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Preface

odelling of activated sludge processes has

become a common part of the design and
operation of wastewater treatment plants.
Today models are being used in design, control,
teaching and research.

History

In 1982 the International Association on Water
Pollution Research and Control (IAWPRC), as
it was then called, established a Task Group on
Mathematical Modelling for Design and Oper-
ation of Activated Sludge Processes. At that
time modelling of activated sludge processes
had been a discipline for about 15 years, most
noticeably and reaching the most advanced level
at the University of Cape Town, South Africa,
by the research group headed by Professor
G.v.R. Marais. The various models developed at
that time had only little use, owing partly to
lack of trust in the models, partly to the
limitations in computer power and partly to the
complicated way in which these models had to
be presented in written form.

The first task

The aim for the Task Group was to create a
common platform that could be used for future
development of models for nitrogen-removal
activated sludge processes. It was the aim to
develop a model with a minimum of complex-
ity. The result was the Activated Sludge Model
No. 1, today known under manynames: IAWPRC
model, ASM1, IAWQ model, and so on.

The model outline was discussed at an
IAWPRC Specialised Seminar at Kollekolle,
Denmark, in 1985, and was published in 1987
in its final form in the IAWPRC Scientific and
Technical Report Series as STR No. 1. The five
years used for developing the model was spent
in discussing with many researchers and prac-
titioners in order to get a solid platform for the
work and only to include details that could
stand the test of time. What was presented was
not only a model, but also a guideline for
wastewater characterization and development
of computer codes, plus a set of default values
that since then has proved to give realistic
model results with only minor changes in the
parameters.
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The ASM1 was well received and has been
widely used as a basis for further model devel-
opment. The direct use of the ASMI1 for
modelling has been almost nil, but ASM1 has
been the core of numerous models with a
number of supplementary details added in
almost every case.

It was especially the matrix notation, which
was introduced together with ASM1, that facili-
tated the communication of complex models
and allowed the concentration of discussions on
essential aspects of biokinetic modelling.

Biological phosphorus removal

At the time of publication of the ASM1, bio-
logical phosphorus removal was already being
used in a (limited number) of full-scale
treatment plants. The theoretical status of the
processes was such that the Task Group at that
time did not enter into the modelling of it. But
from the mid-1980s to the mid-1990s the
biological phosphorus removal processes grew
very popular and at the same time the under-
standing of the basic phenomena of the process
was increasing. Thus in 1995 the Activated
Sludge Model no. 2 was published. This model
included nitrogen removal and biological phos-
phorus removal. In 1994, when the ASM2 was
finished, the role of denitrification in relation to
biological phosphorus removal was still unclear,
so it was decided not to include that element.
However, the development in research was fast,
and denitrifying PAOs (phosphorus-accumu-
lating organisms) were needed for simulation of
many results from research and practice. Be-
cause of this, the ASM2 model was expanded in
1999 into the ASM2d model, where denitrify-
ing PAOs were included.

Although the models might not have been
heavily needed for nitrogen removal processes,
the complexity of the combined nitrogen and
phosphorus removal processes makes the models
important for design and control purposes.

New platform

The models have grown more complex over the
years, from ASMI, including nitrogen removal
processes, to ASM2, including biological phos-
phorus removal processes and to ASM2d
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including denitrifying PAOs. In 1998 the Task
Group decided to develop a new modelling
platform, the ASM3, in order to create a tool
for use in the next generation of activated
sludge models. The ASM3 is based on recent
developments in the understanding of the acti-
vated sludge processes, among which are the
possibilities of following internal storage com-
pounds, which have an important role in the
metabolism of the organisms.

Benefit from the models

The major impact of the ASM model family has
been based upon three facts. The first is the
common language that modellers speak when
using the concepts, the nomenclature and the
matrix notation of the ASMs. This has created a
strong model development over the past 15
years, which would probably not have been the
case if all the modellers had used their own
concepts, notation and platforms.

The second is the organizing effect of wor-
king with a model. This has helped researchers
to achieve more efficient experimental designs
and helped treatment plant operators to better
understand and organize the information avail-
able at their plants — and in many cases to spot
errors in available information. The third is that
the models have served as guidance for
research. By demonstrating where research was
needed, focus has been put on certain details,
for example wastewater characterization, out of
which much interesting research has grown.

Simulation programs
The ASM1 and ASM2 models, or ASM-based

models, are included in most of today’s com-
mercial and non-commercial simulation pro-
grams. Thus it is easy to get access to, and use
the models for various purposes.

Future

This report has been produced to give a total
overview of the ASM model family status at the
start of 2000 and to give to the reader easy
access to the different models in their original
versions. It is the hope of the present Task
Group that this may facilitate the use of the
models and their future development.

During the years the members of the Task
Group have changed. This reflects the devel-
opment in research over the years and the wish
to develop the models further. The ASM3 is
not the final or ‘general model’ for activated
sludge. Like ASM1, it is a structure and a plat-
form for further development. Many modellers
are looking for the “ultimate general model” for
activated sludge systems. Experience over the
past 15 years shows that new development
comes fast and the ‘general models’ have a
short half-life. Thus for the future development
of ASMs, suggestions, experience and discus-
sion points will be well received if the readers
and users wish to share their ups and downs in
modelling with members of the Task Group.

Mogens Henze

Willi Gujer

Mark van Loosdrecht
Takashi Mino
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. Consequently, only X;; needs to be
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nown. This can be done by using a
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inimize the error sum of squares when
d sludge production rates are com-
measured rates as a function of SRT.
ting acts to tune the model to the
ir wastewater under study and com-
for any error made in Yy and by
heir estimation. Once Xi, is known,
be calculated from Formula (8). For
strength influents, it can generally be
that the various fractions stay in con-
yportion to one another.
st activated sludge modelling, it is
. that the concentration of biomass in
lent is negligible compared to the
formed within the process. That
11s taken here, primarily because more
1s needed regarding the impact of
in the influent. No procedure is rec-
led for measuring the influent con-
ms. If there were a desire to include
the model, appropriate microbiologi-
10ds would have to be employed.
ination of Table 2 reveals that the
acludes the soluble concentrations of
nitrate plus nitrite nitrogen, ammonia
, and alkalinity. The concentrations of

biodegradable organic nitrogen, Xxp. As
stated above, the concentration of ammonia
nitrogen in the feed may be determined by
appropriate analysis of a filtered sample. The
concentration of soluble, inert organic nitrogen
in the influent may be determined by perform-
ing Kjeldahl nitrogen tests on aliquots of the
samples used to determine the soluble, inert
COD. The Kjeldahl test may also be used to
determine the total concentration of soluble
organic nitrogen in the feed. Subtraction of
the inert soluble organic nitrogen from that
value approximates the readily biodegradable
organic nitrogen, Syp;. If the readily bio-
degradable and slowly biodegradable organic
nitrogen in the feed are assumed to be propor-
tioned in the same way as the readily bio-
degradable and slowly biodegradable COD in
the feed, then the concentration of slowly bio-
degradable organic nitrogen in the feed may
be determined from the concentration of
readily biodegradable organic nitrogen in the
feed:

Sxp1 _ Ss;
Xnpt+Svp1 X1+ Ss;

(12)

The only unknown is Xyp;, for which
Equation (12) can be solved. There is no need
to determine the particulate, inert nitrogen in
the feed since nitrogen continuity cannot be
checked because of the loss of nitrogen gas.

Three additional stoichiometric parameters
must have values assigned to them. Because
of the restricted nature of the nitrifying popu-
lation in activated sludge, the autotrophic
yield, Y,, is not likely to vary much from
system to system. Consequently, it should be
adequate to use values obtained from the
literature. An appropriate value appears to be
0.24 mg cell COD/mg N oxidized, which fol-
lows from the observation that 4.33 g of oxygen
are used for each gram of nitrate nitrogen
formed (Grady and Lim, 1980). The mass of
nitrogen per mass of cell COD, ixg, can be
approximated closely enough by assuming that
cell mass is represented by C;H,O,N. The
resultant value is 0.086 g N (g COD)™". The
mass of nitrogen per mass of COD in the inert
particulate products, ixp, can also be approxi-
mated from literature values. An appropriate
value is 0.06 g N (g COD)™".

Estimation of
kinetic parameters

Introduction




Activated Sludge Model No.1

Method of model

presentation

behaviour, incorporating phenomena

such as carbon oxidation, nitrification and
denitrification, must netessarily account for a
large number of reactions between a large
number of components. To be mathematically
tractable while providing realistic predictions,
the reactions must be representative of the
most important fundamental processes occurr-
ing within the system. In this context the term
process is used to mean a distinct event acting
upon one or more system components. Fur-
thermore, the model should quantify both the
kinetics (rate—concentration dependence) and
the stoichiometry (relationship that one com-
ponent has to another in a reaction) of each
process. Identification of the major processes
and selection of the appropriate kinetic and
stoichiometric expressions for each are the
major conceptual tasks during development of
a mathematical model. Consequently, most of
this report will concern them.

S IMULATION of activated sludge system

Format and notation

One problem often associated with papers
presenting models describing complex systems
1s that it is difficult to follow the development
of the author’s ideas. In particular, it is often
difficult to trace all the interactions of the
system components. The task group concluded
that a matrix format, based on the work of
Peterson (1965), for presentation of the model
offered the best opportunity for overcoming
this problem while conveying the maximum
amount of information. Furthermore, they felt
that the notation recommended by a previous
task group (Grau et al., 1982) should be used.
An illustration will introduce the matrix for-
mat and the notation.

Consider  the situation in  which
heterotrophic bacteria are growing in an aero-
bic environment by utilizing a soluble sub-
strate for carbon and energy. In one simple
conceptualization of this situation, two funda-
mental processes occur: the biomass increases
by cell growth and decreases by decay. Other
events, such as oxygen utilization and sub-
strate removal, also occur, but these are not
considered to be fundamental because they
result from biomass growth and decay and are
coupled to them through the system
stoichiometry. The simplest model of this situ-
ation must consider the concentrations of three
components: biomass, substrate, and dissolved

oxygen. The matrix incorporating the fate of
these three components in the two funda-
mental processes is shown in Table 1.

The first step in setting up the matrix is to
identify the components of relevance in the
model. In this scenario these are biomass, sub-
strate and dissolved oxygen, which are listed
across the top of Table 1 by symbol and across
the bottom by name and units. In conformity
with JAWPRC nomenclature (Grau et al.,
1982), insoluble constituents are given the
symbol X and the soluble components S. Sub-
scripts are used to specify individual com-
ponents: B for biomass, S for substrate and O
for oxygen. The index 1 is assigned to each
component. In this case, 1 ranges from 1 to 3
for the three compounds in this simple model.

The second step in developing the matrix
is to identify the biological processes occurring
in the system; i.e. the conversions or transfor-
mations which affect the components listed.
Only two processes are included in this
example: aerobic growth of biomass and its
loss by decay. These processes are listed in the
leftmost column of the matrix. The index j
is assigned to each process; in this case, j=1
or 2.

The kinetic expressions or rate equations
for each process are recorded in the rightmost
column of the matrix in the appropriate row.
Process rates are denoted by p;, where j corre-
sponds to the process as numbered in the
leftmost column. If we were to use the simple
Monod-Herbert (Herbert, 1958) model for
this situation the rate expressions would be
those in Table 1. The Monod equation, p,,
says that growth of biomass is proportional to
biomass concentration in a first order manner
and to substrate concentration in a mixed order
manner. The Herbert expression, p,, states
that biomass decay is first order with respect
to biomass concentration. The kinetic para-
meters used in the rate expressions are defined
in the lower right corner of the table.

The elements within the matrix comprise
the stoichiometric coefficients, ¥;, which set
out the mass relationships between the com-
ponents in the individual processes. For
example, growth of biomass (+1) occurs at the
expense of soluble substrate (—1/Y); oxygen
is utilized in the metabolic process [—(1—
Y)/Y]. The coeflicients, v;, are greatly sim-
plified by working in consistent units. In this
case, all organic constituents have been
expressed as equivalent amounts of chemical
oxygen demand (COD); likewise, oxygen is
expressed as negative oxygen demand. The
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Table 1. Process kinetics and stoichiometry for heterotrophic bacterial growth in an
aerobic environment
Continuity
Component -> i
1 2 3 Process Rate, p;
i Process ) Xy Ss So [ML*T™]
3 1 1-Y 1Ss
g 1 Growth 1 - - —X
k| row Y Y Ke+Ss P
==}
2 2 Decay -1 -1 bXy
=
Observed Conversion =Y =Yy p. Kinetic Parameters:
Rates ML~ T~! WL T L Vb . .
! Maximum specific
Stoichiometric — growth rate: fi
Parameters: ol e EL Half-velocity
True growth yield: L Ly 8 g constant: Kg
Y a 3y Q 8 Specific decay
20 20 §20 b
té: O E O °>,° <§D J_/ rate:
& 2, &2 )

sign convention used in the matrix is negative
for consumption and positive for production.
All stoichiometric coefficients are defined in
the lower left corner of the table.

