effect for the recovery and re-
development of SBR technology. Irvine and Ritcher’ s model (1976, 1978) is the earliest
and simplest model and can only deal with uniform substrate with first-order (if S<S", the
concentration of limiting substrate) or zero-order (if $>S") reactions, the two extremes of
Monod kinetics. It cannot describe thé process behavior between the two gnds.

Therefore, its deficiencies are evident.

2.4.3. Orhon’ s Model

Orhon et al. (1986) used 2 model based on Monod kinetics and fashioned after the



Lawrence and McCarty model (1970):

E§§ _ Q(So—-S) ppSX

dt Vo+Qt  Y{K;+5)
_diX; - QX + UmSX _ keX
dt Vo+Qt K +8
where

u, = maximum specific growth rate (dm;

K = half velocity constant (mg/L),

V,, = initial volume in an SBR tank (L).

Other definitions are the same as in Irvine’ s model.

Although Orhon’ s model uses the Monod rate expression, using a uniform substrate does

not allow more accurate prediction for the entire process.

2.4.4. Droste’ s Model

Droste (1990) made an extensive theoretical analysis of the influence of SBR system
parameters on the extent of substrate removal using the Monod and first-order models for
substrate removal kinetics. Also the influence of physical operating conditions between
SBR and CFSTR systems was analyzed. Droste’ s model is derived from an expression

based on a mass balance:

S Q
< = vGo-9+x
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where

15 = kKXS/(K + S) in the Monod expression or
1, =k’ XS in a first-order form, and

dv/de= Q.

The dimensionless expression of the model for Monod kinetics is:

ARCSERE

l

where
£ = S/S,, dimensionless substrate concentration,;
T = t/ty, dimensionless time,

tye = V./Q = detention time in CFSTR;

»q) _ i{tf‘?‘f‘(f“ﬁg)}

o ¢ — Tg
is variable kinetic parameter and subscripts f and O refer ti; ﬁil and initial conditions;
¢ = kXt,/K for Monod kinetics or ¢ =k’ Xty for a first-order reaction,
o = V;/V, = ratio of initial reactor volume to total available reactor volume

A = §y/Ks , dimensionless saturation constant.

The other definitions are the same as for the above two models.
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Droste made the proposed model dimensionless to identify important parameter groups
but the basic model still had no substantial difference from Irvine and Ritcher’s and
Orhon’s models. But his extensive theoretical analysis about the characteristics of SBR
and the comparison between SBR and CFSTR made progress in the development of SBR

technology which will be discussed in Chapter 8.

2.4.8, Si!versﬁeén and Schroeder’s Model

Silverstein and Schroeder (1983) proposed a kinetic model to predict organic removal
during the aerated fill period based on the mass balance of substrate, filtered total organic

carbon (FTOC) and sludge mass. For substrate:

d(vVC)
dt

+QCy = Vr,

where
C = reactor concentration of FTOC (g/m3);

C, = influent concentration of FTOC (g/m?);

r.=k X, the rate of substrate removal (g FTOC/m? min.),

X = average activated sludge concentration (g/m’)
Other definitions are the same as above.

For the activated sludge mass:

divxX) _
dt e
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where
X = suspended solid concentration (g/m’);
u = rate of increase of solids (/m’/min).

It was assumed by the authors that p1 accounted for an eligible fraction of the solids mass
during filling, which was supported by the MLSS data. Therefore, the mass balance on

suspended solids becomes:

avx) _

0
dt

The paper did not provide kinetic predictions for the periods after fill

Application of Silverstein and Schroeder’ s model is very limited since physical and
biological considerations are limited to FTOC and the model only applies to the fill period

with first-order kinetics.

2.4.6. Nakazaiwa and Tanaks’s Model

Nakazawa and Tanaka (1991) developed a mathematical model to deal with the behaviors
of biomass and substrate containing colloidal and solid forms within one cycle. Their
model is based on the dynaﬁnic model for the CFSTR activated sludge process under cyclic
loading conditions developed by Ekama and Marais (1979) and on the study of actual

municipal wastewater treatment by an SBR activated sludge process.

For soluble and particulate BOD) in the fill period, the mass balance equations are:
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d(VS,)
dﬁ 3 = stj + Vrss
d(vs,)
= - QS,; + V1,
- where

S, = soluble substrate (mg BOD; /L),

S, = particulate substrate (mg BOD; /L),

66799
1

and subscript “i” indicates influent.

r - kmsSsXa
s K +5S;
and
XS
p = — KaSan(fma - “X:) +p(1-w)kgX,
where

Kms = maximum specific substrate utilization rate constant for soluble substrate;

K, = half-saturation coefficient for heterotrophic cell synthesis for soluble substrate;
X, = active biomass concentration,

K, = particulate substrate adsorption rate constant;

X, = stored BODy, concentration,

p = BOD/VSS ratio;
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x = aerobically nonbiodegradable fraction of organic primary solids;
k, = rate constant for degradation of degradable biomass;

£, = the authors define this coefficient as a “parameter related to adsorption and storage”

with the units of mg VSS/mg VSS.

After fill, Q in the above two equations is equal to zero. Mass balances of stored BOD;,

X,, active mass, X,, and bxygen, O,, are expressed by the following equations:

d(VX,)
& = Vs

d(VX,)
& =

d(vo,)
dt

il

- Vi, + VR,

where

X
5
KaSan (fma - X;) kmesp

rXS

p K_‘sp + Xsp : o
is the overall rate of change of stored BODy ;

koS kmesp
= Y22y X, —kaX
e Kyo+Ss Kg+Xp ® 400

the overall rate of change of active mass,;



(s ko Xp )

; mpXsP

foc = (i"pY)Lng "RAX JXa
55 T Ms sp P

the overall carbonaceous oxygen consumption rate;

Ko = half-saturation coefficient for heterotrophic cell synthesis for stored substrate;

Y = organism yield coefficient in term of BOD;.

The authors did not define R,. Other terms are the same as above. The biokinetic base of
Nikazawa and Tanaka’s model is that of Ekama and Marais (1979). This model
categorizes influent substrate into soluble and insoluble forms and employs two equations,
one for each type of substrate, to predict substrate removal but it is different from Ekama
and Marais’ s approach to sub-categorize the soluble organics into biodegradable and non-
biodegradable fractions. From the model expressions it can be seen that during fill, since
no rate term describes stored BOD; degradation, the model does not consider this or
assumes no accumulation of stored BODL in this period although no such assumption was
indicated in the paper. And also during fill, there is no influence by dilution of biomass on
substrate removal since there is-no mass balance equation for the active biomass for the
entire cycle but only for the periods after fill. The paper did not give a systematic

procedure to estimate the model parameters.

These factors suggest that work needs to be done for dynamic modelling of an SBR
system. Further criticism of the biokinetic base of Nakazawa and Tanaka’ s model will be

presented in the next section.
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2.4.7. Summary of Analysis of Earlier SBR Models

From above, it can be seen that there is no substantial difference among the first four
models. To calibrate the earlier SBR models, a wide range of values of parameters for
each model were carefully selected by trial and error. Then each m@deﬁywas run with a
computer program, which was developed by the thesis author especially for simulation of
SBR system, until reaching a steady state around the system. Finally, the data from the

model simulation were compared with preliminary experimental results.

Comparison of the earlier SBR models and the experimental results reveals that these
models are unable to predict the entire SBR operation cycle. The model simulation can
either fit the fill stage but fail at the beginning and the period after the fill stage or fit the
beginning and the period after the fill stage but fail in the fill period. The former
prediction occurs with a normal range of rate constant values and the latter with very low
values. Figure 2-4 shows the former case where the substrate concentrati»orr;éuickly drops
close to zero after fill is stopped. Preliminary experimental results revealed that the COD
remaining after the fill period was quite high due to the presence of refractory organic
“substances produced from sludge digestion and from raw influent and intermediate
products of metabolism. The results of the simulation are readily understood from the
batch kﬁnetics derived earlier. If no feed is provided after the fill stage, the remaining
substrate in the reactor, according to the earlier SBR ni():dei reaction rate expressions with
either a first-order or Monod formulation, will be completely consumed as long as enough

time is provided for the react period.
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Figure 2-4. Comparison of earlier SBR models with experimental result

The theoretical results from the models in Irvine and Ritcher (1976, 1978) and Orhon et
‘al. (1986) papers are the same, i.e., the predicted substrate concentration curve falls to
zero after fill. There are two reasons for the models’ failure to describe substrate removal
for the entire cycle. One is, as indicated above, that these models ignore the refractory
organic materials in the influent and the byproducts of substrate metabolism and sludge
decay during the SBR cycle. Also inert organic matter is not incorporated into these
models. These kinds of organic materials directly influence effluent quality. The other is
that these models did not classify soluble substrate, treating substrate as uniformly
degradable. Similar problems arise when these models are applied to continuous flow

PFR or CFSTR systems although they may not be as serious as in an SBR system.
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It should be noted that the deficiencies of the above models come from the Lawrence and
McCarty model (1970). Lawrence and McCarty were among the first to present a unified
model of the activated sludge process. This model remains the most widely used model to
date but it has some obvious deficiencies. The model deals with a uniform substrate and
ignores the production of substances from metabolism which are largely slow or difficult
to degrade, and similarly byproducts from sludge decay are difficult-to-degrade. In any
activated sludge process, sludge decay is always significant due to the necessity of
operating any system at starved conditions which promotes the highest degree of
treatment (i.e., there is excess sludge in the system). Ignoring this phenomenon with
respect to production of difficult-to-degrade soluble organics clouds the comparison of
different systems because the effluent COD largely consists of these byproducts, the
readily biodegradable substrate present in the influent has been removed. Furthermore,
systems must be operated at comparatively high sludge ﬂages (high biomass concentrations)
to maintain sludge settleability. Therefore, effluent quality is similar among all systems but

the safety factor for removal of readily degradable substrate is unable to be appraised.

2.5. SOME IMPORTANT MODELS FOR ACTIVATED SLUDGE PROCESS

2.5.1. IAWPRC Model No. 1

Leaders in the field of biological wastewater treatment through the Imternational
Association on Water Pollution Research and Control (JAWPRC) formed a task group

and proposed an activated sludge model called IAWPRC Model No. 1 (Grady et al., 1986,



Henze et al., 1986, 1987, Bidstrup and Grady, 1988) that had foundations in the work of
Ekama and Marais (1979), Dold et al. (1980), Cech et al. (1985) and Ekama et al. (1986)
for single-sludge wastewater treatment systems carrying out carbon oxidation, nitrification
and denitrification. This model (Henze et al., 1986) is expressed by a matrix system
comprising 13 components, 8 process rates and 20 parameters. Because of space
limitations, details on the model should be obtained from the original publication.
Recently, Sollfrank and Gujer (1991) developed a procedure to characterize organic
materials in domestic wastewater in view of the model and Griffiths (1994) modified the

model with addition of an approach to phosphorus removal.
There are some important developments in the model:

In contrast to the single (uniform) substrate classification in the earlier models, substrate in
this model is classified into readily (soluble), slowly (insoluble) biodegradable and
‘biologically inert (soluble and insoluble) materials which makes it possible to separately

depict the degradation processes of substrate with different rates of biodegradation.

Oxygen is considered as negative COD. With this transfer, oxygen uptake rate (OUR) is
employed to continuously depict the biodegradation process instead of COD with which

only interval tests can be done for the process description.

The model divides biomass into two categories: heterotrophic and autotrophic.
Heterotrophic bacteria grow in both aerobic and anoxic environments by utilizing readily
biodegradable substrate for carbon and energy while autotrophics grow only in an anoxic

condition by using nitrate nitrogen. This classification allows more detailed prediction of
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nitrification and denitrification.

The introduction of the death-regeneration concept differs from traditional concepts of
endogenous respiration. In the new approach, sludge is éegfaded into slowly
biodegradable materials and dead solids without COD change. The former will hydrolyze
into readily biodegradable substrate adding to the soluble COD and the latter is still
incorporated into the sludge. In the traditional endogenous respiration approach, the
sludge degrades directly into CO, and H,O and no products contribute to soluble or

insoluble COD.
On the other hand, the IAWPRC Model No. 1 has at least three major weaknesses.

First, there is no efficient method to measure many of the kinetic para.meters- and
stoichiometric coefficients because of its complicated structure. Generally, model

parameters are estimated by experimental measurement or by regression approaches.

Next, the estimation of some model parameters is done by measuring OUR as the
response instead of directly measuﬁng oxygen demand, COD or BOD. However, no
report proves the sensitivity of the OUR test to parameter variance, which may result in
very large errors in the model parameter estimation. For the OUR test itself, Sollfrank and
Gujer (1991) reported that in their research OUR measurement was calibrated under
steady state conditions by COD continuity and was found to be subject to an error of less
than 5% of the true value. The standard COD method has about 5% error (APHA-
AWWA-WPCF, 1989), which means that OUR measurement could double the error of

the COD method.
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Lastly, the approach to treat slowly biodegradable substrate as insoluble has very limited
meaning and could result in a large error as well for model prediction of a real process
because there are many organic substances that are very slowly biodegradable but they are
soluble. Polyvinyl alcohol (PVA), for example, that is found in printing and dyeing
wastewater is very slowly biodegradable but completely water soluble. Its presence even
with smaller fragments in the effluent will significantly affect the soluble COD level
Furthermore, colloidal materials ranging in size from 10~ to 10~ pum, are not separable by
common filtering or other physical processes (except by membrane separation). Therefore,
they are considered as water soluble and will contribute to soluble COD of an effluent.
Unfortunately, in the IAWPRC Model No. 1, this type of slowly biodegradable substrate is
artificially considered as a particulate form that leaves the reactor with discharged sludge
instead of with effluent and does not affect the soluble COD of the effluent except for the
portion hydrolyzed through sludge decay into a readily biodegradable form. This
approach is obviously unreasonable when describing degradation of a slowly
biodegradable but water soluble material. Grady (1989), one of the researchers in the
Task Group, indicated that the hydrolysis expression wa,;;me of the weakest links in the

modelling of activated sludge dynamics and is badly in need of further experimental

research.

The above analysis shows that there is still much room to modify or simplify the most

complicated model to date for more efficient and convenient use.
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2.5.2. Application of IAWPRC Model No. 1 to SBR System

Oles and Wilderer (1991) developed a modified version of the IAWPRC model to describe
the performance of laboratory and pilot scale SBR systems. Changes of ammonia and
NO, during the SBR process cycle could be reliably predicted after the model parameters
were adapted to SBR conditions. The version also gives an approach for SBR plant
design with some restrictive rules. However, Oles and Wilderer’ s work showed no COD
degradation data at all and no nitrogen changes in the cycles with various operational
conditions. For model parameter estimation, only the maximum specific growth rate of
heterotrophic organisms, Wma, and its decay rate, by, were experimentally measured and
all other model parameters were suggested by the IAWPRC Task Group (Henze et al,

1986, 1987).

2.5.3. Models Concerned with Soluble Microbial Products (SMP)

Many researchers (Chudoba, 1967, Chudoba et al., 1968a, 1968b, Grady et al., 1972,
Grady and Williams, 1975; Daigger aﬁd Grady, 1977a, 1977b; Baskir and Hansford, 1980,
Siber and Eckenfelder, 1980; Saunders and Dick, 1981) revealed that most effluent soluble
COD from a biological wastewater treatment process is not from original influent but from
microbial metabolism. Numerous studies (Strange et al,, 1963, Demain et al., 1965;
Mateles and Chian, 1969; McGregor and Finn, 1969; Thomas and Batt, 1969, Hunter,
1971, Pavoni et al., 1972, DeWalle and Chian, 1980, Chudoba et al., 1980; Gaudy and
Gaudy, 1980; Parkin and McCarty, 1981, Saunders and Dick, 1981; Grady et al., 1984,

Chudoba, 1985; Namkung and Rittmann, 1986; Amy et al., 1987, Rittmann et al., 1987,



and Boero et al., 1991) also found that soluble COD in biological wastewater treatment
effluent is composed of a wide variety of high and low molecular compounds although
some of the research cases solely use simple compounds in the feed. This fact indicates
that the effluent quality consists largely of soluble microbial products (SMP). Some
earlier literature (Luedeking and Piret, 1959; Pirt, 1975) categorized SMP formation into

two types: growth-associated and non-growth-associated. ~Growth-associated SMP

formation was related to the substrate utilization rate and non-growth-associated SMP

formation was proportional to the biomass concentration. Rittmann (1987) and Rittmann
et al. (1987) and Furumai and Rittmann (1992) more recently named the two products

utilization-associated products (UAP) and biomass-associated products (BAP).

Luedeking and Piret (1959) proposed a simple model of SMP formation in fermentation
processes. Baskir and Hansford (1980) incorporated Luedeking and Piret’ s model into

the existing activated sludge theory to predict the effluent soluble COD in the activated

sludge system and obtained reasonable results.

Furumai and Rittmann (1992) proposed a model that considered the formation and
exchange of SMP. This new model has three equations for biomass and seven equations
for substrate and SMP degradation and exchange with a total of 26 parameters. The most
important development of the model is the concept of SMP formulated by the following

eguations:

dP
Vo = - QPQ + X(le + sz )X.!V - R3th
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dP, v
V-Zi;[_ = _QP0+Z(R1j+R‘23)XJV

where

P = soluble mjcrobial products (SMP),

P, = the total of originally formed SMP;

R, = specific UAP formation rate = k;M and M is specific substrate consumption rate;
R, = specific BAP formation rate =k,

R = specific SMP consumption rate = kym(P/Po),

k; = UAP formation coefficient;

k, = BAP formation coefficient;

ksm = SMP degradation coefficient.

Although they developed the model incorporating formation of SMP from both
heterotrophs and nitrifiers, Furumai and Rittmann did not conduct any experiments to
verify the proposed model. Another weakness of the modelling work is that all model
parameter values are assumed or taken from the literature. These two major weaknesses

affect the model’s application and reliability.

The above discussions on related activated sludge process models, especially when applied
to an SBR system further prove that there is a need and scope to develop a new

mathematical model for the SBR activated sludge system.
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3.1. EXPERIMENTAL APPARATUS AND GENERAL CONDITIONS

The experimental approach for this project is based mainly on three considerations. The
first is that the experimental results can verify the simulation of the SBR performance by
the new SBR model over a wide range of operational conditions. The second is that the
model can provide systematic comparison between SBR and CFSTR systems under the
same or equivalent operational conditions.” The third is that specific methods for the
experimental measurement of most parameters of the new SBR model must be developed

for the application of the new model.

Irvine (1978) and Norcross (1990) reported that most SBR systems weré designed with
only 2 or 3 reactors. According to the above considerations and earlier researchers’
work, two different systems, SBR and CFSTR, were to be run in parallel for modelling the
SBR system and also for a systematic comparison between the two systems. The standard
approach to biological treatment kinetic studies commonly evaluates system performance
at three sludge ages and three detention times. Therefore, three reactors are set in each
system, respectively, under the same equivalent detention time defined by Eq. (8-3) and
the same feed concentration. In a system, each reactor is operated at a different sludge
age to provide three sludge ages. Figure 3-1 is the schematic outline of the two sets of

experimental devices.
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Figure 3-1. Schematic outline of the two experiment devices of SBR and CFSTR systems

The maximum volume of each SBR reactor was V, = 8 L while the volume of each
CFSTR reactor is 10 L with a 2 L sedimentation volume. Aeration was supplied to agitate
the mixed liquid and to provide bacteria with suitable DO at 2 to 4 mg/L during fill and
react phases and > 0.5 mg/L at the end of settling phase. Feed solution pH was adjusted
to 7 to 9 and in the mixed liquor pH was controlled at 6 to 7. The experiment was
conducted under room temperature range of 22 to 24°C to render its influence on the rate

constants negligible.
3.2. OPERATIONAL PARAMETERS

High substrate removal rate, capability of withstanding high loading shock and low
operation cost are the features required for any biological wastewater treatment process.

There are several parameters relating to the above factors in an SBR system:
(1) The initial volume V; or the ratio of V; /Vy,

. At the beginning of each cycle, the volume (mass) of concentrated settled sludge is
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included in the volume V; and it is impossible to exceed V; because of the volume
withdrawn in each cycle. ~When V, decreases, the ultimate microorganism
concentration (VSS) in the reactor during the react period will also decrease.
Consequently, the organic loading rate will increase. If V;, however, becomes larger,
the V;/Vy, ratio increases. The volume capacity of the reactor, theﬁefore, will decrease
and the effective reaction time will also decrease. On the other hand, V; is also limited

by sludge volume index (SVI) of the solids and the required X;.
(2) Fill time, t; and the ratio of ty/t;

In one cycle, increasing t; will cause decreasing t,. For a highly concentrated influent,
prolongation of t; is beneficial to avoid a loading shock. But, there is a limit to the
length of tg, i.e., t;=(Vy, — V;)/Q. On the other hand, long t causes a higher operation
cost if it is not necessary for é weak influent. Therefore different tyt, ratios should be

applied to the different situations.
(3) The number of reactors n

A system with more reactors requires lower investment in reactor volume, but higher
operation cost because more frequently alternate operations will occur among these

reactors. Thus, the number of SBRs should be considered in the experiment.

The experimental plan was designed on practical considerations in accord with the
objectives of the study. Comparatively higher substrate concentrations will result in higher
concentrations of all substances and minimize experimental error. Furthermore the

systems will be more highly stressed. Experience with SBR systems has shown that
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sludge does not regularly compact to a volume of 25% of the total reactor volume.

Hence, the V;/V, ratios were chosen to be 1/3 and 1/2.

Generally the cycle time should integrally divide into 24 h per day for easy operation,
therefore, t, times of 3 and 6 h were selected. Based on experience, the settie’and draw
times, t, and t,,, were set at a total time, ts,, of 1 h with which the two options of the sum
of fill and react times are determined for each cycle time: t;+t, =1+ 1hand 1.5+ 05h

fort,=3h, andtf+t,=2+3 and3+2hfort, =6h

The 2 and 3 tank systems were chosen for the comparison of different multi-tank systems.
Because each tank works individually, the entire system performance can be determined

from results for one tank.

From above considerations, all factors considered in the experiment are summarized in

Table 3-1 for convenience.

Table 3-1. Summary of factors in the experiments

The number of reactors n 2 3

The initial volume ratio o= V;/Vy, 73 1/2

The cycle time t;; e+ t) (h) | 3;(1+1 and 1.5+0.5) | 6;(2+3 and 3+2)
Substrate concentration Sy (mg/L) | 250 500
Observed sludge age B, (d) 5 10 15

Table 3-2 lists all experimental runs based on the parameters in Table 3-1 where t.q is an
HRT equivalent to the one in a CFSTR system based on the same total system volume and

Q is fill flow rate during the fill phase of an operational cycle, and calculated from the



definitions developed in Section 8.3

Table 3-2. Operational mode design and related parameter values of SBR experiments

Set S tq IReactor] Vy | 'V, o i i t Q
No.

# mg/L h _ L L _ h h h Lk
1-250 2506 | 35 2 8 1267 13 3 15105 3.56
1-500 506 | 35 2 8 12671133 3 151 05 3.56
2-250 | 250 | 35 3 8 | 2671 1/31 3 1 1 533
2-500 500 | 3.3 3 8§ | 267 |13 3 1 1 533
3-250 | 250 8 2 8 126713 6 3 2 1.78
3-500 | 500 8 2 8 | 267 |13 6 3 2 1.78
4-250 | 250 8 3 8 | 267 |13 6 2 3 267
4-500 500 8 3 8 | 267 |13 6 2 3 267
5-250 | 250 5 2 8 4 112} 3 1.5 105 2.67
5-500 | 500 5 2 8 4 (127 3 15105 2.67
6-250 | 250 5 3 8 4 |12} 3 1 1 4.00
6-500 | 500 5 3 8 4 1121 3 1 1 4.00
7-250 | 256 | 11 2 8 4 |12 6 3 2 1.33
7-500 | 500 | 11 2 8 4 6 3 2 1.33
8-250 | 250 | 11 3 8 4 |12 6 2 3 2.00
8-500 | 500 | 1I 3 8 4 (121 6 2 3 2.00
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The number of runs for the SBR system listed in Table 3-2 are 16 and muitiplying by 3
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sludge ages, the total runs were 48 For the SBR system, volumetric loading is not

available here until new definitions for it are developed in Section 8.3.

Correspondingly, the experimental design for the CFSTR system is listed in Table 3-3.
There were 8 runs per set. Each set contains three sludge ages. Thus the total runs for

the CFSTR system was 24.

Table 3-3. Operational mode design and related parameter values of CFSTR experiments

No & Ve v i £ L,
h L L h h | gCODL/A

1250 | 35 10 2 35 | 07 2667
1-500 | 3.5 10 2 35 | 07 5333
2250 | S 10 2 5 1 1846
2500 | 5 10 2 5 1 3692
3-250 | 8 10 2 8 1.6 1000
3-500 | 8 10 2 8 1.6 2000
4250 | 11 10 2 11 | 22 667
4-500 | 11 10 2 11 | 22 1333

The parameters that are compared between the two systems are COD removal efficiency,
1, volumetric loading rate, L,, specific substrate removal rate, R, reactor volume
utilization rate, 5, biomass decay coefficient, k., yield factor, Y, sludge concentration, X,

and SVL
3.3. FEED SELECTION

Most of the researchers use mono-, di-saccharides and fatty acids as carbon sources for
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bacteria and to perform biokinetics tests to oﬁmﬁn the kinetic rate constants. There is a
remarkable weak point associated with using these substrates to simulate real wastewater
processes.  Since these chemicals are easily consumed by bacteria, a very high
concentration has to be employed in the test to avoid too quick degradation to obtain the
necessary data for the kinetic parameters. Unfortunately, very high concentrations of
limited kinds of substrates will differ by far from real situations and the obtained kinetic
mechanisms, therefore, cannot explain the processes properly. Hence, a vegetable protein
(commercial product) was selected as feed because it is a multiple component substrate

and gives a proper degradation rate in the batch test at a moderate initial concentration.

Table 3-4 lists the components of the protein product provided by the manufacturer. The
COD/protein (w/w) ratio was about 1.3. The COD concentration of the vegetable protein
feed drops at a moderate rate over 3 to 5 h at an initial concentration of 500 mg/L in a
batch test. In contrast, in a batch test of feed mainly containing sugar and beer syrup with
 yeast, COD decreased so quickly that an initial concentration of 1000 mg/L could drop to
near zero in less than ten minutes. This could give a large error in the test to estimate

kinetic parameters.

Proteins are poly-molecular substances and not that easily biodegraded. When making
feed, a basic hydrolysis method was used in which base was added while heating the
protein solution to the boiling point for about half an hour. This procedure can hydrolyze
some proteins into amino acids and even smaller molecular substances that could be kinds

of easily biodegradable substrate.
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Table 3-4 The Components* of the Vegetable Protein
(Product of WEIDER HEALTH PRODUCTS)

Total g

Protein 18 g
Glutamic acid 3405 mg
Aspartic acid 2059 mg
Leucine 1470 mg
Arginine 1347 mg
Lysine 1128 mg
Serine 932 mg
Phenylalanine 929 mg
Proline 919 mg
Valine 901 mg
Isoleucine 878 mg
Alanine 768 mg
Glycine 745 mg
Tyrosine 683 mg
Threonine 682 mg
Histidine 465 mg
Methionine 239 mg
Cystine 233 mg
Tryptophan 233 mg

Fat 02¢g

Carbohydrate Og
* as given on the package label

The bacteria can use protein as its carbon source although the protein contains much
organic nitrogen. This feed also offers enough phosphorus for bacteria growth, The
experimental resulis have proved that the feed benefited the test procedure and the

modelling.

Because of time and other condition limits, the project only concentrated on the modelling

of carbonaceous substrate removal in an SBR activated sludge system.



3.4. Batch Test for the Estimation of Stoichiometric and Kinetic Coefficients

The approaches for measuring the stoichiometry and kinetics coefficients will be presented

with the SBR model description in Chapter 5.

3.5. Analysis methods

The analytical methods include the methods for COD, total amino acid, carbohydrates,
pH, DO, TSS, VSS, sludge settled volume and SVI. Al these methods are described in

Appendix A or in related references.



AN SBR SYSTEM
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4.1, SUBSTRATE CLASSIFICATIONS IN THE NEW MODEL

The analysis of earlier SBR models shows that a unified substrate cannot describe the
carbonaceous energy dynamics properly. Conversely, the very detailed classification of
substrate in the IAWPRC model results in such a complicated model that it is very difficult
to estimate the important parameters. If there is a middle point to classify the substrate in
basic categories that can explain the carbonaceous energy removal process properly but
the parameters of the model can be easily determined, this is an alternative for the

modelling of activated sludge process and especially important for the SBR system.

In the case of carbonaceous substrate removal, treating biomass with particulate volatile
organic matter originating from the influent as one phase, ie., VSS, can simplify the

modelling without loss of accuracy for model simulation.

Substrate classification in the new model is based on the following definitions. The
organic matter that contributes to COD in a wastewater can be divided into soluble and .

insoluble or particulate fractions:
Sr=S.+S, (4-1)
where

St = total COD (mg/L);
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S, = soluble COD (mg/L};
S, = particulate COD (mg/L).

All the organic materials including molecular and colloidal organic substances that can be
separated from particulate by physical separation processes (for example filtration and
high G centrifugation) are thought of as soluble organics and those that are rejected by the
processes are insoluble or particulate organics. This principle is reasonable considering
the real situation of wastewater treatment since particulate organic materials can be
removed by sludge entrapment and setiling in secondary clarifier but the soluble portion
can only be removed by biological oxidation and other types of physical-chemical

Processes.

The soluble portion is subdivided again into three categories based on biodegradability as

shown below:

S, =S,+S;+Ss (4-2)
where

S, = soluble easy-to-biodegrade substrate (EBS) (mg COD/L),

S, = soluble difficult-to-biodegrade substrate (DBS) (mg COD /L),

S, = soluble inert organic materials (IOM) (mg COD /L).