Use in mass balances

Within a system, the concentration of a single
component may be affected by a number of
different processes. An important benefit of
the matrix representation is that it allows rapid
and easy recognition of the fate of each com-
ponent, which aids in the preparation of mass
balance equations. This may be seen by mov-
ing down the column representing a com-
ponent, which is why the arrow marked ‘Mass
Balance’ is placed at the lefthand side. The
basic equation for a mass balance within any
defined system boundary is:

Input — Output + Reaction = Accumulation

(1)

The input and output terms are transport
terms and depend upon the physical charac-
teristics of the system being modelled. The
system reaction term, r;, is obtained by sum-
ming the products of the stoichiometric
coefficients ¥; and the process rate expression
p; for the component i being considered in the
mass balance:

n=X vip; (2)
I

For example the rate of reaction, r, for bio-
mass, Xz, at a point in the system would be:

— A5 b, 3)
Ko+ Ss

rXB

for soluble substrate, Sg it would be:

1 fiSs
po— L _BSs
S Y Kg+8Ss

Xz (4)

for dissolved oxygen, So it would be:

"= (——Y )—KS+SSXB bXs  (5)

To create the mass balance for each com-
ponent within a given system boundary (e.g.
a completely mixed reactor), the conversion
rate would be combined with the appropriate
advective (flow) terms for the particular sys-
tem. These terms have not been shown here
because the purpose of the example was to
demonstrate how the matrix is used to define
the fundamental reactions regardless of the
system configuration. It should be emphasized,
however, that the modelling of a particular
physical system requires definition of the sys-
tem boundary with the associated advective
terms.

Continuity check

Another benefit of the matrix is that continuity
may be checked by moving across the matrix,
provided consistent units have been used
because then the sum of the stoichiometric
coeflicients must be zero. This can be demon-
strated by considering the decay process.
Recalling that oxygen is negative COD so that
its coefficient must be multiplied by —1, all
COD lost from the biomass because of decay
must be balanced by oxygen utilization.
Similarly, for the growth process, the substrate
COD lost from solution due to growth minus
the amount converted into new cells must
equal the oxygen used for cell synthesis.
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Model incorporating carbon
oxidation, nitrification and

denitrification

ECAUSE of the long solids retention

times (SRTs) and low specific growth

rates incorporated into the design of most
biological wastewater treatment systems,
differences in efluent soluble biodegradable
substrate concentration between different sys-
tem configurations are generally small. Con-
versely, large differences in activated sludge
concentrations and electron acceptor (either
oxygen or nitrate) requirements are common.
Furthermore, good design practice requires
that a sufficient quantity of electron acceptor
be supplied in response to both real time and
space-time (location) dependent changes in
demand, and that final settlers and sludge
return systems be capable of handling all
anticipated concentrations of solids. This sug-
gests that models depicting substrate removal
are important more for their impact upon acti-
vated sludge concentrations and electron
acceptor requirements than for their ability to
predict efluent substrate concentration. Con-
sequently, primary consideration was given by
the task group to prediction of activated sludge
concentrations during selection of process
stoichiometry and to estimation of electron
acceptor requirements during development of
the process rate expressions.

The development of a mathematical model
involves compromises to balance conflicting
needs. On the one hand, a model must incor-
porate the major events occurring within a
system in a manner which is consistent with
established knowledge about that system. On
the other hand, the model equations must be
solvable with a reasonable degree of effort.
Difficulty of solution increases markedly as the
number of processes increases. In addition, the
more closely the process rate expressions
reflect reality, the more complicated they are
likely to be. A modeller should include only
those processes which are essential to a realistic
solution and must select rate expressions for
them that allow the use of simplified solution
techniques without detracting from the
applicability of the results. In many cases, this
may require the selection of greatly simplified
rate  expressions. Although such rate
expressions may not depict perfectly the actual
events occurring within a system, they can be
used satisfactorily as long as they mimic well
the outcome of those events. In selecting the
processes and rate expressions to be included
in the model presented here, the task group
focused on the major events and selected the
simplest rate expressions consistent with them.

Within this context, it should be noted that

the task group employed the concept of switch-
ing functions to turn process rate equations on
and off as environmental conditions are
changed. This was particularly necessary for
processes that depend upon the type of electron
acceptor present. For example the bacteria
which are responsible for nitrification are cap-
able of growth only under aerobic conditions
and their rate of growth will fall to zero as the
dissolved oxygen concentration approaches
zero, regardless of the concentration of their
energy yielding substrate. This can be model-
led by including a dissolved oxygen ‘switch’ in
the process rate equations. The oxygen switch-
ing function adopted by the task group was:

S
e (6)
Ko+ So
where S5 is the concentration of dissolved

oxygen.

The selection of a small value for Ko means
that the value of the switching function is near
unity for moderate dissolved oxygen (DO) con-
centrations but decreases to zero as the DO
concentration approaches zero. The fact that
the function is mathematically continuous
helps to eliminate problems of numerical insta-
bility which can occur during simulations with
models which include rate equations that are
switched on and off discontinuously. Similarly,
processes which occur only when dissolved
oxygen is absent may be turned on by a switch-
ing function of the form:

K
—0— )
Ks+So

It will be recalled that predictions of acti-
vated sludge concentration, rather than the
concentrations of soluble constituents in the
vessels, and electron acceptor requirements
were the primary focus of the task group in
the development of the model. Nevertheless,
it is apparent that the values of switching con-
stants like K will influence those predictions
even though functions (6) and (7) were chosen
more for their mathematical convenience than
conformity to any fundamental rate laws. Con-
sequently, care should be taken in the selection
of the values for switching constants to ensure
that model predictions are not biased.

Conceptual model

A matter that has been the cause of confusion
and to a certain extent has inhibited the
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development of activated sludge theory is the
lack of a consistent measure of the concentra-
tion of organic material in wastewater. Three
measures have gained acceptance and are
widely used: biochemical oxygen demand
(BOD), total organic carbon (TOC), and
chemical oxygen demand (COD). Of these we
believe that COD is undoubtedly the superior
measure because it alone provides a link
between electron equivalents in the organic
substrate, the biomass and the oxygen utilized
(Gaudy and Gaudy, 1971). Furthermore, mass
balances can be made in terms of COD. Con-
sequently, the concentrations of all organic
materials, including biomass, are in COD units
in the following model.

The organic matter in a wastewater may be
subdivided into a number of categories
(McKinney and Ooten, 1969; Dold et al.,
1980). The first important subdivision is based
on biodegradability.

Non-biodegradable organic matter is bio-
logically inert and passes through an activated
sludge system unchanged in form. Two frac-
tions, depending on their physical state, can
be identified: soluble and particulate. Inert
soluble organic matter, S;, leaves the system
at the same concentration that it enters. Inert
suspended organic matter, X;, becomes en-
meshed in the activated sludge and is removed
from the system through sludge wastage.
Because the waste sludge flow rate is smaller
than the system inflow rate, a mass balance
requires the concentration of Xj in the system
to be higher than in the influent.

Biodegradable organic matter may be
divided into two fractions: readily biodegrad-
able and slowly biodegradable. For purposes
of modelling, the readily biodegradable
material, Sg, is treated as if it were soluble,
whereas the slowly biodegradable materal,
X, is treated as if it were particulate. It should
be recognized, however, that some slowly bio-
degradable material may actually be soluble.
The readily biodegradable material consists of
relatively simple molecules that may be taken
in directly by heterotrophic bacteria and used
for growth of new biomass. A portion of the
energy (COD) associated with the molecules
is incorporated into the biomass, whereas the
balance is expended to provide the energy
needed for the synthesis. The electrons associ-
ated with that portion are transferred to the
exogenous electron acceptors (oxygen or
nitrate). In contrast, the slowly biodegradable
material, consisting of relatively complex
molecules, must be acted upon extracellularly
and converted into readily biodegradable sub-
strate before it can be used. It is assumed that
conversion of slowly biodegradable substrate
into the readily biodegradable form (hydroly-
sis) involves no energy utilization and thus
there is no utilization of electron acceptor
associated with it.

The specific rate of hydrolysis of slowly
biodegradable substrate is usually consider-
ably lower than the specific rate of utilization

of readily biodegradable substrate, so that it
becomes the rate-limiting factor in the growth
of biomass when Xjg alone is present as sub-
strate. Furthermore, the rate of hydrolysis is
lower under anoxic conditions (only nitrate
available as the terminal electron acceptor)
than under aerobic conditions and is
apparently  completely stopped  under
anaerobic conditions (neither nitrate nor oxy-
gen are present) (Van Haandel et al., 1981).
The division of substrate into two forms pro-
vides a built-in lag in uptake of electron accep-
tor which allows space-time dependent vari-
ations in oxygen and nitrate utilization to be
modelled.

Heterotrophic biomass is generated by
growth on readily biodegradable substrate
under either aerobic or anoxic conditions, but
is assumed to stop under anaerobic conditions.
Biomass is lost by decay, which incorporates
a large number of mechanisms including
endogenous metabolism, death, predation and
lysis. For reasons to be explained later, decay
is assumed to result in the conversion of bio-
mass into slowly biodegradable substrate and
particulate products, Xp, which are inert to
further biological attack (Dold et al., 1980).
The latter are similar in concept to the
endogenous mass of McKinney and Ooten
(1969) and act to reduce the viability of the
suspended solids in a bioreactor. The loss of
biomass by decay is assumed to occur at a rate
which is independent of the nature or con-
centration of the electron acceptor present, but
the conversion of the resultant slowly bio-
degradable substrate to a form that can be used
for regrowth of new cells is influenced by the
nature of the electron acceptor as discussed in
the preceding paragraph.

Nitrogenous matter in a wastewater, like
carbonaceous matter, can be divided into two
categories: non-biodegradable and biodegrad-
able, each with further subdivisions. With
respect to the non-biodegradable fraction, the
particulate portion is that associated with the
non-biodegradable particulate COD; the
soluble portion is usually negligibly small and
is not incorporated into the model. The bio-
degradable nitrogenous matter may be sub-
divided into: ‘ammonia’ (both the free com-
pound and its salts), Syy; soluble organic
nitrogen, Syp; and particulate organic
nitrogen, Xyp. Particulate organic nitrogen is
hydrolysed to soluble organic nitrogen in
parallel with hydrolysis of slowly biodegrad-
able organic matter. The soluble organic
nitrogen is acted on by heterotrophic bacteria
and converted to ammonia nitrogen. The
ammonia nitrogen serves as the nitrogen
supply for synthesis of heterotrophic biomass
and as the energy supply for growth of
autotrophic nitrifying bacteria. For simplicity,
the autotrophic conversion of ammonia
nitrogen to nitrate nitrogen is considered to
be a single step process which requires oxygen.
The nitrate formed may serve as terminal elec-
tron acceptor for heterotrophic bacteria under
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anoxic conditions, yielding nitrogen gas. Cell
decay of either autotrophic or heterotrophic
biomass leads to release of particulate organic
nitrogen which can re-enter the cycle.

Both heterotrophic and autotrophic biomass
may be present in the wastewater itself,
thereby having a strong effect upon system
performance. However, the prevalence and
intensity of this occurrence is still unknown
and thus it was not considered by the task
group in developing the model. It should be
noted, however, that the only change required
for its inclusion would be the addition of input
terms to the appropriate mass balance
equations.

Components in
mathematical models

The components in the model are shown across
the top and bottom of Table 2. Soluble inert
and particulate inert organic matter, S; and
X, are not involved in any conversion proces-
ses and thus their columns (i=1 and 3, respec-
tively) contain no stoichiometric coefficients.
Nevertheless, they are included because they
are important to the performance of the pro-
cess. Soluble inert organic matter contributes
to the efluent COD. Particulate inert organic
matter becomes a part of the volatile suspended
solids in the activated sludge system. As dis-
cussed earlier, all organic constituents, includ-
ing particulate ones, are expressed in COD
units and that is reflected in Table 2.

Moving down the i=2 column, it can be
seen that readily biodegradable substrate, Sg,
is removed by growth of heterotrophic bacteria
under either aerobic or anoxic conditions and
1s formed by hydrolysis of particulate organic
matter entrapped in the biofloc. The i=4
column reveals that slowly biodegradable sub-
strate Xs, is removed by hydrolysis but is
formed by decay of both heterotrophic and
autotrophic biomass. In other words, decay
results in the transformation of cell material
into slowly biodegradable substrate. This will
be discussed further later.

The columns where 1=35 and 6 represent
the biomass in the system, with Xp iy denoting
the heterotrophic biomass and Xp, the
autotrophic biomass. Moving down the i=5
column reveals that heterotrophic biomass can
be formed by growth under either aerobic or
anoxic conditions. It is destroyed by decay. As
seen in the 1=6 column, growth of the
autotrophs only occurs under aerobic condi-
tions. They, too, are destroyed by decay.

The i=7 column contains the particulate
products arising from biomass decay, Xp
(Kountz and Forney, 1959; McKinney and
Ooten, 1969). As far as the process kinetics
and stoichiometry are concerned, it is formed
by decay of both heterotrophic and autotrophic
biomass, but is not destroyed. In actuality, this

fraction of biomass is probably not completely
inert to biological attack (Obayashi and Gaudy,
1973). However, its rate of destruction is so
low that for all practical purposes it appears
inert within the SRTs normally encountered
in activated sludge systems. Incorporation of
this component in the model is one way of
accounting for the fact that not all biomass in
an activated sludge system is active (Weddle
and Jenkins, 1971).

The volatile solids concentration (in COD
units) in the activated sludge system is the sum
of the five particulate terms: Xg, Xpu, Xpa,
Xp, and X;. An appropriate conversion factor
can be applied to convert from COD units to
volatile suspended solids units.