Particulate COD in the influent, S;, is assumed to be removed instantaneously by sludge
entrapment and become part of VSS. The pathway of its degradation is parallel with

sludge decay. As in sludge aerobic digestion, some particulate COD is decomposed to
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CO, and H,O providing energy to bacteria, and some degrades and serves for cell
synthesis, while the remainder, mainly biologically inert components, is discharged with
excess sludge. Probably the true rate of degradation of this substrate is different from that
of biomass decay. However, it is only a small part of total VSS and when measuring
decay rate, k., and yield, Y, the VSS contains these particulate materials. The VSS
change during a test period is an overall mass change including the particulate
decomposition. Thus, the decay rate constant k. includes the contribution from this
amount of particulate materials. By employing such an approach, the model can be

simplified without loss of accuracy.

EBS COD is equivalent to readily biodegradable substrate in the IAWPRC Model No. 1
and can directly be used by biomass for synthesis. On the other hand, the new SBR model
rejects the IAWPRC Médel No. 1 approach that the slowly degradable COD is insoluble
and adsorbed instantaneously as soon as it contacts the sludge and is then hydrolyzed into
readily biodegradable material. Instead, the new model considers its real characteristic as
soluble, but degraded at a lower rate than EBS COD. In the IAWPRC Model No. 1,
colloidal organic materials are thought of as particulate and adsorbed to the cell particle
surface. Then they are hydrolyzed to readily biodegradable COD and released to the bulk
liquid by the action of extracelluler enzymes secreted by the biomass. There are some
questions about this approach. First, the adsorption rates for particulates and colloids
should not be the same or necessarily close. Particulates and colloids with positive
charges are very easily adsorbed by activated sludge that has negative charges on its

particle surface (Metcalf and Eddy, 1991). Thus, these two can be thought of as adsorbed
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instantaneousﬁy as they contact with sludge. Colloids with neutral and negative charges
are not easily adsorbed; therefore, the approach of the IAWPRC Model No. 1 will cause
large errors by employing one equation to describe the hydrolysis of particulate COD
including true particulates that can be separated by physical processes and colloids that
can only be separated by physical-chemical or chemicél processes (Weber, 1972).- Second,
it is not clear that the portion of hydrolyzed COD released to the bulk liquid is readily
biodegradable substrate. The hypothesis that all the particulate COD can finally add to
readily biodegradable substrate (Henze et al., 1986) lacks experimental validation. The
new SBR model considers DBS COD as soluble and removed at a lower rate, which can

avoid the weakness of the approach in the IAWPRC Model No. 1.

Following the above subdivision rule, the effluent soluble COD can also be divided into

the three portions below:
Se = Sle + Sze + SBe (4-3)

Sic in the effluent should approximately equal zero in a well operated activated sludge

process.

This model adopts the death-regeneration concept of the Task Group Model No. 1. When

activated sludge degrades aerobically, the products can be classified as follows:

Decomposition of X, = Soluble portion S, + Non-volatile particulate portion Py,

But the soluble part is the only consideration in this transformation because it affects the

soluble COD. Generally, the released soluble S, consists of three components as those in



49

the influent although the percentage of each component could be different. The released
non-volatile particulate matter is still incorporated into the sludge and discharged by
wasting sludge, which is also a difference from the IAWPRC Model No. 1. The

classification of substrate and the new model mechanisms are summarized and illustrated

by Fig. 4-1.
Total influent COD
Soluble COD Particulate COD
Entrapment| by sludge
______| Cell synthesis|(particulate) | VSS (particulate)
i lCell decay -
! BAP (soluble)
| EBS DBS [ IOM
Degradation Partlof DBS Siudge
Discharge
~ UAP (soluble) ~
Effluent {soluble) COD
Discharge

Figure 4-1. Substrate classification and the new SBR model mechanisms
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4.2. THE DEVELOPMENT OF THE NEW DYNAMIC MODEL FOR SBR

SYSTEM

4.2.1. Assumptions for the New Model

Before the development of the new dynamic model for SBR system, some assumptions

must be made.

I

Each SBR reactor is CM in the fill and reaction periods and the substrate and biomass

are evenly distributed throughout the reactor during these two stages.

The activity of microorganisms only occurs during aeration periods, i.e., in the fill and
react stages. Their activity stops when aeration is terminated. No activity occurs
during settle and withdraw periods. This assumption will be discussed in more detail

in Section 5.4.6.

Sequencing degradation of different substrates is valid and depends on their
biodegradability, i.e., the most easily biodegradable substrate will be degraded first by

bacteria.

The particulate substrate will be entrapped by activated sludge and removed at once as

it contacts with activated sludge to become part of VSS.

The temperature effect on the kinetic process can be neglected over the relatively

constant room temperature range.



4.2.2. The Development of the New SBR Model

In the new SBR model, three differential equations are used to describe the degradation or

change of the three categories of substrate, and one differential equation is used to

describe the change of biomass in the system. The widely accepted Monod expression for

substrate removal rate is adopted here.

The rate for EBS is

B kS X,
BT TR 48
where

= specific removal rate for EBS (d7'),
S: = EBS concentration (mg COD/L),

X, = VSS concentration (mg/L),

K, = half-velocity constant for EBS degradation (mg/L).

The rate for DBS is

N koS, X,
7'52 B KSZ -+ Sz
where

k, = specific removal rate for DBS @,

S, = DBS concentration (mg COD/L),

K, = half-velocity constant for DBS degradation (mg/L).

(4-4)

(4-5)
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The biomass growth rate is

( )
L g kS% | kS “6)
B Ks, +S; Kg, +5; §

where Y = biomass yield factor (mg/mg).
The first-order reaction will be applied to biomass aerobic decay, 1.e.

= kX, (4-7)

rxvd
where k. = biomass decay rate constant (d™'),

As discussed in the Section 2.5.3 that the majority of the effluent soluble COD from a
biological process is not from influent but from microbial metabolism and from bacteria
decomposition. Based on this, the new SBR model contains expressions for SMP that
come from two sources: substrate utilization and biomass decay. These are defined as
UAP and BAP, respectively by Namkung and Rittmann (1986). The two researchers also
found that the rate of UAP formation was proportional to the substrate removal rate and
the formation rate of BAP was proportional to the poncentration of biomass. The new
SBR model adopts these expressions to describe these two portions of COD. The

advancement here is that SMP also consists of EBS, DBS and IOM. Their formation rates

are:
Iy, = fxl'Yxke Xy (4-8)
for EBS formation of BAP,

Iy, = fxzyxkexv (4-9)
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for DBS formation of BAP;
K, = IxYxkeXy . (4-10)
for IOM formation of BAP,

(k8% kS,X, |
Tae = Yl-7 )+ (7)) = ‘YSLK; 1+ gl +Kz 2+SV2J @4-11)
1 2

for the IOM portion of UAP; where

v, = the coefficient for the formation of IOM portion of UAP (dimensionless), also a
function of sludge age, i.e., v.=7(6y);

v« = the conversion coefficient of decayed VSS to soluble COD (dimensionless), also a
function of sludge age, e, = =g(0y);

fy, &, and fy, = fractions of EBS, DBS and IOM of BAP (%), respectively.

There is no specific rate expression for the formation of EBS and DBS portions of UAP

because these rates are involved in and slow the degradation rates of EBS and DBS.

From entire mass balances within a SBR system, a group of differential equations for

change of EBS, DBS, IOM and VSS, or, X, will be derived.
During fill with a constant flow rate Q:
(1) For EBS or §;

V8D en

QSOfl +rSIV+rXSIV dg
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d(vs,) dv _ds, ds,
— = §,—/—+V— = Q5 +V—
dt Udt dt Q5+ dt

where V = V, + Qt during fill and V = V,,, constant after fill, and dV/dt = Q. Sq is the

total soluble COD concentration of the influent and f; the fraction of EBS in the influent.
Rearranging this equation yields:

ds Q
-at—l' = ?(SOfl - Sl) +r H g

Substituting rate expressions Eqs. (4-4) and (4-8) in the above leads to:

ds; Q kXS,
—;i_t_ = V(SOfl - Sl) - Ksl +S; + fx,'}'xker | (4-12)
(2) For DBS or S,

Ko d(vs,)
QSOf2 +rsz V{KO N Slj—i’rxszv = T

where £ is the fraction of DBS in the influent, Ko/(Ky+S,) is a switching function because
DBS degradation depends on the concentration of EBS. Kg is a constant which, after
careful selection, makes the switching function close to unity when S, is very low and near
zero when Sy is high. Microorganisms will attack the most readily degradable substrate
first as observed by Monod (1949). Gaudy (1963) indicated that DBS will not be
degraded when EBS exists. The "switch" function incorporates this phenomenon into the
model by reducing the DBS degradation rate to insignificant values when the EBS

concentration is high.

Rearranging the above equation results in:
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@8, _ Q Ky

Using Egs. (4-5) and (4-9) to replace the rate expressions yields:

s, Q ( kzxvsz\( K, J

220 - X(Quf -S, ) - v )
= VSRS T IR vs ) B (4-13)
(3) For IOM or S;

QSQf3+r53V+rX53V = -——_—_—dt

Rearranging this equation yields:

dS; Q
T = V(Sﬂf3 - S3)+rs3 +rxs3

Replacing rate expressions in the equation with Egs. (4-10) and (4-11) results in:

S, Q (6,X,8, kX8, Ko
25 o 2(Sefy -
gt V( 0%3 SS)-PYSLKSI +Sl +K32 +Sz Kq +Sl

)
J+ fy, VxkeXy

where £, is the fraction of IOM in the influent. After computer simulation, the switch
function was removed from the above equation because it had an insignificant effect on the

final model results. Therefore, the above equation becomes:

[ k,X,8, . K, XSy |

ds; Q
— —{Spf; — £y kX, 4-14

(4) For VSS, X
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d(VX,)
dt

QXV() +7'X‘.V+?‘de\/ =

After rearrangingthe equation, it becomes:

dX, Q
= '{f{X"’O ~X, |41y,

4
' rxvd

Substituting Egs. (4-6) and (4-7) into it yields:

( kX8, kXS, Ky

dxX,
Xep =Xy |+ -k.X
( Yo v} Ksl +Sl M K32 +Sz KO +81J ke M

dt

(4-15)

<0

(5) For effluent S, Eq. (4-3) is the correct expression

Sc = Sle + S2e + S3e

where S;., S, and S, are the effluent concentrations of S,, S, and S3, respectively. In
the normal operation, S, ~ 0. Other definitions in the new model are the same as those in

the earlier models.

After the fill period, Q = 0, then the first term in each equation equals zero. The equations

become the expressions for batch reactor kinetics.

4.2.3. The Boundary Conditions of the New SBR Model

By assuming an overall steady state around the system and drawing excess activated
sludge at the end of each cycle based on the designed sludge age, i.e., both the total VSS
mass and the effluent quality in the system approach constant levels. The boundary

conditions for these equations are:
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when t = 0, after settle, t =ty + {, + t, and after draw, t = ;T t, + ts T ta,
V() =Vj;

S; (=S, (tr+t+t)=8 (tr+t; Tt 1) =S = 0

Sy (0)= Sy (tr+ t: + 1) = Sy (te + 1 + 1+ tw) = S

S3(0) =S5 (te+t:+ t) = S3(ts+ t. + ts + tw) = Sz,

X(0) = X(te + t: + to) = Xo/ot;

where o0 = V/Vy,.

Whent =t

V(tp) = Vu,

X(te) = X..

4.3. A NEW MODEL FOR CFSTR ACTIVATED SLUDGE SYSTEM

Based on a mass balance, a new steady state model for a CFSTR system can also be

derived by using the same definitions as in the SBR system:

(1) For EBS or S;.
k,X,S d(vs,)
QS,f; — QS; ~ ————Ig N s: V£, 7k X,V = —E{L =0 (4-16)
8

(2) For DBS or Sz
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(%8, | K d
2 XSy 0 (VS;)
- - ) Nt 4-17
QSOfZ QS2 Ksz +S:2 J(KO_*_SI}"Lf)&?YXkeXVV dt 0 ( )
(3) For IOM or S
QS,f; - QS; + I(k‘x"sE + 2% \uf kX, v =25 (4-18)
0°3 3 ys3\KS +Sl KS +82J XSYX ey - dt B
1 2
{(4) For VSS or Xy
(X8, kXS K, | d
1% kXS 0 (VX,)
-0OX, kX, V=—"""=0 4-19
QXVO Q v * KSL +S] + K52 +SZ KO +Sl JV ¢ VV dt ( )

These two models can be used to predict the operations of SBR and CFSTR and to

compare the two systems under equivalent operational conditions.



Many researchers have used batch biological reactors for multiple purposes. Moser
(1977) reported that in a BR or in the forward zone of a PFR, the readily biodegradable
compounds will be eliminated first after a short reaction time, while poorly degradable
compounds will be eliminated last, i.e., towards the end of the reaction time in a BR or in
the end zone of a PFR. This suggested that it is possible to differentiate EBS and DBS by
a batch test. Another advantage of a biological BR test is that it can be used to determine
biokinetic parameters and is easy to operate, saving time and expense compared to other
methods. Braha and Hafner (1987) used lab scale BRs to model biokinetics of a CFS
activated sludge process although they found biomass needs to quickly adapt in the baich
test. If the biomass is previously acclimated in a BR, then moved to the testing reactor, it

is already adapted.

Based on the above information, a set of batch biological reactor testing techniques were
developed to differentiate the various types of COD produced and transformed during the

treatment cycle.

59
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RINCIPLE, ASSUMPTIONS AND PROCEDURE OF BATCH REACTOR

TEST

5.1.1. Principle

There are two basic relationships in a biological batch test. One is substrate COD
degradation vs time and the other is substrate COD degradation rates vs corresponding

COD concentrations, S, i.e., dS/dt = AS).

From dS/dt = f(S), the different COD categories can be defined due to their different dS/dt
rates at different S concentrations. EBS degradation will have the highest rate. The rate

for DBS will be lower than that of EBS while IOM degrades with a rate near zero.

At any moment after starting a BR test, soluble COD comes from two sources: (a) feed
and (b) decomposed VSS or BAP. Decomposed VSS is transformed into smaller
molecular organic substances first, then further degrades to inorganic materials or is
utilized by other portion of biomass for cell synthesis. The part of decomposed VSS that
disappears within the reaction period is degradable BAP (BAP ) which also includes EBS
and DBS. Some BAP compounds cannot be degraded further and stays in the clarified
effluent leaving the reactor. These are non-degradable BAP (BAP,4) and belong to IOM.

These relationships can be described by three basic equations:
S@=SS+BApt= S]‘*‘Sz‘*‘Sg“"BApT (5—1)
BAPy = BAP; + BAPy; (5-2)

ACODP = ABAPr = ABAP; + ABAP,, (5-3)
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where

S, = total soluble COD;

BAP, = total BAP,

ACOD, = decomposed VSS (particulate) COD.

In a fed reactor, degradation rate of substrate COD should include rates for both feed and
BAP;. However, generated BAP is mixed with fed COD. Degradation of BAP; takes
place concurrently with fed substrate and is “hidden” in the measured soluble ACOD.
Thus, direct measurement of BAP; degradation is not possible. This problem can be
solved by employing a parallel blank BR in which the same amount of washed sludge as in
a fed reactor is held. BAP in the blank is negligible at the beginning of the test. Total
COD (CODy) change through an entire test cycle in a blank BR, which mainly includes
COD,, can be used to calculate the generation of BAP. Degradation of CODT in the blank
BR indicates the degradation of BAP; because released BAP,; with remaining COD; is
still included in the measured CODr. Therefore, it is reasonable to assume that the soluble
COD accumulated is BAP,;. BAP,s can be obtained by measuring the soluble COD

change in the blank BR.

The following is a procedure to estimate the true biodegradable amount of COD during a

test cycle based on the above basic equations:

At t = 0 in the fed reactor, measured soluble COD = S;. At the same time in the blank
reactor, BAPg o = 0, BAP, ¢ = 0 also and total COD = CODr, 0. At any moment t in the

fed reactor, measured soluble COD is S, At the same time in the blank reactor, BAP,qg
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and CODr, . can be measured. Thus, BAP, in the blank at any time t can be obtained by

the following equations:

BAP, = CODr — COD1¢

and

BAPy; =BAPy+BAP = CODr, 0~ CODr, + BAP, (5-4)

Considering BAP, actual soluble COD concentration, S’ for the calculation of fed COD

degradation rate at this moment should be
S’ =8~ BAPy, =S, - (CODr, ¢~ COD1,, ) (5-5)

S, is directly measured from fed reactors while COD1,o — CODr,: is measured from a blank
reactor initially containing the same amount of washed sludge as that of a fed reactor.
Now the corrected rate, dS’/dt, may be used to describe degradation rate in the fed

reactor. The points on the dS’/dt curves are determined by the following calculation:

48 AS'_ S-S

oY 5-6
dt At At (5-6)

where S and S’., are the corrected COD concentrations at times t and t + 1,

respectively, and calculated according to Eq. (5-5).
The corresponding S value is the average of measured COD from time tto t + 1

St +Se

2 (5-7

S=

Both fed COD and BAP degrade at the measured COD concentration and their related
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rate constants estimation should be made at these corresponding COD values.

¥

Based on the o = f(8) curve, the reaction types throughout the entire degradation

process can be judged and defined. With proper procedures, the rate constants can also be

measured and calculated.

The values of fy;, fo and f,3 may also be estimated from the above data. To do this, BAP4

and BAPr at any time period of t to t + 1, defined as BAP; y.; and BAPy w1, are

calculated first:
BAPT, Y+l & CODT,t - CODT, t+1 (5-8)
BAP; y+1 = (CODr, — CODy, 1+1) — (CODy 141 - CODg o) (5-9)

Then the ratios of BAPy yi; /BAPr w1 for any period of t to t+1 can be obtained. The

estimations of £, fiz and £z will be introduced in Section 5.2.2.

8,1.2. Test Conditions

To simplify analysis, the sludge produced during a test cycle is ignored (it is very small)
compared to the original bulk quantity and the total amount of activated sludge in the
reactor is treated as a constant. This assumption can be realized by using the average

activated sludge concentration throughout the testing period.

Primary conditions

The activated sludge used in the BR test should have a sludge age of at least 10 d which

has more stable composition than younger sludge. The sludge should also be taken from
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an activated sludge reactor that has been operating for at least two sludge ages (Henze et
al, 1986). The F/M ratio should be 0.3 to 0.6 mg COD/mg VSS, which is a common

range in activated sludge processes for the measurement.
Apparatus

For the measurement of biological kinetic and stoichiometric parameters, a set of batch

tests was conducted with four 2L beakers with an aeration stone in each beaker.

Evaporation losses due to aeration were restored before sampling for analyses. The
volume reduction to be restored was measured by aerating the same initial volume of

distilled water in the beaker for 24 h.
Test procedure

Step 1: Settle the total 6000 mL volume of mixed iiquqr taken from aeration tank of an
SBR or a CFSTR and decant the supernatant. Wash the settled sludge with distilled water
to remove soluble COD. Repeat the washing step at least 3 times. Then divide the
washed sludge into four equal portions, and dilute each one to 1500 mL with distilled

water. Finally put them into four 2000 mL beakers, respectively.

Step 2: Add three different quantities of concentrated feed to three of the four washed
sludge samples. Ensure that the added feed volume is negligible compared to the 1500

mL of the mixed sludge. The beaker without feed addition is the blank sample.

Step 3: Aerate the samples and test the soluble COD of clarified water at time intervals of

0,005,01,02,03,05,1,2,35,5,7,12 and 24 h for the three fed samples and at time
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intervals of 0, 3.5, 7, 12 and 24 h for the blank sample to obtain S-time curves.

Step 4: Measure CODy of the blank at time intervals of 0, 3.5, 7, 12 and 24 h and draw
the CODp-time and dCODy/dt curves to determine the reaction type of biomass

degradation and the released BAP,s and BAP,.

Step 5: Subtract BAP, from the three S-time curves for fed samples to correct them for

COD released from sludge decay to obtain the adjusted COD degradation, S’, values.

Step 6: Plot three dS*/dt-S curves from the three sets of adjusted S’ values to determine

the ranges for different COD categories and the type of their degradation.

Step 7: The rate constant, k,, and half-velocity constant, K, for EBS degradation were
estimated with the Lineweaver-Burke method applied to the initial COD change in each of
the three samples that were fed a different amount of COD. At the beginning bacteria
always utilize EBS and there is a large amount at this time (Grau et al., 1975; Moser,

1977, Ekama et al., 1986).

Figure 5-1 provides a flow chart as a summary of procedures for the new SBR model

parameter estimation with batch test techniques.
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Figure 5-1. A flow chart for experimental estimations of the new SBR model parameters

5,2 QUANTITATIVE TEST OF INFLUENT COD FRACTIONS

5,2.1. Measurement of f;, f, and f;

Typical remaining soluble COD vs time curves with three different initial soluble COD

concentrations are shown in Figure 5-2a (and 5-2b which shows the same figure with a y-
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axis range of 0-100 mg/L and provides a detailed look at the ascending trend of the curves

after 5 h areation).
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Figure 5-2a. Soluble COD degradation curves from a batch test with three different initial

concentrations (sludge from run No. 8-500 for an SBR system and 6,5, = 15 d}.

- 4 — 801

2 @ - S0
? == oy~ = S03
o)
8 |
2 - - -
2
a
[
k- IR TRY TR O L R EEEEER R ®
R o SRR a

Y 3 i0 15 20 25

Time (h)

Figure 5-2b. Soluble COD degradation curves from a batch test with three different initial

concentrations (the same Fig. as 5-2a with a y-axis range of 0 - 100 mg/L).
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Figure 5-3. BAP,, - time curve from the blank BR test
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Figure 5-4. Remaining soluble COD- time curves adjusted by BAP,



inflection

dSVdt +yk. ()
(¥

2 4
i 4
0 . : x
o 7 100 200 306 460 500
g S (mg COD/L) |
2. So; = 468 mg/L

Figure 5-5a. dS’/di-S curve from a batch test with So) = 468 mg/L
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Figure 5-5b. dS’/dt-S curve from a batch test with Se; =216 mg/L
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Figure 5-5c¢. dS’/dt-S curve from a BR test with S¢3 = 130 mg/L

Figure 5-3 is the BAPy-time curve. Fig. 5-4 is the S-time curves adjusted by subtracting
BAP,,, which shows that the measured COD degradation curves are affected by BAP..
The latter added to the former made them higher than their “true” values. This
phenomenon becomes obvious when the remaining COD is lower. The BAP,4 can cause

COD curves to ascend after 5 h reaction (Fig. 5-2b).

Figures 5-5a, 5-5b and 5-5¢ are dS’/di-S curves with different initial COD concentrations.
An adjustment for the COD concentration, S, has been made by subtracting BAP; to
obtain true substrate removal rate which includes fed COD removal and decomposed VSS

degradation. The other sets of curves are in Appendix B.

From the dS*/dt-S curves in Figs. 5-5a to 5-5¢, it can be seen that the substrate removal
rate dS’/dt has a quick drop (dS‘/dt curve has a larger slope) at the beginning that lasted

only a few minutes for lower initial substrate concentration or about ten min for the higher
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initial concentrations. The rapid drop of COD concentration is EBS metabolism. In the
IAWPRC Model No. 1, researchers (Ekama et al., 1986) have proven that there is a sharp
drop in OUR after feeding is terminated when testing readily biodegradable substrate with

a daily cyclic square wave feeding pattern.

After the quick drop of dS¥/dt, a linear trend of the dS*/dt curve occurs with a smaller
slope that shows a slower degradation of substrate at this stage with a constant rate
change or a first-order style reaction. This group of substrates is much different from
EBS, comprising a mixture of colloidal and soluble organic materials of complex organic
structure, and degrades at a slower rate than EBS. Many researchers (Lawrence and
McCarty, 1970; Dold et al., 1980; Dold and Marais, 1986, and Henze et al., 1986) found

that a first-order reaction can properly describe the degradation of DBS.

Ekama and Marais (1979) treated DBS of domestic waste as particulate COD and
proposed a first-order reaction to describe the COD utilization based on the work of
Morris and Stumm (1960), Ford and Eckenfelder (1967) and Wilson and Marais (1976)
who found that 60 to 70% of the COD in domestic wastewater is in a fine particulate
form. Dold et al. (1980) adopted the approach to dé;!éiop a general model for the
activated sludge process. In their model, they hypothesized that DBS is adsorbed by
activated sludge and then hydrolyzed into readily biodegradable substrate. The limiting
rate is determined by the rate of the hydrolysis. They further hypothesized that there is no
energy consumed and no COD degradation during hydrolysis and employed_a_modified
adsorption mechanism (a first-order reaction) of particulate COD in domestic wastewater

proposed by Blackwell (1971) to formulate the rate limiting process. This approach was
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finally adopted into the IAWPRC Model No. 1 (Henze et al., 1986).

Approaching the end of the batch test, the S-time curves became horizontal and the
dS*/dt curve is close to zero, which demonstrates that the lefiover COD is biologically
inert. There are three sources of this inert COD: influent, non-biodegradable UAP
(UAP,y) and BAP,y. Grady and Lim (1980) stressed the importance of correcting the
specific rate of substrate removal by subtracting this portion from the initial COD
concentration, Sy and from the effluent COD, S, However, they did not suggest
correcting this by tracking and deducting the nondegradable BAP in the blank batch test

from the entire dS‘/dt-S curve.

After defining each range of the dS’/dt-S curve, the fractions of different types of
substrates can be calculated. From the beginning to the point where the dS’/dt curve
changes to a “straight” line, the COD change can be_ considered as EBS removal. Its
percentage, fi, is calculated by the corresponding COD change to the inflection point

divided by the total added soluble COD, COD,, that is:

f, = [(CODg -0 —~ BAPug, 0) ~ (CODx at inficction = BAPrd at comosponding N1l

(COD, -0 —BAPw,0) (5-10)
The straight line portion indicates the degradation of DBS COD and its portion, f5, is
computed by the corresponding COD drop divided by total soluble COD added:

fz = E(CODS, st inflection BAPq. o correspending t) - (S$ - BA-Pnd, at corresponding t)}/

(CODs, =0 — BAPy4, 0) (5-11)
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The dS7/dt curve terminated at S*, which indicates that DBS in solution at this moment is
almost consumed and the remaining COD is IOM. Originally, the COD at the §* point
contains three parts. The first is the inert soluble COD from feed, the second UAP, from
the metabolism of both EBS and DBS and the third is BAP, from biomass decay.
Recause the curve has been corrected by deducting the BAP,s accumulation curve, the s*
now contains only inert organic material from the influent and UAP,s. But UAPy is
proportional to the amount of degraded substrate which is proportional to the influent
concentration, Sy, and therefore, UAPy, is proportional to Sy as well as to the fraction of
IOM in the influent. At present, there is no simple technique to distinguish between IOM
and UAP,; in effluent from a biological wastewater treatment system accepting multi-
substrate feed. For convenience and simplification of the estimation of the model

parameters, one coefficient, f3, is employed to describe this term.

f,, the sum of inert fraction of the feed and UAP» is calculated by the following equation:
£y = (S* — BAPug, a comosponding 1 )/(CODy 1=0 — BAP,0) (5-12)
or simply by the equation:

f,=1-f,-% | (5-13)

Table 5-1 lists the results of the three different categories of COD in the feed and in the
released COD from sludge decomposition from 13 sets of BR tests. The values of fy; + fio
listed in the last column are discussed in the next section. (The series numbers, X - XxX -

xx, in the second column: experiment set - So = Bxos).



Table 5 -1 The measured £, £ and f; values from thirteen sets of BR tests

Test Sludge Xy | Bsop So fy £ fa fu + fo

No. from mg/L d mg/L - - - -
144 0.32 0.65 0.03

#1 8-500-5 1650 5 110 0.35 0.6 0.05 0.91
65 0.35 0.65 0.01
468 0.28 0.64 0.08

¥2 | 8-500-15 | 3150 | 15 216 0.31 0.69 0.04 0.98
130 0.24 0.74 0.02
465 0.29 0.65 0.06

#3 | 7-500-15 | 2176 15 220 0.33 0.65 0.03 0.91
115 0.36 0.63 0.02
, 367 0.30 0.67 0.03

#4 | 3-500-10 | 2250 | 10 184 0.35 0.61 0.04 0.90
93 0.37 0.6 0.03
367 0.30 0.69 0.01

#5 | 6-250-15 | 3960 } 15 184 0.33 0.63 0.03 0.91
93 0.34 0.64 0.02
889 0.24 0.72 0.04

#6 | 2-250-10 | 1900 | 10 445 0.29 0.68 0.03 0.91
221 0.32 0.68 0
888 0.29 0.68 0.03

#7 | 2-250-15 | 3487 | 15 443 032 1 032 0.04 0.95
220 0.32 0.68 0
886 0.33 0.66 0.01

#8 | 5-500-10 | 3418 | 10 665 0.30 0.69 0.01 0.96
443 0.32 0.67 0.01
884 032 0.67 0.01

#9 | 5-500-15 | 4195 | 15 663 0.34 0.66 0 0.97

442 034 0.65 U1 4] S
936 0.30 0.66 0.04

#10 | 5-500-10 | 4340 | 10 702 0.29 0.68 0.03 0.96
468 0.30 0.68 0.01
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Table 5-1 (cont’d)

Test | Sludge Xy Oob So f) £ fs £ + £

No. from mg/L d mg/L - - - -
936 0.29 0.68 0.03

#11 | 5-500-15 | 5513 15 702 0.28 0.7 0.02 0.97
468 0.36 0.61 0.03
583 0.29 0.68 0.03

#12 | 5-250-10 1518 10 350 0.29 6.7 (.01 0.97
117 0.35 0.65 G
583 031 0.67 0.02

#13 | 5-250-15 | 2680 15 350 0.31 0.68 0.01 0.98
117 0.42 0.57 0.01

Average 0.316 | 0.653 | 0.024 0.945

Table 5-2 presents the results of the statistical estimation of fi, f;, f3 and (fa + f).

Table § -2 Statistics of measured £y, £ ,  and (£ + f) values from BR tests

Statistical Data f H £ fo + o
Mean 0.316 0.653 0.024 ~ 0.945
Standard Error 0.006 0.010 0.003 0.0082
Standard Deviation £.034 0.064 0.017 0.030
Sample Vanance 0.0012 0.0041 0.0003 0.0009
Minimum 0.24 0.32 g 0.90
Maximum 0.42 0.74 0.08 0.98
Count 39 39 39 13
Confidence Level (95.0%) + 0.011} £ 0.021 + 0.006 + 0.018
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The results shows that f; = 0.316 + 0.011, £,=0.653 £ 0.021 and f:=0.024 + 0.006, all at

95%, confidence levels.