The 1 =8 column contains the concentration
of DO, Sy, in the reactor. The processes
included in the matrix only act to remove
oxygen from solution and none are given for
its addition; 1.e. the matrix includes only bio-
logical processes. In order to simulate vari-
ations in DO concentration, appropriate pro-
cess rate expressions for oxygen transfer would
have to be included with the transport terms
when writing the mass balance equation for
oxygen. Even if those terms are not included,
the information in the i=28 column can still
be used to calculate the quantity of oxygen
which must be supplied to meet the metabolic
needs of the bacteria. Moving down this
column reveals that oxygen utilization is
associated only with aerobic growth of the
heterotrophic and autotrophic biomass. None
is associated with microbial decay. This differs
from the more traditional approach (Grady
and Lim, 1980). Decay is assumed to result in
the release of slowly biodegradable substrate
which is recycled back to soluble substrate and
used for more cell growth. Thus the oxygen
utilization normally associated directly with
decay 1s calculated as if it occurs indirectly
from growth of new biomass on released sub-
strate (Dold et al., 1980). The net loss of
biomass associated with decay results from the
fact that the heterotrophic yield is less than
unity, so that the amount of new biomass
grown from released substrate must always be
less than the amount of biomass lost. The 4.57
term in the stoichiometric coefficient for aero-
bic growth of autotrophs is the theoretical
oxygen demand associated with the oxidation
of ammonia nitrogen to nitrate nitrogen.

The other electron acceptor included in the
model is nitrate nitrogen, Syo, which is pro-
duced by aerobic growth of the autotrophic
bacteria and removed during anoxic growth of
the heterotrophic biomass, as can be seen by
moving down the i=9 column. Although
nitrite nitrogen is an intermediate formed dur-
ing nitrification, for simplicity in modelling it
has been assumed that nitrate is the only oxid-
ized form of nitrogen present. The factor 2.86
in the stoichiometric coeflicient for anoxic
growth of the heterotrophic biomass is the
oxygen equivalence for conversion of nitrate
nitrogen to nitrogen gas (N;) and is included
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to maintain consistent units. Although not
expressed explicitly in the model, nitrate
nitrogen will also be removed by biomass
decay. Like oxygen removal, this is accom-
plished by the recycling of organic matter dur-
ing decay, making it available for anoxic
growth of heterotrophic biomass.

The 1=10 column contains soluble
ammonia nitrogen, Syy, which is assumed to
be the sum of the ionized (ammonium) and
un-ionized (ammonia) forms. However, the
un-ionized form is insignificant at pH values
near neutrality so it is satisfactory simply to
write models for ‘ammonia’ oxidation in terms
of the total ammonium nitrogen concentration.
Examination of the stoichiometric coefficients
in the 1=10 column reveals that ammonia
nitrogen is formed by ammonification of
soluble biodegradable organic nitrogen and is
removed by growth of the biomass. The major
sink for the ammonia nitrogen is as the energy
source for aerobic growth of the autotrophic
biomass (—1/Y,). However, nitrogen is also
incorporated into biomass during cell synthesis
and a term is included (—ixp) for the nitrogen
used during growth of both heterotrophs and
autotrophs.

The i=11 column contains the soluble
organic nitrogen, Syp, which is formed by
hydrolysis of particulate organic nitrogen and
converted to ammonia nitrogen by
ammonification. Particulate biodegradable
organic nitrogen, Xyp, is given in the 1=12
column. It is generated from decay of both
heterotrophic and autotrophic biomass, ixg,
minus the amount associated with the inert
particulate products, fpixp, and is lost by
ammonification.  Although this organic
nitrogen is particulate, it is not added to the
other particulate forms to obtain the volatile
solids concentration. This is because it is a
subset of those materials and has already been
included in their concentrations.

Three other forms of organic nitrogen will
be present in the system: that associated with
the biomass, Xyg; that associated with the
particulate products, Xyp; and that associated
with the inert particulate organic matter, Xy;.
The concentration of each of these components
can be calculated simply by multiplying Xp
by ixg, Xp by ixp, and X by iy, the respective
fractions of nitrogen present. These com-
ponents are not currently needed in the matrix
because the evolution of nitrogen gas (N,)
during denitrification is not included and thus
a continuity check on nitrogen cannot be per-
formed. Consequently, columns are not
included for them. However, the model could
easily be extended to incorporate nitrogen gas
production, thereby allowing evaluation of
potential problems in settling. If that were
done, it would be necessary to include columns
for these terms.

These 12 components discussed are con-
sidered to be the minimum required to model
adequately an activated sludge system per-
forming carbon oxidation, nitrification, and

denitrification. Consequently, the complete
model must include 12 mass balance equations.
Of course, if a system is being designed to
perform only one or two of these objectives,
then appropriate components can be elimi-
nated thereby decreasing the number of mass
balance equations required in the model.

The i =13 column represents total alkalin-
ity, SavLk . Incorporation of alkalinity into the
model is not essential, but its inclusion is desir-
able because it provides information whereby
undue changes in pH can be predicted. All
reactions that involve the addition or removal
of species with a proton accepting capacity
and/or the addition or removal of protons will
cause changes in alkalinity. Examples of the
former are not included in the model because
they are usually not significant in the activated
sludge systems under consideration. Several
examples of the latter are included in the model
and are shown in Table 2. One is the conver-
sion of ammonia nitrogen to amino acids dur-
ing synthesis of heterotrophic and autotrophic
biomass and the reversal of the process during
ammonification (Scearce et al., 1980). Another
occurs during nitrification. When ammonium
(NH7Y) is oxidized for energy by autotrophs,
eight electrons and ten protons are released;
oxygen accepts eight electrons and eight pro-
tons so that there is a net release of two protons,
thereby decreasing the alkalinity (Downing et
al., 1964). The last occurs during
denitrification, because when nitrate (NO3)
acts as the electron acceptor, there is a net
uptake of a proton, increasing alkalinity. Of
the processes which add or remove protons,
nitrification has the largest impact on alkalinity
and can cause excessive decreases. From
equilibrium chemistry of the carbonate sys-
tem, if total alkalinity falls below about
50 g m > as calcium carbonate (CaCOs) (1 mol
total alk. m~>), then the pH becomes unstable
and can fall to values well below 6 (WRC,
1984). Low pH decreases the nitrification rate
and causes other problems such as corrosive
and aggressive effluents and bulking. Inclusion
of the proper input term in a mass balance
equation for alkalinity permits a user to evalu-
ate whether the process configuration under
consideration allows sufficient recovery of
alkalinity during denitrification to maintain the
pH in the proper range regardless of the proton
release during nitrification. If not, then
appropriate chemicals, such as lime, must be
added to maintain the proper pH.

Processes in the Model

The fundamental processes incorporated into
the model are listed in the leftmost column of
Table 2, while their rate expressions are listed
in the rightmost column. Basically, four pro-
cesses are considered: growth of biomass,
decay of biomass, ammonification of organic
nitrogen, and ‘hydrolysis’ of particulate
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organics which are entrapped in the biofloc.
To facilitate modelling, readily biodegradable
material is considered to be the only substrate
for growth of the heterotrophic biomass.
Slowly biodegradable material is considered to
be removed from suspension instantaneously
by entrapment in the biofloc. Once there, it is
acted upon by reactions which convert it into
readily biodegradable substrate. These reac-
tions are simply called ‘hydrolysis’ in the
model, although in reality they are likely to be
much more complex. The net result of their
inclusion is to introduce a time delay into the
utilization of oxygen since it is only associated
with the growth of the organisms at the
expense of readily biodegradable substrate.
Decay is assumed to result in the transforma-
tion of active biomass into inert particulate
products and into slowly biodegradable sub-
strate which re-enters the cycle of hydrolysis,
growth, etc. This allows more straightforward
expression of decay under the various environ-
mental conditions encountered in a single
sludge system. It also has several important
ramifications with respect to the values of the
parameters, as will be discussed later.

First consider process 1, aerobic growth of
heterotrophic biomass. Examination of row 1
in Table 2 shows that growth occurs at the
expense of soluble substrate and results in the
production of heterotrophic biomass. Associ-
ated with this is the utilization of oxygen. Since
COD units are used for both substrate and
biomass, and since oxygen may be considered
to be negative COD, continuity requires that
the oxygen requirement equal the net COD
removal (soluble substrate removed minus
cells formed). Ammonia nitrogen will be
removed from solution and incorporated into
cell mass. The kinetics of aerobic growth of
the heterotrophic biomass are assumed to be
subject to double nutrient limitation, with the
concentrations of both readily biodegradabie
substrate and DO being rate determining. The
effect of each constituent is modelled with a
saturation function. It is recognized that a
saturation function is not the ideal form for
modelling substrate removal under dynamic
conditions; however, the errors associated with
its application to transients like those encoun-
tered in wastewater treatment systems are
likely to be small. As discussed earlier, the
primary purpose of the oxygen term is as a
switching function which stops aerobic growth
at low DO concentrations and thus the value
of the saturation coefficient, K¢ 1y, is small.
Removal of readily biodegradable substrate is
considered to be proportional to growth. No
provision is made for the storage of soluble
substrate because that phenomenon is limited
to only a few substrates such as soluble
monosaccharides and acetate. However, it is
widely recognized that substrates can be
removed without associated biomass growth.
This event is handled in the model through
the immediate entrapment of slowly bio-
degradable substrate.

Row 2 represents anoxic growth of the
heterotrophic biomass with nitrate nitrogen as
the terminal electron acceptor. Like aerobic
growth it occurs at the expense of readily bio-
degradable substrate and results in
heterotrophic biomass. Nitrate nitrogen serves
as the terminal electron acceptor and its
removal is in proportion to the amount of
readily biodegradable substrate removed
minus the quantity of cells formed. As in aero-
bic growth, ammonia nitrogen is converted
into organic nitrogen in the biomass. The rate
expression for anoxic growth is analogous to
the one for aerobic growth. In fact, the effect
of readily biodegradable substrate on the rate
is identical, including the value of the satur-
ation coefficient, Kg. It is known, however,
that the maximum rate of substrate removal
under anoxic conditions is often less than it is
under aerobic conditions. This could either be
because fiy is lower under anoxic conditions
or because only a fraction of the heterotrophic
biomass is able to function with nitrate as the
terminal electron acceptor. It is currently
impossible to differentiate between these
possibilities. Thus, from a modelling stand-
point, the easiest way to incorporate the effect
is to add an empirical coefficient, 7,, to the
rate expression, where 7,<1.0 (Batchelor,
1982). Anoxic growth depends upon the con-
centration of nitrate nitrogen in a manner
analogous to the way in which aerobic growth
depends upon the dissolved oxygen concentra-
tion. Furthermore, anoxic growth is inhibited
when oxygen 1is present and the term
Kou/(KoutSo) is incorporated to reflect
that fact. The coeflicient Koy has the same
value as in the expression for aerobic growth
so that as aerobic growth declines, anoxic
growth increases. Like the other similar terms,
its primary use is as a switching function.

Aerobic growth of autotrophic biomass is
depicted in row 3 of Table 2. Soluble ammonia
nitrogen serves as the energy source for growth
of the nitrifiers resulting in autotrophic cell
mass and nitrate nitrogen as end products. In
addition, a small amount of ammonia is incor-
porated into the biomass. Oxygen is used in
proportion to the amount of ammonia nitrogen
oxidized. A double saturation function is used
to express the dependency of the autotrophic
specific growth rate upon the soluble con-
centrations of both ammonia nitrogen and oxy-
gen, with the latter serving as a switching
function. Both the saturation coefficients, Kny
and K 4, are small. Although aerobic growth
of autotrophic biomass is known to be influ-
enced by the pH of the wastewater in which
the organisms are growing, this dependency
was not included in the rate equation because
of the difficulty of actually predicting the pH
in a bioreactor. Rather, any potential problems
with pH should be checked through use of the
alkalinity term, as discussed earlier.

It is well established that the observed yield
from the growth of heterotrophic biomass
decreases as the SRT of a reactor is increased.

13
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This phenomenon is thought to be due to many
mechanisms, including predation, lysis, and
the need for maintenance energy. Although it
can be modelled in many ways, the most com-
mon technique under aerobic conditions is to
incorporate all of the mechanisms into a single
rate expression which is first order with respect
to the concentration of active biomass and to
let each unit of biomass COD lost result in the
utilization of an equivalent amount of oxygen
as done in the simple model in Table 1 (Grady
and Lim, 1980). Even though this approach
has worked well for the modelling of activated
sludge systems performing only carbon oxida-
tion and nitrification, many questions arise
when the use of a terminal electron acceptor
other than oxygen is considered. For example
most studies suggest that decay continues
under anoxic conditions, at least for the frac-
tion of the biomass that can use nitrate nitrogen
as the terminal electron acceptor. But what
happens to the other heterotrophic biomass?
Likewise, what happens to the denitrifying
biomass when neither oxygen nor nitrate are
present and anaerobic conditions prevail? It
seems reasonable that, for many organisms,
decay continues in a fermentative mode, but
with no loss of COD because all organic oxida-
tions would be coupled to organic reductions
within the cell. All of this suggests that if decay
were coupled directly to the utilization of the
electron acceptor in the model, at least four
separate rate expressions would be required:
decay under aerobic conditions; decay under
anoxic conditions of denitrifiers; decay under
anoxic conditions of heterotrophic biomass
incapable of denitrification; and decay under
anaerobic conditions. T'wo problems arise with
this approach. First, the equations would be
complex, with a large number of switching
functions. This would increase the complexity
of the mass balance equations. Second, there
are few fundamental data upon which to base
the equations or with which to evaluate their
parameters. Both of these suggest that a more
pragmatic approach is warranted.