5,2.2. Measurement of f, , {;, and

Using a similar method the soluble COD fractions released from sludge digestion can be

calculated.

First, COD of the blank sample is measured. This is the total COD including VSS and
BAP,.. At the beginning of the test, the sample only contains COD of VSS since soluble
COD has been removed by washing the sludge. Then, the sample is continuously aerated
for 24 h. Soluble COD (BAP,y) and CODr are measured at time intervals of 35,7, 12
and 24 h. The COD changes for BAP,s and COD+ vs time curves are plotted and also the
curves of their change rates, dBAP,¢/dt and dCOD1/dt vs CODr concentration. By using
Eq. (5-4), BAPy can be calculated. Figure 5-6 is a typical plot of BAP,; and BAPy

changes for a blank reactor with a washed sludge.
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Figure 5-6. BAPy and BAPy vs time curves from a blank BR test; sludge from No. 8-500 SBR

reactor and 8, = 15 d.
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Figure 5-7. The linear relationship of BAP, accumulation rate to CODr from a blank BR test;
sludge from No. 8-500 SBR reactor and 6, = 15 d.
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Figure 5-8. The linear relationship of BAP; degradation rate to CODy from a blank BR test;

sludge from No. 8-500 SBR reactor and 8y, = i5'd.

Figure 5-7 demonstrates that BAP accumulation rate is linearly proportional to the

COD; concentration. Figure 5-8 shows that the CODr degradation rate is also
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proportional to CODr as well.  This suggeéts that the BAP,¢ production rate can be
expressed by a proportionality relation with the concentration of VSS, dSs/dt «« CODy,
then, dSs/dt o k.X,, because all the soluble COD in the blank system comes from
decomposition of VSS. Therefore, considering that the rate of release of soluble COD is
controlled by sludge decay rate and using the conversion coefficient Yy = 1.42 mg COD/
mg VSS (Hoover and Porges, 1952; Grady and Lim, 1980) to calculate the soluble COD

converted from decomposed VSS, the BAP, 4 rate expression can be written as

rxsl

= fxiyxker

where f, is the percentage of BAP 4 in the released soluble COD.
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Figure 5-9. The ratio of BAPY/BAPy showing most of BAP degradable.

On the other hand, comparison of the BAP; change curve and the BAP,; change curve in

Fig. 5-6 reveals that the CODr change was primarily due to degraded BAP at all time

intervals and very little of it contributed to BAP 4. From the 13 sets of BR tests, the ratio
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of BAPJ/BAPT (£ + fio) varied from 90 to 98% (refer to the last column in Table 5-1) and
the average degradable BAPr was about 94.5% which provides a basis for the estimation

of fx}

The degraded COD+: should be classified as the sum of easily and slowly biodegradable
substrates. Both of their release rates are the same and determined by biomass decay rate,
k., which is first-order with respect to CODr or to total VSS concentration, X, as stated
above but zero-order with respect to EBS, S;, and DBS, S,. Logically, these two rates

are not related to the concentrations of EBS and DBS in the bulk mixed liquid but they are

controlled by ke.

Treating all BAP; as EBS is reasonable because there was no accumulation of it during
any time interval. This is equivalent to assuming fy, = 0. These resuits are different from
the approach of the IAWPRC Model No. 1, in which the decomposed VSS is treated as

slowly degradable substrate, then converted into readily degradable substrate.

Finally summarizing the BAP4 and BAP 4 rate equations:

Fysy, = f:swxl')'xker (5-13)
e, = Ix¥zkeXy = 0 (5-14)
Ks, = £,V xKe Xy (5-15)

where f, »0.95,£,=0, £,=005 and 7y, < 1.42= (8.
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5,2.3. Determination of v, and v
The first experimental results showed that both y, and v, were affected by sludge age. The
younger sludge produced more BAP and UAP per unit biomass. Considering this fact, the

new model introduces sludge age 8, into the two conversion coefficients. The expressions

are
I&X
= 5-16
Tx C, +8y (5-16)
S
= : 5-17
Vs C, +64 ( )

A,, A, C, and C; are constants and will be determined by selection of proper values to
make the new model fit the experimental results. C, and C; have only methamatical
meanings and keep the expressions within the reasonable ranges to meet the practical

situation when sludge ages approach very small values, for exsample, 6, < 0.1 d.

5.3. THE EXPERIMENTAL VALIDATION OF UAP AND BAP EXPRESSIONS

IN THE NEW SBR MODEL

As mentioned before, many researchers have shown the existence of UAP and BAP in a
biological process. They are different from their counterparts in the influent. Previous
research has also demonstrated that the effluents from biological processes mainly contain
complex molecular substances. Grady et al. (1972) concluded from their study that

metabolic products, another term for UAP and BAP, constituted an average of 85% of the
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effluent COD in single-substrate systems and nearly 100% in a multi-component system.
Later, Grady and Blachly (1985) used bench-scale reactors to study the molecular weight
distributions in activated sludge effluents. They found that the largest amount of material
was in the <1,000 and > 100,000 molecular weight ranges. Painter (1973) found 60% of
the organic carbon in a secondary effluent to have a molecular weight greater than 10,000,
consisting partially of proteins and polysaccharides. Manka and Rebhun (1982) found that
most of the soluble organic compounds in the secondary effluents from oxidation ponds
had molecular weights greater than 20,000 and humic acids and proteins were the two
major groups. Amy et al. (1987) reported that the two major components of secondary
effluent COD were ﬁllvié acids and proteins. Anionic detergents were the third highest

component for activated sludge and trickling filter systems.

On the other hand, Chudoba (1985) reported that COD compounds in an effluent from a
biological process always corresponded to the feed composition. Concentrations in the
effluent were proportional to their concentrations in the feed and almost always were 1 to
3.5% of their original concentration; even if the compounds in the feed were easy-to-

biodegrade, such as glucose, sucrose, acetic acid or alamine.

To confirm the existence of UAP and BAP which have been expressed in the new SBR
model and to compare them with original COD components fed to the systems, two sets
of experiments in two systems, respectively, were carried out. One was a protein feed

system and the other used sucrose as a sole carbon source. —



8.3.1. Analysis Result of Remaining Amino Acids

A set of analyses was conducted to determine amino acids in the effluent from a batch
reactor test at time intervals of 0, 3.5, 7, 12 and 24 b The acclimated sludge was from

No. 5-500-10 SBR. Table 5-3 shows the results of the analyses.

In the table, the second column is the estimated concentrations of various amino acids, fat
and carbohydrates based on the information (Table 3-4) provided by the vegetable protein
manufacturer. The COD for this feed is about 500 mg/L when 80 g of vegetable protein is
dissolved 200 L of water. The third column is the concentrations of the feed ingredients
at t = 0 in the batch test. The fourth to tenth columns list the concentrations of amino
acids, carbohydrates and COD at the corresponding time intervals. The remainder of the
columns are the results for sludge from an SBR with observed sludge age of 10 d and
from CFSTR1, CFSTR2 and CFSTR3 with sludge ages of 5, 10 and 15 d, respectively.
Total amino acid is the sum of individual amino acids in the same column while total

carbohydrate and COD are the direct test results.

Comparison of the second and third columns reveals that measured amino acid
concentrations corresponded well to the estimations. With reaction time, most of the
amino acids from the feed were transformed or degraded. The total number of typical
amino acids decreased from 17 to 4 (excépt tyrosine which was used as a calculation
reference or standard and tryptophan which was not found at the beginning and was
missing in the later periods) and the corresponding concentrations of the individual amino
acids decreased to about 1 mg/L. The total amino acid concentration decreased from

393.2 mg/L initially to 4.6 mg/L after only 7 h reaction time as shown in the fifth column
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Table 5-3 Measured aminc acids, carbohydrates and COD for the batch reactor and other
systems with the vegetable protein as feed

Estim. | Tested| Fed | Fed | Fed | Fed |BlankiBlank|Blank] SBR2|CFSTRICFSTR|CFSTR
foed | fecd |batch [batch |batch [batch (batch [batch [batch | o | 3
conc. |conc. [3.5h| 7h |12k |24h| Oh| 7h |24k off. | off | off
mg/L | mg/L {mg/L|mg/L|mg/L|mg/L|mg/L{mg/L |mg/L|mg/L mg/L me/l mg/L
Total amino acid 1360.3] 393 | 84 | 4.6 14539 124121 13118 |44 )57 3.0
Glutamic acid 68.1 | 804 | 3.2 | <db | <di | <dl | <di | <dl | <dl | <dl | <dl | <dl | <dl
\Aspartic acid 412 1479 1 <1 1065105109 10310310704 10]11108
ucine 204 | 350 | 44 | <41 | <dl | <di | <dl | <dl | <dl | <dl | <dl | <dl { <dl
Arginic 269 1305 | <di | <dl | <al | <dl | <dl | <di | <di § <dl | <dl | <dl | <dl
iLysine 226 1 267 | 2.9 | <dl | <di | <dl | <dl | <dl | <dl | <dl | <4l | <dl | <di
Serine 1861211 1146131121091 10}104 (1310511311411
{Phenvlalanine 186 | 219 | <ar | <al | <dl | <di | <di | <di | <dl } <dl | <db | <dl | <di
Proline 184 | 216 | <ab | <dl | <dl | <dl | <dl | <4} | <dlL | <dl | <di | <di | <di
Valine 1801209 1 27 | <al | «dr | <dl f<dr | 10 |01 | <dl | <dl | <dl | <4t
Isoleucine 176 1 209 | 29 | «d1 | <dlL | <di | <di | <dl | <di | <dl | <di | <dl | <d}
Alanine 154 | 184 | 55 ] 06 | <dl | <di | <dl | <dl | <dl | <dl | <di | <dl | <di
EVV;?::EM sy | 137 S | Sa | S| S| S | Sid. | Sid | S | Sid. | Sid Std. | Std,
Threonine 136 § 173 51 | <al | 0.9 | <ai | <dlL | <dl | «dl | <dl | <dl | 08 | <dl
Glycine 1491177 1801171101106 |<et]|05006]12]15]02
HHistidine 93 1 105 | 48 | <d1 | <dl | <di | <dl | <dl | <dl | <dl. ! <df | <dl | <di
“Methionine 4.8 19 | <ab | <db | <dl | <dl | <dl | <dlL | <dl | <di | <dl | <d} | <dl
lf()ysteine 47 | 05 | <a1 10510910105/ 04]05103109]09]09
Tryptophan 47 1 <dl | «<dl | <dl | <dlL | <di | <dl | <di | <dl | <di | <df | <dl ; <dl
Total Carbohydrate 0 94 |52140[42/66 104375114244} 77]6.2
Sucrose 0 <l | <dl | <dl | «dl | <dl | <di | <dl | <dl | <dl | <dl | <di | <dl
Glucose 0 <d) | <di | <dr | <di | <dl | <di | <dl | <di § <di | <di | <dl - <dli
IFructose 0 <dl | <dl | <di | <dr | <dl | <dl | <al | <dl | <diL | <dl | <4l | <dl
Fat 4 n/a was | na | nia | ne | nwa | na ne | n/a na | wa n/a
Acetate as 1 <dl | <dl | <dl | <dl | <dl | <dl ] <di | <dl | <dl | <dl | <di | <dl
{Propionate n/a <@l | <db | <dl | <di | <dl | <dl | <dlL | <di | <di | <dl | <dl | <di
Butvrate e | <dt | <dl | <al | <dl | <di | <di | <dl | <di } <d} | <dl | <dl | <dl
COD ~500] 519 | 77 | 13| 14 | 20 |42 | 11 | 18 | 19 | 8§ | 35 34

s <dl = below detection limit,

% /3 =not analyzed,

#5% Sid = Standard.

in Table $-3, which is about 1% of total amino acids in the feed.

This level remained until
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24 h, the end of the test.

The test results of carbohydrates also showed that each effluent sample contained no
sucrose, glucose, fructose, acetate, propanate or butyrate, i.e., no simple carbohydrates.
But total carbohydrate results demonstrate that it degraded from 9.2 mg/L initially to 4.0
mg/L at 7 h, then increased to 4.2 mg/L at 12 h and to 6.6 mg/L at 24 h, which can only
be carbohydrates other than simple molecular carbohydrates. They have more complex
molecular str@cture and larger molecular weight. COD, initially at 519 mg/L, steadily -

decreased to 13 mg/L at 7 h and increased to 20 mg/L at the end of the test cycle.

From the preliminary experiment on the feed selection, the measured ratio of COD:amino
acids was about 1.3 mg/mg and the measured ratio for COD:carbohydrate was about 1.0
mg/mg. The following equation involving the two ratio values is employed to estimate the

unknown organic materials other than the typical amino acids and carbohydrates:
Unknown Organics ~ COD — (Total Amino Acid x 1.3 + Total Carbohydrate x 1.0)

The fourth row in Table 5-4 lists the calculation results, which show a trend of increasing
portion of unknown organic materials in both the fed reactor and the blank reactor with
increasing reaction time. Also, unknown organic materials with total carbohydrates, the

portion of complex molecular substances, steadily increased with reaction time.

The last row shows that the ratio of the complex molecular organics to COD increased
from 2% at the beginning of the batch test to 75% at the end for the fed system and from
76 to 78% for the blank test. From the last row, it can also be seen that the complex

molecular: COD ratio is higher for the effluents from SBR and CFSTR processes than for
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Table 5-4  Approximate estimation of the organic materials other than typical amino acids and
carbohydrates for the various protein systems

Estim. | Tested| Fed | Fed | Fed | Fed |Blank|Blank|Blank; SBR |CFSTR|CFSTR|CFSTR
feed | feed |batch |batch [batch Ibatch fbatch {batch fbatch | 2 1123
conc. | conc. |3.5h] 7h | 120 |24h| 0h | 7h | 24n] e | off | off. | eff

mg/L | mg/L |mg/L | mg/L|mg/L|mg/L|mg/L mg/L mg/L|mg/L mg/l, mg/Lime/L
Total Amino acid |360.31393.2|54.1| 46 |45 139124121 131]18]44 5730
Total Carbohydrate]l 4 | 94 | 52 | 40|42 |66 |04 (375114244177 ]62
Unknown Organics] ~0 | =0 | 15| 3 |35 |83 |07 |46 |89 1251462199239

COD ~500] 519 | 77 1 13 | 14 | 20 |42 11| 18 19| 35 | 35| 34
Complex <001l 002 10091054105510.750261075]|0.780.88]0.900.79 0.89
olecular/ COD

the batch test. This is because SBR and CFSTR processes had reached steady state and
there were accumulations of the complex molecular materials in their supernatants. But in
the BR, the sludge was washed before returning it to the reactors; most of . the
accumulated soluble organics were removed by washing. Washing the sludge resulted in a

lower concentration of soluble complex molecular substances at the end of the test cycle.

All the above results prove that the original substrates that contributed to the feed COD
no longer existed in the remaining soluble COD, instead, COD from UAP and BAP

became the main components.

5.3.2. Sucrose as a Sole Carbon Source for an SBR Run

An SBR system with sucrose, one type of EBS COD, as its sole carbon source was run
until steady state around the system was reached. Then following the same procedure for

the BR test described in Section 5.1, a set of samples from the system was analyzed.

Table 5-5 demonstrates that the results of the amino acids and carbohydrates analyses for
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this system were similar to those from the protein system. The sucrose degraded quickly
and completely disappeared after 2 h reaction despite its very high initial concentration (Sy
= 2000 mg COD/L), from 2.2 to 8 times that (250 to 900 mg COD/L) for the system with
the vegetable protein as feed. During the testing cycle, acetic acid, a simple intermediate
product, exists at 24 to 128 mg/L before 3.5 h of reaction time, and so does propionate
but only at concentrations less than 6 mg/L. After sucrose concentration decreased to less
than 60»mg/L7 the intermediate organic acids degraded and disappeared quickly and there
was neither simple molecular carbohydrate nor common amino acids found in the
supernatant although its COD was still high (around 463 mg/L) and total carbohydrate

was 165 mg/L at a reaction time of 2 h.

One different result of this system from that of the protein system was that there was no
simple molecular carbohydrate left in the supernatant after 3.5 h reaction or in the effluent,
compared to total amino acids at about 1% of theifeed concentration which always
remained in the effluent from the protein system. Although sucrose was the sole carbon
source and no amino acids were added, more amino acids were generated with extended
reaction time in the fed reactor compared to the protein‘ fed reactor. This phenomenon
could result from reaction equilibrium because of low amino acid concentration in the
sucrose system, which induced more lysis of protein in the bacterial cells. These generated
amino acids, therefore, belong to BAP. Also the blank from the sucrose fed sludge

generated more amino acids than the blank from the protein fed sludge.

The last two rows in Table 5-5 present the measurement and calculation results of the



Table 5-5 Measured amino acids, carbohydrates and COD for the batch test with sucrose as sole

carbon source

Fed | Fed | Fed | Fed | Fed | Fed | Fed |Blank| Blank|Biank | Blank
Oh |05k} 1h | 2h |35h} 8h | 24h | Oh {35h} 8h | 241
mg/L |mg/L mg/L|mg/L| mg/lL | mg/l. | mg/L | mg/L | mg/L | mg/L | mg/L
Total amino acid <l | ne | we | wa | 33172 12 00|33 13 | 22
Glutamic acid <dl | o2 | wa | wa | <dL | <dl | <dl | <di | <di | <dl. | <di
Aspartic acid : <l | wa | na | we | 10 | 4L 1 10 | <di | <dt | 1.2 ] 1O
Leucﬁne <dl | wa | wa | na | <dl | <di 16 | <an | <a1 | 03 52
Arginie <di | wa | na | we | <db | <db | <dl | <dlL | <dl | <dl | <dlL
Lysine <dl | wa | wa | wa | <dl | <dl | <di ] <dl | <dl | <dl | <di
Serine <4l | wa | wa | wa | 1.2 1.5 13 § <ar | 13 | 22 11
Phenylalanine <gl | ma | wa | wa | <dbL | <di | <dl | <dL | <dl | <dl | <diL
IProline <dl | n/a | wa | ma | <dl | <dl | <dl | <dl | <dl | <dl | <dl
Valine <«di | wa | na | we | «d1 | 16 | 3.6 | <d1 | <dl | 22 | 64
Isoleucine <«dl. | wa | na | wa | <dr | 1.4 | 29 | <dl | <ar | 19 | 59
Alanine <al | wa | ne | na | <dl | <dl | <di | <dL | <dl | 19 | <di
Tyrosine Std | wa | wa | wa | Std. | Std. | Std. | Std. | Std. Std. | Std.
Threonine <dl. | n/a | wa | wa | <di | 08 1.0 | <di | <al | 10 14
Glycine <dl .| oa | wa | we | 0.2 10 | <dL | <a1 | 10 12 | <db
Histidine <l | wa | ne | va | <dl | <dl | <di | <dl | <dl | <di | <dl
‘ﬁMethionine : <l | wa | na | wa | <dl | <l | <di | <dL | <dlL | <d1 | <diL
Eysteine <dl. | wa | we | na | 09 | 09 | 09 | <4 10 7 09 1.0
Tryptophan <di | wa | we | wa | <dl | <dl | <dl | <dl | <dl | <dl | <di
Total Carbohydrates| 2060 | 748 | 361 | 165 | 21 28 | 46 | 31| 15 | 24 | 45
Sucrose 1990 | 755 1356 1 57 | <dil | <dlL | <dbL | <dL | <di | <dl | <dL
Glucose 39 | <dl | <diL | <dl | <dl | <di | <dl | <dl | <dl | <dl | <di
Fructose 38 | <dy | <al | <dl | <dl | <dl | <dl | <dl | <dl | <dl | <dl
Acetate 22 | 1121128 | 24 | <41 | <di | <dl | <dl | <dl | <dl | <di
Propionate 33 3 6 i <dl | <dl | <di | <di | <di | «dl | <dl
Butyrate 41 «dl | <di | «dl | <di | <dl | <dl | <dl | <dl | <di | <dl
COD 2200 180811324463 ) 83 | 62 | 92 | 11 | 29 | 54 | 98
Unknown Organics | 140 | 938 | 834 | 381 | 28 28 | 306 |79 | 97 | 24 | 24
ﬂCO.mPlex Molecular /| ¢.06 | 0.52|0.63|0.82| 0.92 | 6.85 | 0.83 | 0.72 | 0.85 | 0.69 | 0.71
COD Ratio
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complex molecular : COD ratio in the effluents from the sucrose BR system. One
difference for the calculation from the previous one in Section 5.3.1 is that between
reaction time O and 3.5 h, total carbohydrates include sucrose, glucose and fructose which
are simple molecular organics and should be deducted from the total carbohydrates for the
calculation of the complex molecular fraction. Another difference tha.é should be indicated
is that the level of amino acids between reaction time 0 and 3.5 h could be neglected

because this level is below the detection limit at the beginning and only 3.3 mg/L at 3.5 h.

Analysis of Table 5-5 reveals that there is a similar trend of increasing ratio of complex
molecular COD to total CQD with reaction time for either the fed reactor or the blank
reactor. For the fed reactor, the ratio rose from 6% initially to 83% at the test end.
Meanwhile for the blank, this ratio was consistently higher around 70% except for one
measurement, 85%, at 3.5 h which could be caused by random errors. On average, the fed
reactor contained a higher complex molecular : COD ratio than the blank although the
quantities of sludge for both were the same. The difference must result from the feed
which is the only difference betwe;en the two, therefore, the difference must be due to

UAP.

Referring to Table 5-4, the ratios of complex compounds to COD in the protein system
are close between the fed reactor and the blank reactor, which is different from the
sucrose system. It is likely that a biological process with protein as feed would generate

less UAP than the system with sucrose as the sole carbon source. —

From the above analysis, it can be concluded that the unknown effluent organic materials
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and total carbohydrates are different from the feed components and come from UAP and
BAP. This matches other results noted at the beginning of Section 5.3. This confirms that

kinetic terms for UAP and BAP in the new SBR model are necessary.

The residual COD from the protein system always contained about 1% of its original feed
content which is similar to Chudoba’s results (1985). But the residual COD from the
sucrose system contained no original feed ingredient, which is different from Chudoba’s

results.

54. EXPERIMENTAL DETERMINATION OF KINETIC CONSTANTS

5.4.1. Evaluation of k; and Kg,

The remaining kinetic constants of the new model can be determined via the method of
initial rates by differential analysis (Levenspiel, 1972; Roberts, 1977 and Speitel and
DiGiano, 1988). The batch test for determining the COD fractions is also used for
determination of the rate constant k;, half-velocity constant K for EBS and rate constant
k, for DBS which will be discussed in the next paragraph. Recalling the work of Moser
(1977) at the beginning of Section 5.1 and the test results presented in Section 5.1.3, it
can be concluded that the kinetic coefficients of EBS removal, k; énd Kg,, can be
measured by testing the initial degradation rate in the BR. Figure 5-10 illustrates the data

for three initial substrate concentrations from the BR test.

As described in Section 4.1.1, EBS in multiple substrates will be utilized by bacteria first,

Grau et al. (1975) expected that for a multi-component substrate, if the measurements are
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carried out over a short time at the beginning of a batch test when single substrates are
present in the mixture, the substrate removal kinetics can be described by Monod kinetics.
Using at least three different initial COD concentrations in batch tests and measuring their
initial degradation rates is necessary to determine kinetic parameters of k; and Ky, in the

Monod expression.

Figure 5-10. Plot for the differential method

From Eq. 4-7 with Q = 0 and r; = AS,/At for a time interval At fromt to t + 1,

CE ) N 3¢ ~
rsl = At - - KS + S] + leYX ke XV

i

where X, is the average sludge concentration through the batch test. Moving the term of
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released COD from sludge decay to the left side, exchanging the positions of two S,
values at t + 1 and t, changing the signs before every term and dividing both sides by X,

resulis in

(8 = i+ N s, k;S;

= ke = —=+1f, y4yke = ,
(AD Xy % I xXe X, x, TxXe Ks, +S;
Its reciprocal expression is
r = — —_
— ke kS, ki 8 K

A straight line is plotted with a slope of Ks /k; and an ordinate intercept of 1/k; as shown
in Fig. 5-11. The value of f, is known from the test methods given in Section 5.2.2 and

the slope and the intercept can be found from the plot. k; and Ks, can now be calculated.

i

"rsx; X”"'fxﬂxk:

2]

P

Figure 5-11. A plot to determine k; and Ks;



5.4,2. The Results of Experimental Testing k; and K,
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The sixth and seventh columns in Table 5-6 are results for k; and Kg . The correlation R

values (the eighth column in Table 5-6) for the 13 tests are quite high, ranging from 0.956

to 1.00 which indicates the high reliability of the experimental estimation.

Table 5-6 Kinetic rate constants determined from the BR tests

Test | Sludge Xy 18! So k Ksi | Corr. | ko't | Corr. p ko'
No. from mg/L || d |mgh] d' |mg/L| R JLl/mgd| R L/mg-d
144 004 | 0995 | 0.007| 0.002
#1 | 8-500-5 | 1650 | 5 | 110 | 11.9 | 80.9 | 0974 0.053 {0995 | 0.005| 0.105
65 0.066 | 0.998 | 0.003| 0.105
468 0012 | 0974 | 0012 0.063
# |8-500-15| 3150 | 15 1 216 | 73 | 559 {0958 ] 0.010 | 0984 | 0015 0.056
130 0.038 | 0990 | 0.009| 0.082
465 0011 | 0969 | 0013| 0057
43 |7-250-15| 2176 | 15| 220 | 99 | 963 |1.00 § 0023 | 0983 | 0011 | 0.069
115 0.041 {0984 | 0.008| 0083
367 0022 | 0981 | 0.007| 0.095
44 {3-500-10 | 2250 | 10 | 184 | 119 | 862 | 0988} 0.047 | 0995 | 0.004 | 0.125
93 0.066 | 0992 | 0.002| 0121
367 0.018 | 0979 | 0009| 0079
45 16-500-15| 3960 | 15 | 184 | 81 | 67.0 | 0977] 0.025 | 0982 | 0012 0.066
93 0.047 | 0973 | 0.008| 0.086
289 0004 | 0979 | 0.021! 0036
46 12.250-10] 1000 | 10 | 445 | 95 | 77.0 | 0993 ] 0.012 | 0988 | 0.013| 0.060
221 0.024 | 0995 | 0011] 0.072
883 0.006 | 0958 | 0.014| 0054
47 |2250-15| 3487 | 15 | 443 | 73 | 546 |1.00 | 0.011 | 0986 | 0.014| 0.055
220 0.024 | 0987 { 0011] 0072
884 0.006 | 0.985 | 0013| 0056
48 15500-10| 3418 | 10 | 663 | 147 | 110 |0970] 001 | 0990 0011| 0070
442 0014 | 0984 | 0011 0.070
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Table 5-6 (Cont’d)
Test | Sludge ‘——— B | So k; Kg; | Corr. | ki' s | Corr. o ko
No. from mgl | d |mg/h| d' |mgh| R jLmgdl R L/mg-d
884 0.009 1 0976 | 0.009 0.083
#0 15.500-15 | 4195 | 15 | 663 | 169 | 91.9 | 1.00 | 0.013 | 0.980 | 0.008 0.091
442 0.023 10985 | 0.006 0.114
936 0.008 10993 | 0.009 0.677
410 15-500-10 | 4340 | 10 | 702 § 14.7 | 110 | 0956 | 0.011 | 0.992 0.009 0.080
468 0.023 | 0.985 | 0.005 0.120
936 0.008 ;0960 ; 0.010 0.074
#11 15-500-15 ] 5513 | 15 | 702 | 147 112 10970 0.01 | 0975} 0010 0.073
468 0.017 10978 | 0.008 0.089
583 0.012 10978 { 0010 0.075
#12 15-250-10 ] 1518 | 10 | 350 | 136 | 97.5 | 0.997 ) 0.022 | 0.997 | 0.008 0.091
117 0.043 { 0983 | 0.007 0.088
583 0.013 1 0959 | 0.009 0.084
#13 15-250-15 | 2680 | 15 | 350 | 162 | 135 | 0.980] 0.027 | 0.993 | 0.006 0.112
117 0.063 | 0997 0.002 0.129
Avg 121 | 937 0.009| 0.082

5 4.3. Estimation of k; and Kg,

From Figs. 5-5a to 5-5c¢, it can be seen that there is a linear relation between specific
substrate utilization rate, 7,, and substrate concentration, S, after a quick drop of r, at the
beginning of the test. Degradation of DBS occurs after EBS is almost consumed by
bacteria (Section 5.2.2.). The slope of the linear rangev of the curves can be calculated as
k,’, the kinetic coefficient of a first-order reaction, with regression while treating Kg, >>

S, in the Monod equation and k>’ = ko/Ks:.
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The ninth column in Table 5-6 presents measured k' results, Ko'ws. It is interesting to
note that there is a decreasing trend of ko'.q values as the initial substrate concentration
increases. This is one type of feedback inhibition that can yield a so called “fine control”
over the degradation (reaction) sequence (Lehninger, 1975, Grady and Lim, 1980). The
fine control effect is especially conspicuous for bacteria because of their basic need to
conserve mitrogen sources. This type of inhibition typically exists in a bacterial system
using proteins or amino acids as é. feed. TIn such a system, one type of amino acid reacts
with an enzyme and, after a reaction sequence, produces an “end product” that is still an
amino acid but with lower molecular weight and is ready to be decomposed further into
simpler and lower grade non-amino acid molecules. The end product is a specific inhibitor
of an enzyme at or near the beginning of the reaction sequence to prevent enzymes from
wasting energy, nitrogen and carbon. Added amino acids containing the “inhibitor” will
form or aggravate the fine control inhibition. It is capable of second-by-second
_ adjustment of the reaction rate to the steady state level of the end product ‘concentration.
As a result, the rate of the entire sequence of reaction is determined by the steady-state
concentration of the end product. From the test results in Table 5-6, it is known that this
type of inhibition does not affect EBS degradation but it does affect DBS degradation.
Therefore an adjustment needs to be applied to the estimation of DBS degradation rate

constant, k’.

5.4.4. The Correction of Feedback Inhibition on k;

For the correction of ks, illustrating the relation of slope of dS’/dt curve and initial



concentration Sy results in a linear line on semi-log graph paper as shown in Fig

from which the true k' value can be read at different S concentrations.

0.1 % | z 1
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Figure 5-12. 'The linear relation between S and In ;s

Applying the Lineweaver-Burk approach (Metcalf and Eddy, Inc., 1991), which has been

extensively used in the literature, to Eq. (4-8) and putting the switch function aside

because it is only active when EBS exists,

§§l = = *——‘———kzxvsz
dt > Ks, +$S;
leads to
1 _ K11 (5-18)
=%, /Xy ky $; K
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According to the inhibition theory of enzymatic kinetics (Lehninger, 1975), the above

equation becomes:

! = KS{H@E}»}—-{L—E—(HE}
=15, [ Xv ky U Ki/S kU Ky

where the first term refers to the slope of the Lineweaver-Burk plot curve and second

term to its intercept. [I] is the inhibitor concentration and Kj the inhibition constant. As
the experimental results showed that DBS degradation followed a first-order reaction
which means Kg, >> S,, the second term can be neglected. Hence,

K
1L L =% (1+E]-Ji - -}—'(n-[-llji (5-19)
‘—?'sz/)(v k2 KI Sz kz KI S2

The inhibitor comes from the feed and should be proportional to the influent COD

concentration. Then, using P; as the percentage of inhibitor in the feed and letting [I] =

P,S, results in
L. __L(H_il’_&)_i_ _ (L.Pﬁ_)_i_
-—rsz /XV kz' KI S2 k;)_' Sz
o = __f'g_z_(lwso) | (5-20)
Xv SZ

where p =P/K;.

By using Eq. (5-18) to express the inhibited system without the correction term of

(1+[IVKy) and considering Kg, >> S, Eq. (5-18) becomes
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i 1 1
/ = : —_— (5-21)
T/ Xv k2 test S2

where ki’ 1S the measured value of k;' directly from the slopes of dS’/dt-S curves

under various initial concentrations of S.

Comparing Eq. (5-20) with Eq. (5-21), there should be a relationship of

1 _ (1+pSy)
k7'test ky'
ky'
p = (——-1/§ (5-22)
ko'est

To obtain p, ky’ can be first assumed as the intercept of the ka',s - S curve extended to
the Y axis where Sy = 0. After p is obtained from Eq. (5-22), the true k,’ can be adjusted

by either Eq. (5-20) or Eq. (5-22). p values for each test are given in Table 5-6.

Table 5-7 Statistic results of the adjusted k;’y.; values

Corrected ks,
Mean . 0.0823
Standard Error 0.0035
Standard Deviation 0.0219
Sample Variance 0.0005
Range 0.0933
1Count 1 39
“Conﬁdence Level (95.0%) + 0.0071
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The last column in Table 5-6 lists the corrected ko', values. The mean of the corrected
kz'yqj 1s 0.0823. Table 5-7 is the statistical description of the estimation which suggests

that k,’,q; = 0.0823 £ 0.0071 at 2 95% confidence level.

5.4.5. Determination of k. and Y Coefficients

As stated in the section of model development (Section 4.1), the new model deals with
carbonaceous COD metabolism and treats the activated sludge as uniform biomass.
Therefore, a single set of yield factor, Y, and endogenous decay rate constant, k., was |
applied to the model. The Lineweaver-Burke plot (Metcalf and Eddy, Inc., 1991) is

adopted here to calculate k, and Y in a CFSTR system.

Before applying this approach to the CFSTR system, the Lawrence and McCarty model in
Section 2.4.1 must be reviewed. For a CFSTR system with a settling vtank, two

assumptions must be made in the development of the kinetic model:
1. Substrate degradation by microorganisms occurs only in the reactor unit.

9 The volume used in calculating the mean cell residence time, or sludge age, for the

system includes only the reactor volume.

These two assumptions are reasonable for most activated sludge systems with settling
tanks because substrate metabolism by microorganisms in the clarifier is negligible due to
the quick separation of sludge and wastewater and to the lack of oxygen in the sludge

layer. The following equation is the mass balance of activated sludge in a CFSTR system:
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dX ‘- _ KXS
E‘I—V - QXO EQWX'F(Q QW)X&E-F[YKS-FS kex)v

Assuming that steady-state conditions prevail (dX/dt = 0) and the MiCcroorganism

concentration in the influent is zero, yields

[ YQ(SO“S)_k

0. VX e

X

(5-23)

This is a linear equation. By fitting a straight line, Y and k. can be obtained from its slope

and intercept, respectively.

For a SBR system, reaction and clarification occur in the same vessel. The space-time
characteristics of the batch system are different from those of a CFSTR system. During
fill and react in an operation cycle, the volume of an SBR reactor acts as a reactor for
degradation of substrate by microorganisms. Afterwards during settle and draw periods in
an SBR system, similar to the situation in a clarifier of a CFSTR system, microorganism
activities decline significantly such that they should not be considered in the estimation of
kinetic parameters, and Y and k. must be calculated in an approach equivalent to the

CFSTR system. Therefore, two similar assumptions are applied to an SBR system:

1. Substrate degradation by microorganisms occurs only in the periods of fill and react,
and the metabolism of microorganism during settle and draw periods is negligible
because the biomass is separated from the liquid and aeration is absent in the latter two

phases.

2. The total biomass, M, = VX, used in calculating the mean cell residence time or
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sludge age for the system only includes the biomass under reactive conditions, 1.€., in
the fill and react stages.

Assuming the time fraction of reactive conditions for a 24 hour period in the operation of

an SBR reactor is @, from a mass balance, the equation of biomass change in the system

by definition is:
Total biomass Biomass in Biomass Biomass washed
accumulation _ |influentinto| _ |discharged from | _ Iwith effluent +
within the system the system the system per from the system
each day per day day gper day

Biomass Biomass decayed in

+ |growth in the _ [the system under

system per reactive conditions

!day per day
or in mathematical form:

dMy o
&t = QgXo~ QueXw —(Qa- Qua)Xe +YQq(So —Se) - keMx o (5-24)

where

M, = the total biomass in the reactor,
My @ = the total effective biomass adjusted by the reactive time portion of a cycle;

Q4 = QiN,, the flow rate per day,

(tf + tr)r“lz: - te +1i
t(:Ne: te |
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N, = the number of operation cycle per day,

t¢ = fill period duration in one operational cycle;

t, = react period duration in one operational cycle;
t. = a cycle time;

Qg = Qutw N, the sludge volume wasted per day,

Xo, X, and X, = biomass concentrations in the influent, wasted sludge stream and

effluent, respectively.

M, is the average of total biomass during an operational cycle, which is the approach
adopted by Lawrence and McCarty (1970) to handle the variable biomass concentration in

modelling a PFR system.

The reactive time fraction, ¢, applies to ﬁx but not to the term of biomass yield because
substrate degradation is controlled by the effective biomass which includes the reactive

time fraction. The term of biomass yield is only a stoichiometric parameter.

Assuming the total mass change in the system is negligible after a quasi-steady state is
reached around the entire system (dﬁx /dt = 0) and biomass in the influent equals zero,

Eq. (5-24) becomes:

L v (5-25)
Bxob @ Mx ¢

where 0,4 is observed sludge age and calculated by



Mx

b = 5-26
T QuaXw +(Qq — Qua)Xe (:20)

The term of B.0p © is a true sludge age or true mean cell residence time of an SBR system.

Substituting Qs = Qp t¢ N, Qp = (Vy, — V)/trand My = ngiv into the above equation

yields:
Y _ _V./ -
Oxob @ VpXv o Xvo

where Xy is average biomass concentration through the react period when the reactive

liquid volume reaches its maximum at Vi,

Now Y and k. can be calculated by Eq. (5-27) after influent concentration, treatment
efficiency, observed sludge age and operational mode are determined. The siope of the

line from the equation is Y and the absolute value of the intercept is k..

5.4.6. The Results of Experimental Testing k, and Y

Table 5-8 lists the measurement results of k., and Y based on 14 sets of tests. The average
correlation coefficient was R = 0.966 which means the tested values of Y and k, are highly
reliable. If the aeration fraction ¢ is not included in the calculation, the Y value will not

change but k. will be ¢ times larger than its true value since ¢ < 1.



Table 5-8 The results of Y and k. adjusted with ¢ in the SBR system

No. ted R, (g COD/g VSS day) k, Y Corr. R
SBR 1 SBR2 SBR 3 {gVSS/
-l M| Buee= | B = | Gae= | @) |8COD) | -
33-42d) | 67-834d) | 10-125d)
2-25 35 1.099 0.536 0.465 0.0244 | 0.297 0.980
5-25 5 1.209 0.639 0.476 0.0261 0.270 0.999
5 0.938 0.546 0.472 0.0864 | 0414 0.991
5-50 5 1.029 0.639 0.449 0.0642 | 0.351 0.993
5 1.141 0.659 0.474 0.0457 | 0.302 0.999
6-25 5 1.052 0.671 0.492 0.0846 | 0.363 0.994
6-50 5 1.298 0.797 0.502 0.0386 | 0.256 0.982
7-25 11 0.785 0.468 0.351 0.0516 | 0.371 0.999
i1 0.740 0.489 0.316 0.0514 | 0.385 0.939
7-50 11 0.855 0.526 0.362 0.0452 § 0.330 0.90
i1 0.871 0.528 0.393 0.0558 0.338 0.851
8-25 i1 0.768 0516 0.331 0.0539 | 0373 0.924
8-50 11 0.874 0471 0.379 0.0347 | 0316 0.996
i1 0.828 0.482 0.386 0.0557 | 0.3358 0.981
Average 0.0512 | 0.337 0.966

Table 5-9 provides the statistical information for the experimental estimation of the two

parameters, which suggests that k. equals 0.0512 = 0.0106 d’ and Y will be 0.337 =

0.0259 g VSS/g COD at a 95% confidence level.



Table 5-9 Statistics for the measurement of Y and k, in the SBR system

ke (d7) Y
Mean 0.6512 0.337
Standard Error 0.0049 0.012
Standard Deviation 0.0184 0.045
Sample Variance 0.0003 0.002
Range 0.0621 0.157
Minimum 0.0864 0.256
Maximum 0.0244 0.414
iCount 14 14
IConfidence Level (95.0%) + 0.0106 + 0.0259

& 4.7. Determination of Switch Function Constant K,

The switch fiinction constant in Eq. (4-8) allows the degradation of DBS when EBS
concentration is very low or stops the degradation of DBS if the EBS concentration is

high. The value of K, is determined by trial and error. The computer prbg}am developed

104

to simulate an SBR process can also be used to predict results from a BR test by setting

influent flow rate to zero.  Several K, values were carefully selected for the batch test

simulation and one or two valués were chosen that made the dS?/dt curve smooth at the

inflection from dS,/dt to dS,/dt range. This Ko value was put into the SBR model for

computer simulation. If the operational results were not predicted with this Ko value, it

was adjusted slightly until good simulations were obtained. It was found that X, ranged

between 20 to 40 and 30 was around the best value. Therefore, Ko = 30 was used in all

simulations.
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NAMIC MODELI
IEASURED KINETI

6.1. NEW MODEL SIMULATION OF SBR PROCESS

The new SBR model is solved by a computer program which is able to simulate the
acclimatization of the system until it reaches steady state when any change of kinetic
coefficients or initial conditions is given. Then the final simulation results of an SBR
operational cycle are output. If the initial or intermediate value of a parameter exceeds the
model's boundary, the program will indicate a failure of simulation and terminate. This
function is especially important for maintaining 2 proper sludge concentration at the

beginning of a cycle. Otherwise, the simulation would produce an unreasonable result.

" To verify the new SBR model, the 48 SBR experimental runs (refer to Table 3-2 for

details on the runs) were to be simulated with the model.

Table 6-1 lists the ranges of the kinetic and stoichiometric parameter values for the SBR
system with the vegetable protein as feed. Except for the value of Kq and conversion
coef’ﬁciéms for UAP and BAP, v, and vy, all other parameter values were experimentally
measured according to the approaches developed in.t‘he previous sections. One set of
parameter values that were the middle values of the data listed in Table 6-1, was selected

for the computer simulation of the 48 SBR experimental runs with the new model.
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Table 6-1. The typical range of kinetic and stoichiometric parameters of the new SBR model

Parameters Values Units
k, 11 to 13 d-!
K, g7 to 100 mg/L
k, 0.07 to 0.09 (mg/L-d)!
K, 20 to 40 mg/L
ke 0.050 to 0.052 d”
Y 030 to 035 mg/mg
f; 0.31 to 033 -
£ 0.63 to 0.67 -
f3 0.02 to 0.03 -
e, , 093 to 096 -
£, 0 -
£, 0.04 to 007 -
v, = AJC+8) 03 to 1.8 -
T =A;~>é/=(i:‘_§+9x) 0.01 to 005 -

Of the 48 experimental runs, 13 failed because the initial reactor volume, V;, was unable
to maintain the amount of sludge required for the designed sludge ages. These failures
were three runs of set No. 2-500, three runs of set No. 3-250, one run of set No. 3-500
and six runs of the No. 4 series. All the runs that failed occurred with V; = 1/3 V4, (the
lower V; of the two experimental design values), and higher Lw.. Logically, all six runs of

1

set No. 1 did not operate because they had the highest L. and lower V; Although the

high, their failure was caused by fixing V; = 1/3 V, at the beginning of acclimation and

poor sludge settling and compacting qualities caused the siudge to be washed out during
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each operational cycle. The proper procedure should be to reduce V; gradually until
reaching the designed value during acclimation, since sludge settling and compacting
qualities could be improved as acclimation occurs. However, the sludge SVI, the key
parameter describing sludge settling and compacting qualities, can never be recovered if

the sludge concentration is far below the value required for the volumetric loading rate.

An SBR system is prose to this situation if V; is low. The amount of sludge above V; is
removed each cycle and the remaining amount of sludge is unable to meet the designed
L« The above analysis also suggests that V; is the most restrictive operational parameter
for the SBR system. Section 9.5 will discuss the operational constraints of an SBR in

detail.

Figures 6-1 to 6-10 are the results of the new’ model predictions for the experimental runs
of the SBR system. The left side of each figure is the soluble COD remaining vs time
during an operational cycle and the right side is thejVSS vs cycle time. The designed
operational mode or the Set No. of the run is at the top of each curve. The last number of

the Set No. is the observed sludge age (defined in Section 5.4.5).

General observation of these figures reveals that the model successfully simulates the
actual performances aithough the cycle modes vary from t; /t. =1.5/0.5 to 2.0/3.0, with a
wide range of L from 545 to 3429 mg COD/L d and t.s (see Chapter 8) from3.5to 11 h
The model also depicted well the operations with different true sludge ages ranging from

3.33 to 10 d (observed sludge age from 5 to 15 d).

All the soluble COD curves quickly ascend at the beginning of the fill stage. This is
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because the rate of substrate degradation is less than the feed addition rate. Acclimation
of microorganisms to the substrate could be a factor and also there is less liquid volume to
dilute the feed. The driving force of substrate concentration in reaction expressions is still
low which also predicts a lower reaction rate. After this period, substrate degradation is
accelerated in accord with a higher substrate concentration driving force in the reaction
rate expression, which reduced the accumulation of feed, then reached an equilibrium with
feed rate. The curves become flat at this moment. This trend persisted until fill ended.
Some curves have a slight downward trend at the later fill stage, such as runs No. 3-500-
5, No. 3-500-10, No. 5-250-10, No. 5-500-10, No. 5-500-15, No. 6-500-15, No. 7-500-
5, No. 7-500-10, No. 7-500-15. In these runs, sludge concentrations were higher,
corresponding sludge ages were longer, and there was more degradation of substrate.

These reactors have the capacity to accept more substrate than provided.

At the point of feed termination, the curves turned down sharply. The equilibrium of
- degradation and feed addition was broken by feed termination and by consumption of the
remaining substrate in the solution. The downward trend of the curves became more
gentle and later flat, with the complete consumption of fed substrate and the production of

UAP and BAP.

Finally some curves, such as those for runs No. 2-250-15, No. 3-500-15, No. 6-500-10,
No. 6-500-15, No. 7-500-10, No. 7-500-15, and nearly all No. 8 runs rose slightly
because of large accumulation of BAP at higher sludge concentrations which lowered the
sludge loading and caused more sludge decomposition. Careful observation of the curves

reveals that the final rise of the curve occurred only in the longer react modes: t; = 60 min



for series No. 2 and No. 6, and t, = 120 min for series No. 3 and No. 7 and t, = 180 min
for series No. 8. Comparing runs No. 5 with No. 6 and No. 7 with No. 8, on the other
hand, shows that shorter fill time did not affect the effluent quality. Furthermore, those
runs that had a slightly downward trend in the COD curve at the higher flat range can treat
more substrate during the fill phase and have potential to shorten theiréf. The above two
analyses suggest that cycle time could be shortened by shortening both t¢ and t. in order to
ensure better effluent quality by control of sludge decomposition from over reaction or
aeration after feed termination. Shortening t; and t, is equivalent to shortening t.s which
means more efficient HRT because of its PF type kinetics, especially for influent

containing mainly EBS.

In each set of runs, the COD curve rose higher for the lower sludge age reactor and
descended for the longer sludge age reactor. The reason is that the longer sludge age
reactor contained a higher sludge concentration which could degrade more substrate

within the same period.

Also among each set of runs, the reactor with the longer sludge age produced better
effluent quality. In set No. 5-250 in Fig. 6-3, for examélvé, SBR3 had a 15 d sludge age
with VSS of 6000 mg/L at the beginning of the cycle and VSS at about 3000 mg/L at the
end of the reaction phase producing an effluent with around 20 mg/L. soluble COD,
whereas SBR1 with a 5 d sludge age and about 2400 mg/L VSS at the beginning of the
cycle decreasing to 1200 mg/L at the end of the cycle generated an effluent of-about 30
mg/L COD. SBR2 had an effluent COD closer to that of SBR3 with a 10 d sludge age.

The situation for the No. 5-500 series is very similar. The model predictions clearly show

105
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this difference among the three runs. From the end of the solid line, it can be found that
the predicted COD is 15 mg/L for SBR3 effluent, 17 mg/L for SBR2 and about 22 mg/L

for SBR1.

One more phenomenon can be observed from these figures. The run with higher So
produced higher S.. In the No. 5 series, for example, the three runs with So = 250 mg/L
and three sludge ages generated effluents with COD concentrations at approximately 16,
18 and 22 mg/L respectively, while the three runs with So = 500 mg/L and same three
sludge ages produced effluents with COD concentrations at approximately 28, 31 and 40
mg/L, respectively. These results demonstrate that the effluent concentration would rise
but not be doubled when doubling the influent concentration ahd it supports the
conclusion in Section 5.3. The main explanation for this is that the released BAP and
UAP could be degraded to a greater extent under longer reaction time or HRT (Grady and

Blachly 1985).

The new SBR model prediction of VSS concentration changes within the operational

cycle were very close to the experimental data.
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Figure 6-1 New model prediction of SBR performance: Experimental series No. 2-250, the left
side showing remaining soluble COD and right side VSS changes within one operational cycle.

(Line: model prediction; Marker: experimental verification)



No. 3-50-5 (SBR1)

6000

Ne. 3-30-5 {(EBR1)

o L
& 5000
&
= 24000
25 E
g E 3000
wE 2
€7 20 2 2000
o
E 10 1000
[
0 + - { 0 } + 1
0 100 200 300 100 200 300
Cycle time (min) Cyele time (min)

Remaining soluble COD
(mg/L)

10 -+

" No. 3-50-10 (SBR2)

100 200 300
Cyele time (min)

VSS (mg/L)

No. 3-50-10 (SBR2)

100 200 300
Cycle time (min)

Figure 6-2 New model prediction of an SBR performance: Experimental set No.3-500 serics, the
- left side showing remaining soluble COD and right side VSS changes within one operational cycle.

(Line: model prediction; ~Marker: experimental verification)



No. 5-250-5 (SBR1}

No. 5-250-5 {(§BR1)

3000

-
|
§ 2500 %
z 5 2000 8
= @ !
g E 1500 +
g g
£ 2 1000
&
S 300 +
; ' 0 ! ‘ t t {
0 30 60 90 120 o 30 50 90 120
Cycle time (min) Cycle time (min)
No. 5-256-10 (SBR2) 6000 No. 5-250-10 (SBR2)
36 -
) | P
b 4 *® B @ ~ 4000
3. »5 X 2 X -
& E 2] )
E 10+ > 2000 % 4
o
5
0 : : ; : 0 - + + : |
0 30 60 90 120 0 30 60 20 120
Cycle time (min) Cycle time (min)
No. 5-250-15 (SBR3) 8000 ~ No. 5-250-15 (SBR3)
30 T
B &
P U X 6000
-~ % L ~
g 2 X o =)
£ \EB 5 E 4000
) 723
S 10 z [
2000 + -
0 { t + + g 0 ; + t i
0 30 60 20 120 4] 30 60 90 120
Cycle (min) Cycle time (min)

Figure 6-3 New model prediction of SBR performance: Experimental series No. 5-250, the left

side showing remaining soluble COD and right side VSS changes within one operational-cycle.

(Line: model prediction;

Marker: experimental verification)
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side showing remaining soluble COD and right side VSS changes within one operational cycle.
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Figure 6-5 New model prediction of SBR performance: Experimental series No. 6-250, the left

side showing remaining soluble COD and right side VSS changes within one operational cycle.

(Line: model prediction, Marker: experimental verification)
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side showing remaining soluble COD and right side VSS changes within one operational cycle.
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Figure 6-7 New model prediction of SBR performance: Experimental series No. 7-250, the left
side showing remaining soluble COD and right side VSS changes within one operational cycle.

(Line: model prediction; Marker: experimental verification)
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Figure 6-8 New model prediction of SBR performance: Experimental series No. 7-500, the left
side showing remaining soluble COD and right side VSS changes within one operational cycle.
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side showing remaining soluble COD and right side VSS changes within one operational cycle.
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Figure 6-10 New model prediction of SBR performance: Experimental series No. 8-500, the left

side showing remaining soluble COD and right side VSS changes within one operational cycle.

(Line: model prediction; Marker: experimental verification)



6.2. PRI

LIMINARY STATISTICAL ANALYSIS FOR THE FIT OF THE NEW

SBR MODEL

From Section 6.1, it can be seen that the new model with one set of measured parameters
depicted SBR performance well over a wide range of operational modes. In this section,

analysis of variance (ANOVA) is employed to evaluate the success of the new model.

Assume y, is a vector of the u’th experimental measurement at each time interval during an
SBR operational cycle, M. is a vector of the new model’s predicted results for the u’th
reading and €, 2 vector of random errors for the u'th set of tests. The relation of the three

vectors can be expressed by the following equation:
Yu=Mut & u=12,... , n test) (6-1)

All the measured soluble COD results from the SBR cycle tests are taken as the observed
data set, ys,, Wwith random errors, €, and the model simulation readings at the

corresponding time (to the experimental measurement) intervals as the predicted data set,
N Each data set is in a column and each time interval is a row. There is a pair of data
(the u'th set), predicted and observed, in each row. Total pairs of the data are n = 389.
Any pair of data is independent from any other because there is no relation between any
+wo measurements at different time intervals. The relation of the two data sets or columns

is to be determined.

Equation (6-1) is equivalent to a linear regression equation
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Ya=b0+bxa+ga

where, 2 =1, 2, ..., 1, is n times of tests, or measurements with by = O (the line passes
through the origin) and b = 1 (the slop of the regression equation is 45°). Therefore, the

following method is used as a preliminary statistical analysis for the fit of the new SBR

model.

Ho: b = 0, is hypothesized to check the linear relation of Eq. 6-1. It can be proved that,
the sum of regression variance squares with degrees of freedom (dfr = 1), Sr / & ~ ¥ (1),
the sum of error variance squares with degrees of freedom (dfer =1 — 1), Ser /& ~%* (n~
1), and the two are independeht each other, and sum of total variance squares, St = Sg +

Ser, with degrees of freedom (dfr = n).

Then, it is quite common to use F <F, (1, n - 1) relation to confirm the above hypothesis,
where, F = (Sp/dfR)/(Sen/dfer). IFF >Fo (1, n— 1), which means b # 0 and a linear relation

between y and x is significant.

The following statistical parameters can be determined from the data in Appendix 1.

Preliminary values are listed in Table 6-2. Table 6-3 is the ANOVA results.

From Table 6-3, it can be seen that the F value of Sg, 3867.2, is much larger than Fg - o.0m
(388, 1) = 1.37 at & = 0.001 or a 99.9% confidence level. This indicates that the linear
relation between y and 7 is significant. Thus, the model’s predicted results are significant

for the experimental measurements and the model is satisfied.



Table 6-2 Preliminary values of ANOVA calculation

y =32.61 1 =31.40
Sy = 12685 Zn=12214
Ty’ =464138.6 Ty’ = 4422358 Tyn = 450089.6

y)’ = 1.61E+08

(En)* = 1.49E+08

(Zy)/n=413616.4

(Zn)%n = 383495.7

(CyZn)/n=7398271.4

ly =2y - Zy)’/n

b = zyz - (ZY)z/ a

Iy = Zyn — (ZyZn)/n

=350522.2 = 587401 =51818.2
Table 6-3 The final results of ANOVA for the new SBR model fit
Source of
Variggce S d.f MS F Fa =.001 (388, 1)
Regression | (yy iy lye) = 457119 | 1 | 457119 | 3867.2 1.37
Error (lyy) = (yn Ygn 1) =4810.3 | 388 12.40
Total lyy = 50522.2 | 389

Figure 6-11 is a plot of the predicted results against the observed results. From the plot,

the linear relationship between the two data sets is rema,rk;ble with R = 0.94 or R> = 0.88

(Table 6-4).

Table 6-4 Regression results between the model predictions and
the experimental measurements

Multiple R 0.938156

R? 0.880137 —
Standard Error 3.950645
IObservations 389
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Figure 6-11 The fit of the model predicted results
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Figure 6-12 The residuals of the observed results
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Figure 6-12 presents a plot of the residuals of the observed results. The residual

distribution is basically even, although a slightly downward trend exists.

Both Figs. 6-11 and 6-12 confirm that the model successfully predicted the SBR

performance over a wide range of operational modes.

Another statistical method to determine the relationship of the two data sets is correlation,
p, which is used to measure the closeness level of the two data sets moving together if
they are linearly related. The correlation is calculated by dividing the covariance of the

two data sets by the product of their standard deviations, i.e.,

_Cov(X,Y)
Oy Oy

.y (-1<r <) (6-2)

where py_ y = the correlation of the two data sets,
Cov (X, Y) = covariance of the two data sets;
o, and o, = the standard deviations of the two data sets.

From the total 389 pairs of data, it was found that p= 0.951 (Table 6-5) which shows that

the predicted S has a strong relation to the observed S.

Table 6-5 The results of the correlation of the two data sets

Predicted S » Observed §
Predicted S 1
Observed S 0.951 1




126

SBR technology has been an innovation in the past two decades and has been increasingly
used in wastewater treatment due to its kinetic and operational advantages. Previous SBR
models predicted SBR behaviors to a certain extent but have obvious deficiencies. One of
them is that the models were unable to properly depict the performance after the fill
period. The major reason is that the models do not address soluble COD formation from

both substrate degradation and sludge decay.

A new mathematical model has been developed for the SBR activated sludge system. It is
based on the standard Lawrence and McCarty model and IAWPRC model No. 1 and

contains four differential equations and one algebraic equation and twelve parameters.

"In contrast with previous models, the most important developments of the new model are
the consideration of different degradabilities of major classes of substrate and inclusion of
the organic materials formed from substrate metabolism and released from activated
sludge decay. In the new model total COD is divided into two parts: soluble and
insoluble. The soluble part is further subdivided into EBS, DBS and biologically IOM.
The classification of the substrate makes it possible to describe the degradation process of

organic substance more precisely.

Addition of the expressions for soluble refractory COD formation from metabolism or

from activated sludge decay, that contribute to the solubie COD in the clarified water and
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significantly affect effluent quality, greatly improve the new model’s accuracy and

applicability.

Tt was found that the soluble COD from substrate metabolism is closely related to the type
of substrate degraded while the soluble COD released from activated sludge decay is not.
Experiments also revealed that the major portion of soluble COD from sludge decay

(BAP) is easily biodegradable which is different from expectations.

Considering the major weaknesses of the IWAPRC model No. 1 and the applicability of
the new SBR model, necessary simplifying work was done when adopting some features
of the IWAPRC model and other related models, that leads to experimental measurement

of most model parameters.

Quantitative test methods for the classification of the substrate have been devised to aid in
characterizing and developing the coefficient values of the new SBR model. Batch test
techniques were employed for measuring three different soluble COD categories, EBS,
DBS and IOM, while considering the three portions formed or released from metabolism
and sludge decay. The kineticnponsta.nts of the new model can also be estimated by the
techniques. It was found that EBS degradation followed Monod kinetics and DBS

followed a first-order reaction.

With the set of experimental testing methods, the measured kinetic constants and other

coefficients, and supported by a computer program, the model successfully predicted SBR

performance over a wide range.
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SYSTEMS



THEORETICAL

SBR and CFSTR systems should be compared under equivalent conditions. The basic
terms that can be used to compare the two systems are effective reactor volume which 1s
truly “effective” in practice or under certain physical constraints of the operation, true
HRT, volumetric loading rate and specific substrate loading rate (or sludge loading rate).
For a CFSTR, these terms are easily expressed mathematically because of its “constant’
hydraulic and kinetic conditions. However, there is no standard mathematical expression
for any of these terms for an SBR reactor since it is running under an open and unsteady
system during fill. The reactor volume (reaction liquid volume) varies (increases) greatly
and the concentrations of both biomass and substrate are changing. Under a closed
system during the react stage, substrate and biomass continue to change. Few researchers
‘have examined the issue. Based on their long term work, Irvine and Ketchum (1989)
reported that the above parameters are convenient for use in both design and operation
calculations but not available due to the dramatic impact of aeration and mixing strategies

on overall performance of an SBR system.