The approach adopted for modelling decay
of the heterotrophic biomass is basically the
death-regeneration concept of Dold et al.
(1980), and is depicted in row 4 of Table 2.
There it can be seen that the adopted rate
expression is quite simple, i.e. first order with
respect to the heterotrophic biomass con-
centration. The rate coeflicient, however, is
different in both concept and magnitude from
the usual decay coefficient. In this case, decay
acts to convert biomass to a combination of
particulate products and slowly biodegradable
substrate. No loss of COD is involved in this
split and no electron acceptor is utilized. Fur-
thermore, decay continues at a constant rate
regardless of the environmental conditions (i.e.
by 1s not a function of the type of electron
acceptor or its concentration). The slowly bio-
degradable substrate formed is then hydro-
lysed, as depicted in row 7, releasing an
equivalent amount of readily biodegradable

COD. If conditions are aerobic, that substrate
will be used to form new cells with concomitant
oxygen uptake. If conditions are anoxic, cell
growth will occur at the expense of nitrate
nitrogen. If neither oxygen nor nitrate nitrogen
are available, no conversion occurs and slowly
biodegradable substrate will accumulate. Only
when aerobic or anoxic conditions are resumed
will it be converted and used.

The magnitude of the decay coefficient used
herein will be different from that of the more
usually encountered rate constant because of
the recycling of substrate which occurs. In the
usual technique, the loss of one unit of cell
mass COD leads to the utilization of one unit
of oxygen minus the COD of the inert particu-
late products formed. In this model, the loss
of one unit of cell mass COD results in the
ultimate formation of one unit of COD due to
readily biodegradable substrate minus the
COD of the inert particulate products formed.
When the readily biodegradable COD is used
for cell synthesis, only a fraction of a unit of
oxygen will be required because of the energy
incorporated into the cell mass. That cell mass
must in turn undergo decay etc. before the
unit of oxygen is finally removed. Con-
sequently, to give the same amount of oxygen
utilization per time due to decay, the decay
coefficient must be larger. This has the resuit
of increasing the turnover rate of cell mass,
thereby making the actual microbial growth
rate higher for a given solids retention time.

It should be emphasized that the modelling
approach described above was adopted for
pragmatic reasons. While the results from
using such a model can mimic well the loss of
biomass, consumption of electron acceptor etc.
that occur in activated sludge systems (Dold
et al., 1980; Dold and Marais, 1986), there is
no evidence that the model accurately reflects
the actual mechanisms involved. It is obvious
that the questions surrounding the effects of
environmental conditions upon decay are
badly in need of additional research.

The decay of autotrophs, given in row 5, is
handled in exactly the same manner as the
decay of heterotrophs. The justificaiion for
this is the likelihood that the decay observed
in enrichment cultures of autotrophic bacteria
is actually due to predation and lysis, with
subsequent growth of adventitious hetero-
trophic bacteria upon the lysis products.
While it is likely that the magnitude of the
decay coeflicient for autotrophic bacteria will
be less than that for heterotrophic bacteria,
even more questions can be raised about this
process.

Another impact of biomass decay is to
recycle nitrogen through the system. The con-
version of biomass to slowly biodegradable
substrate and then to readily biodegradable
substrate has associated with it a parallel
conversion of organic nitrogen to ammonia
nitrogen. These reactions occur in the same
way that biodegradable organic nitrogen from
the feed is converted into ammonia nitrogen.
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Soluble organic nitrogen is converted to
ammonia nitrogen through the reaction depic-
ted in row 6 of Table 2. This simple first order
equation is empirical in nature but has been
found to be adequate for modelling the conver-
sion when coupled with the process rate
equation for hydrolysis of entrapped organic
nitrogen (Dold and Marais, 1986).

Rows 7 and 8 in Table 2 show the models
that have been adopted for hydrolysis of slowly
biodegradable organic matter and biodegrad-
able organic nitrogen. The degradation of
slowly biodegradable organic matter is very
important to realistic modelling of activated
sludge systems because it is primarily respon-
sible for the attainment of realistic space-time
and real time dependent electron acceptor
profiles. Consequently, a great deal of effort
was devoted to this topic by the task group.
Within the past few years, the major changes
and innovations in activated sludge modelling
have been directed toward the development of
equations depicting the fate of entrapped par-
ticulate or stored soluble substrates. Careful
examination of all of the available literature
revealed that very little experimental work has
been conducted specifically on the kinetics and
mechanisms of degradation of particulate
organic material. Most studies in the

wastewater treatment field have been done as
part of complex model systems, thereby mak-
ing it difficult to verify independently the por-
tions dealing with hydrolysis and degradation
of particulates. Nevertheless, it was evident
that certain features were required in order
for the overall system models to give realistic
electron acceptor profiles. One was that the
rate was first order with respect to the active
heterotrophic biomass present. Another was
that the rate appeared to saturate as the amount
of entrapped substrate became large in propor-
tion to the biomass. Finally, because of the
need for enzyme synthesis it was reasoned that
the rate would be dependent upon the con-
centration of electron acceptor present.
Because nothing was known about ‘hydrolysis’
under anaerobic conditions except for the
limited information on decay presented earlier,
it was decided to assume that the rate goes to
zero in the absence of both oxygen and nitrate.
Examination of row 7 in Table 2 shows that
all of these features were incorporated. The
organic nitrogen was assumed to be uniformly
distributed throughout the slowly biodegrad-
able substrate so that the rate of hydrolysis of
entrapped organic nitrogen would simply be
proportional to the rate of hydrolysis of slowly
biodegradable substrate.
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Characterization of
wastewater and estimation
of parameter values

the design and operation of wastewater

treatment systems, it must be possible to
evaluate parameter values which are
wastewater specific and to estimate concentra-
tions of important components in the influent.
Examination of Table 2 reveals that the model
has 13 components and, with the exception of
Xp, all of them may appear in the influent. In
the recommended notation for the modelling
of biological wastewater treatment systems
(Grau et al., 1982), numerical subscripts are
used to denote the concentrations of com-
ponents at specific locations. Assuming that
some sort of pretreatment, such as sedimenta-
tion, precedes the biological treatment system,
the subscript for influent concentrations to the
biosystem would be 1. Consequently, the con-
centration of readily biodegradable substrate
in the feed will be indicated as Sg;, the con-
centration of slowly biodegradable substrate
as Xg;, etc. Table 2 also contains 19 para-
meters, five of which are stoichiometric. The
other 14 are kinetic. Fortunately, some of these
show little variation from waste to waste and
may be considered to be constants. Because of
the nature of the components it is necessary
to characterize the influent in terms of them
at the same time that the stoichiometric para-
meters are being evaluated. Consequently, we
will first describe a technique for doing that
and then we will summarize techniques for
evaluating the kinetic parameters.

IN ORDER for a model to have utility in

Characterization of
wastewater and estimation
of stoichiometric
coefficients

The most important factor by which a model
can be judged is its ability to predict real time
and space-time dependent changes in the
requirement for the electron acceptor. It was
because of this that substrate was partitioned
into two fractions: readily and slowly bio-
degradable. These are operationally defined
fractions which do not necessarily correspond
to readily distinguishable physical characteris-
tics such as soluble and particulate. Con-
sequently characterization of the influent must
be accomplished experimentally in a way
which ensures that the model can adequately
predict the electron acceptor requirement.

Another important factor during design is pre-
diction of the activated sludge production rate
because it determines the size of sludge hand-
ling facilities and the concentration of activated
sludge associated with a given hydraulic reten-
tion time. The effect of net specific growth
rate on the electron acceptor requirement and
the sludge production rate can be determined
most easily by operating steady state com-
pletely mixed activated sludge reactors in an
aerobic mode at a number of SRT's. The data
obtained can be used in concert with other
tests to characterize the wastewater and evalu-
ate the stoichiometric coefhicients.

The total COD in the influent wastewater
is made up of:

Se1+ Xs1+ X + 50 (8)
where:
Ss; 1s readily biodegradable substrate;
Xs, 18 slowly biodegradable substrate;
X1y isinert suspended organic matter; and
Sy 1s inert soluble organic matter.

The concentration of inert soluble organic
matter may be determined easily. Simply
remove an aliquot of the reactor contents from
a completely mixed reactor treating the
wastewater at an SRT in excess of 10 days and
aerate it in a batch reactor. If samples are
removed periodically and analysed for soluble
COD, the concentration will either remain
constant or will decrease with time. The for-
mer will occur if the concentration of readily
biodegradable COD in the reactor is negligible
whereas the latter will occur if it is not. The
final residual soluble COD is the inert material,
which is equal to the concentration in the feed,
Sh-

Before the concentration of readily bio-
degradable substrate can be obtained, the
heterotrophic yield, Yy, must be known. This
can be estimated by observing the mass of cell
material formed during removal of soluble
substrate. An aliquot of wastewater should be
settled and filtered to remove the particulate
material. The filtrate, which contains only
soluble organic matter, should be seeded
lightly with acclimated biomass from one of
the completely mixed reactors. Aliquots
should be removed periodically and both the
soluble COD and the total COD determined.
The heterotrophic yield can be determined
from:

Cell COD = Total COD —Soluble COD
)

(10)

_ A cell COD
"7 A soluble COD
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If this is done several times, an approximate
Yy value may be determined. Any errors in
this estimate will be compensated for in the
determination of other parameters or influent
concentrations.

Once Yy is known, the concentration of
readily biodegradable substrate in the influent,
Sg, can be estimated by measuring the change
in oxygen utilization rate (OUR) in a single
completely mixed reactor operated at an SRT
near 2 days under a daily cyclic square wave
feeding pattern (12 h with feed; 12 h without
feed) (Ekama et al., 1986). As shown in Figure
1, there is a rapid drop in oxygen uptake rate
following feed termination. This is because
any accumulated readily biodegradable sub-
strate is rapidly used. The OUR will not drop
to zero, however, because the accumulated
slowly biodegradable substrate will continue
to be used at the same rate for a time period.
Thus the immediate drop in OUR is associated
only with the readily biodegradable material
and can be used to find its concentration:

_AOURX YV

%51 Q- Ya)

(11)

where:

AOUR is the change in OUR following
feed termination (ML >T™');
V is the reactor volume (L°);

Q is the feed flow rate prior to termination
(LT,

Having determined the concentrations in
the wastewater of the total COD, readily bio-
degradable COD, and the inert soluble COD,
it is only necessary to determine either the
COD of the inert suspended organic matter,
Xj,, or the COD of the slowly biodegradable
substrate, Xg,, because the other can be deter-
mined by difference using Formula (8). It is
recommended that the concentration of COD
contributed by inert suspended organic
material be evaluated as a parameter for fitting
the model to data showing the effect of SRT
on the sludge production.

The sludge in the activated sludge process
comes from four major sources: growth of
heterotrophic biomass on biodegradable sub-
strate (Sg and Xg); production of inert particu-
late products by decay of the biomass; accumu-
lation of inert suspended organic matter from
the feed; and accumulation of undegraded
slowly biodegradable substrate. Autotrophic
biomass will also be present, but its contribu-
tion is so small for most wastewaters that it
may be neglected in this analysis. Growth of
heterotrophic biomass is proportional to the
degradation of substrate with the proportional-
ity constant being the heterotrophic yield, Yy
(Table 2). Decay of heterotrophic biomass
occurs with a rate constant, by, and results in
a fraction of the biomass, fp, being transformed
into inert particulate products. If mass balance
equations are written which allow prediction
of the effect of SRT on the sludge production
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Fig. 1. Response of a completely mixed activated sludge reactor to a 12h square wave
response as used to determine the concentration of readily biodegradable substrate (Source:
Ekama et al., 1986).
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rate in a completely mixed activated sludge
system at steady state, it will be seen that the
unknowns are Xy;, Xsi, fp, bu, Ss, kn and
Kx. The value of f; is not likely to vary greatly
from one wastewater to another because it is
a characteristic of the biomass. For the type
of model proposed here, in which decay results
in the recycling of substrate, fp has a value of
0.08gCOD (gCOD)™' (Dold and Marais,
1986). The value of the decay rate constant,
by, can be evaluated independently, as
described later. If completely mixed activated
sludge reactors are operated at steady state
under conditions of constant mass and
hydraulic loadings at SRT's in excess of 5 days
the concentrations of readily, Sg, and slowly,
Xs, biodegradable substrate in the reactor will
generally be negligibly small compared to the
amount in the feed (Ekama et al., 1986). Re-
cognition of this allows the hydrolysis para-
meters (k;, and K) and Sg to be dropped from
the equations, thereby allowing them to be
simplified. The concentration of slowly bio-
degradable substrate in the influent, Xg;, can
be calculated from the total feed COD in terms
of the inert particulate COD, Xj;, using For-
mula (8). Consequently, only X;, needs to be
evaluated since Yy, fp and by are indepen-
dently known. This can be done by using a
one dimensional search routine which chooses
X1 to minimize the error sum of squares when
predicted sludge production rates are com-
pared to measured rates as a function of SRT.
This fitting acts to tune the model to the
particular wastewater under study and com-
pensates for any error made in Yy and by
during their estimation. Once Xj; is known,
Xs; can be calculated from Formula (8). For
variable strength influents, it can generally be
assumed that the various fractions stay in con-
stant proportion to one another.

In most activated sludge modelling, it is
assumed that the concentration of biomass in
the influent is negligible compared to the
amount formed within the process. That
approach is taken here, primarily because more
research is needed regarding the impact of
biomass in the influent. No procedure is rec-
ommended for measuring the influent con-
centrations. If there were a desire to include
them in the model, appropriate microbiologi-
cal methods would have to be employed.

Examination of Table 2 reveals that the
model includes the soluble concentrations of
oxygen, nitrate plus nitrite nitrogen, ammonia
nitrogen, and alkalinity. The concentrations of
all of these constituents in the feed may be
measured by appropriate chemical tests.