For an SBR system, there is no evaluation in the literature of true sludge age, effective
reactor volume, true HRT, true sludge loading rate and true volumetric loading rate to
date. The following sections develop these concepts as they pertain to SBR systems and

compare them with those of a CFSTR.
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8.1. THEORETICAL BASIS

The effective reactor volume is the space in which the reactive media, normally
wastewater and biomass solids in a wastewater treatment process, can be held and reacted
until a desired effluent quality is reached. For an SBR, the space depends on the reactive
media or mixed liquor volume in the reactor. The time which accounts for the reactive

media staying in the reactor is HRT or theoretical average liquid age.

In a CFS, there are two typical types of reactors: CFSTR and PFR. The flow pattern is
CM in the former and PF in the later. Any other type of CFS reactor has a flow regime
between these two extremes. The effective volume of any CFS reactor is its reactor
volume (assuming no dead’zone), V., which can hold the reactive media or liquid. It is
fixed and constituent. The HRT, t4, is also determined and constant as long as a steady
flow Q is delivered. For a given quantity of reactive media or wastewater with the flow
rate Q, it needs time, ty, to complete reaction with biomass to reach a designed effluent
quality. At least Qty reactor volume is needed for the treatment. This amount of
wastewater stays in the reactor for average time 4. or the average liquid age equals t4
although portions of the wastewater stay in the reactor shorter than t4. and others longer
than 4 due to mixing, short-circuiting and dead zone in the reactor. But the average HRT

in the reactor is still ty. regardless of non-ideal flow patterns in the reactor.

In an SBR reactor, the hydraulic condition is CM while the kinetics are PF. At any

reaction time and any position in the vessel, the situation is identical to that of a cross-

section in an ideal PFR. Compared to a CFS, an important difference of an SBR is that
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the volume of the reactive media is changing (increasing) during the fill period while that
in a CFS is constant. This difference must result in a variable effective reactor volume for
an SBR reactor. Another difference is that the operational phases of fill, react, settle,
draw and idle take place in the SBR vessel, which leads to a significant reduction of
effective reactor volume according to the preset operational mode. One more difference
between an SBR and a CFS is that the biomass concentration in SBR is very high at the
beginning of the fill period of a batch cycle and it decreases, as the reactor is filled, to
concentration levels that exist with minor variation throughout a PFR and the constant
concentration that exists in a CFSTR reactor at steady state. Because these hydraulic and
kinetic conditions in an SBR system are different from those in CFSs, the approaches
applied for the latter are no longer fully valid. Some new concepts and definitions are

therefore needed for the former.

8.2. DROSTE’S APPROACH FOR THE RELATIONSHIP OF SBR AND CFSTR
SYSTEMS AND FIRST ANALYSIS OF PHYSICAL CONSTRAINTS OF

- SBR OPERATION

Droste (1990) analyzed some operational constraints diminishing the above advantages of

SBR. He concluded that the system model should incorporate these constraints.

Tt is well known that, in the batch system, reactor volume must be increased relative to a
PFR reactor because of the additional time required to fill, draw and settle a BR. There
are physical relationships between the two systems (Droste, 1990). For a given detention

time, 14, in a2 CFSTR reactor, there is an equivalent detention time, teq, in an SBR reactor
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based on an equal total volume in each system. The total volume in a CFSTR system
consists of the reactor and the sedimentation basin. The SBR system is comprised of the

number of tanks in the system. The following is Droste’s derivation.
V,
tee = TQ% = teg (8-1)

where V. is reactor volume of CFSTR system and Q is flow rate. But, for an n-tank SBR

system,
an = vc + Vsc
where

Vee = Qt;

Vi is the volulme. of the sedimentation basin in the CFSTR system,

t,. = detention time of sedimentation in a CFSTR system; s

V, = volume of an SBR reactor.

Ve = nVy— Vee = 0V — Qtec (8-2)

From Egs. (8-1) and (8-2)

Edc — tﬁd:W___b__;Qisi (8_3}

In an SBR system, the cycling time t. is the sum of fill time, t;, reaction time, t,, settling

time, t, and draw time, t,, (idle time is neglected here), 1.¢,,

. = e+ 1 Sl " i+ 4 + tew (8"4)



where tg, = s + tw 18 the non-aeration period.

If there are n reactors (n > 1) in the SBR system, no equalization basin for the system and

a continuous flow is treated,
tp = — (8-5)

Egs . (8-4) and (8-5) yield .
t, =(n— Dir — tew (8-6)

The same flow rate Q as in the CFSTR system will apply to the SBR system and the initial

volume in one SBR is V;, therefore

Q = ' o)

The two systems are related by the above equations. Under an equivalent condition, the
total volume of an SBR system, compared to that of a CFSTR, should equal V. + V., the
total volume of a CFSTR system. Systematic comparison between the two systems will

be made in Chapter 9 under the above equivalent conditions.

$.3. THE EFFECTIVE VOLUME V., AND TRUE HYDRAULIC RETENTION
TIME, t,, IN THE SBR SYSTEM

In an SBR system, as mentioned above, the reactor volume is partially used during the fill
period, fully used in the stage of reaction, and completely idle as a sedimentation basin of a
CFS during the settle and draw period, ts». The effective volume , Vg, and the true HRT,

t,, of an SBR reactor are different from those of a CFS reactor. Proper definitions of
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these parameters is important for standardizing the design of SBRs.

8.3.1. Defining the Effective Volume, V., and True HRT, ts, in an SBR System

For the estimation of effective volume and average age of reactive liquid or true HRT in
an SBR, the operational characteristics must be considered and some assumptions must be

made.

An operational cycle starts from fill. Thatis, att =1,
V=Y

After At at to + At, the total liquid volume becomes

Vi + AV =V; + QAt

When t = t;, the total liquid volume reach its maximum V5.
Vo =V; + Qtg, or

Ve — Vi = Qt

After t;, the reactor enters react stage during which the volume as a reactor equals V, and
remains constant until the react period finishes. After the react period, the volume as a

reactor equals zero,
Vb =0

because the vessel is used as a sedimentation tank for the separation of liquid and solids

and for decanting clarified water until the next cycle begins.

To develop the related mathematical expressions, consider the two extreme situations in
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the effective periods. First, set fill at an infinitesimal ¢ and large Q such that fill finishes
instantly with a total fill volume of Qt; In this situation, the vessel acts as an ideal BR
with a total volume of V,, throughout the entire react period. The effective volume (Ver)

of the reactor is given by
Vee=Vp

For the whole cycle, the space-time under non-react periods must be deducted. V, should
be reduced by the reactive ratio of (t + t;)/t., where t; is the reaction time, and tr = O,

therefore

In one cycle, the total amount of treated liquid is Qt;. Averaging this volume throughout
an entire cycle provides an equivalent flow rate, Qtyt., to that of a CFS. The true HRT of

the reactive liquid in an SBR is now

ch 4 ¢

PRI ATS

Q.__ < c
te

i

ty

(8-8)

ttr = t!‘
The right side can be physically interpreted as the true HRT equaling react time, ts

multiplied by the liquid dilution time of Vy/(Vy — Vi)

The another extreme of operation is that fill period is carried out for the entire react period

and t, = 0. In this situation, the effective reactor volume is
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1 i
Ver = ’ZT(Vb—Vi)‘*Vi = E(Vb‘*vi)

Consider this as the deduction of non-react time by multiplying the effective reactor

volume by the aeration time ratio, (t: + t:)/t., and t, = O in this case.

i 123
Ve = —(Vy+ V)L
ef 2{ b l)t

[+

and the true HRT is

t
ty = Ve Qf’

c

(Vb +Vi)tf/tc
thf/tc

(Vp + Vi)
2Q

ButQ= (Vs - Vi/ts
therefore

o= V) MYy Wy 1 (8-9)
’ 2Q 2(Vy - V) VooV 12" A

The physical meaning of the left side is that true HRT equals fill time multiplied by the

liquid dilution ratio minus half of the fill time because of the half utilization of the volume

(Vy - V;) throughout the fill period.

From the above analysis of effective volumes and true HRT at the two extreme
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operational conditions, the two parameters are variables and their values will be between

the two end conditions. The procedure to derive general expressions for of Ve and ty

foliows.

......................

..............................

.....................................................

Figure 8-1 The effective reactor volume change in an SBR operational cycle

Figure 8-1 illustrates the relationship of flow rate Q, fill time t;, and the liquid volume or

effective volume change with time in an SBR operational cycle.

With start of fill, for a constant Q, liquid volume increases form its initial V, at the rate of

Qt. When fill ends and react starts, Q = 0 and the reactor volume reaches its maximum



that is maintained until react finishes. After react, the reactor transits to a settling tank and

effective reaction volume equals zero until the beginning of the next cycle.

Based on the above description, the effective volume, or, the average liquid volume

occupying the reactor over one operation cycle is:

%f=TU
c

where (t; — to) = trand v = V; + Qt in the fill stage and (t; — t;) = t, and v =V}, in the react
stage. To consider the reactor volume used as a “reactor” under aeration time within a

cycle, the integration expression is divided by t.. Substituting for v

lfj'"t1 J’t, YT . : :
‘{ZL t, (Vi + Quyat + L Vbdth ELVi(tl—tO)*'EQ(tl"fo) + Vot —t1) |

It

Vef

i 1 2
t__ Vitf"*'E_Qtf + Vpt; -

<

But Qt; = (V,, — V), therefore,

S“[Vﬁf +§(Vb - Vi)tg + Vbtr}

c

Vef

1 1 1 ”
= —t——(‘fitf +5Vbt§ - EVitf -+ Vbtr)

4

tr+1;

= V
b,gc

1 te
(V- V) £
2( b= Vi) t

138



139

i t
Ve = Voo - —(Ve- Vi) (8-10)
2 i
where
1 N
o - (tf“- 1’) c - tf+tl‘ (8-11)
t.N¢ te :

is the reactive ratio for each day or each cycle. Or,

t.—1 1 t
Vef = Vb g : LU E(Vb - Vl) t—f— (8—12)
c [V

This formula has clear mechanistic meaning. The first right-hand side term refers to the
total reactor volume under the reactive period which includes the fill stage and the second

to the unused portion of the reactor volume during fill in one cycle or on a daily basis.

Shortening the fill time and increasing react time can provide more effective reactor
volume. A higher difference of (V, — Vi) results in a lower effective volume V. This is
understandable because a greater value of (V, — Vi) means more empty reactor volume in
operation which reduces the effective volume. However, a lower difference of (Vs — Vi)
results in smaller flow rate Q or volume treated in one cycle which will increase operation

COStS.

The volume utilization coefficient, B, can be calculated by dividing Ve by Vs, that is,

Ve 1( V;J 1 1 t¢
P Vo ? 2 Vy/ te i 2( ) te (®-13)

or



ﬁ::Yizzl@Hgk+& (8-14)
Vb 2 te i

where o = Vi/V, is the ratio of initial rector volume to the maximum reactor volume. [t is
useful to define HRT in an SBR based on the concept of average liquid age in a vessel

because of its time orientation, multi-phase operation and unsteady state nature.

The true HRT, t, can be computed based on Ve and total amount of influent treated
during a cycle. The periods of settle, draw and idle if it is needed, should not be included

in the calculation. Thus

tﬁ' = _YQL_ — Vef
l j.\f Qdt Qtf/tc
te Jt,

Substituting the expression for Q and V. into above equation results in

1 te+t, 1 t; t te+t, - L N\t
= v, Lo (V,-V) L] = ——|V, L (V- V) L
. . Qtf/tcl: ® te 2( ° 1) tc} Vb"vil: ° te 2 1) te

Rearranging the equation yields:

1 1 1 i
t, = ————{tett )=ty = ——Afp+i;)——t 8-15
or
1 1
t, = ——lte-tew)— Tt 8-16
fr i-—(:i(C sw> 5 f ( )

This is the mathematical expression of true HRT in an SBR which shows that t, is a



function of dilution rate, Vy/(Vy, — Vi) = 1/(1 — o), fill time, t¢, and react time, t.. After Vs,

Vi, tew and t, are set, the true HRT, ty, will only be determined by t;, since t. is determined

By using Eqs. (8-10) and (8-15), V.r and t, can be verified at the two extreme operational
conditions described earlier in this section. For one extreme end condition in which the

volume of (V, — V) is filled instantly with t; = O and t, dominates the effective space-time,

the above two equations become:

te
Vo = Vo
t(;
and
Vy 1
t. = t, = —t
fr Vb_\ll T l_a I
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When the operational condition goes to the other extreme in which t, = 0 and t; dominates

the entire effective process, the two equations change to

i 1 t t
Ve = be— - E(Vb -V;) Z;L = itL(Vb +V;) and—
[~ <

c

\'A 1 tf(vb+viJ
t, = tg——tpy = — or
VoV, 2 2\ -V
N _t_f_(HV-l/Vb) _ k(l-&-u)
T 2=V, 2\1-a

These two expressions for the two extremes are exactly the same as Eqs. (8-8) and (8-9).
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8.3.2. Defining Volumetric Loading Rate of an SBR System

The volumetric loading rate of a CFS reactor, L., is

(24h/day)QSy, _ So
v A% Tt

D
where
V = effective volume of the reactor.

t, = 24 V/Q is the HRT based on a daily flow rate. Similar to a CFS, the volumetric

loading rate for an SBR system, L4, can be based on a daily flow rate Qg

QdSO _ thchSO _ Nc(Vb - Vi)SO (8-17)

S -
of Vb%:(p —%(l-a )ﬂ Vbli(p ——;—(l—a );—f}

v C

Lvtr:

Rearranging Eq. (8-17) yields

Lm - Nc(l"'(l )SO (8-18)

_la_gnh
0] 2(1 a)tc

Compared to the parameters of a CFS reactor, effective reactor volume, true HRT and
volumetric loading rate of an SBR system are variables affected by the operational mode.

Table 8-1 lists differences between the two systems.
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Table 8-1 Hydraulic characteristics comparison of the two systems

Effective volume True HRT Effective volume | Volumetric loading
ratio in the system rate
CFS Ve V/Q V/(Ve+ V) So/tp
constant constant constant constant
SBR | Vb @ —1/2(Ve-Vite /te | t/(1— o) =1/2ts | ¢ ~1/2(1- ate/te | Ne(1-a)So/[o —1/2
variable variable variable (1-atyt,] variable

8.3.3. Sample Calculation of Ve, t and Ly,

A set of sample calculation results for Ve, t,, and L. is given in Fig. 8-2 for a general
examination of the relationships among these parameters. The values of basic parameters
are: Vi, = 8 L for all calculations; ¢ = 2/3, 3/4 and 5/6 while t, = 3, 4, 6 h from graphs Al
to A3, respectively. In each graph, the solid line represents the results of V;=2 L or o =

0.25, dashed line of V; =4 L or o = 0.5 and dotted line of V;=6 L or .= 0.75.

- The Graph A series shows how fill time affects effective reactor volume. Vi increases
linearly when t; is decreased and reaches its maximum value at t; = 0 as indicated in the
derivation. Decreasing V; (from dotted line to solid line) will decrease Vs as well even if
t. is unchanged, because less V; results in more available volume (Vy, = V). This effect
diminishes as t; is shortened until there is no effect at t;~ 0. From Graphs Al to A3 it can
be seen that longer cycle time, t_, which leads to larger reactive time ratio will increase Ver

under the same t; because the fraction of t, for the settle and draw phases is reduced.
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Figure 8-2. The relationships of fill time to effective reactor volume, Ve true HRT, t; and
volumetric loading rate, Ly,,. The solid line represents V;=2 L or a = .25, dashed
line V; =4 L or a = 0.5 and dotted line V; =6 L ora =0.75.



The Graph B series reveals a linear relationship of true HRT, t,;, and t; Similar to the
Graph A series, t,, increases as i decreases, reaching its maximum at t;~ 0. At the same
t, changing V; or o has a significant effect on ;. Increasing o from 0.25 to 0.5 yields
about a 50% increase in t,, and doubles t,; as o is increased from 0.5 to 0.75. Increasing o
increases V,, which results in less available reactor volume and a lower Q to fill it. With
unchanged t; and a lower Q, a smaller total volume of reactive liquid resides in the reactor
and causes longer t,. Longer cycle time always benefits t,, as shown from Graphs B1 to
B3. For example, t, is more than doubled when t; increases from 3 to 6 h while ©

increases from 2/3 to 5/6.

The nonlinear relationship between volumetric loading rate, L, ahd te in the graph C
series clearly illustrates an increasing trend of L. with lengthening t; but with reducing V;
or o. As stated in the above two paragraphs, longer t; leads to smaller V. and shorter t,;
all of which contribute to a higher loading rate. However, lengthening cycle time t; can
dramatically reduce the loading which can be seen from graphs C1 to C3. A reduction of
L.« by more than 50% can be obtained with t, of 4 h instead of 3 h and about four-fifths
reduction withbé ht, instead of 3 h. Unfortunately with this reduction capacity for treating
reactive media is lost as t, increases from 3 to 4 h, for example, and the number of cycles n
is reduced »from 8 to 6 per day. Under the condition of no change in V; and tg this
reduction results in a 25% loss in reactor capacity. Therefore, all of these parameters

should be very carefully considered and weighted in a design of an SBR system.
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8.3.4. Definition of Basic Bickinetic Parameters for an SBR System

Biomass decay rate k. and yield factor Y in an SBR In Section 5.4.1, the definitions of
these two parameters have been made. Eq. (5-27) has been derived to estimate the values

of the two parameters with the adjustment by ¢.

Specific substrate removal rate Ry, If Eq. (5-27) is changed to a form similar to that of

a CSTR,

L~ YR,k (8-19)
exob‘P
where
p - NetVo-Vi)So-Se)

r = =

Vi Xy
and then
N.(1-V./V, XSq—Se) N.(1—-a}XS;-8
e = c li_b 0 < - c( Ex';)( 0 e) (8-20)

Xv0 Xy

can be defined as true specific substrate removal rate of an SBR system. The linear
relation of the inverse of true sludge age and the specific substrate removal rate in an SBR

reactor can be expressed by a straight line.

In Eq. (8-20), o = V}/Vy, is a very important parameter because it affects both t, and R

8.3.5. Another Derivation of True Specific Substrate Removal Rate R, in an SBR

For the computation of true specific substrate removal rate, Ry, it can be proved that the
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results are the same either by using basic definitions or by using the true HRT. The

following is the verification.

From the definitions in Section 5.4.1 and considering a quasi-steady state condition
around a reactor over a cycle, i.e., applying dMyx/dt = 0 to Eq. (5-17), the expression of

the specific substrate removal rate is

NV~ V)48 _ N_(1-a)(S,-S,)

Ry = V,p X0 X0

Because N, = 24 Wt. and ¢ = (tr + t)/t., thus

| 24(1-a)(Sg-S,)
L Xvlte+t,)

(8-21)

R, is adjusted to a daily basis in a manner similar to 2 CSTR based on the true HRT, t,

and effective activated sludge concentration, X.;, which is calculated from total effective

“biomass, Vb_}-(-v @, divided by effective reactor volume, Ve,

R _ (So— Sc) (8-22)
T X te(day/24 ) '

But 24 h/day = N_ t,, therefore,

Rtr thc(so - Se} - Nﬁc(s() - Se} - Nchtfj(__SO - Se)
Xef tu- Vva O Vef Vvaq}
(B ()
ef e
f tc

Rearranging the equation yields
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N, (Vp= ViX§g=S) _ N(1-0)(S,=So)

R = 8-23
T Vva(P Xy @ ( )
or

24(1 —a)(S,-S
R, = Sy=5) (8-24)

Xy (te+t,)

This is the exact expression derived from the definition.

8.3.6. Sludge Loading Rate, Ly, of an SBR System

From the specific removal rate expression, another parameter, sludge loading rate, Ly, can

be derived. For a CFS

_ (24 h/ daY)QSO _ SO
x = VX, T Xt (8-25)
For an SBR system
L = QaSo  _ NcQrteSp
wr = 4 = 35
Vi Xv o Vb Xvo
N (V.- V.)S N (1-V,/V)S N (1-a)S
Lm o c b 17~0 _ c 1/ b/~0 . C O (8"26)

VpXve Xvo B Xy o

Both specific substrate removal rate, Ry, and sludge loading rate, Ly, in an SBR system

are a function of initial reactor volume, V;, while a CSTR system has no such terms.

All the defined parameters can be used either in design of an SBR system or in the
comparison of different operational modes of the system. In design, the expressions of

Ve, te With L and Ly determine the reactor dimensions.



In design of operational mode, t; should be as short as possible to increase Ve and 1,
However, the pump capacity and shock loading should also be carefully considered to find
the optimum operational mode. The R,, expression will be useful to determine the Y and
k. values that are compatible with the design. Design of an SBR system will be discussed

in detail in Chapter 10.

The new defined parameters can also apply to an anaerobic SBR (ASBR) system. In this
application, the assumption of no reaction in the settle and draw periods is still applied and
reactive time ratio refers to the fill and react stages when influent is mixed completely with

anaerobic activated sludge in the reactor.

149
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References from the 1960s to date show no systematic experimental comparison of SBR
and CFSTR under equivalent operational conditions. Such a comparison is important to

practically verify the reported advantages of the SBR system over the CFSTR system.

9.1. COMPARISON OF SUBSTRATE REMOVAL EFFICIENCY

Droste (1990) suggested that higher substrate removal efficiency based on equivalent
operational conditions can prove the advantages of an SBR system over a CFSTR system.
The efficiencies from the two systems can be compared based on either the equivalent

HRT or the volumetric loading.

9.1.1. Comparison of COD Removal Efficiency based on the Equivalent HRT

An SBR has PF kinetics for substrate degradation. Recalling its definition in Section 8.2,
the equivalent HRT of an SBR, 1., is the same as the value of HRT, t, of a CFSTR. Itis

calculated by Eq. (8-3):

tedzwztdc:% (8-3)

Q

Based on the equivalent HRT, t.s, an SBR system should have an advantage of higher



substrate removal efficiency. It is the most important practical advantage that should be

verified. Figures 9-1 and 9-2 are the average values of soluble COD removal efficiencies

vs tee (CFSTR) or teg and t (SBR) in the two systems.
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Figure 9-1 Comparison of soluble COD removal efficiency n vs HRT in the two systems (a. S0 =

250 and b. So = 500 mg/L)

Figure 9-1 shows that under equivalent HRTs from 3.5 to 11 h, the SBR system has a
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slightly higher soluble COD removal efficiency than the CFSTR system at either S = 250
mg/L or Sy = 500 mg/L. The overall average soluble COD removal efficiency in the SBR
system was 0.923 based on 44 runs while this efficiency was 0.913 in the CFSTR system

based on 16 runs, about one percent higher in the former system.

Table 9-1 is the analysis of variances (ANOVA) for the two systems based on the
averages of soluble COD removal efficiencies corresponding to different equivalent HRTs.

The F value, 2.77, is higher than F, = 2.048 at o = 0.05 level but lower than F, = 2.785 at

a = 0.01 level.

Table 9-1 ANOVA results of soluble COD removal comparison between the two systems

Groups Count Sum | Average| Variance
SBR system 17 15.7 0.923 107
CFSTR system 21 19.23 0.913 6 x 107
Source of Variation S8 df | MS F Postwe | Fo=oos Fo-o0t
Between two systems | 3.905 | 22 | 0.177 | 2.770 | 0.01 | 2.048 2.785
Within each system 0271 | 1 | 0271 | 4225 |0052| 4301 7.945
Error ' 1410 | 22 | 0.064
Total 5585 | 45

This comparison shows a

stight kinetic advantage of the SBR system although it is

diminished by shorter true HRTs in the SBR system, which were 1/3 to 1/6 shorter than

those in the CFSTR.

Both Figs. 9-1 and 9-2 also reveal that HRT does not affect the COD removal efficiency in



153

the SBR system under the designed experimental conditions, even under the lowest t. of
2.55 h. Completion of most substrate degradation within the shortest designed HRT is the
main reason. From the experimental results of batch tests in Section 5.2.3, it is known
that almost all original substrates were degraded during the first 3 to 4 h. But COD does
not drop further because of IOM from influent, SAP from substrate degradation and BAP
from biomass decay. All these organic compounds are biologically inert or refractory
which cause iotal COD in the system to remain at a certain level, regardless of the length

of the HRT when the time is above the minimum HRT required.
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Figure 9-2 COD removal efficiency 1 vs t, of the SBR system (a. S¢ = 250 and b. S, = 500
mg/L) -

In the CFSTR system, this trend was only shown in the runs with HRT from 5 to 11 h.

Lower COD removal efﬁciencies were observed in the runs at the shortest HRT of 3.5 h

and shorter sludge ages of 5 and 10 d. The CFSTR reactors with shorter sludge ages

contained lower sludge concentrations. When they dealt with substrate at a short HRT,

DBS could exit by the CM flow pattern, which could deteriorate effluent quality. By
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extending sludge age and HRT, DBS could be degraded more completely and effluent
quality, therefore, can be improved significantly as shown in the figures at HRT longer

than 5 h for the CFSTR system.

9.1.2 Comparison of COD Removal Efficiency based on the Volumetric Loading

Another important comparison of substrate removal efficiency between the two systems
was based on the volumetric loading. Figures 9-3a and 9-3b show that volumetric loading
did not affect the COD removal efficiencies in both SBR and CFSTR systems. The reason
is the same as stated above for HRT because, afier the reactor volume is chosen, there are
two ways to change volumetric loading: one is to change HRT and the other is to change
influent concentration. Changing volumetric loading is equivalent to changing HRT with

no change in influent concentration.
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Figure 9-3a Comparison of soluble COD removal efficiency vs volumetric loading in the two
systems { So = 250 mg/L).
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Figure 9-3b Comparison of soluble COD removal efficiency vs volumetric loading in the two
systems (S, = 500 mg/L).

Figures 9-3a and 9-3b also show that the SBR system provides a slightly higher COD

removal efficiency than the CFSTR.

ANOVA results in Tables 9-2a and 9-2b reveal that this difference is not significant with F

= 2.678 against Fo-00s = 4.016 for the runs of Sy = 250 mg/L and significant with F =

6.253 against Fe-00s = 4.007 for the runs of S = 500 mg/L. This suggests that the SBR

system does not overwelm the CFSTR system. Therefore, other considerations are

necessary to select an SBR system for a wastewater treatment process.

Table 9-2a ANOVA results of soluble COD removal efficiencies vs volumetric loadings between
the two systems (So = 250 mg/L)

Groups Count Sum Average | Variance
CFSTR system 36 32.875 0.9132 0.000182
SBR system 21 19.323 0.9201 0.000340

N



Table 9-2a (cont’d)
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Source of Variation SS df MS F Poratue Fe=o05
Between two systems 0.00064 1 | 0.00064 2.678 0.107 4.016
Within each system 0.01315 551 0.00024
Total 0.01379 56

Table 9-2b ANOVA results of soluble COD removal efficiencies vs volumetric loadings between
the two systems (S = 500 mg/L)

Groups Count Sum Average | Variance
CFSTR system 36 32.886 0.9135 0.0005
SBR system 24 22233 0.9264 0.0002
Source of Variation S8 df MS F Pvaiue Fo=o00s
Between two systems 0.002 i 0.0024 6.253 0.0152 4.007
Within each system 0.022 58 0.0004
Total 0.025 59

9.2. COMPARISON OF KINETIC COEFFICIENTS

The comparison in this section includes specific substrate removal rates, yield factors and

biomass decay rates.

9.2.1. Comparison of Overall Specific Substrate Removal Rates

For an SBR system, the specific substrate removal rate, R,;, has been defined in Section

8.3.6:
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Nc@ - Vi_/ivb)(g() - Se) - Nc(i —E}(S(} - Se)
Xv o Xv o

Ry =

while for a CFSTR system it is

(%9 — Sc)
Xv tdc

R =

The following figures give experimental results from CFSTR and SBR systems under
equivalent operational conditions. Figures 9-4 a, b and ¢ are results from the reactors with
sludge age or observed sludge age of approximately 5, 10 and 15 d, respectively, and S¢ =
250 mg/L. Figures 9-5 a, b and ¢ are for the same sludge ages as Figs. 9-4 a, b and ¢, and
So = 500 mg/L. The R and R, values from all runs in both systems are arithmetically

averaged based on the different ts. of CFSTR or te of SBR.

Tt is interesting to note that, when So = 250 mg/L, the trend of Ry values in the SBR
system was from high values at shorter t.; to lower values at longer to while the R values

in the CFSTR were flat over the experimental t4. range.

Comparison of the two systems reveals that the R values of the SBR were higher than
those of the CFSTR at the shorter 1eg or s but became close at the longest teq OF tec.
There are several factors ‘that contribute to the specific substrate removal rate: COD
concentrations of influent and effluent, HRT and biomass concentration in the reactor.
Higher Ry could be caused by less biomass with higher SVI at shorter HRT in the SBR
system. Recalling Fig. 9-1 at the shortest HRT, the SBR showed higher COD removal

efficiency than the CFSTR when S = 250 mg/L, which means that, at shorter HRT but
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PF kinetics, SBR with less biomass is able to deal with more substrate fed and degrades it

more fully than a CFSTR under the same condition.

It is also interesting that lower R values in the CFSTR system were observed at the
shortest HRT runs when Sp = 500 mg/L; no such trend was observed in the SBR system.
Comparatively, the CFSTR system held higher sludge concentrations at shorter HRT than
the SBR system possibly because the higher but constant loading rate generated lower
SVI and better settling sludge in the former system. However, lower R values at the
shortest tq4. did not lead to higher COD removal efficiency in the CFSTR system (refer to
Fig. 9-1b). On the contrary, the CFSTR had a lower removal efficiency than the SBR

system.

The overall average Ry, in SBR system is 0.649 g COD/g VSS/d based on 44 runs, 0.094 g
COD/g VSS/d higher than CFSTR which had an average of 0.555 (g COD/g VSS/d)
from 16 runs. ANOVA results in Table 9-3 for R and R,, comparison in‘th;e two systems
show that the difference of the two values is significant at o = 0.05 but is not significant at
o = 0.01, which suggests a biological kinetic advantage of SBR but no overwhelming

evidence for it.

Table 9-3 ANOVA results of specific substrate removal rates, R and Ry, in the two systems

Source of Variation 88 df MS F Poalwe | Fo=g0s5 | Fa=001

Between two systems 0222 | 1 0222 | 4.187 100431 | 3.926 | 6.867
'Within each system 5926 | 112 | 0.0529 '
Total 6.148 | 113
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Figure 9-7 The relationship of soluble COD removal efficiency, m, vs specific substrate removal

rate R in the CFSTR system.

Figures $-6 and 9-7 provide another comparison, COD removal efficiency vs specific
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substrate removal rate, between the two systems. The two figures demonstrate, similar to
the situation in the comparison of volumetric loading vs HRT, that COD removal

efficiency v varied in a more narrow range for the SBR compared to the CFSTR.

ANOVA results in Table 9-4 proved that the variance of soluble COD removal efficiency

of the SBR is 2.49 x 107, less than 3.53 x 107 for the CFSTR system.

Table 9-4 ANOVA of soluble COD removal efficiencies vs specific substrate removal rates in the

two systems
Groups Count Sum Average Variance
CFSTR system - 72 65.761 0.913347 0.000353
SBR system 44 40.63 0.923409 0.000249
Source of Variation sS df MS F Pvatue Fo-o01

Between two systems 0.00277 1 0.00277 8.809 0.00365 6.863
Within each system 0.0358 114 | 0.000314
Total 0.038546 | 115

Also in this table, F value for COD removal comparison is 8.809, greater than Fo - 001 =

6.863, which indicates the SBR possess better substrate removal kinetics.

9.2.2. Comparison of Y and k,

The vield factor Y and biomass decay rate k. of SBR reactors have been calculated based

on the definitions developed in Section 5.4.7. Table 5-8 in that section lists the Tesuts:

The k. and Y values of the CFSTR system running under the equivalent operational
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conditions were also measured according to the traditional method (Metcalf & Eddy, Inc,,

1979; 1991). Table 9-5 gives the measured values of k. and Y.

Table 9-5 Measured Y and k., of the CFSTR system

ta Sludge Loading Rate ke Y
@) (kg COD/kg VSS day) @h (g VSS/
CFSTR1 | CFSTR2 | CFSTR3 g COD)
©.,=5d) | (6:=10d) | B,=15d)
Sp = 250 mg/L
35 0.78 0.513 0.34 $.048 031
5 (.88 0.52 0.39 0.048 0.2%
8 0.81 0.51 0.35 0.041 0.29
11 0.78 0.56 038 0.071 0.34
Sp = 500 mg/L
35 0.69 043 0.29 0.038 0.34
5 0.73 043 0.35 0.049 0.34
8 0.88 0.56 038 - 0.042 0.27
11 0.82 0.53 0.41 0.071 0.33
Average 0.0511 0314

From the results shown in Table 5-8 and Table 9-5, it can be seen that average values of Y
and k_ in the SBR are close to those in the CFSTR system, k.= 0.0512d ' and Y = 0.337
in the former against 0.0511 d™' and 0.314, respectively in the latter. From Eq. (5-20) for
the calculation of k. and Y, mathematically, Y as a slope, should have no change when
reactive time ratio factor ¢ applies to the equation. Failure to adjust the equation by ¢

will cause a large error in the estimation of k. and possibly make Y meaningless because
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the intercept, — k., may be positive without the correction.

Using k. and Y values of a CFSTR system as a substitution for those of an SBR system
provides an accurate estimation for model simulation of the latter. After accounting for
the hydraulic difference between the two system, their biological characteristics should be

similar when their operations are under equivalent conditions.

9.3. COMPARISON OF SLUDGE COMPACTIBILITY AND THE EFFECT OF V;

ON THE PERFORMANCE OF SBR

Siudge loading rate significantly affects sludge compactibility. It is the key parameter for
successful operation of an SBR because supernatant must be withdrawn until the designed
V; remains to provide sufficient available volume for influent for the next cycle. Also a
sufficient quantity of sludge must settle and compact within V;. Many researchers
reported that SVI varies with sludge loading change. Sludge loading should be examined
before comparing sludge compactibilities in the two systems. In some sludge loading
ranges, SVI increases with a loading increase but in some ranges the trend of SVI change
is opposite. Also differences of SVI in the two systems could exist even under equivalent

operational conditions.

9.3.1. Comparison of Siudge Loading Rate

The expression of sludge loading rate, Ly, is very similar to the specific substrate removal

rate. For a CFSTR system
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L, = o
Xoty

and for an SBR system:

N, (1-Vi/Vp)S, No(1-)Sg
thr = _— = e

Xy Xve

Comparing these with the expressions of R and Ry in Section 8.2.3, it can be seen that the
difference between sludge loading and specific substrate removal rates is the absence of an
effluent COD concentration term in the equation for sludge loading ;. In other words, L«
or Ly is (1 — 1) times greater than R or Ry Therefore, the relationship of sludge loading
to other parameters is nearly the same as that of specific substrate removal rate and the

information from R or R, can be used for analysis of Ly or Lx..

Equation (8-29) shows that sludge loading rate changes are directly proportional to the
influent concentration and inversely proportional to the HRT and biomass concentration.
Figures 9-8 and 9-9 present the Ry and R distributions under various t, in SBR and t, in
CFSTR, respectively. The R, distribution in SBR shows an interesting trend which
declines with longer t,, while R in CFSTR does not. This phenomenon, as discussed in
Section 9.2.1, may be caused by better settling and compactable sludge developed under
longer HRT in the SBR system, which allows more sludge to be held in the reactor and

lowers the sludge loading. Further analysis of SVI, will give more support to this point.
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Figure 9-8. Relationship of true sludge loading Ry vs ty in the SBR system
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Figure 9-9. Relationship of sludge loading R vs t4 in the CFSTR system

9.3.2. Comparison of SVI in the Two Systems

SVI is used for the evaluation of activated sludge compactibility. There are two sets of

data illustrated in Figs. 9-10 and 9-11 to show the relationships of SVI vs true sludge
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loading and vs true sludge age in the SBR system and two sets in Figs 9-12 and 9-13 for

the CFSTR system.
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Figure 9-10. Relationship of true sludge loading and SVI in the SBR system
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Figure 9-11. Relationship of true sludge age and SVI in the SBR system
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From Fig. 9-10, it can be seen that in the SBR system, SVI increase is linear with
increasing sludge loading. Within the common sludge loading range 0.3 to 0.6 g COD/g

VSS/d, this value is under 200 mL/g.

Figure 9-11 demonstrates that SVI decreases in an exponential manner with increasing
true sludge age. Its values are below 200 mL/g when true sludge age reaches 4 d or
longer, which suggests that the steady operation of the SBR system with the feed used in

this study requires a sludge age longer than 4 d.

On the other hand, Fig. 9-12 for the CFSTR system shows a trend of higher SVI than the
SBR when sludge loading increases. By comparing the two systems within the same
sludge loading range from 0 to 1 g COD/g VSS/d (referring to Fig. 9-14 for the SBR
system), CFSTR still shows a positive trend of higher SVI than SBR. This difference

suggests that much higher SVI or poorer settling sludge under higher sludge loading could
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Figure 9-12. Relationship of sludge loading and SVI in the CFSTR system
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(L= 0-1 g COD/g VSS/d range)

appear in a CFSTR compared to an SBR.
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Meanwhile, the comparison of SVI vs sludge age between the two systems demonstrates
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that a CFSTR has higher SVI sludge than the SBR under the same sludge age range.
Careful observation of Figs. 9-11 and 9-13 reveals that for a CFSTR operating between
sludge ages of 5 to 15 d, SVI values range from 50 to 300 mL/g, higher than those, 30 to

200 ml/g, in the SBR over the same range of sludge age.

Table 9-6 gives ANOVA results for the SVI comparison of the two systems. From the
table, F = 3.092 larger than Fq-¢0; = 2.604 indicates that the difference of SVI in the two
is signiﬁcant. The lower average of SVI, 93.6 mL/g in the SBR than 126.4 mL/g in the
CFSTR suggests that the SBR system generates better settling and compactable sludge
than the latter. Also from the table, the lower variance of SVI, 4979, in the SBR than
5529, in the CFSTR suggests that settlibility and compactibility of the sludge in the SBR

system is more stable than sludge in the CFSTR system.

Table 9-6 ANOVA of SVI in the two systems within specific substrate removal rate range of 0 to

0.8 g COD/g VSS/d -
Groups Count| Sum | Average | Variance
SBR system 26 2433 3.6 4979
CFSTR system 21 2654 126 .4 85529
Source of Variation SS df MS F P.vatuc Fa-001

Between two systems 226356) 25 9054 3.092 0.003 2.604
Within each system 939, 1 939 0.321 0.576 7.770
Error 73210f 25 2928
Total 300505, 51

Thus, it can be concluded that, under equivalent operational conditions within the

experimental parameter range, the SBR system generates better settling and more
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compactable sludge than the CFSTR system, which allows an SBR system to run at

comparatively lower sludge loading and provide higher capacity for shock loading.

9.4. COMPARISON OF REACTOR VOLUME UTILIZATION EFFICIENCY

Whether a reactor volume is used efficiently or not is important to evaluate the kinetics
and the economy of the reactor. Volumetric loading rate and the physical volume
utilization ratio describe the reactor volume utilization efficiency. Volumetric loading rate
is specific substrate input rate based on unit effective reactor volume while physical
reactor volume utilization ratio is a ratio of effective reactor volume to total system

volume. Effective reactor volume has been defined in Section 8.2.6.

9.4.1, Comparison of Volumetric Loading

The volumetric loading rate for a CFSTR is

QS _ So
V ta

According to Eq. (8-18), the volumetric loading rate for the SBR system is

Q¢So N (1-a)S,
Vef

Ly =

1 ie
—-—({1-a)—=
o 2( )t

C

Figure 9-15 provides a comparison of volumetric loading of the two systems based on teq.

Although the SBR system has higher volumetric loading than the CFSTR, it does not



suggest that the former can treat more substrate than the latter as explained in the next

paragraph. With t.; extending to longer than 10 h, the loading rates in the two systems
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Figure 9-15. Comparison of volumetric loading, L, or Ly vs HRT, t4 or t.q between CFSTR and

SBR systems, respectively. (Average data from S, = 250 mg/L runs)
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Figure 9-16. Comparison of volumnetric loading, L, or Ly V8 ta or ts, between CFSTR and SBR
' systems, respectively. (Average data from S, = 250 mg/L runs)
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become close. This trend reveals that under longer HRT, SBR becomes similar to an

extended aeration process, losing its kinetic advantage.

An important finding is shown in Fig 9-16. 1If the comparison of volumetric loading
between the two systems is made based on t, instead of t.s (defined in Section 8.3.1) for
the SBR, the relationship of volumetric loading and HRT of the two systems is almost the
same. Under the same HRT (t.s for the SBR system), higher L., in the SBR system
reveals its kinetic priority over the CFSTR system. However, t, in the SBR, from which
the corresponding Ly, is obtained, is always shorter than t due to the aeration (or
reaction) time ratio @ <1. Shorter t, corresponds to higher volumetric loading rate or the
benefit of SBR kinetic advantage. From Fig. 9-17 and when considering true reaction
time, t, for SBR and t4. for CFSTR, it can be seen that there is no obvious improvement

of volumetric utilization efficiency for the SBR system.
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Figure 9-17. Comparison of volumetric loading Ly or Ly, Vs ta or teg between the two systems
(Average data from S, = 500 mg/L runs)



174

The comparison from Figs. 9-17 and 9-18 (So = 500 mg/L) is very similar to that from

Figs. 9-15 and 9-16. The only difference is Ly or Lw values in the figures are almost

double those in Figs. 9-15 and 9-16 due to doubled influent concentration.

3500

L,(CFSTR) or L, (SBR) (g COD/L/d)

3000 +

2500 +

2000 +

1500 +

1000 +

$00 +

o % CFSTRi
olll oSBR |
1
O
%
¥
&
% 8
o]
o X
6 8 10 12
14 (CFSTR) or t,, (SBR) (h)

Figure 9-18. Comparison of volumetric loading Ly or L., VS tg OF t, between the two systems
(Average data from So = 500 mg/L. runs)

9.4.2. Comparison of Physical Volume Utilization Ratios of SBR and CFSTR

Physical volume utilization ratio, B, is the ratio of effective reactor volume to total system

volume. For an SBR system this ratio has been defined in Section 8.2.3 and calculated by

Egs. (8-13) or (8-14). For the CFSTR system B is calculated by:

B=V/(Vet V)

Table 8-1 lists the B related parameters and their values for the experimental sets. Due to

a batch operational mode in the SBR system, B is a variable while it is a constant in a

CFSTR system as shown in Table 9-7.
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Table 9-7 Operational mode design and related parameter values of CFSTR experiments

No | & | Ve | Ve | b | & | Vg L, p
(h) L L) {h) (b} L (g COD/L/d)

1-250 3.5 16 2 3.5 0.7 10 2667 0.83
1-500 3.5 10 2 3.5 0.7 10 5333 .83
2-25¢ 5 10 2 5 1 10 1846 0.83
2-500 5 10 2 5 1 10 3692 0.83
3-250 8 10 2 8 16 ‘ 10 1000 0.83
3-500 & 10 2 8 1.6 10 2000 0.83
4-250 11 10 2 i1 22 10 667 0.83
4-500 11 10 2 11 2.2 10 1333 0.83
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Figure 9-19. The relationship of B (V/Vs) and t. in the SBR system, dotted-line is B value of the
CFSTR system

Comparison of Tables 8-1 and 9-7 shows that the CFSTR system always has a higher
physical volume utilization rate than the SBR. This difference is especially larger in the

shorter HRT range, illustrated in Fig. 9-19.
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Operational constraints of a biological wastewater treatment process are the limits beyond
which the system can fail. These constraints could be physical, biological or a

combination of the two.

For 2 CFSTR system, a high flow rate can disturb the laminar flow pattern in the

secondary clarifier and then wash out a significant amount of the sludge, which causes
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return sludge of lower concentration to the aeration basin. Finally, lack of enough sludge

in the aeration basin results in system failure. This situation is a physical constraint for a
CFSTR system. Another example is that too high influent substrate concentration could
produce activated sludge with a high SVI that is difficult to settle in the secondary clarifier
and quite easily washed out due to continuous flow mode of the system, causing failure in
the system. Also too low sludge age applied to the system can result in very poor settling
sludge that can lead to system failure. The latter two examples are biological or physical-
biological constraints for the CFSTR system. There could be other kinds of biological
factors such as toxic chemicals that may cause system failure. These kinds of constraints

were not considered in this research.

Actually, an SBR system has some operational constraints that are more strict than a
CFSTR but some are less strict based on the large quantity of experimental data gathered

in this study over a wide operational range. The strictest constraint for a SBR system is

its initial volume, V;, to accept feed.
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In each SBR reactor, the effective volume will be limited by the length of the fill period
and by the settling velocity and the compatibility of activated sludge. During the entire fill
period, on average only half of the volume (Vy, — V;) can be used as react space. As tg
increases and consumes a larger portion of the total cycle time, the reactor volume
utilization over the entire cycle decreases because the reactor is not full for a longer period
of time. If the total volume, nV,, is not changed, decreasing the number of reactors, n,
will lengthen the fill period, t;, and shorten the react period, t,, and therefore, decrease the

treatment efficiency.

Sludge that settles slowly or does not compact well will also decrease the reaction time.
Slowly settling sludge increases the time required for the settling period at the expense of
reaction time. Sludge that does not settle to a high degree of compaction decreases the
available volume in a reactor. The latter two factors are dependent on the characteristics
of the activated sludge that are largely dependent on thé influent quality and the treatment
provided. A high strength influent will tend to cause sludge bulking or produce a sludge

with poor settleability and compatibility (Norcross, 1990).

If the above factors cause poor settling and less compactable sludge, there will not be
enough sludge left in V; after withdrawal at the end of a cycle. For the next cycle the
sludge will be under a higher F/M ratio and could result in even poorer settling and less
compactable sludge than that from the last cycle. This situation will continue if there is no
increase in V; to retain more sludge. Finally system failure will occur. Under these

circumstances, more reactor volume has to be provided to hold enough sludge to maintain



treatment, thus, the effective volume for react will be remarkably decreased. These

constraints diminish the advantages of an SBR.

Tables 9-8 and 9-9 provide a comparison of successive situations in the two systems. In
Table 9-8, wi/fl (work/fail) indicates that part of an operation worked and part failed. For
each set of V; and t,, there are two operational modes: a shorter and a longer tg
respectively, where one failed and the other did not. Referring to Table 3-2, Set No. 1

series failed in which t; was longer and No. 2 series worked because tr was shorter.

In the experiment, Set No. 1 with t.q = 3.5 h, So = 250 or 500 mg/L; all three designed
sludge ages failed because high substrate loading at sludge age of 5 d or longer generated
too much slﬁdge with a compacted volume that was much larger than V;. For each cycle
more sludge was removed than produced. The sludge age decreased with each
withdrawal. SVI rose to 1000 mL/g which resulted in system failure. Similar situations
were observed in Set 2 with So = 500 mg/L at all three sludge ages, and in Set 3 with Sp =

500 mg/L and sludge age of 15 d.

In contrast, no such failure occurred in the CFSTR system under the equivalent
experimental conditions. From these results, an SBR system has a more strict physical

constraint, V;, than a CFSTR.

The mechanisms of failure or resistance to substrate shock loading in the two systems are
different. In a CFSTR system, microorganism species are acclimated at constant
conditions: stable concentration of substrate, DO and other physical, chemical and

biological conditions. A shock loading applied to microorganisms may change their bio-
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Table 9-8 Comparison of successive operations in the two systems (So = 250 mg/L)

ted SBR V=13V, SBR V;=1/2V, CFSTR
h Oxob | Oxob | Oxon | Bxor | Oxab | O 8, 8, 9,
5d 10d 15d 5d 104 i5d Sd 10d 15d
3.5 wk/Al* | wk/fl | wik/Al - - - work | work | work
5 - - - work | work | work | work,| work | work
8 work | work | work - - - work | work | work
11 - - - work | work | work | work | work | work
* wk/fl (work/fail); one condition worked and one condition failed
Table 9-9 The succeed comparison of the two systems (So = 500 mg/L)
ted SBR V;=1/3V, SBR V=172V, CFSTR
h Bxab | Bxab | Oxab | Oxab | Oxob | Bob | O 0, | 6
5d 10d 15d 5d 10d 15d 5d 104 154
35 fail fail fail - - - work | work | work
5 - - - work | work | work | work | work | work
8 work | work | fail - - - work | work | work
11 - - - work | work | work | work | work | work

flocculating and settling abilities, sludge becomes bulked, then easily washed out of the
reactor. In an SBR system, shock loading can cause sludge bulking temporarily but sludge
can recover due to the presence of more species that are used to the changing environment

within an operational cycle.

Also the batch mode is beneficial to hold sludge in the

reactor. These conditions may buffer an SBR system against failure.
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Experimental results shown in Table 9-9 reveal that under the equivalent HRT and low

SBR initial volume (V; = 1/3 V3), an SBR shows a narrower operational range than a
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CFSTR. But an SBR has flexibility to change operational mode by increasing Vi to 1/2 Vy
and shortening the feed time, t;, to reach the same equivalent HRT. The system worked
properly.

Another difference between the two systems is hydraulic shock loading. For an SBR
system, feed flow rate variation has a minimal effect. It can accept a certain amount of
feed within a very short period to obtain the highest kinetic rate as a true BR. But a
CFSTR can only accept a flow rate from which there is no danger to wash out a

significant amount of sludge.

9.6. CHARACTERIZATIONS AND CONCLUSION OF THE SBR SYSTEM

Under the equivalent conditions, i.e., under the same

nV, - Qt,,

tcl = ted Q

c

the SBR system exhibited a little higher substrate removal efficiency than the CFSTR by
about one percent, although the former has much lower reactor volume utilization rate
than the latter, 0.5 to 0.75 against 0.83. The lower physical volume utilization rate did not

completely eliminate the kinetic advantage of the SBR.

Under the equivalent HRT, te, the SBR also possesses slightly higher volumetric loading
than the CFSTR, which reveals a higher substrate removal rate per unit reactor volume for
the SBR system from an engineering point of view, although there is no such an advantage

for the SBR based upon true HRT, t,. From statistical analysis under t, the SBR system
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has, on average, a slightly higher specific substrate removal rate than the CFSTR system
as shown in Table 9-1. Obviously, these advantages of an SBR over a CFSTR are
seriously diminished under some circumstances because an SBR must pay the cost for
ideal PF type kinetics by lower physical volumetric utilization ratio, which finally

deteriorates most of the kinetic advantage.

Under the circumstances of low and comparatively stable feed concentration, easy-to-
biodegrade organic components and stable influent flow rate, an SBR will not have a high
kinetic advantage. Only under the circumstances of the strengthening and refractory
organic components in or unstable flow rate and concentration of the influent, will an SBR
be expected to perform better than a CFSTR. These situations require a treatment system
that can provide low F/M ratio, flexible HRT and sludge age to deal with various organic

components.

The weakest constraint of an SBR system is its initial reactor volume, V;. 'T'é overcome it,
a design engineer could select higher Vi with short t. and t; to balance low volume
utilization rate. On the other hand, large V; will reduce the available reactor volume to
accept feed. Proper selection iof V; is one of the key considerations for designing a SBR

system.
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SYSTEMS

This chapter provides a set of procedures to design an SBR system. Some parameters
must be known before design calculations. These parameters are wastewater flow rate Q,
influent COD or BOD concentration, effluent requirement ér removal efficiency n, and the
coefficients, Y, k. and SVI. Other kinetic parameters, ki, Ks, ka2, s, ¥s, f1, £, f3, £, £z and

£, will also be necessary if model simulation needs to be conducted.
10.1. TEST OF KINETIC RATE CONSTANTS

Most kinetic constants can be tested by the methods described in Chapter 5. Those which
are not experimentally available can be assumed initially and then adjusted by the new

SBR model.

10.2. THE NUMBER OF REACTORS IN THE SYSTEM, n, THE CYCLE TIME

tc, THE NUMBER OF CYCLES EACH DAY, N,

The number of reactors in an SBR system and the total volume of the system are two
important parameters that are directly related to the capital costs. Generally more reactors
can provide a higher reactor volume utilization rate but will lead to higher capital cost and
increase of shift frequency between the reactors. Commonly the number of reactors is two

or three. An SBR system with more than four reactors is not normally recommended.



The number of cycles each day, N,, or the length of a cycle, t, is another parameter that is
decided based on experience. For operational convenience, t. should be integrally divided
by 24 h, with which an operator easily knows what the operational stage is at any time of 2
day. Therefore, t. = 24,12, 8, 6,4, 3 and 2 h are recommended and, correspondingly, N.
=24/, =1,2,3,4,6, 8 and 12. In some cases, t. could be longer than 24 h. Following

the same principle, t. = 36, 48,60, 72 h ... are convenient for operation.

10.3. DETERMINATION OF INIT

JAL REACTOR VOLUME RATIO, FILL
TIME, REACT TIME, SETTLE TIME, DRAW TIME AND REACTIVE

TIME RATIO

The initial reactor volume ratio o = Vi/V, is a key parameter that influences reactor
volume utilization rate and success of operation. Its value, theoretically, can be chosen
from very low, for example, 5%, to very high 95%. But a low V; could easily cause
failure of operation and a value too high is meaningless because there is not enough
volume to accept the feed. Common values for a could be 25 to 75% depending on
sludge settling and compacting qualities and on the feed c&ﬁéentratﬁon. If the sludge has a
low SVI, a low value can be chosen. If feed concentration is high, the value could be up
10 75% for better dilution and for lower risk of shock loading. When there are no data, o

= 50% is recommended and later it can be adjusted in practice if it is not suitable.
For designing t;, there are two options. One is to calculate it directly by Eq. (8-5)7

te

tp=—
f n

1
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as long as t. and 1, are set. A long t;, when the number of reactors is only two or even one,

will largely reduce SBR reactor utilization rate and diminish its rate of treatment.

Fill time should be as short as possible to obtain a “pure” batch mode which is ideal PF
kinetics. For this option, an equalization basin will be required to hold the incoming
wastewater because required flow rate is much higher than the normal wastewater flow
rate. This will allow one to shorten t; and to reach the same fill volume (Vy - V;) during
fill. But this approach will add another vessel. Duration of t; will depend on the fill pump
capacity. A balance of capital for the pump facilities, cost of operation of the pump and
the benefit of PF kinetics must be carefully considered. t; could be selected for 0.5 or 1 b,

thereafter, t, =t — t¢.

Determination of settle time requires a settling test and SVI data. Compared to about 2 h
settling ﬁme in a secondary clarifier in a CFS, t,= 1 h or less for an SBR is reasonable.
Draw time, t., depends on the capacity of the withdrawal apparatus. Draw can be
completed by a gravity type decanter or a decanter with a pumping system. The former
needs a iarge diameter pipe system because of the low hydraulic head. The latter needs
more power to run the pump. Whatever method is chosen, the level of the decanter
should be adjustable to meet different V; requirements later on and the draw flow rate
should minimally disturb the quiescent liquid. Generally t, can be about 0.5 h or less.

Thus total time for settle and draw should not be longer than 1.5 h.

Now reaction or aeration time ratio, ¢, another key parameter of SBR, can be calculated

by Eqs. (8-4) and (8-11), tr=tc — tr — s — tsm, and ¢ = (te+ to)/tc.
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10.4. REACTOR VOLUME, TOTAL SYSTEM VOLUME AND TRUE

RETENTION TIME

From known Q, o and time periods of an operational cycle, a single SBR reactor volume,

Vb, can be calculated. Since
V- V;=Qts or

V= Qts + V;, but

Vi= Vi

Substituting the V; expression into the above equation and rearranging it results in

Thus the total system volume will be nV,. The true HRT for each reactor can be

calculated by Eq. (8-15):

i 1
ty = —(tp+t) -2t
and the effective reactor volume for each reactor, calculated by Eq. (8-10), is

1 t
Ver = V0 "E(Vb - Vi)?
C
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TICATION OF SPECIFIC SUBSTRATE RI

10.5. THE VEF
AND THE MODIFICATION OF nVj,
With Eq. (8-23)

| N, (Vy, = Vi XS -Se)
=Y = -k,
0 xob® Vi Xvo@

The above parameters, especially Vs and V;, can be checked and modified if necessary.
Putting all necessary given parameters and Vi, Vi, 0 and N,, into the equations and
assuming an observed sludge age 0., calculate the average VSS concentration, X, then

calculate the settled VSS volume with o and SVIL

If X,/o < 10%/SVI, the assumed Oy is theoretically obtainable but it may not the best
value. The best O value should be greater than double the minimum sludge age and

make iv/a ~ 10%/SVL

If settled VSS volume is larger than V;, there are two options. First, re-select sludge age
and repeat the above calculation procedure until the VSS volume meets V:. Second,

change V; and a, and recalculate them until kdesired B0 is reached.
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The second important contribution of this thesis is systematic development of design
definitions and engineering parameters. An SBR system is not as popular as a continuous
flow system for many reasons. One of the reasons is lack of widely accepted design
standards. Design standards should be made based on both theoretical and practical work.
To date, environmental engineers and researchers directly employed approaches that are
widely used for CFS to design SBR systems. Unfortunately, these approaches lead to
errors when applied to the design of SBR, or to the description of the performance of
SBR process which can result in incorrectly sizing an SBR reactor or wrongly setting
operational strategies. The causes of the above situations come from the multiple
operational phases based on the pre-designed time sequences and the biokinetically
unsteady state in the SBR process which are completely different from conditions in a

‘steady state CFS.

The major parameters of the SBR that are different from those in steady state CFS are
effective reactor volume, true HRT, true mean cell retention time or sludge age, total
effective biomass, yield factor; sludge decay rate constant; true specific substrate removal
rate, true sludge loading rate and volumetric loading rate. These parameters have been

redefined and the relationships among them have been derived.
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In the SBR system, the effective reactor volume is variable and depends on both the
aeration time and fill time length in an operational cycle. The true HRT is also variable
and a function mainly of the fill duration when total and initial reactor volumes and cycle
length have been decided. The total effective biomass in an SBR reactor is significantly
affected by the operational mode and consequently the biokinetic parameters. The true
mean cell retention time or sludge age is also affected by the operational mode. The true
sludge loadiﬁg rate is calculated based on the total effective biomass and the true
volumetric loading rate based on the effective reactor volume. The new definitions are

also supported by the extensive experimental and related SBR model building work.

The third important development of the project is the completion of an overall
experimental comparison between SBR and CFSTR systems. Systematic comparison of
three SBR and three CFSTR reactors was conducted under equivalent operational
conditions. The SBR system showed slightly improved kinetics over the CFSTR, while
having more strict physical constraints than the latter. The major physical constraint is
initial reactor volume V; which reduced reactor volume utilization rate and limited the
quantity of sludge held in the reactor. As a result of the constraints, the advantages of the
SBR system compared to the CFSTR system are seriously diminished. Based on
equivalent operational condition, the overall average COD removal efficiency by the SBR
system was about one percent higher than the CFSTR system. Also based on the
equivalent condition, the SBR system possessed slightly higher yoﬁumetric loading and
slightly higher specific substrate removal rates. The SBR showed more stable operation

than the CFSTR with slightly more narrow variations of COD removal efficiency and of



specific removal rate as well. The analysis of variance (ANOVA) results reveal that these
SBR advantages are significant at o = 0.05 level but not significant at o = 0.01. From the
comprehensive comparison of the systems, it can be concluded that under the
circumstances of low and comparatively stable feed concentration, easy-to-biodegrade
organic components and stable influent flow rate, the SBR system will show minimal
advantage over a CFSTR system. Only under the circumstances of high strength or
refractory organic compbnems or unstable flow rate or unstable concentration, will an
SBI(( system be expected to perform better treatment than CFSTR because these situations

require a treatment system that can provide low F/M ratio, flexible HRT and sludge age to

deal with various organic components and hydraulic or organic shock.
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ANALYSIS OF COD

COD analysis follows the method 5023c, Close Flux, in Standard Methods for Water and

Wastewater Analysis (APHA,1989).
ANALYSIS OF TOTAL AMINO ACIDS

To verify the effect of SMP on the existing COD in the clarified solution, total amino acids

were analyzed to track the feed protein degradation in the biological process.