Since the purpose of the model is to predict
the performance of a single sludge system per-
forming carbon oxidation, nitrification, and
denitrification, it is important that the nitrogen
be accounted for. Oxidizable nitrogen may be
present in five forms: ammonia nitrogen, Syy;
soluble, inert organic nitrogen, Sy;; particu-
late, inert organic nitrogen, Xy;; readily bio-
degradable organic nitrogen, Syp; and slowly

biodegradable organic nitrogen, Xyp. As
stated above, the concentration of ammonia
nitrogen in the feed may be determined by
appropriate analysis of a filtered sample. The
concentration of soluble, inert organic nitrogen
in the influent may be determined by perform-
ing Kjeldahl nitrogen tests on aliquots of the
samples used to determine the soluble, inert
COD. The Kjeldahl test may also be used to
determine the total concentration of soluble
organic nitrogen in the feed. Subtraction of
the inert soluble organic nitrogen from that
value approximates the readily biodegradable
organic nitrogen, Syp,. If the readily bio-
degradable and slowly biodegradable organic
nitrogen in the feed are assumed to be propor-
tioned in the same way as the readily bio-
degradable and slowly biodegradable COD in
the feed, then the concentration of slowly bio-
degradable organic nitrogen in the feed may
be determined from the concentration of

readily biodegradable organic nitrogen in the
feed:

SNDI — SS!
XND1+SND1 XSI+SSI

(12)

The only unknown is Xyp;, for which
Equation (12) can be solved. There is no need
to determine the particulate, inert nitrogen in
the feed since nitrogen continuity cannot be
checked because of the loss of nitrogen gas.
Three additional stoichiometric parameters
must have values assigned to them. Because
of the restricted nature of the nitrifying popu-
lation in activated sludge, the autotrophic
yield, Y,, is not likely to vary much from
system to system. Consequently, it should be
adequate to use values obtained from the
literature. An appropriate value appears to be
0.24 mg cell COD/mg N oxidized, which fol-
lows from the observation that 4.33 g of oxygen
are used for each gram of nitrate nitrogen
formed (Grady and Lim, 1980). The mass of
nitrogen per mass of cell COD, iyp, can be
approximated closely enough by assuming that
cell mass is represented by CsH;O,N. The
resultant value is 0.086 gN (g COD)™". The
mass of nitrogen per mass of COD in the inert
particulate products, ixp, can also be approxi-
mated from literature values. An appropriate

value is 0.06 g N (g COD) ™.

Estimation of
kinetic parameters

The purpose of the two half-saturation
coefficients, Koy and Ko, is to serve as
switching functions to shut off aerobic
heterotrophic growth and start anoxic growth
as the dissolved oxygen concentration drops.
Likewise, the purpose of the oxygen half-satur-
ation coeflicient for the autotrophs, Kg 4, is
to serve as a switching function stopping
nitrification when the dissolved oxygen level
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gets too low. Consequently, the actual values
used are not critical as long as they are of the
appropriate order of magnitude and are small
in comparison to operating concentrations.
This suggests that it is not necessary to evaluate
these parameters on a case by case basis. Rather
the use of default values, to be given later,
would be satisfactory.

The most critical parameter for characteriz-
ing the growth of the autotrophic biomass is
fia, the maximum specific growth rate. This
is because it is more sensitive to the con-
stituents in the wastewater than is the half-
saturation constant Ky and because it deter-
mines the minimum SRT below which wash-
out of the nitrifiers would occur. Con-
sequently, every effort should be made to
measure it accurately. The recommended pro-
cedure is to measure i, during a dynamic test
on one of the completely mixed reactors being
run to determine the heterotrophic para-
meters, providing it is barely nitrifying and
has a high DO concentration. By so doing, an
accurate measure will be obtained of fi, in the
actual wastewater environment. At the start of
the test the sludge wastage rate from the com-
pletely mixed reactor is decreased to make the
SRT greater than that required to achieve a
high degree of nitrification. The concentration
of nitrate nitrogen in the reactor should be
measured over time as it increases through
growth of additional nitrifying bacteria. Since
the concentration of nitrate nitrogen is propor-
tional to the mass of autotrophic bacteria in
the sludge, the change in the nitrate concentra-
tion can be used to estimate g, (Hall, 1974).
If the natural logarithm of the nitrate nitrogen
concentration is plotted versus time its slope
will be fi,—1/6x— b}, where 6 is the new
SRT and b) is the traditional decay rate
coeflicient for the nitrifiers. Since 8 is known
and b} may be assumed, [, is known.

Unlike the situation for heterotrophic cell
mass, the specific decay rate coefficient for
autotrophic bacteria in this model, b,, i1s
numerically equivalent to the traditional decay
rate constant, b, This follows from the fact
that the recycling of organic matter that results
from decay occurs through the activity of the
heterotrophic biomass and not the autotrophic
biomass. There are a number of questions con-
cerning the mechanisms by which autotrophic
bacteria undergo decay. Consequently, there
was general agreement among the task group
members that it would be difficult to measure
ba with any real meaning. Examination of the
research literature revealed that b, should lie
between 0.05 and 0.15 day ' for most activated
sludge conditions. Consequently, it is recom-
mended that a value within that range be
assumed.

The half-saturation coefficient for the
nitrifying bacteria, Kyy, can be determined
by the procedure of Williamson and McCarty
(1975). Samples of nitrifying activated sludge
from a completely mixed reactor are removed
and placed into fed-batch reactors which

receive continuous mass loadings of ammonia
nitrogen below the maximum nitrification
potential of the biomass. By using as feed
wastewater spiked with additional ammonia
nitrogen, it is possible to make the volumetric
flow rate very small, thereby allowing each
reactor to reach a pseudo-steady state. This
provides information on the relationship
between the specific nitrification rate and the
pseudo-steady state ammonia nitrogen con-
centration which can be analysed by any of
several techniques to provide a value for the
half-saturation coefficient, Kyy.

Because of the influence of environmental
factors such as pH, temperature and DO con-
centration on, the rate of nitrification, special
care should be taken in the preceding tests to
maintain those factors at constant, appropriate
values. It 1s especially important for the DO
concentration to be maintained high enough
to make the term S,/(Koa+So) approach
unity.

The decay coefficient, by, is very important
to predictions of sludge production and oxygen
requirements, so it must be determined for the
sludge in use. Sludge is removed from a com-
pletely mixed reactor and put into a batch
reactor where the OUR can be measured many
times over a period of several days (Ekama et
al., 1986). The slope of a plot of the natural
logarithm of the oxygen uptake rate versus
time will be the traditional decay coefficient,
by. Nitrification should be inhibited during
the test by the addition of 20 mg1™" of thiourea
and the pH should be maintained at a constant
value near neutrality. The model decay
coeflicient, by, can be calculated from:

=L
1_ YH(]' _fp)

if Yy and fp are already known.

Two important parameters for the predic-
tion of denitrification are 7, and 7,,. The first
is a correction factor which adjusts for either
the change in gy associated with anoxic condi-
tions, or for the fact that only a portion of the
biomass can denitrify. The second is a correc-
tion factor which adjusts for the observation
that hydrolysis of slowly biodegradable organic
matter occurs more slowly under anoxic condi-
tions than under aerobic conditions. The two
correction factors appear to have different
numerical values, with n,, being the smaller of
the two (Dold and Marais, 1986). Several fac-
tors are likely to influence the 7 values, includ-
ing the fraction of bacteria in the influent that
are capable of denitrification and the treatment
system configuration, although theoretical
calculations suggest that the latter is likely to
be less important than the former (Henze,
1986). As a first approximation, 7, could be
assumed to be equal to the ratio of the nitrate
removal rate to the oxygen removal rate calcu-
lated on an oxygen equivalent basis using bio-
mass harvested from the influent (Henze,
1986). However, after lab or pilot scale studies
are under way, it will be possible to measure

by (13)
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both 7 values directly using biomass from an
experimental reactor.

The tests to measure 7, and 7, are perfor-
med at the same time by evaluating oxygen
and nitrate consumption rates in two batch
reactors which are equivalent in every respect
except for the terminal electron acceptor (oxy-
gen in one (aerobic) and nitrate in the other
(anoxic)). The rationale for the tests is that
immediately after bringing biomass into con-
tact with wastewater in a batch reactor, the
activity in the reactor will be dominated by
growth of the heterotrophs on the readily bio-
degradable substrate whereas later activity will
be predominantly due to use of substrate aris-
ing from hydrolysis of the slowly biodegrad-
able substrate. When running the tests it is
important that the ratio of substrate to biomass
(F/M) be in the proper range as illustrated
in Figure 2 (Ekama et al., 1986). If F/M is
too low the time during which the readily
biodegradable substrate is removed will be too
short to allow an accurate measurement of the
OUR and nitrate utilization rate (NUR),
whereas if it is too high the difference between
the rates during the two phases will be too low
to be clearly distinguishable. If the F/M is
correct, the two zones of activity will be clearly
distinguishable and of sufficient duration to
allow accurate determination of the OUR in
the aerobic reactor and the NUR in the anoxic
reactor. If OUR, represents the OUR during
the first period and NUR, represents the corre-

sponding NUR, then:
2.86 xNUR,
Mg = (14)
OUR,

Likewise, if OUR,, represents the OUR during
the second period, and NUR,, the correspond-
ing NUR, then:

_ 2.86XNUR,

= 1
T OUR, (15)

The parameters describing biomass growth,
Ay and Kg, are difficult to evaluate accurately,
but that is not critical because the model is
not very sensitive to their values. The main
function of fiy is to allow the maximum OUR
to be predicted. This suggests that measures
of fiy should be based upon oxygen uptake
measurements rather than cell growth or sub-
strate removal. Because the concentration of
readily biodegradable substrate in the efluent
from an activated sludge system is generally
quite low, it is not critical to the predictions
of biomass concentration and OUR that it be
modelled with high accuracy; i.e. an error
factor of 2 or 3 will have little impact on model
predictions. Consequently, the main function
of Ky is as a switching function between first
order and zero order kinetics for heterotrophic
biomass growth and substrate removal. Cech
et al. (1985) and Chudoba et al. (1985) have
described a respirometric procedure for its
measurement. Thus it seems appropriate to
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Fig. 2. Effect of changing the substrate to biomass ratio (food to micro-orgarism ratio, F/M)
on the OUR in a batch reactor {Source: Ekama et al., 1986). (VSS = volatile suspended solids.)
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use respirometric techniques to estimate the
values of both gy and Kg.

In the procedure of Chudoba et al. (1985),
biomass is removed from a laboratory-acti-
vated sludge reactor and aerated for 1 h to
allow a constant background respiration rate
to be achieved. Appropriate dilutions of the
biomass are then contacted with dilutions of
the wastewater chosen to allow various specific
respiration rates up to the maximum to be
achieved. During the test the DO concentra-
tion should be kept high so the term
So/(Kou*So) in the rate equation is made
to approach unity. Use of the stoichiometric
and kinetic parameters, in cornbination with
the known characteristics of the wastewater,
allow estimation of the heterotrophic biomass
concentration, Xpy, in the activated sludge
from the lab-scale reactor. The measured res-
piration rates can then be divided by the
heterotrophic biomass concentrations in the
respirometer to obtain the specific respiration
rates. Subtraction of the background rate from
the measured rate gives the specific rate of
substrate oxidation, 7., 0x. The specific
growth rate, py, can then be calculated as:

(%)
MHH= 1- Yy Tresp,0X (16)
Because of the high DO concentration
maintained during the test, uy is a function
of only the readily biodegradable substrate
concentration, Sg. The data on py as a func-
tion of Sg may be analysed by any of several
techniques to obtain gy and Kg. This pro-
cedure is very sensitive to small changes in Sg
and thus allows reasonable estimates of Kg,
even when it is small.

An important factor which has only recently
been recognized is that biomass grown in
different reactor configurations exhibit
different values of fiy and Ks even though the
reactors are operated at the same SRT, loading,
etc. (Cech et al., 1985; Dold and Marais, 1986).
Generally, the values of iy and Kg tend to be
lower for biomass grown in a completely mixed
reactor with constant feed input than they are
for biomass grown in a reactor which incorpor-
ates either time or space dependent changes
in substrate concentration. Although the
evidence is limited, this is probably due to
predominance differences within the biomass
brought on by different selective pressures in

the two types of reactor. This suggests that
care must be used in the collection and inter-
pretation of kinetic data. Additional research
is needed on this phenomenon, particularly
with regard to the question of the best reactor
configuration in which to grow biomass during
parameter evaluation studies. In the meantime,
preliminary evidence suggests that it would be
acceptable to use a completely mixed reactor
receiving a daily cyclic square wave input of
feed. This is the same reactor configuration
recommended for determination of the con-
centration of readily biodegradable substrate
in the feed and thus it appears to be a useful
tool for wastewater characterization studies.
The final parameters to be evaluated are the
maximum specific hydrolysis rate k;,, the half-
saturation coeflicient, Ky, for hydrolysis of
slowly biodegradable organic matter and the
ammonification rate, k,. Unlike Ay and Kg,
these parameters appear to be relatively
independent of the reactor configuration (Dold
and Marais, 1986). In order to measure ky,
the biomass must be saturated with slowly
biodegradable substrate. This, too, is most
easily accomplished by operating a completely
mixed activated sludge reactor at a short SRT
with feed conforming to a daily cyclic square
wave pattern (Ekama et al., 1986). Figure 1
shows the pattern of oxygen uptake over the
24 h period and it will be recalled that the
immediate drop upon feed cessation was used
to determine the concentration of readily bio-
degradable substrate. In addition, the plateau
in the OUR after feed cessation is due to
degradation of organics released by hydrolysis
of slowly biodegradable substrate. The
existence of a sustained plateau is evidence
that the biomass is saturated and that hydro-
lysis is occurring at the maximum rate, thereby
allowing evaluation of k. Furthermore, the
pattern at which the OUR falls off with time
1s determined by Kx. Consequently, the best
way to estimate k, and Kx is by curve-fitting
techniques to match the response of the model
to the oxygen uptake pattern in Fig. 1 (Dold
and Marais, 1986). Since all other parameters
have been selected, the only unknowns for the
curve-fit are the two hydrolysis parameters,
and the technique has been found to be quite
sensitive to their values. A similar cyclic square
wave feed experiment where nitrification is
inhibited allows for determination of the

Table 3 Parameters and characteristics which may be assumed

Symbol Name
Y, Yield for autotrophic biomass
ba Decay coefficient for autotrophic biomass
fe Fraction of biomass leading to particulate products
ixp Mass of nitrogen per mass of COD in biomass
ixp Mass of nitrogen per mass of COD in products from biomass
Kon Oxygen half-saturation coefficient for heterotrophic biomass
Ko Nitrate half-saturation coeflicient for denitrifying heterotrophic biomass
Kooa Oxygen half-saturation coeflicient for autotrophic biomass
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ammonification rate, based on the release of
ammonia from soluble organic nitrogen during
the non-feed period.