To analyze total amino acids, mix one volume wastewater sample with one volume of 12
NHCL The mixture is heated in a sealed tube at 106 C° for 24 h. Dry the digested
 solution under vacuum at room temperature and the dried sample can be analyzed for total
amino acids. All samples were finally analyzed in the laboratory of the Medical School at
the University of Ottawa.

$

ANALYSIS OF SMLE MOLECULAR CARBOHYD

In order to compare the difference between the degradations of protein and saccharose for
the verification of SMP, one batch test set was conducted with saccharose as the main

component in the feed.

The analysis of simple molecular carbohydrates was conducted at the Biotechnology
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Research Institute of NRC in Montreal.

Apparatus: The chromatographic system consist of an HPLC pump (Model 590,
Millipore, Waters Chromatography Division, USA), a temperature control module (Model
TCM, Millipore), a refractive index detector (Model 410, Mﬁﬁp@re) and an WISP
autoinjector with a variable loop volume (Model 710b, Millipre). The column is an
Interaction ION-300 Organic Acid Column (300 mm X 7.8 mm LD, Interation Chemicals
Inc., CA, USA) with a Ion Guard GC-801 guard column (Interation Chemicals Inc.). Data
acquisition for two signals and integration is performed on a millennium 2010

chromatographic manager system (Millipore).

Solvent: Sulphuric acid (0.0033N) is prepared form concentrated sulphuric acid

(Anachemia Canada Inc.) using a reverse-osmosis treated demineralized water.

Sample preparation: All reference standard solutions are prepared from analytical

reagent grade subsistence obtained from different and known companiei Al samples are
preferably centrifuged for a few min and/or filtered through a 0.2 um filter (Millex GS,

Millipore).

Chromatographic conditions: Most of the time, the flow rate is 0.4 ml per min and
should not exceed 0.6 ml per min. The temperature of the column is fixed at 30°C. The
column pressure should not exceed 2200 psi. (150 atm). The most frequent column

sample volume injected used 1s 50 L.

Procedure: The solvent is degassed with helium gas for 5 min before use, and degassed

continuously during use. The column is conditioned 30 min before use until a steady and
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horizontal baseline is obtained. Inject 2 known volume in pl. from a standard preparation
into the chromatography system, record the chromatogram, measure the areas for each
peak and identify each of them. Inject the same column in pL of a sample preparation,
identify the homology peaks by comparison of the retention times with those from the

standard preparation, similarly chromatographed.
Calculation: Calculate the concentration of each component using of a standard curve.

Limit of detection: For the majority of carbohydrates and alcohols, the limit of detection
of the refractive index detector is approximately 5-50000 mg/L. For the organic acids, the
timit of detection is dependent on the wavelength used (on a UV detector) and the
structure and chemical composition of the acid analyzed. In most cases, the limit of

detection is approximately 1-35000 mg/L by UV and 5-30000 mg/L by RIL
ANALYSIS OF TOTAL CARBOHYDRATES

Total carbohydrates is measured with colorimetric method developed by Dubois et al.

(1956), which is simple, sensitive and reproducible.

Apparatus: At least six Pyrex test tubes (18 mm x 150 mm) with a vibrator for vortexing
the test tubes are needed. A water bath (30°C) is to stabilize the sample temperature. A

spectrophotometer (using 490 nm wavelength) is used for the final measurement.

Solvent: 100 mL 5% phenol solution is made as a color generator. Concentrated
analytical grade H,SO, is used to provide a low pH for color generation. D-glucose

(BDH Chemicals) solutions at concentrations of 0, 5, 10, 15, 20 and 25 mg/L are prepared
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for the calibration curve.

Procedure: 1 mL sample solution and 1 mL 5% phenol solution are added into a test
tube. Then, 5 mL concentrated sulfuric acid is added into the tube. Meanwhile, a blank
sample is prepared by adding 1 mL distilled water and 1 mL phenol solution into another
test tube, and adding 5 mL sulfuric acid into it as well. The tubes are vortexed and cooled
for at least 10 min at room temperature. Next, the tubes are put into water bath at 30°C
for 10 min to stabilize temperature and the generated yellow color. The absorbances of
the solution are then measured with the spectrophotometer at 490 nm against the blank.
The absorbance readings can be converted into the concentrations of total carbohydrates

by comparison with the calibration curve.
ANALYSIS OF TSS AND VSS

TSS and VSS are analyzed according to methods 2540D and 2540E, respectively, in

Standard Methods for Water and Wastewater Analysis (APHA,1989).
OTHER ANALYTICAL METHODS

Settled Sludge Volume and SVI is analyzed according to method 2710 in Standard

Methods for Water and Wastewater Analysis (APHA,1989).

DO is analyzed according to method 4500-OG in Standard Methods for Water and

Wastewater Analysis (APHA,1989).
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B-1.

Batch Test 1 (S¢= 144, 110 and 65 mg/L, respectively; acclimated sludge from

SBR run No. 8-500 and 8,5, = 5 d)
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Fig-B-1-3. Soluble COD degradation vs time curves

adjusted by BAP,y

Fig-B-1-4. BAP: compared 1o BAP,y vs time
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The figures for Batch Test 2 are in Section 5.2
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465, 220 and 115 mg/L, respectively; acclimated sludge from

Bateh Test 3 (S

B-3.
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B-4.

Batch Test 4 (So = 367, 184 and 93 mg/L, respectively; acclimated sludge from

SBR run No. 3-500 and B, = 10 d)
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B-5. Batch Test 5 (S, =367, 184 and 93 mg/L, respectively, acclimated sludge from

SBR run No. 3-500 and B = 15 d)
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Fig.B-5-1. Soluble COD degradation vs time Fig-B-5-2. BAP,q vs time
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Fig-B-5-3. Soluble COD degradation vs time curves
adjusted by BAPus

Fig-B-5-4. BAPr compared to BAPy Vs time
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Fig-B-5-6. Linear relation between dBAP, /dt
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Fig-B-5-9. dS’/dtvs S curve with So = 184 mg/L

Fig-B-5-10. dS’/dt vs S curve with 50 = 93 mg/L
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B-6.

SBR run No. 2-250 and B4, = 10 d)
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Fig. B-6-1. Soluble COD degradation vs time
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Fig, B-6-3. Soluble COD degradation vs time curves

adjusted by BAPyq

2

Batch Test 6 (So = 887, 445 and 221 mg/L, respectively; acclimated sludge from

Fig, B-6-4. BAPy compared to BAP,; vs time
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B-7.

SBR run No. 2-250 and 8, = 15 d)
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Fig. B-7-1.

Soluble COD degradation vs time

_ Fig. B-7-2. BAP,q vs time
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Fig. B-7-3. Soluble COD degradation vs time curves

adjusted by BAPys

2

Batch Test 7 (So = 888, 443 and 220 mg/L, respectively, acclimated sludge from

Fig. B-7-4. BAP; compared to BAP,; vs time
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B-8.

SBR run No. 7-500 and 8, = 10 d)

Batch Test 8 (S, = 886, 665 and 443 mg/L, respectively, acclimated sludge from
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Fig.B-8-1. Soluble COD degradation vs time Fig, B-8~2, BAP,; vs time
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Fig. B-8-3. Soluble COD degradation vs time curves

adjusted by BAPyy

Fig. B-8-4. BAP; compared to BAP,y vs time
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B-9.

SBR run No. 7-500 and 8, = 15 d)
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Fig. B-9-1.

Soluble COD degradation vs time

Fig. B-9-2. BAP,q vs time
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Fig. B-9-3.

Soluble COD degradation vs time

curves adiusted by BAP,

Fig. B-9-4. BAP; compared to BAP,, vs time
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Batch Test 1 (Sp = 884, 663 and 442 mg/L, respectively; acclimated sludge from
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Fig. B-9-5, The ratio of BAP; to BAPy Fig. B-9-6, Linear relation between dBAP,4 /dt
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Fig. B-9-9, dS’/dt vs S curve with So = 663 mg/L

234

Fig. B-9-10. dS*/dt vs S curve with S = 442 mg/L
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B-10. Batch Test 10 (S, = 936, 702 and 468 mg/L, respectively; acclimated sludge from

SBR run No. 5-500 and 64, = 10 d)
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Fig.B-10-1. Soluble COD degradation vs time Fig. B-10-2. BAP,, vs time
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Fig. B-10-3. Soluble COD degradation vs time Fig. B-10-4. BAP; compared to BAP, vs time

curves adjusted by BAPy
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Fig. B-10-8. dS'/dt vs S curve with § = 936
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Fig. B-10-10. dSYdt vs S curve with S = 468 mg/L.
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B-11. Batch Test 11 (S, = 936, 702 and 468 mg/L, respectively; acclimated sludge from

SBR run No. 5-500 and G0, = 15 d)
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Fig.B-11-1. Soluble COD degradation vs time Fig. B-11-2. BAP,; vs time
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Fig. B-11-3. Soluble COD degradation vs time
curves adjusted by BAPyq

Fig. B-114. BAP; compared to BAP, vs time
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Fig. B-11-6. Linear relation between dBAP,/dt
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Fig. B-11-8. dS/dt vs S curve with S, = 936 mg/L
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Fig. B-11-9. dSYdt vs S curve with 8o = 702 mg/L.  Fig. B-11-10. dS'/dt vs S curve with So = 468 mg/L
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B-12. Batch Test 12 (8, = 583, 350 and 117 mg/L, respectively; acclimated sludge from

SBR run No. 5-250 and 6, = 10 d)
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Fig. B-12-1. Soluble COD degradation vs time
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Fig. B-12-2, BAP,q vs time
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Fig. B-12-8. dS'/dt vs S curve with S; = 583 mg/L.
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B-13. Batch Test 13 (S = 583, 350 and 117 mg/L, respectively; acclimated sludge from

SBR run No. 5-250 and 85, = 15 d)
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Fig. B-13-3. Soluble COD degradation vs time
curves adjusted by BAPq

Fig. B-13-4. BAPr compared to BAP,y vs time
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Fig. B-13-8. dS'/dt vs S curve with S, = 583 mg/L
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New SBR Model Simulation Results
5
No. 2-250-5 So=| 232 |mglL | B49= 333 |d
’ Model Predicted Experimental
Cycletime| S, S, S; S VSS S | VsS
min. mg/L mg/L mg/L mg/L mg/L mg/L - mg/L
0 0.48 0.04 20.25 20.77 4979 249 4706
10 484 17.7% 19.26 41.89 3754 38
40 485 19.02 19.07 42.95 2187 39.5
60 48 18.82 19.04 42.66 1722 395 1588
70 1.36 6.98 19.67 28.02 1726 29.6
95 0.5 0.5 20.09 21.08 1727 28.9
120 G 0 0 20.7 1727 21.1 1535
COD n 0.911 0.909
Re 0.979 1.099
Lo 2028 2025
Neo. 2-250-10 So=| 232 mg/L B = 667 d
Model Predicted Experimental
Cycle time S1 S: S; S VSS S VvSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.27 0 15.88 16.15 9213 19 8784
10 2.68 10.26 155 28.45 6931 26
40 2.68 10.26 15.36 283 4002 25.1 :
T 60 2.66 10.2 15.32 28.18 3134 29.6 3253
70 0.4 1.54 156 17.53 3136 16.7
95 0.27 0.01 15.75 16.04 3134 i9
120 0 0 0 16.25 3133 15.2 3233
CCOD n 0.930 0.934
Ry 0.551 0.536
| 2071 2081
Ne. 2-250-18 Se=| 232 mg/L Bxop® = 10 d
Model Predicted Experimental
Cycle time S: S, S; S V8S S A
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.19 ¢ 14.08 14.27 10263 21.3 10302
10 2.33 9.23 13.84 254 7714 258
40 2.36 9.21 13.74 25.31 4440 28.5
60 2.35 9.17 13.71 2523 3470 28.9 3725
70 0.27 1.11 13.89 15.27 3472 19 B
95 0.19 0.01 13.99 14.18 3469 16.2 .
120 0 0 0 145 3467 19 36635
COD 7 0.938 0918
Re 0.502 0.465
L - 2088 2045

33



|
d

Ne. 3-500-8 Se=t 528 |mgll | b= 4.42
Model predicted Experimental
Cycle time S S, S5 S | VSs S VSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.41 Y 37.15 37.56 4835 42 5189
10 3.52 12.78 36.56 52.86 4363 52
25 3.56 13.71 36.43 53.7 3815 47 4203
45 3.53 13.64 36.34 53.51 3273 57
75 3.5 13.49 36.25 53.24 2707 38
115 3.46 13.3 36.17 52.93 2210 56 2205
180 3.39 13 36.09 52.48 1716 51 1948
215 0.42 0.34 36.73 37.49 1719 47 2043
245 041 0.01 36.88 37.3 1718 44
300 0.41 0 37.14 37.35 1716 44 2020
COD 1 0.929 0.917
Ry 1.830 1.533
Lo 3622 3574
No. 3-500-5 So= 528 |mg/L 5, 9= 808 d
Model predicted Experimental
Cycle time | §, S, S, s | wvss S VSS
min mg/L mg/L mg/L mg/l mg/L mg/L mg/L
0 0.22 0 29.73 29.95 8662 35 8621
10 1.96 7.42 29.51 38.89 7808 39
25 1.98 7.46 29.42 38.86 6809 39.5 6958
45 1.97 7431 - 2935 38.75 5823 41
75 1.96 7.39 29.27 38.62 4791 42
115 1.95 7.34 29.2 38.48 3885 41 4008
180 1.93 7.25 29.13 383 2986 40.2 3285
195 0.25 0.47 29.32 30.04 2987 34
213 0.22 0.01 29.41 29.64 2983 31 3192
245 0.22 0 29.52 29.74 2983 29
300 0.22 0 29.72 29.94 2978 32 3214
COD 7 0.943 0.939
Ry 1.070 0.988
Lue 3678 3663

254



No. 5-500-5 8= 333 id [ S,=] 434 | 479 |mgl
| Model predicted |Experimental results
Cycletime; S, | S S5 S VsS S S | V8§ |, VS§
min mgL | mgl | mgl | mgl | mgl | mgl | mgL | mgh mgl
0 0.49 0.24 39.99 40.71 4384 32.4 334 1 4595 4665
15 3.96 14.83 39.22 58.02 3776 442 49.5 3913 4010
40 | 3.94 15.17 39.15 58.26 3081 49.1 56.8
65 3.91 15.02 39,11 58.04 2610 49.1 55.3
90 3.88 14 87 39.09 57.84 2269 49.7 53.7 2365 2360
105 0.62 1.95 39.8 42.38 2273 357 42.2
120 0 0 0 40.71 2273 334 324 2336 2348
CCD 7 0.837 0.923 0.932
Ri 1.080 1.028 1.141
Lovir 3070 3124 3132
Ne. 8-500-10 8= 667 |d Se=! 434 479 mg/L
Model predicted |Experimental results
Cycletime| S Sa S5 S VS8 ) S VSS VSS
min mg/L mg/L mg/L mg/L mg/L mg/L. mg/L mg/L mg/L
0 0.27 0.01 31.02 313 7512 29.7 31.2 7567 8198
15 23 8.65 30.79 41.74 6458 398 423 7250 7485
40 2.29 8.63 30.79 41.7 5246 40.7 477
65 2.28 8.58 30.79 41.64 4424 38.3 453
90 2.26 853 30.79| 41.58 3831 429 44.1 3800 4153
105 0.28 025 3109, 3162 3832 32.4 332 - -
120 6 0 0 31.4 3831 29.7 33.2 3796 4060
COD q 0.874 0.932 0.931
Ry 0.656 0.639 0.659
Lo 3139 3152 3126
No. 5-508-15 8= 10 d So=| 434 479 |mg/L
Mede! predicied |Experimental results
Cycletime; 5 Sy Ss S V88§ 8 S VSS VS8
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.19 0 28.03 28.22 10120 23.5 29.7 10145 10287
15 1.68 6.36 27.88 35.93 8693 346 315 9593 10014
40 1.68 6.34 27.83 35.85 7049). . 333 36
65 1.68 6.31 278 35.79 5936 342 324
90 1.67 6.29 27.77 35.73 5131 38.7 36 3500 5695
105 0.19 0.06 27.96 28.21 5131 31.5 315
126 G 0 0 28.22 5130 22.5 29.6 5502 5688
COD 7 0.887 0.948 0.938
Ry 0.493 0.449 0.474
j - 3163 3205 3152
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No. 5-250-5 | Bep=| 333 d L Sy= 261 241 mg/L
j Model predicted | Experimental results
Cycletime] S | & Ss s | vss S | S | Vvss  VsS
min m | mg/L mg/L mg/L mg/L mg/L mg/L mg/l | mg/lL
0 0.58 | 1.41 19.92 21.91 2388 306 329 2108 | 249%
15 3.46 11.72 19.38 34.56 2057 315 31.2 1873 2205
40 3.56 13.2 19.29 36.06 1680 333 346 1485 1830
63 3.53 13.16 19.27 35.97 1425 34.2 29.5
80 3.5 13.04 19.26 358 1241 36 29.5 1190 1345
105 1.02 436 19.74 25.11 1243 29.7 293
120 0 0 0 22 1244 30 32.9 1146 1331
COD 7 0.912 0.885 0.863
Ry 1.160 1.209 0.938
Lo 1691 1632 1611
No, 5-250-10 8= 667 |d Se=| 261 241  |mg/lL
Model predicted |Experimental results
Cycletime; § S, Sa ) VS8 S S VSS VSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.27 0.05 16.1 16.42 5156 21.2 17.1 3889 5287
i5 1.72 6.07 15.88 23.67 4430 23.6 20.7 3457 4393
40 1.72 6.12 15.8 23.64 3596 22.8 21.6 2995 3416
65 1.71 6.09 15.75 23.55 3031 22.8 20.7
90 1.71 6.06 15.71 2348 2623 211 20.7 2229 2560
105 0.31 0.55 15.92 16.77 2624 21.1 18.9 3
120 0 0 0 16.42 2623 21.1 17.1 2252 2459
COD n 0.934 0.919 0.929 -
Ry 0.534 0.639 0.546
L 1732 1698 1727
No. 5-250-15 8= 10 d Se=| 261 241 |mg/L
Model predicted |Experimental results
Cycle time 5 S 08 s VS8 ) S V8§ VSS
min mg/L mg/L mg/L mg/L mg/L mg/1. mg/L mg/L mg/L
0 0.19 0.02 14.11 14.32 6038 18.2 18.21 5876 5684
i5 1.43 52 13.99 20.62 5186 216 258 5345 5230
40 143 521 13.96 20.6 4206 23.7 258 4407 4058
65 1.42 5.19 13.94 20.35 3542 23.7 231
90 1.42 517 13.93 20.51 3063 25.5 22.2 3078 2878
105 0.21 0.31 14.06 14.57 30663, - 20.7 16.3
120 0 0 0 14.34 3062 18.8 15.2 3054 2869
COD ny 0.943 0.928 0.937
Ry 0.462 0.476 0.472
Loy 1748 17150 1741




No. 6-250-8 B, = 3.33 d So= 265 img/L
[ Model predicted Experimental
Cycle time S, Sa 83 j S V8§ S V88
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.49 0.19 20.2 20.87 2464 19.1 2332
16 4.45 14 45 19.42 | 38.32 2122 35.6
20 4.87 17.8¢ 19.22 | 41.99 1868 39.8
30 4.92 18.83 19.15 42.9 1671 35.6 1883
40 4.9 19.07 19.11 43.09 1513 43
50 4.88 19.09 19.09. | 43.06 1385 451 !
60 4.86 19.03 19.08 42.96 1277 52 1363
70 1.83 9.21 19.61 30.64 1281 38.2
80 0.89 4.27 19.86 25.02 1282 35.2
90 0.6 1.95 20 22.56 1283 26
105 0.5 0.6 20.12 21.22 1283 26
120 0 g 0 20.8 1282 19.1 1403
COD n 0.922 0.928
Ry 1.143 1.052
~ | 1675 1686
Ng. 6-250-10 b= 667 |d So=| = 265 mg/L
Model predicted Experimental
Cycle time 5 S, S5 R VSS S VSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.27 0 15.86 16.14 4558 20.1 4208 '
10 2.68 9.64 15.54 27.86 3918 293
20 2.72 10.36 1548 28.56 3440 29.3 |
30 2.71 10.41 1545 28.57 3068 32.1 2882
40 2.7 10.38 15.42 28.51 2771 26.1
50 27 10.35 154 28.44 2528 254
60 2.69 10.32 15.38 28.38 2325 254 2067
70 0.54 2.55 15.62 18.72 2327 23
80 0.3 - 0.61 15.7 16.61 2327 18.5
90 0.28 0.14 15.75 16.17 2327 18.5
105 0.27 0.02 15.81 16.1 2326 185
120 0 0 ¢ 16.2 2325 19.5 2194
COD n 0.939 0.926
Ry 0.642 0.671
Lor 1706 1683

~

57



5 . ] |
No. 6-250-15 6,0= 10 id So= 265 |mg/L
Model predicted Experimental
Cycletime| S S, Ss S VSS S | VSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.19 1] 14.18 14.37 6288 16.5 5891
i0 1.96 7.33 14 23.29 5401 259
20 1.97 7.53 13.95 23.46 4737 23.2
30 1.97 7.52 13.92 23.41 4221 26.4 3919
40 1.96 7.51 139 23.37 3808 28
50 1.96 7.49 13.88 2332 3471 25.1
60 1.95 7.47 13.86 23.29 3189 25.1 2955
70 0.28 1.67 14.01 15.35 3190 191
80 0.19 0.15 14.05 14 .4 3190 165
90 0.19 0.02 14.09 143 3189 14.5
105 0.19 0 14.14 14.33 3187 16.5
120 0 0 0 14.5 3186 17 3023
COD n 0.945 0.936
Ry 0.472 0.492
) . 1718 1701
No. 6-500-5 8= 333 |d - So=| 405 mg/L
Model predicted Experimental -
Cycle time $ S; Ss S V8S s VS8S
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.48 0.01 37.39 37.89 3999 37 3756
10 5.64 20.76 36.28 62.69 3443 56.6
20 5.8 23.31 36.14 65.25 3031 61.3
30 5.78 236 36.1 65.48 2711 65.9
40 5.75 23.54 36.09 6537 2455 56.8
50 5.72 23.41 36.08 65.2 2246 60.6
60 5.69 23.27 36.07 65.03 2071 60.6 1831
70 1.25 7.1 36.91 45.27 2076 46.6
80 0.59 2.01 37.19 39.79 2078 447
90 0.5 0.56 37.32 38.38 2078 40.1
105 0.49 0.08 37.45 38.01 © 2077 34.5
120 0 0 0 38.05 2076 37.3 1760
COD 7 0.906 0.908]
Ry 1.061 1.298|
Lo 2516 2521
H
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No. 6-500-10 b= 667 id So=l 405 imglL
Mode! predicted Experimental
Cycle time S; S, S5 s VSS S VS§
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.27 0 29.37 29.64 7124 33.2 6568
i0 3.24 12.64 28.93 4481 6124 46.5
20 3.25 12.89 28.86 44.99 5377 38.9
30 3.24 12.85 2881 449 4796 458
40 3.23 12.81 28.76 44 8 4331 55
50 3.22 12.77 28.73 4471 3951 481
60 3.21 12.72 28.7 44.63 3634 46.5 - 3009
70 0.37 1.42 29.05 30.84 3637 353
80 0.28 0.15 29.13 29.56 3637 34.4
90 0.27 0.02 29.19 20.48 3636 324
105 0.27 .0 29.28 29.55 3634 30.5
120 0 0 0 298 3633 33.2 2799
COD 7 0.926 0.918
Ry 0.620 0.797
Ly 2573 2549
Ne. 6-800-15 89 = 10 d Sp= 405 mg/L
- Meodel predicted Experimental
Cycle time S S, S5 S VS8 S VSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.19 0 26.22 26.41 9827 29 9396
10 2.31 9.19 25.97 3747 8441 38.1
20 2.34 9,22 2591 37.46 7404 33.8
30 2.34 9.19 25.86 37.39 6598 35.2
40 2.33 9.17 25.82 37.32 5952 33.8
50 2.33 9.15 25.79 37.26 5424 36.8
60 2.32 9.13 25.76 - 37.21 4984 35.6 4562
70 0.21 0.44 25.96 26.61 4986 284
80 0.19 0.02 26.02 26.23 4984 29.1
30 0.19 0 26.07 26.26 4983 23.7
168 0.19 0 26.14 26.33 4981 29.1
120 0 0 0 264 4979 29.1 4495
COD n 0.935 0.928
Ry 0.456 0.502
Lo 2596 2578
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Ne. 7-250-5 S.p= 417 |d Se=| 233 241  img/lL
Mede! predicied |Experimental results
Cycletime| § S: Ss | S VvSS | 8§ S | VSS | V8§
min mg/l. | mg/lL mg/l | mglL mg/l. | mg/l | mg/lL mg/lL . mg/lL
0 0.41 0.02 18.72 19.14 1530 24.3 20.3 1409 1467
30 2.79 9.5% 1826 | 30.65 1322 292 33.6 |
60 2.81 10.24 1819 3123 1169 28.5 31.8
105 2.78 10.17 18.13 31.08 1000 36.1 33.8 815 852
180 2.72 9.93 1807 . 30.72 812 32.4 239 724 732
210 0.64 2.3 1843 ) 2138 814 233 22.8
255 0.41 0.24 18.6 18.26 813 21.1 25
300 0.41 0.03 18.71 19.14 813 21.1 19 709 720
) COD n 0.924 0917, 0925
Ry 0.676 0.785) 0.740
Lox 1287 1276 1288
Ne. 7-250-18 O =| 833 |d So=| 253 241 |mg/L
Model predicted |Experimental results
Cycle time 5 S, S3 8 VES R S VS8 VS§S
min mg/L mg/l | mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.22 0 15.01 15.23 2632 18.3 20.1 2563 2530
30 1.64 5.93 1482 2239 2267 25 21.5
60 1.64 5.96 1478 | 2238 1995 214 26
105 1.62 592 1473 | . 22.27 1695 24.2 233 1615 1697
150 161 5.87 1477 2218 1476 19.8 24.6
180 1.61 5.83 1468 | 2212 1361 23.1 253 1189 1190
210 0.25 0.48 14.84 15.57 1361 17.9 14.1
258 0.22 0.01 14.93 15.16 1360 15.9 16
300 0.22 0 15 1523 1358 18.5 9.2 1203 1088
COD n 0.940 0927, 0.924
R. 0.409 0.468  0.489
Loar 1309 1290 1286
Ne. 7-250-15 Spp=| 1250 |d So={ 233 241  |mg/L
Model predicted | Experimental results
Cycle time 5 Sa S5 S VS8 S S VSS VSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.15 0 13.46 13.61 3600 16 17.1 3410 3502
30 1.2 4.36 13.37 18.92 3097 19.2 20.1
60 1.19 435 13.34 18.89 2720 21.5 22.5
105 1.19 4.33 13.32 18.83 2304 16.8 20.1 2119 2257
150 1.18 4.3 13.3 18.79 2002 20.8 20.1
180 1.18 4.29 13.3 18.76 1842 212 22.3 1654 1782
210 0.16 0.14 134 13.7 1842 18.3 15.8
255 0.15 ¢ 13.46 13.62 1839 16.2 14.2
300 0.15 0 13.53 13.68 1837 15.3 17.1 1626 1703
COD 7 0.946 0.940! 0932
Ry 0.307 0.351 0316
Lo 1318 1308 1298

260



No. 7-500-5 G0 = 4.17 |d i So=! 499 | 340 |mglL
! |Model predicted |Experimental results ‘
Cycle time 5, Sa Ss ) V85 S S V8S 1 VSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/l. | mg/L | mg/L
0 0.41 i 37.17 37.57 2474 377 40.5 1 2543 2556
30 3.48 13.15 36.52 53.15 2140 542 57.8 2228 2242
60 3.45 13.27 36.43 53.15 1892 57.8 57.8
105 3.4 13.07 36.34 52.81 1618 498 50.6 1685 1746
150 3.36 12.86 36.28 52.5 1419 49 498
180 3.33 1273 | 3625 | 35231 1314 49.7 48.2 1333 1403
210 0.48 1.18 36.79 38.45 1317 40.1 414
255 0.41 0.03 36.99 37.43 1316 38.5 40.1 1293 1388
300 0.41 0 37.16 37.56 1315 377 36.5 1295 1388
COD n 0.925 0.924 0.927
Ry 0.844 0.855 0.871
Luw 2722 2721 2728
No. 7-500-10 Be® = 833 |d So=| 499 540 |mg/L
Model predicted |Experimental results
Cycle time 5 S, 83 s VS8 S 8 VS8 VSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
¢ 0.22 0 29.72 29.94 4317 345 3358 4284 4330
30 1.98 748 | 2947 3893 3720 47 43.8 3663 3736
60 1.97 7.44 29.4 38.81 3273 41 48.2
105 1.96 7.38 29.32 38.65 2780 44.1 46 2678 2797
150 1.94 7.32 29.26 38.52 2421 442 41.7
180 1.93 7.27 29.23 38.44 2232 441 40.9 2180 2223
210 0.23 0.12 29.46 2981 2232 36.9 40.1 '
255 0.22 0 29.59 2981 2230 36.9 33.7 2163 2235
300 0.22 6 29.71 29.94 2227 34.5 385 2120 2280
COD 0.940 0.931 0.923
Ry 0.502 0.526 0.528
Lo 2765 2739 2716
No. 7-500-15 8@ = 12.50 |d Se=; 499 540 |mg/L
Model predicted |Experimental results
Cycletime! & S, S3 8 V88§ S S V88 VS§$
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.15 0 26.9 27.06 5765 32.9 26.9 5865 5830
30 147 5.55 26.74 33.76 4960 358 35.8 5055 5000
60 1.46 553 2668 | 3367 4357 36.6 382
105 145 5.5 26.61 33.57 3692 33.7 40.1 3785 3781
130 1.45 5.46 26.57 3348 3207 29.7 35.3
180 1.44 544 26.54 33.43 2952 28.1 36.9 3076 3090
210 0.16 0.02 26.69 26.87 2951 253 26.9
255 0.15 0 26.79 26.95 2947 259 317 3064 3058
300 0.15 0 269 | 27.05 2943 29.9 36.9 3110 3071 |
CODn 0.946 0.940 0926
Ry 0.383 0.362 0.393
L 2781 2765 2725
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No. 8-250-5 Bep® = 417 1d T So=| 238 img/L
1 ’ Meodel predicted |Experimental ;
Cycletime| S . S S, | 8 | V8§ | S8 | V§§ |
min | mgl | mgl | mgl  mgL | mgl | mgh mpl |
0! 04l 0| 1887 1928 1521] 215 1358
30 | 3.96, 1431 18.14 | 364l 1233] 335 t
60 3.99| 1533 1801 3733 1043] 396 865 | |
90 3.94 | 1527 | 1795, 3716 908! 382 , |
120 389 1508 | 1791 3687 807, 382 657 E
135 1.54 | 749, 1825 27127 809] 305 {
180 044 081 1858 19.83 811 238
240 0.41 004 1873 19.18 810| 22.8
300 041 0] 1887 | 1928 808 23 672
CODn | 0919 0.903 ;
R, 0.638 0.768 |
| Lo 1167 1147 1
No. 8-250-10 Oop= 833 |d So=| 238 |mg/lL
Model predicted |Experimental
Cycletime| S S Ss S VSS S VSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.22 0 151 1532 -2729| 184 2324