Two important points arise from the pre-
vious discussion. First, some parameters need
not be measured because assumed values are
satisfactory. These are summarized in Table
3. Second, evaluation of the remaining para-
meters as well as certain aspects of the waste
characteristics must proceed in a particular

order because the values of some are needed
before others can be obtained. These are listed
in Table 4 in the order of their determination.
While every effort has been made to give the
most reasonable procedure for evaluating para-
meters and wastewater characteristics, it
should be recognized that some techniques are
provisional. Better techniques are likely to be
developed as more experience is gained in use
of the model.

Table 4 Parameters and characteristics which must be evaluated and information needed

Prior information

Symbol Name needed

S~oi Soluble nitrate nitrogen concentration in wastewater

SnH1 Soluble ‘ammonia’ nitrogen concentration in wastewater

Su Soluble inert COD concentration in wastewater

S Soluble inert organic nitrogen concentration in wastewater

Snpi Soluble biodegradable organic nitrogen concentration in St
wastewater

Yu Yield for heterotrophic biomass

Sq1 Concentration of readily biodegradable COD in wastewater Yy

Ha Maximum specific growth rate for autotrophic biomass ba

Kxu Ammonia half-saturation coefficient for autotrophic biomass

by Decay coeflicient for heterotrophic biomass Yu, fp

Xu Inert suspended organic matter concentration in wastewater fps bu, Ss1, Sn

X5 Slowly biodegradable organic matter concentration in X1, Ss1, Su
wastewater

XNp1 Slowly biodegradable organic nitrogen concentration in Sg1, Xs1, Snp1
wastewater

Mg Correction factor for py under anoxic conditions

M Correction factor for hydrolysis under anoxic conditions

An Maximum specific growth rate for heterotrophic biomass Yu, Xs1, Xi1, Ss1, fp

Kg Half-saturation coefficient for heterotrophic biomass Yu, Xs1, Xu, Xaiy fe

ki, Maximum specific hydrolysis rate

Kx Half-saturation coefficient for hydrolysis of slowly

biodegradable substrate
k, Ammonification rate




Typical parameter ranges, default values, and effects of environmental factors

Typical parameter ranges,

default values,

and effects

of environmental factors

Typical parameter values

characteristics whose values may be
assumed rather than evaluated for each
situation. They are listed in Table 3.

The autotrophic yield, Y,, is a composite
value for the combined growth of Nitrosomonas
sp. and Nitrobacter sp. A range of values has
been reported in the literature, although in
this instance the range is more likely to have
been the result of different environmental con-
ditions than of different organisms with
differing metabolic efficiencies. Reported
values range from 0.07 to 0.28 gcell COD
formed (g N oxidized)™'. The theoretical value
associated with the observation that 4.33 g of
oxygen are required per gramme of nitrate
nitrogen formed is 0.24 gcell COD formed
(g N oxidized) ™.

As discussed earlier, there was general
agreement within the task group that it would
be difficult to measure the specific decay
coefficient for autotrophic biomass with any
real meaning. Although values in the range
between 0.05 and 0.15 day~' have been repor-
ted, relatively little is actually known about its
value.

The coefficient, fp, represents the fraction
of the biomass that ends up as inert particulate
products following decay. Typically, about
20% of the biomass formed is considered to
contribute to the inert residue and thus fp is
usually given a value of 0.20 in traditional
models. It should be recognized, however, that
in this model decay results in the recycling of
biomass through the synthesis—resolubilization
route. Thus, in order to have the observed
fraction of inert products formed per net unit
of mixed-liquor volatile suspended solids
(MLVSS) equal to about 20%, the fraction of
them actually formed during each passage
around the cycle must be less than 20%. This
follows from the fact that the observed fraction
equals:

CONSIDER first those parameters and

_fP__ (17)
1= Yu(1-fp)
If the observed fraction is 20%, then the value
of fp for this model should be around 0.08.
Two other stoichiometric coefficients whose
values may be assumed are the mass of nitrogen
per mass of cellular COD in the biomass and
in the inert particulate products. For a typical
cell formulation (CsH;O,N), the value of ixg

would be 0.086 g N (g cell COD) ™", It is likely
that the inert particulate products will contain
less nitrogen and thus an appropriate value for
ixp would be in the region of 0.06gN
(gCOD)™".

As discussed earlier, the purpose of the half-
saturation coeflicients for the electron accep-
tors is to serve as switching functions to turn
aerobic and anoxic growth on or off as the
oxygen and nitrate concentrations vary. The
half-saturation coeflicient for dissolved oxy-
gen, Ko 4, has not been well characterized but
is known to vary considerably from organism
to organism. For example Lau et al. (1984)
reported a value of 0.15g O, m* for a floc-
forming bacterium but only 0.01 g O, m ™ for
the filamentous bacterium Sphaerotilus natans.
As a result of its importance to a complete
description of denitrification kinetics, Kyo has
received more study. All have found it to be
quite low, so that for most purposes
denitrification behaves in a zero order manner
with respect to nitrate concentration. Typical
values range from 0.1-0.2 g NO;-N m >, The
half-saturation coeflicient for the effect of dis-
solved oxygen on the nitrifying bacteria is
important for incorporating the retardant
effect that low DO levels have been observed
to have. Values reported in the literature have
ranged from 0.5 to 2.0 g O, m >, Parker et al.
(1975) used a value of 1.3 g O, m ™ for illustra-
tive purposes.

The parameter values which must be evalu-
ated for each wastewater are listed in Table 4.
The order in which they must be evaluated is
also indicated.

The heterotrophic yield, Yy, depends upon
the nature of the substrate as well as the popu-
lation of micro-organisms carrying out the
degradation. For various pure cultures grow-
ing on a number of single substrates, Yy has
been observed to range from 0.46 to 0.69 g cell
COD formed (g substrate COD removed) ™"
Yield values for mixed cultures growing on
multicomponent substrates have been found
in the same range. If the influent wastewater
contains appreciable quantities of micro-
organisms which are not explicitly enumerated
during characterization of the wastewater,
their presence may influence the observed
value of Yy. To date, relatively little research
has been done on their impact.

The parameter (i, is one of the more critical
parameters in the model because it determines
the SRT at which washout of the nitrifying
bacteria occurs. Because nitrification is being
modelled as a single step process and because
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Nitrobacter spp. are generally considered to
have a higher maximum specific growth rate
than Nitrosomonas spp., it is appropriate to use
the (i, value associated with the removal of
ammonia nitrogen (i.e. with Nitrosomonas spp.
growth) in the model. Values have been repor-
ted in the literature which range from 0.34 to
0.65day”' for mixed culturss oxidizing
ammonia nitrogen under optimal conditions
in the laboratory. Because nitrifying bacteria
are influenced by many environmental factors,
such as pH and temperature, it is important
that actual values be measured for the par-
ticular waste in question.

The decay rate coefficient, by, is important
because it has a large effect on the predicted
cell mass at any given SRT. In traditional
modelling, there is no recycling of substrate
from decay, as there is in this model. Con-
sequently, it is difficult to compare values of
the traditional decay rates, bj;, with values of
the modified parameter, by, used herein.
Reported values of by vary widely, ranging
from lows of 0.05 day™' for domestic sewage
in the USA to highs of 1.6day™' for some
food-processing wastes. It is this wide range
that led to the recommendation that the decay
rate coefficient be measured for each
wastewater treatment situation under con-
sideration.

The denitrification correction factor, 7,
must be included to account for the fact that
either the maximum rate of readily biodegrad-
able substrate removal per unit of biomass is
lower under anoxic conditions than under
aerobic, or that not all heterotrophic bacteria
can use nitrate as the terminal electron accep-
tor. Although relatively few measurements
have been made of this parameter it appears
to fall in the range 0.6-1.0. The lower value

appears to be associated with wastewaters from
anaerobic sewers whereas the higher value
seems to be associated with wastewaters from
aerobic sewers.

Two other parameters listed in Table 4 are
Ay and Kg which describe the growth of
heterotrophs on the readily degradable sub-
strate. They are very dependent on the nature
of the wastewater being treated and thus large
ranges of values have been reported in the
literature. Furthermore, as discussed pre-
viously, they appear to be influenced by the
configuration of the reactor within which the
biomass is grown. Consequently, even for
domestic sewage, values of gy have been
reported which vary from 3.0 to 13.2 day ™'
while Kg values from 10 to 180 g m™ of bio-
degradable COD have been given.

The maximum specific hydrolysis rate, ky,,
the half-saturation coefficient for hydrolysis of
slowly biodegradable substrate, Ky, and the
ammonification rate, k, are relatively new
parameters for which little information exists.
Thus it is not possible at this time to give the
ranges within which the values are likely to lie.

The parameter 7, acts to decrease the
maximum hydrolysis rate under anoxic condi-
tions, Although information on it is also
limited, it appears to have a value in the region

of 0.4 (Dold and Marais, 1986).

Default values

The parameter values used by the task group
in the modelling studies reported here are
listed in Table 5 for 10 °C and 20 °C. Likewise,
typical wastewater characteristics are listed in

Table b Typical parameter values at neutral pH

Value at Value at
Symbol Unit 20°C 10°C
Stoichiometric parameters
Ya g cell COD formed (g N oxidized)™ 0.24 0.24
Yu g cell COD formed (g COD oxidized)™ 0.67 0.67
fe dimensionless 0.08 0.08
ixp g N(g COD)™! in biomass 0.086 0.086
IxE g N(g COD)™" in endogenous mass 0.06 0.06
Kinetic parameters
An day™! 6.) 3.0
K gCODm™ 20.0 20.0
Kou g0, m™ 0.20 0.20
Kxo gNO;-Nm™ 0.50 0.50
by day™! 0.62 0.20
Mg dimensionless 0.8 0.8
T 0.4 0.4
ky, g slowly biodegradable COD (g cell COD - day)™! 3.0 1.0
Ky g slowly biodegradable COD (g cell cobn)™! 0.03 0.01
fa day™ 0.80 0.3
Knu g NH;-Nm 1.0 1.0
Koa g0, m™ 0.4 0.4
k, m® - COD (g - day)™! 0.08 0.04




Typical parameter ranges, default values, and effects of environmental factors

Table 6 Typical characteristics of settled domestic sewage

Symbol Unit Denmark Switzerland Hungary
Ss gCODm™? 125 70 100
5 gCODm™ 40 25 30
Xs gCODm™ 250 100 150
X, gCODm™ 100 25 70
Sxp gNm™ 8 5 10
Xnp gNm™ 10 10 15
Sxu gNH;-Nm™ 30 10 30
Sni gNm™ 2 2 3
Sno gNO;-Nm™? 0.5 1 1

Table 6 for several countries. The values in
Table 5 are considered to be ‘typical’ for
neutral pH and domestic wastewater. It should
be emphasized, however, that many parameter
values are strongly influenced by environ-
mental conditions, as discussed in the next
section. Thus, although the values in the tables
may be used as default values in the absence
of specific data, the danger in doing so should
be recognized.

Environmental effects

Although a number of environmental factors
can influence the parameter values, three, in
particular, deserve mention. These are specific
factors in the wastewater, pH, and tem-
perature.

Most parameter values can be influenced by
specific compounds in the wastewater, which
may act in either a stimulatory or an inhibitory
manner. This is particularly true of those
which describe nitrification. Because of the
many factors which can potentially have an
effect, it is difficult to generalize about them.
The safest approach is to evaluate the para-
meters on the specific wastewater in question,
which is why that procedure was recom-
mended.

The effects of pH on nitrification have been
well documented and equations have been pro-
posed in the literature which incorporate them.
The pH also influences the kinetics of
heterotrophic growth, but fewer quantitative
relationships have been developed. Most esti-
mates of parameter values have been made at
neutral pH and thus it is implicitly assumed

in the model that the pH is near neutrality and
relatively constant. Because both nitrification
and denitrification involve changes in the
hydrogen ion concentration they are likely to
alter the pH if the buffering capacity of the
wastewater is not sufficient. Since the major
constituent contributing to buffering capacity
is alkalinity, the model was structured so that
alkalinity changes can be calculated. This
allows the user to check to be sure that
the assumption of nearly constant pH is not
violated.