30 2.27 8.59 14.79 25.65 2200 24.6 1
60 2.25 8.62 14.71 25.58 1849 24.6 1455
90 2.24 8.55 14.65 2544 1598 28.1
120 2.22 8.48 14.61 25.31 1410 24.6 1018

135 0.5 237 . 1476 17.63 1412 18
180 0.22 0.05 14.89 1516 1411 22.1
240 0.22 0 14.99 15.22 1408 15.6
300 0.22 0 15.1 15.32 1406 18.6 1020
CODn | 0.936 0.922 j
Ry 0.375 0.516 !
Lur 1188 1170 |
No. 8-250-15 8= 125 |d Se= 238 |mg/lL |
Model predicted |Experimental
Cycle time Sy 5, 53 8 V88 S VSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.15 0 13.65 13.8 3647 19 3346

30 1.69 6.46 1345 21.6 2934 22.8
60 1.68 6.44 13.38 21.5 2461 25.2 2151
90 1.67 6.4 13.33 21.4 21220 19
120 1.66 6.36 13.29 21.32 1868 19.5 1580
135 0.26 1.15 13.39 14.8 1869 16.6
180 0.13 0.01 13.47 13.63 1867 15.3

240 | 0.15 0| 1356 13.71 1864] 156 § |
300 | 0.15 0| 1364, 138 1866] 156 1615
CODn | 0942 0.934
R 0.287 0.331
| L 1196 1186 !
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No. 85005 Soe= a1 4 ST &1 405 |mglL
| ‘ |Model predicted | Experimental results .
Cycletime| & s S; S V8§ S S [ VSS | V8§
mn | mglL | mgl | mgl | mgh | mgl " mgl | mgl | mgL | mgll
g 041! 0 37.62 33.02 | 2463‘\ 45 432 2304 | 2229
15 4.88 17.71 36.74 59.33 2202 556 50

30 5.04 20.11 36.55 61.7 1997 54.8 58.4

60 4,98 20.3 36.39 61.67 1691 64.6 | 624 1530 1476
120 4.84 19.69 36.22 60.75 1308 638 60.8 1153 1108
135 1.12 6.32 3681 44.25 1313 48.6
150 0.52 1.9 37.01 39.43 1314 44.6 37.6 “
180 0.41 0.17 37.17 37.75 | 1313 444 368 |
240 0.41 0 37.39 37.8 1311 437 37.7 1145 1034
300 0.41 0! 3761 3801 1309 45 432 1142 1049
CODn 0.918 0.902; 0.906
R 0.715 0.874 0.828
L 2231 2191 2201 !
No. 8-500-10 8.op=| 833 Id Se=| 461 405 mg/L
Model predicted |Experimental results i
Cycle time St Sz B3 S VS8 S S VSS VSS
min mg/L mg/L mg/L mg/L mg/L mg/L mg/l. | mg/lL mg/L
0 0.22 0 29.91 30.13 4417 372 304 4242 3996
15 2.8 10.86 29.56 43.22 3940 445 39.2
30 2.8 iti 29.47 43.37 3561 48.8 41.6

60 2.78 11.02 29.33 43.13 2994 40.4 45.2 2866 2601
120 2.73 10.83 29.17 42.73 2284 39.2 40.6 2168 1905
135 0.32 136 2941 31.09 2286 35.2
150 0.23 0.16 2947 29.86 2286 32 32.8

185 0.22 0! 2658 298 2284 28.4 31.2
240 0.22 0] 29.73 29.95 2280 34 30.4 i
300 0.22 0 299 30.12 2276 372 304 2160 1867
CCD 1 0.935 09197 0.934
Ry 0.419 0.471 0.482
Lo 2275 2235 2274 |
No. 8-5080-15 @ =| 833 d { So=| 461 405 |mg/lL |
Model predicted  |Experimental results
Cycle time § S; Sy S V&8 S T S | V8§ VSS
nin mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
0 0.15. o 2701 27.17 5902 32 24 5603 5192
i5 - 2.08 8.18 268 37.06 5260 328 36

30 2.08 8.21 26.72 37.02 4749 438 33.6
60 207 8.16 26.61 36.84 3983 37.2 356 3701 3388
90 2.05 8.11 26.53 36.7 3435 36.8 \
120 2.04 8.06 26.47 36.57 3024 37.2 36 2725 | 2480
135 0.18 0.5 26.61 27.29 3026 32.6
150 0.16 0.03 26.63 26.84 3024 29.8 264

180 | 0.15 0 2672 | 2688 | 3022| 286 264 1

240 | 0.15 0] 2687 | 2702 3016 304 | 248 1
300 | 0.3 0] 2701 2716 3011 32| 264 | 2720 | 2356

CODn | 0.941 0931 0.943 \

R, 0.321 0379, 0.386 \

|

L

Lo 22921 2264 2296
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PPE LUDGE SETTLIN
'Sludge Settling Data | ! ]
SBR system CFSTR system §
Bran® R, | SV 6, R SVl |
d g mlg | d @ | mig |
33 1.44 183 15 [ 051 : 191
8 0.98 148 5 0.76 306 |
6 1.03 163 15 0.38 ! 104
24 141 773 10 047 | 124
4.6 i1 161 10 0.46 \ 137
1.46 26 546 5 0.8 ! 198
2.44 1.38 307 i5 0.35 | 69
1.59 23 515 5 075 | 9%
1.95 1.54 335 10 0.5 ] 88
1.06 2.68 663 i3 0.44 44
1.67 1.83 479 10 0.48 98
1.23 2.53 571 i5 0.37 - 82
1.25 2.82 749 10 0.52 156
8.33 0.67 152 5 0.76 224
12.5 045 79 10 0.52 286
125 0.39 78 5 0.76 103
4.17 0.56 177 10 0.48 80
8.33 0.38 127 15 0.31 , 57
12.5 0.38 92 5 0.65 ! 64
4.17 0.67 176 10 0.44 5 85
8.33 0.61 150 15 0.29 62
12.5 0.42 86
2.5 1.5 413
5 0.85 119
7.5 0.54 90
3.33 1.06 153
6.67 0.77 83
10 0.46 55
3.75 0.67 167
7.5 0.42 60
11.25 0.4 37
3.75. 0.76 335
7.5 0.48 50
11.25 0.3 45
3.33 0.85 169
6.67 0.58 115
10 0.4 32
3.33 1.03 368
6.67 0.64 24
16 0.45 31
3.33 1.12 398
6.67 0.56 i9
10 0.41 28 ‘
3.33 1.03 137
6.67 0.7 176
10| 048 29 ' ] i 1




(Three examples for Figs. Al, B1 and C1 on page 144, 5, = 500 mg/L)
| ! | ! ; E

Vi Vi o Q n e | & % i @ Ve b Lo
L) L) - (L) - M | & ) @) - D) () | (mg/i/d)
8 2 0.25 600 300 4 3 0.01 1.99 | 0667 | 5323  2.662 | 1503
8 2 0.25 30 15 4 3 0.2 1.8 0667 | 5133 ! 2.567 | 1558
8 2 0.25 i5 8 4 3 0.4 16 0.667 | 4933 | 2467 | 1622
8 2 0.23 10 5 4 3 8.6 14 0.667 | 4733 | 2.367 | 1690
8 2 0.25 7.5 4 4 3 0.8 1.2 0.667 | 4533 | 2.267 | 1765
8 2 0.25 6.0 3 4 3 1 1 0.667 | 4.333 | 2.167 | 1846
8 2 0.25 5.0 3 4 3 1.2 0.8 0.667 @ 4.133 | 2.067 | 1935
8 2 0.25 43 2 4 3 14 0.6 0.667 | 3.933 | 1.967 | 2034
8 2 0.25 38 2 4 3 16 0.4 0.667 | 3.733 | 1.867 | 2143
8 2 0.25 3.3 2 4 3 1.8 0.2 0667 | 3.533 | 1.767 | 2264
8 2 0.25 3.0 2 4 3 2 0 0667 | 3.333 | 1.667 | 2400
Vo | Vi a Q n e | L b 1 Q Ve e Lo
@ &) - (L) - 0 | @ ® ) - (L) (hy | (mg/l/d)
8 4 0.5 400 300 6 3 0.01 1.99 | 0667 | 533 4.00 1001
8 4 0.5 20.0 15 6 3 0.2 i.8 0.667 | 320 3.90 1026
8 4 0.5 100 8 6 3 04 1.6 0.667 | 5.07 3.80 1053
8 4 0.5 6.7 5 6 3 0.6 1.4 0667 | 4.93 3.70 1081
8 4 0.5 3.0 4 6 3 0.8 1.2 0.667 | 4.80 3.60 1111
8 4 0.5 4.0 3 6 3 1 1. | 0667 | 4.67 3.50 1143
8 4 0.5 3.3 3 6 3 1.2 0.8 0.667 | 4.53 3.40 1176
8 4 0.5 2.9 2 6 3 14 0.6 0.667 | 440 3.30 1212
8 4 0.5 2.5 2 6 3 16 0.4 0.667 | 4.27 3.20 | 1230
8 4 0.5 2.2 2 6 3 1.8 0.2 0667 | 4.13 3.10 1290
8 4 0.5 2.0 2 6 3 2 0 0.667 | 4.00 3.00 1333
Yy Vi o Q n ted i & i o Vet ter Lot
9] L) - k) - @ | ® t) &) - (L) b)) | (mg/l/d)
8 6 0.75 200 300 2] 3 0.01 1.99 | 0.667 | 5.33 8.00 500
8 6 0.75 16.0 15 121 3 0.2 1.8 0667 | 527 7.90 506
8 6 0.7 50 8 121 3 0.4 1.6 0.667 | 5.20 7.80 513
8 6 0.75 3.3 5 1213 0.6 14 0.667 | 5.13 7.70 519
8 6 0.75 2.5 4 12 | 3 0.8 1.2 0667 | 5.97 7.60 526
8 6 0.75 2.0 3 12103 1 1 0.667 | 5.00 7.50 533
8 6 0.75 1.7 3 12 | 3 1.2 0.8 0.667 | 4.93 7.40 541
8 6 0.75 14 2 12 1 3 14 0.6 0.667 | 4.87 730 | 548
8 6 0.75 1.3 2 12 1 3 16 0.4 0.667 | 4.80 7.290 556
8 6 0.75 11 2 121 3 1.8 0.2 0.667 | 4.73 7.10 563
8 6 0.75 1.0 2 123 2 0 0.667 | 4.67 7.00 571




| Pred'd Pred'd Pred'd
u y | 7 € | S | u y 'n | s S | u y 'm | & S
1 24.9] 20.8, 3.76 21.14] 45 | 33.3| 36.1 -340 3670] 89 | 295 358 -6.94 3644
2 38 419 -463| 42.63] 46 | 342 36.0] -241 3661 90 | 293 251, 374 2556
3 | 39.5| 43.0 -4.21] 43.71] 47 36| 35.8| -0.44| 3644] 91 | 32,9 220] 1051 22.39
4 | 395 427 -3.92/4342] 48 | 297 251 4142556 92 | 171 164 039 16.71
5 | 296] 280 108/ 2852 49 30] 220 7.61]2239] 93 | 207 237| -3.39] 24.09
6 | 289 21.1| 7.45 2145] S0 | 212 164 449 1671 94 | 216/ 23.6| -2.46 24.06
7 1 21.1] 207, 0.03]2107] 51 | 236/ 237 -049 24.09] 95 | 207 236, -327 2397
8 19| 162] 2.56| 16.44] 52 | 228 236 -1.26| 24.06] 9 | 207 235! -3.20] 23.90
9 26| 28.5| -2.96| 28.96] 53 | 228 236| -1.17]23.97] 97 | 189 168 183 17.07
10 | 251 283 -3.70| 2880| 54 | 21.1] 235] -2.80,23.90] 98 | 17.1 164, 039 16.71
11 | 296 282 092 2868 55 | 21.1] 168 4.03 17.07] 99 | 1821 143 364 14.57
12 | 167 17.5 -1.14| 17.84] 56 | 21.1] 164 439 16.71] 100 | 258 206/ 4.81) 20.99
13 19| 160| 268 1632] 57 | 182 143] 3.63 1457 101 = 258 206, 4.83]20.97
14 | 152| 16.3| -1.34] 1654 58 | 21.6| 206 0612099 102 | 23.1] 206 2.19 2091
15 | 213| 143| 6781452 59 | 237 206| 2732097} 103 | 22.2] 205 1133|2087
16 | 258| 254 -0.05 25.85] 60 | 23.7] 206 279 2091] 104 | 163| 14.6| 1.47| 14.83
17 | 285 253 2.74] 2576 61 | 255 205, 4.63] 2087 105 | 152] 143 061, 1459
18 | 289| 252 322 2568 62 | 207 146 587 14.83] 106 | 33.4| 40.7| -8.03| 41.43
19 19| 15.3] 3.46| 1554] 63 | 18.8] 143 421 1459] 107 | 49.5| 58.0| -9.55 59.05
20 | 16.2] 142 177)14.43] 64 | 324 407 -9.03| 41.43] 108 | 56.8; 58.3| -2.49| 59.29
21 19| 14.5] 4.24| 1476] 65 | 442] 58.0|-14.85] 59.05] 109 | 553 580! -3.77| 59.07
22 42| 37.6| 3.77)3823] 66 | 49.1] 583!-10.19] 59.29] 110 | 53.7| 57.8] -5.17| 58.87
23 521 52.9] -1.80] 53.80] 67 | 49.1] 580] -9.97! 59.07) 111 | 422 42.4| -0.93| 43.13
24 47| 53.7| -1.65 54.65| 68 | 49.7| 57.8| -9.17|58.87] 112 | 32.4| 407| -9.03] 4143
25 57| 53.5| 2.54] 54.46] 69 | 35.7| 424| -7.43| 43.13] 113 | 31.2| 31.3] -0.66, 31.86
26 58] 532 3.81| 54.19| 70 | 334| 407| -8.03| 41.43] 114 | 423 41.7| 0.18 4248
27 56| 529 213 5387 71 | 297 313] -2.16] 31.86] 115 | 47.7) 417 526 4244
28 51| 52.5| -2.41] S3.41] 72 | 398 417 -2.68 4248 116 | 453 416| 2.92 42.38
29 471 375 884]38.16] 73 | 40.7| 417 -1.74) 42.44] 117 | 44.1| 416 178 4232
30 44| 373 604 37.96| 74 | 383] 416 -4.08)4238] 118 | 332, 316 1023218
31 44 376 578 3822 75 | 429 416 058/ 4232] 119 | 33.2) 314 124 3196
32 35 300 452 3048] 76 | 32.4] 316 022]32.18] 120 | 297 282] 0.98]28.72
33 39| 38.9] -0.58] 39.58] 77 | 29.7| 314| -2.26/ 31.96] 121 | 31.5| 35.9| -5.07 36.57
34 | 39.5| 389 -0.05 3955 78 | 23.5] 282 -5.22{ 28.72] 122 36 35.9] -0.49] 36.49
35 41| 38.8| 156 39.44] 79 | 346 359 -1.97) 36.57] 123 | 32.4| 358 -4.03] 3643
36 42| 386 269 3931 80 | 333] 359 -3.19| 36.49] 124 36| 35.7| -0.36| 36.36
37 41| 385 184 39.16] 81 | 342| 358] -2.23)3643] 125 | 31.5] 282 2.79 28.71
38 | 402! 383 122]3898 82 | 387 357 234 3636] 126 | 296, 282 088 2872
39 34| 300 3.43| 30.57| 83 | 31.5| 282 279 28.71] 127 | 19.1 | 209 -2.14) 21.24
40 311 206| 0.83] 20.17] 84 | 22.5| 28.2] -6.22[2872] 128 | 356 | 383| -3.40 39.00
41 291 297 -1.27] 30.27] 85 | 329 21.9] 1060} 22.30] 129 | 398 | 42.0] -2.94 4274/
42 321 299 1.53] 3047 86 | 31.2] 346| -3.97)35.17] 130 | 356 | 42.9| -8.06| 43.66
43 | 30.6] 219 830 2230 87 | 346| 361 -2.10/36.70] 131 | 43 | 43.1] 0.86) 43.86
24 | 315 346 -3.67 3517 88 | 295| 36.0] -7.11 36.61] 132 | 451 | 43.1] 1.28 4382
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Pred'd Pred'd Pred'd
u y it € S u y T € 8 u y n £ S
133 52| 43.6] 828]4372] 177 | 389 | 450 -6.89, 4579, 221 | 21.2| 188 211 1909
134 | 382 | 306 7.02/31.18] 178 | 458 | 449 010 4570] 222 183 | 13.7| 4.36 1394
135 | 352 250, 9.74 2546, 175 55| 448, 940 4560] 223 | 162 | 136 234 1386
136 261 226 3.04]2296; 180 | 481 | 447! 2.60) 4550, 224 | 153 | 13.7) 1.38] 13.92
137 261 21.2) 440 21.60] 181 | 465 44.6] 108| 4542} 225 | 377 | 376! -0.54] 38.24
138 | 1911 208| -2.07 21.17; 182 | 353 | 30.8 391 3139 226 | 54.2| 532| 011 5409
139 | 201 | 16.1) 3671643 183 | 344 | 296 43213008 227 | 578 | 532 371 54.09
140 | 293 27.9) 095 2835; 184 | 324 | 295 240 3000] 228 | 498 ! 528 -3.95 53.75
141 | 293 | 286 0.23] 2907 185 | 305 | 296, 043) 3007 229 49 | 525, -4.43| 53.43
142 | 321 286 302 2908] 186 | 33.2 | 29.8 287! 30.33] 230 | 49.7 | 52.3| -3.54 5324
143 | 26.1 | 28.5| -2.92| 29.02] 187 29 264 212 26.88] 231 | 40.1 | 385 0.97] 39.13
144 | 254 | 284 -3.55) 2895] 188 | 381 | 37.5 -0.04 3814) 232 | 385 | 374 041 3809
145 | 254 | 284 -3.48) 2888, 189 | 33.8 | 37.5| -4.33| 38.13} 233 | 377 376 -0.53] 38.23
146 23| 18.7) 3.95 1905 190 | 352 | 374, -2.85/ 38.05] 234 | 345 | 299 4.03 3047
147 | 185 | 166 1.60| 1690] 191 | 338 | 373, -4.18 3798] 235 47 | 389 7.38| 3962
148 | 185 | 16.2| 2.04| 1646 192 | 36.8 | 37.3| -1.12! 37.92] 236 41 | 388] 1.50) 39.50
149 | 185 | 16.1) 2.11] 1639} 193 | 356 | 37.2| -2.27 3787} 237 | 44.1 | 387 4.76| 39.34
150 | 19.5 ) 162 3.01] 1649 194 | 284 | 266 132 27.08] 238 | 442 | 385 5.00) 35.20
11 | 165 144! 1.87) 1463 195 | 29.1 | 262| 240 2670] 239 | 44.1 | 384 4.98 39.12
152 | 25.9 | 233 2.20)23.70] 196 { 237 | 26.3] -3.03] 26.73] 240 | 369 | 29.8 6.56; 30.34
153 | 23.2 | 23.5) -0.68 23.88] 197 | 29.1 | 263 2.30) 26.80] 241 | 369 29.8) 6.56 3034
154 | 264 | 234 2.57/2383| 198 | 29.1 | 264, 2.23| 2687 242 | 345 29.9| 4.03| 30.47
155 28 | 234 4212379 199 | 243 | 19.1) 482 1948 243 | 329 27.1 5836|2754
156 | 25.1 | 23.3| 1372373} 200 | 292 | 30.7 -1.99 31.19] 244 | 358 | 33.8] 1.44| 3436
157 | 25.1 | 233] 1.40]2370] 201 | 285 | 31.2| -3.28/ 31.78; 245 | 36.6 | 33.7| 233 3427
158 | 19.1 |° 15.4] 3.48|1562] 202 | 36.1 | 31.1] 4473163} 246 | 33.7 | 336 047 3417
159 | 16.5| 144 1.84| 1466] 203 | 324 | 307/ 1.13|31.27] 247 | 297 | 335 -437 34.07
160 | 145 | 143 <005 1455 204 | 235 21.4| 1.74| 21.76] 248 | 28.1 | 334 -5.92 34.02
161 | 165 | 143 192) 14.58] 205 | 21.1| 193] 1.50] 19.60{ 249 | 253 | 26.9| -2.05 2735
162 17| 145 224 1476] 206 | 21.1 | 19.1] 1.62] 1948] 250 | 257 | 270 -1.73 2743
163 371 379 -1.56| 38.56] 207 { 183 | 15.2, 2.80) 15.50] 251 | 29.9 | 27.1{ 237 27.53
164 | 366 | 6271 -7.20) 63.80] 208 25| 224, 2212279 252 | 205 191 1.02| 1948
165 | 613 | 653 -5.11| 66.41| 209 | 214 | 22.4| -1.38) 22.78] 253 | 33.6 | 30.7| 241! 3119
166 | 659 | 655 074 66.64] 210 | 242 | 22.3| 1532267 254 | 318 | 312, 002 3178
167 | 56.8 | 65.4| -9.73| 66.53] 211 | 198 | 22.2| -2.77| 22.57| 255 | 338 311, 2.17| 3163
168 | 606 | 65.2] -5.76! 66.36] 212 | 23.1 | 22.1| 0.59) 22.51} 256 | 259 | 30.7| -537| 31.27
169 606 | 65.0| -558 66.18) 213 | 17.9| 156, 2.05 1585 257 228 | 214 104 2176
170 | 466 | 4531 0.53/4607| 214 | 159 | 15.2| 047| 1543] 238 25| 193] 540! 19.60
171 | 44.7 | 39.8/ 4.20| 40.50} 215 | 185 | 152 3.00, 15.50; 259 19| 19.1] 048] 1948
172 | 40.1 | 384 1.04) 39.06; 216 16 | 136 215/ 1385 260 | 20.1 | 1527 4.60| 15.50
173 | 345 | 380| -4.19 3869 217 | 19.2 | 189 -0.06 19.26] 261 | 21.5| 224 -1.29| 2279
174 | 373 381 -1.43/3873] 218 | 21.5 | 189 2.27| 19.23] 262 26 | 22.4) 3.22) 2278
175 | 332 | 29.6] 3.03 30.17) 219 | 16.8 | 18.8| -2.36; 19.16{ 263 | 235 | 223 0.83] 2267
176 | 465 | 448 0.89 4561 220 | 208 | 188 168 19.12] 264 | 246 | 222| 203| 22.57
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Pred'd Pred'd Pred'd
u y T € S u y k4! € ] u y LR S
265 | 253 22,1 2.79;2251}°309 | 382, 369 068 3752| 353 | 328 371 -4.92 3772
266 | 14.1| 15.6| -1.75| 1585| 310 | 30.5 | 27.3, 275 27.75| 354 | 43.8 | 370 6.12|37.68
267 16 | 152( 057 1543} 311 | 238 198 3.62) 2018 355 | 37.2 | 36.8 -0.29| 3749
268 | 19.2 | 15.2] 3.70| 1550| 312 | 228 | 19.2| 3.28 19.52| 356 | 372 | 366 -0.02| 3722
269 | 17.1 | 13.6] 3.25| 13.85] 313 23| 193] 3.38] 19.62] 357 | 326 | 273! 4.83 2777
270 | 20.1| 189 0.84 1926 314 | 184 | 153 2.81| 1559 338 | 298 | 268 248 2732
271 1 225 189 3.270 1923 315 | 246 | 25.7| -1.51) 26.11] 359 | 286 269 1242736
272 | 201 18.8] 094 19.16] 316 | 246 | 256 -1.43| 2603] 360 | 30.4 | 27.0] 2.90] 27.50
273 | 201 188 098] 19.12] 317 | 281 | 254| 2.21]25.89% 361 32| 272 4.36) 27.64
274 | 223 | 18.8] 3.21) 19.09] 318 | 246 | 253 -1.16| 2576] 362 | 43.2 | 380, 4.50 3870
275 | 158 13.7] 1.86; 13.94] 319 18 | 17.6] 0.06) 17.94] 363 50 | 59.3/-10.38] 60.38
276 | 142 | 136 034] 1386 320 | 22.1 | 152] 6.67 1543 364 | 584  61.7| 4406 62.80
277 0 17.1 0 13.7) 3.18]13.92) 321 | 156 | 152 0.11] 1549] 365 | 624 | 61.7| 037 62.77
278 | 40.5 | 37.6] 2.26|38.24) 322 | 186 153] 3.01] 1559 366 | 608 60.8 -1.03 61.83
279 | 578 | 53.2] 3.71| 34.09] 323 19| 13.8] 495 1405 367 | 376 | 394 -2.33] 40.13
280 | 57.8| 532, 3715409} 324 | 228 | 216, 0.82] 2198 368 | 368 378 -1.62| 3842
281 | 30.6| 52.8) -3.15|53.75] 325 | 252 | 21.5] 3.32/21.88) 369 | 377 378 40.77 3847
282 | 498 | 52.5| -3.63] 53.43] 326 19| 214 -2.78 2178 370 | 43.2 | 38.0{ 4.51 38.69
-283 | 482 | 523, -5.04| 53.24] 327 | 19.5| 21.3| -2.20| 21,70} 371 | 30.4 | 30.1] -0.27| 30.67
284 | 414 385| 2.27,39.13| 328 | 166 | 148 1.54) 1506 372 | 39.2 | 43.2] -4.79/ 43.99
285 | 40.1 | 374 2.01)3809 329 | 153 | 13.6] 1431387 373 | 41,6 | 434 -2.54| 44.14
286 | 36.5| 37.6| -1.73| 3823} 330 | 156 | 13.7) 1.65|13.95 374 | 452 | 43.1] 130 439
287 | 33.5| 299| 3.03/3047 331 | 156 13.8 1.55 14.05] 375 406 | 427 -289 43.49
288 | 43.8| 389 4.18] 39.62} 332 46 | 38.0] 7.30| 3870} 376 | 328 | 29.9 2413039
289 | 48.2 | 388 870 39.50) 333 | 556 | 59.3| 4.78) 60.38] 377 | 31.2 | 298, 087 3033
290 46 | 387, 6.66|3934] 334 | 548 | 61.7 -8.00 62.80 378 | 304 | 30.0, -0.08 3048
291 | 41.7 | 385 2.50|39.20] 335 | 64.6 | 61.7) 1.83 62.77| 379 | 304 | 30.1| -0.25 30.65
202 | 409 | 384 178 39.12] 336 | 63.8| 60.8] 1.97 61.83] 380 24 272 -3.65| 27.65
293 | 40.1 | 29.8| 9.76) 30.34] 337 | 486 | 44.3] 3.56| 45.04] 381 36 | 37.1 -1.72| 37.72
294 | 337 | 29.8] 3.36/3034] 338 | 446 | 394 447 4013} 382 | 336 | 37.0| -4.08 37.68
295 | 3851 299 803 3047 339 | 444 | 378 598|3842] 383 | 356 | 36.8] -1.89 3749
206 | 269 | 27.1) 0.64| 27.54] 340 | 437 | 37.8| 5.23] 3847 384 | 368 | 367 -0.55| 3735
297 | 358 | 338 144 3436 341 45| 380 6.31] 38.69] 385 36 | 366 -1.22| 37.22
298 | 38.2 | 33.7| 3.93 3427 342 | 37.2 | 30.1] 6.53]| 30.67 386 | 264 | 268, -0.92] 2732
299 | 40.1 | 33.6] 5.93 34.17 343 | 44.5| 432| 0.51/43.99] 387 | 264 | 269 -0.96| 2736
300 | 353 | 33.5 1233407 344 | 488 | 434 4.66 44.14] 388 | 248 | 27.0| -2.70| 27.50
301 | 369 | 33.4| 288/ 34.02] 345 | 404 | 43.1] -3.50 43.90 389 | 264 | 27.2| -1.24] 27.64
302 | 269 | 26.9 -0.45 27.35] 346 | 39.2 | 42.7| -4.29| 43.49
303 | 317 | 27.00 427 2743} 347 | 352 31.1] 3.56! 31.64 Regression Statistics
304 | 369 27.1] 937 2733 348 321 299 1613039 Mauttiple R 0.9382
305 | 215 | 193] 1.88| 19.62] 349 | 284 | 2938 -1.93) 30.33 R Square 0.8801
306 | 33.5| 364 -3.56] 37.06, 350 34 | 30.0] 3.52) 3048 Adjusted R Square 0.8776
307 | 39.6 | 37.3] 1.61|37.99] 351 | 37.2 | 30.1] 6.55| 30.65 Standard Esror 3.9506
308 | 382! 37.2| 038! 37.82{ 352 32| 27.2| 435) 2765 Observations 389
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