Within a narrow temperature range (psy-
chrophilic, mesophilic, or thermophilic) an
increase in temperature generally results in an
increase in the value of a rate coefficient like
i, b, or ky in a manner that can be described
by a modified Arrhenius equation. Because
half-saturation coefficients are not rate
coefficients, but are parameters which
influence the shape of a u—S (or ammonia
nitrogen, oxygen etc.) curve it is more difficult
to generalize about the effects of temperature
on them. Some increase, some decrease, and
some are unchanged. The important point to
recognize, however, is that all kinetic para-
meters are influenced by temperature. This
suggests that their values should be deter-
mined at the temperature which will impose
the most critical condition in the full scale
facility. If that cannot be done, then a correc-
tion factor for temperature must be applied.
Although a number of temperature correction
factors have been reported in the literature,
most have been developed for isolated proces-
ses. Since no single study has determined the
effects of temperature on all of the processes
incorporated into this model, the task group
was reluctant to mix correction factors from
several studies.
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Assumptions, restrictions
and constraints

HEN A wastewater treatment system

V ‘/ is to be modelled, a certain number of
simplifications and assumptions must

be made in order to make the model tractable.
Some of these are associated with the physical
systemn itself, whereas others concern the
mathematical model. Often these sim-
plifications and assumptions are implicit,
which may cause the user to overlook them.
When that happens there is a strong likelihood
that they will be violated, which could destroy
the utility of the results. T'o prevent that from
happening the following sections explicitly
enumerate the major assumptions, restrictions
and constraints associated with the model and
the physical system it was designed to simulate.

Assumptions and
restrictions associated
with the model

1. The system operates at constant tem-
perature. Because many of the coefficients
are functions of temperature, their func-
tionality would have to be explicitly
expressed in the rate expressions, p;, in
order for time-variant temperature fluctu-
ations to be considered.

2. The pH is constant and near neutrality.
As discussed earlier, although it is known
that the pH influences many of the
coefficients, few expressions are available
for expressing that influence. Con-
sequently, constant pH has been assumed.
The inclusion of the alkalinity in the
model allows the user to detect potential
problems with pH control.

3. No consideration has been given to
changes in the nature of the organic matter
within any given fraction (e.g. the readily
biodegradable organic matter). In other
words, the coefficients in the rate
expressions have been assumed to have
constant values. It is still possible,
however, for the concentration associated
with any influent fraction to vary with
time. Thus while variable input loadings
can be handled, changes in waste character
cannot.

4, The effects of limitations of nitrogen,
phosphorus, and other inorganic nutrients
on the removal of organic substrate and
on cell growth have not been considered.
It is well known that inadequate inorganic

nutrients can lead to problems in sludge
settleability. Thus, care must be taken to
be sure that sufficient quantities of in-
organic nutrients are present to allow
balanced growth.

5. The correction factors for denitrification,
M, and 7y, are fixed and constant for a
given wastewater. It is possible that their
values may be influenced by system
configuration but this is not considered.

6. The coefficients for nitrification are
assumed to be constant and to incorporate
any inhibitory effects that other waste
constituents are likely to have on them.

7. The heterotrophic biomass 18
homogeneous and does not undergo
changes in species diversity with time.
This assumption is inherent in the
assumption of constant kinetic para-
meters. It also means that the effects of
substrate concentration gradients, reactor
configuration, etc. on sludge settleability
are not considered.

8. The entrapment of particulate organic
matter in the biomass is assumed to be
instantaneous.

9. Hydrolysis of organic matter and organic
nitrogen are coupled and occur simul-
taneously with equal rates.

10. The type of electron acceptor present does
not affect the loss of active biomass by
decay.

Constraints
upon the application
of the model

The following represent some of the con-
straints which must not be violated if simula-
tion results are to have practical utility. These
are necessary because things which are possible
mathematically may not be possible in the real
world.

1. The net growth rate or SRT of the biomass
must be within the range that allows a
flocculent biomass to develop. For example
if the SRT falls below 3 days, there are
likely to be severe problems with sludge
settleability in an activated sludge system.
Since the model does not consider sludge
settling, the user must ensure that all condi-
tions employed will result in a sludge which




settles properly. The upper limit on SRT
for validity of the model to single sludge
systems is not well established, but appears
to be about 30 days.

. Proper sludge settling is also dependent
upon the concentration of solids entering
the final settler. Thus, while it is possible
mathematically to make the reactor
hydraulic retention time small by making
the activated sludge concentration very
large, such a trade-off may not work in
practice because it may be difficult to get
the highly concentrated sludge to settle
sufficiently to obtain a clear effluent. Con-
versely, if the sludge concentration entering
the settler is too low, a proper sludge
blanket may not be established and a poor
effluent may result. As a rough guideline,
the activated sludge concentration (in COD
units) should generally fall between 750 and
7500 g m~°, depending upon the type of
pretreatment. If it does not, then the reactor

Assumptions, restrictions and constraints

sizes should be adjusted to increase or
decrease it as needed.

. The unaerated fraction of the reactor

volume should not exceed 50% because
sludge settling characteristics may deterior-
ate if it does.

. The mixing intensity in an aerated reactor

will be proportional to the power expended
per unit volume for oxygen transfer. If that
intensity exceeds 240s ', excessive floc
shear is likely to cause poor sludge settling.
If the chosen reactor sizes cause the mixing
intensity in any single reactor to be too
great, then the design is not practical and
new reactor sizes should be chosen. It
should be noted that the choice of new
reactor sizes will change the activated
sludge concentration if the SRT is kept
constant. Consequently, the constraints on
mixing intensity and activated sludge con-
centration should be considered simul-
taneously.
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Implementation of the
activated sludge model

scheme of conversion processes as pres-

ented for the activated sludge system in
Table 2 can only be realized if equal care is
devoted towards the physical system in which
these processes will be active. The modelling
of complex activated sludge reactor schemes
under non-steady state conditions is the ulti-
mate goal of this report. Mass balances, which
relate the change of state of a system to trans-
port and conversion processes, are the most
convenient tool to model system performance.
If activated sludge flow schemes are modelled
as a combination of continuous stirred tank
reactors (CSTRs), the mass balances may be
written as a set of coupled ordinary differential
equations, which for the kinetics introduced
here (Table 2) are non-linear. Numerical
integration techniques will usually be required
to solve these equations.

The following sections are provided to help
the less experienced process engineer develop
software based on the proposed activated
sludge kinetics. A personal computer with a
BASIC compiler is sufficient to implement a
powerful program. Full listings of computer
programs were purposefully not provided in
this report. By requiring each user to develop
his own software the task group hoped to make
each user fully aware of the details in the
model.

THE FULL potential of a complex

Modelling of
complex flow schemes

The general flow scheme indicated in Fig. 3
may be used to model a variety of continuous

flow activated sludge processes. Each reactor
compartment, k, is assumed to be completely
mixed and must be defined with regard to:

Volume, V(k)

Influent flow rate, Q. - fraction (k) = Q(k)

Value of the mass transfer coefficient, K| a,
of the aeration equipment under the
operating conditions imposed. Alterna-
tively, the DO concentration in each reac-
tor could be fixed at a specified value to
be maintained by a DO controller which
would alter the K a value as needed.

Figure 4 presents some possibilities for
modelling typical activated sludge flow
schemes. The right-hand column of Fig. 4
indicates how these reactor schemes may be
characterized in numerical terms.

Definition of
initial conditions

The activated sludge model includes 13
independent state variables for each reactor
compartment. This requires the definition of
a large number of initial values before integra-
tion may start. Since good estimates for most
of these initial values are not usually available,
one technique would be to start the dynamic
simulation from a steady state situation as
derived for a mean load condition. The steady
state may be obtained by relaxation over
several SRTs of all components of interest;
alternatively a more direct procedure may be
used as discussed later.

v

Fig. 3. Configuration and nomenclature of generalized activated sludge system.




Implementation of the activated sludge model

29

‘saweyos moy ebpnis pejeanoe xe|dwod Juasaides 0} pesn aq ABw Yolym swaysAs jo sajdwexy ‘p ‘Big

00002 ¢= 1-a €+KH NOILVINOYIDEY
00T &= -0 €+H ININTANI
‘0 = (€ )zo'(€ )vm
0 &= (z )zo'(z v
‘00¢ ¢= (1 )z0' (1 )¥IA ‘W‘d
£-W ZO S ZO ¥Od INTVATONLNOD ‘T-d ANTYA VIH
0’6l ¢= (€ )Y (€ )A
0'GY ¢= (z )¥'(Z )a Hlll
T'61 ¢= (T IY'(T )A
(31)¥ NOIIOVYA INANTINI ‘€+W (M)A IWOTOA
£ ¢= (° OL dn) S40LOVIE JO JAAWNN [asnotie]y
0s i= 1-0 £+H NOILVINOYIDAN
001 ¢= 1-0 €4 ILNINTANI
T = (z )zo'(Z VI
A (1 )zo' (1 YvIA
€-W 2O O 7O ¥Od IMIVATIONINOD ‘T1-a4 ANTIYA YT
1'ST é= (z )¥'(Z A a
0‘0t &= (T )Y’ (T )A
(3)¥ NOILOVEA ININTANI ‘€+W (M)A FWNTOA
Z é= (9 OL dn) SYOLOVAd 40 WAAWAN o) uonezZI[Iqe)s 19LIU0Y)
00¢ 2= 1-a €+R NOILVINOY¥IDAY
00T &= 1-Q €+H LNANTANT S 7
' i= (z )2o0’(z )¥IA o
‘0 = (1 )20’ (1 )¥IA N oowoo VAN
€~W zO D zO ¥Od INTYATOHINOD ‘T1-d NTYA VI ==\ ]
0°0€E &= (z )¥'(z )A _
T'ST é= (T e’ (1 )A
()Y NOILOVHd INANTANI ‘€+W (M)A TWOTOA
Z é= (9 OL dN) SY0LOVEN J0 JTAWNN Fo) oREIUNUS(
0§ ¢= 1-d E+H NOILVINOWIDAYE
00T &= 1-Q £+H INANTANI q
[ (€ )Zo'(€ )YV 0© 00 00
T = (z Yeo'(z NI .0° oo oo
T &= (1T Yeo’(1 )VIA 0%t | oo Jog2e
£€-W ZO D O ¥Od ANTIYATONLNOD ’T-d FOTVA VTN -z
€EET'ST &= (€ )¥'(€ )
EEE" ‘ST &= (T )¥'(T )a \— u, 9
EEE°'GT &= (T )Y (T )A
(M)V NOILOVMA ININTANI ‘€+W (M)A FWOTOA £/0 /0 £/0 Fo)
€ ¢= (9 OL dn) SHOLOVAY JO HASHWAN pa9y daig

(o1sva) juerd jo uoniuyap dLRWNN

uonejuasaidal jueld orjoquikg

jnoAe[ yue|d

intervals are needed. The programmer should
strive to choose the longest period consistent

with reasonable results.

Consideration of
variable load conditions
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Diurnal or random variation of wastewater
feed concentrations are typical for most treat-

integration

numerica

ment plants. For domestic wastewater treat-

ment and for many industrial situations it is
often sufficient to assume a constant input for

A commonly used method of numerical

integration uses an equation of the form

a period of approximately 2 h and then to step

) At (18)

dc

C(t+At)=C(t)+(

to new values for the next 2 h, etc. However,
with some process configurations, short time

dt
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where C represents a generalized state variable
such as a concentration and At is the step size
employed in the integration. The approach is
most accurate when At is very small but the
number of computations required (and hence
the computer time to perform them) increases
inversely with the size of At. Conversely, care
must be taken not to make At too large, because
to do so will result in large errors and other
numerical problems. For example, if At is so
large that —(dC /dt) At > C(1), then C(t+At)
will be negative, which is physically imposs-
ible. Thus, one criterion for an upper limit on
At is:

At<—C(t)<(‘ii—f)_ (19)

For the generalized reactor system illus-
trated in Fig. 3, a mass balance for state vari-

able 7 in reactor compartment k may be written
as:

1 dCy_ Fpi— Opi+ Pri— K
C,; dt ViiCui

(20)

where:

F and O are input (feed) and output trans-
port terms (MT™);

P and K are production and consumption
terms (MT™);

V is volume (L)

Combining Condition (19) and Equation (20),
and neglecting the positive terms in the mass
balance (F, P), results in an equation for the
maximum step size:
ViChi

At< On+ K, O (21)
The term 0,; is the mean residence time of
component { in reactor compartment k at
steady state. The importance of Condition (21)
is that it demonstrates that the maximum
allowable step size for each component may
be different, depending upon the mean resi-
dence time of that component. Recognition of
this fact allows the numerical integration tech-
nique to be organized in a way which provides
adequate accuracy for each component without
wasting computational time.

To illustrate the importance of adjusting the
step sizes for individual components, Condi-
tion (21) was used to calculate mean residence
times using typical feed, hydraulic,
stoichiometric, and kinetic parameters with
reactor concentrations in the range which
placed all saturation kinetic expressions in the
first order region. This revealed that 6, was
of the order of 10 min for Xpy, Xpa, Xp,
Xs, and Xyp, whereas it was of the order of
1 min for Sg, Snp, Snu, and Sap k. Further-
more, for Sg, 0,; was of the order of 1 s. The
fact that the mean residence times vary over
a range of 10° means that much computational
efficiency can be gained by using different step
sizes for the various differential equations in
the model. Consequently, the equations were
partitioned into groups depending upon the
step sizes appropriate for the components in

them. For each group, the size of the step may
be calculated based on Condition (19) with the
following logic: for all components in the
group and all reactor compartments, dC/dt is
calculated and then a maximum value of:

Abs[C(1)(dC/dH)™ (22)

can be used to fix the size of the next time
step. Sufficient accuracy is usually obtained
when for each group the time step is chosen
in the range of 5 to 20% of the above mentioned
maximum value. This method of choice of the
time step has the advantage that numerical
problems do not usually appear, even though
the time step is continuously kept at an upper
limit,

A simple
integration routine

Figure 5 illustrates an integration routine
based upon Equation (18) and the partitioning
of the differential equations according to the
allowable step sizes. The routine integrates
forward in time as shown.

The mean residence times, 8,;, introduced
in the preceding section are also useful for
indicating the length of time required for each
component to reach a pseudo-steady state
given a fixed input. The relaxation time is
directly proportional to 8y;, and thus the oxy-
gen concentration approaches steady state
much faster than the soluble components,
which reach steady state faster than the par-
ticulate components. In fact, the particulate
components may take several SRTs to reach
steady state. These facts may be used to
develop an efficient routine for finding a steady
state. The two internal loops (over At, and
Ats) should be deactivated while maintaining
At, and At,. This would prevent the integra-
tion routine from integrating forward in real
time, but would allow it to relax toward steady
state more rapidly.

Structure of a
possible program

Figure 6 indicates the structure of a possible
simulation program. In co-ordination with the
proposed integration routine, state variables
should be grouped in a two dimensional array
over reactor compartments and components
such that one index brings together all com-
ponents which are subject to equal integration
steps (particulate, soluble, oxygen). This facili-
tates loop control. It is advantageous to intro-
duce a stoichiometric matrix, v; (according to
Table 2) and to apply matrix algebra for the
determination of the observed reaction rates,
7x.i, as a function of process rates p;; and
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) E=(FX_OX+R;()/V

dX for all reactors and particulate compounds
during time ¢,,,— 1,

ds , for all reactors and soluble compounds
K a=(FS_ Os*+Ry)/V during time At

|

. J

Oxygen control?

For all reactors during time At,

So=S80+At;(Fo— Op+Rg)/V

S, = control value

¥

|

A

ds
— S =S5+— At, for all reactors and soluble compounds

i

dx
X=X +—dT At, for all reactors and particulate compounds

1

Fig. 5. Flow diagram of integration routine (F =input; O =output; R’ =reaction).

stoichiometry. This approach allows for easy
adjustment of process kinetic expressions and
stoichiometry—a need which will invariably
appear.

Examination of Figs 3 and 4 reveals that
components are transferred from the last (n)
reactor compartment to the first (1) by the
recycle flow, R. This return of material must
be handled in a manner which does not violate
a mass balance on the secondary clarifier. The
model as presented does not include any pro-
cesses during clarification 2nd thus the secon-
dary clarifier is considered to be simply a separ-
ation point. A mass balance about that point
for all soluble components, including oxygen
reveals that the feed rate of a soluble com-
ponent, ¢, from the last compartment to the
first compartment is:

R:-S,; (23)

The mass balance for particulate components
must include sludge wastage and the inadver-
tent loss of solids in the overflow from the final
clarifier. For the purpose of this illustration,
the final clarifier has been assumed to be per-
fect (i.e. no particulates are lost). If sludge
wastage is from the recycle line and if all
particulate components settle together, then

the feed rate of a particulate component, ¢,
from the last compartment to the first compart-
ment is:

Vi Xy oo
k§1 k k,tol Xn,i'

SRT Xk 1ot

(Qtot+ R)Xn,i -

Steady state solution for
a single CSTR

As shown in Fig. 6, the initial values for use
in the numerical integration routine can be
obtained from the steady state solution for a
single completely mixed reactor. This
obviously requires simplification of the model
because both nitrification and dentrification
cannot occur simultaneously in a single reactor
operated under constant conditions. The sug-
gested approach is to set the DO concentration
at a desired positive value so that both carbon
oxidation and nitrification will occur. This,
then, eliminates denitrification. Further sim-
plifications may be made by assuming that all
processes may be described by first order

31



32

Activated Sludge Model No.1

Input of kinetic and stoichiometric parameters for heterotrophic and autotrophic organisms,
hydrolysis

Input of mean influent concentrations

Definition of plant including SRT, Sg 4, etc.

!

Prediction of steady state for single CSTR aeration tank with volume V=% V,
k

b-) OUTPUT MEAN VALUES

Initialization of complex flow scheme based on steady state

]

Forward integration in real time over At= V/q to approach pseudo-steady state for soluble
compounds

Relaxation (not in real time) over At =n * SRT to reach steady state for particulate
compounds

¢>OUTPUT STEADY STATE

Adjust inflow conditions according to diurnal variation

l

Integrate forward in real time

LOUTPUT IMMEDIATE STATE

Fig. 6. Structure of a possible simulation program.

kinetics in the following form:
p1= kS,

P2 1s not included

p3= k3Sxn

p+=buXpn

ps=baXpa

Pe= keSnp

pr= krXs }with ks =k,
ps= ksXnp

(25)
(26)
@7
(28)
29)
(30)
@31)
(32)

With these linearizations, the mass balance for
all components in a single completely mixed
aeration tank yields the matrix shown in Table
7. The symbol, D, which is called the dilution
rate, appears in the table for the first time.
The dilution rate is simply the inverse of the
residence time and two dilution rates may be
defined as the hydraulic (soluble) dilution rate:

D,=QVv™! (33)

and the particulate dilution rate:

Dy =(SRT)™! (34)
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Since the oxygen concentration in the aeration
tank must be predefined with this approach,
the required K; a value of the aeration equip-
ment becomes the independent variable with
subscript 8. Initial values for all state variables
may now be obtained by matrix inversion and
solution of the equations in Table 7. Such a
solution may be obtained independently of the
composition of the feed. This is especially valu-
able if aerobic stabilization of the sludge is to
be described. The matrix in Table 7 can be
set up very easily in a program, since all empty
elements have corresponding v; values of zero.
Column 2 would as an example require the
following BAsIC statements for set-up:

ForI=1to 13: MATRIX (2, 1)
=NUE (2, 1)*K1: NExT I
MATRIX (2, 2) = MATRIX (2, 2)—DH

Even if the stoichiometric matrix, v, is
changed, this procedure would still find valu-
able initial conditions. The activated sludge
composition may then be obtained by matrix
inversion of Table 7. This has the advantage
that a change in stoichiometry results only in
a change in the numerical values in the matrix
to be inverted. No major changes in software
are required.

If the assumption of first order kinetics
results in initial estimates with so much error
that the numerical integration is hampered,
then it will be necessary to use saturation
kinetics. The easiest way to do this is to leave
the matrix as shown in Table 7, but to recog-
nize that:

K= E}i (35)
where C¥ is the limiting compound for process
J- This means that the matrix must be solved
iteratively. First, a reasonable estimate is made
of K; and the equations are solved by matrix
inversion. The resulting state variables are
then used to obtain a new estimate of K; and
the process is repeated until it converges.

Sample output

Table 8 contains the sample output from a
program of the model. The activated sludge
system contains three reactors of equal size in
series with the feed divided evenly between
the first two. No oxygen is supplied to the first

Table 8 Sample output from activated sludge model

DEFINITION OF PLANT

NUMBER OF REACTORS
VOLUME V(K) M+3, IN
STOICHIOMETRIC PARAMETERS

{Uup TO 10) = ? 3
FLUENT FRACTION ALFA(K)
= »

v{ 1),ALFA( 1} = 15,0.5
v{ 2),ALFA{ 2) = ? 15,0.5
v( 3),ALFA{ 3) = ? 15,0.0
HETEROTROPH. YIELD G COD G-1 COP=  0.570 KLA VALUE D-1, CONTROLVALUE FOR 02 G 02 M-3
FRACTION INERT G COD G-1 COD=  0.100 KLA{ 1),02CONTROL{ 1) ? 0,0
N IN BIOMASS G N G-1COD = 0.070 KLA{ 2),02CONTROL( 2) 20,2
N IN INERT G N G-1 COD = 0.060 KLA{ 3),02CONTROL({ 3) ? 150,0
AUTOTROPHIC YIELD G COD G-1 N =  0.240 INFLUENT M+3 D-1 ? 100
RECIRCULATION M+3 D-1 ? 200
KINETIC PARAMETERS SRT (TOTAL) D = ? 10
02 SATURATION G 02 M-3 = 8.637 (400°M MSL AT 20 DEG C)
HETEROTROPHIC ORGANISMS INITIAL CONDITIONS ARE: SINGLE CSTR AERATION TANK
MUE MAX D-1 = 4.000
KS COD G COD M-3 = 20.000 X INERT FEED 888.89 G COD M-3
KS 02 G 02 M-3 = 0.250 X HETEROTROP 1450.31 G COD M-3
B DECAY D-1 = 0.500 X AUTOTROPHI 90.39 G COD M-3
ETA DENITRIFICATION GROWTH = 0.800 X INE. DECAY 737.08 G COD M-3
KS NO3- G N M-3 = 0.500 X CODPARTICU 29.46 G COD M-3
HYDROLYSIS RATE D-1 = 1.500 X ORG N PART 2.54 G N M-3
HYDROL SATUR RATIO G COD G-1 COD= 0.020 $ CODSOLUBLE 2.62 G COD M-3
ETA DENITRIFICATION HYDROLYSIS = 0.350 S NH4-N 0.41 G N M-3
AMMONIFICAT RATE M+3 G-1 COD D-1= 0.080 S NO3-N 33.31 6 N M-3
S HCO3- 2.83 MOL HCO3 M-3
AUTOTROPHIC ORGANISMS S CODINERT 40.00 G COD M-3
S ORG N SOL 0.93 G N M-3
MUE MAX AUT D~1 = 0.879
KS NH4+ G N M-3 = 0.741 X TOTAL 3196.12 G COD M-3
Ks 02 G 02 M-3 = 0.500 OBSERVED YIELD = 0.4024 G COD G-1 COD
KS HCO3- MOL M-3 = 0.250 REQUIRED KLA VALUE = 124.9 D-1
B ENDOGENOUS D-1 = 0.132 OXYGEN REQUIREMENT = 829.2 G 03 M-3 D-1 TO MAINTAIN 2 G 02 M-3
EXCESS SLUDGE PRODUCTION= 143.8 G COD M-3 INFLUENT
RESULT OF RELAXATION OVER 10.0 DAYS
TOTAL  COD G COD M-3 = ? 400.0
SOLUBLE INERT COD G COD M-3 = ? 40.0 COMPOUND INPUT REACTOR
PARTICL INERT COD G COD M-3 = ? 40.0 1 2 3
KJELDAHL N TOTAL G N M-3 = ? 50.0 X INERT FEED 40.0 999.7 835.6 B831.4 G COD M-3
KJELDAHL N SOLUBLE G N M-3 = ? 25.0 X HETEROTROP 96.0 1615.1 1363.3 1354.7 G COD M-3
NO3 - N G N M-3 = 2 1.0 X AUTOTROPHI 0.0 100.7 85.0 85.0 G COD M-3
HCO3- MOL M-3 = ? 6.0 X INE. DECAY 0.0 826.2 688.6 688.6 G COD M-3
X CODPARTICU  160.0 82.7 60.9 36.4 G COD M-3
INLET CONCENTRATIONS ARE: X ORG N PART 18.3 7.2 5.4 3.0 G N M-3
X INERT FEED G COD M-3 = 40.000 S CODSOLUBLE 64.0 2.1 3.8 2.7 G COD M-3
X HETEROTROP G Cop M-3 = 96.000 S NH4A-N 12.5 5.7 2.0 0.4 G N M-3
X AUTOTROPHI G CcoD M-3 = 0.001 S NO3-N 1.0 7.8 14.3 18.0 G N M-3
X INE. DECAY G COD M-3 = 0.000 S HCO3- 6.0 5.0 4.3 3.9 MOL HCO3 M-3
X CODPARTICU G COD M-3 = 160.000 S CODINERT 40.0 40.0 40.0 40.0 G COD M-3
X ORG N PART G N M-3 = 18.280 S ORG N SOL 10.1 0.7 1.2 0.9 G N M-3
S CODSOLUBLE G COD M-3 = 64.000 S OXYGEN 0.0 0.0 2.0 3.0 G 02 M-3
S NH4-N G N M-3 = 12.500
S NO3-N G N M-3 = 1.000 X TOTAL 3624.3 3033.3 2996.1 G COD M-3
S HCO3- MOL HCO3 M = 6.000 02 REQ HETEROTROPHIC 16.1 581.1 454.8 G 02 M-3 D-1
§ CODINERT G COD M-3 = 40.000 02 REQ AUTOTROPHIC 23.5 743.1 365.4 G 02 M-3 D-1
§ ORG N SOL G N M-3 = 10.100 02 REQ TOTAL 39.6 1324.1 820.3 G 02 M-3 D-1
S OXYGEN G 02 M-3 = 0.000 DENITRIFICATION RATE  119.0 19.6 10.3 G N M-3 D-1




reactor so denitrification occurs there. The
oxygen concentration is fixed at 2.0gm™> in
the second reactor and is supplied to the third
at a fixed rate. The influent contains 160 g m™>
of slowly biodegradable substrate and
64 g m™* of readily biodegradable substrate as
well as the other constituents listed. The initial

Implementation of the activated sludge model

conditions calculated by matrix inversion are
shown in the right column while the steady
state output is shown in the lower portion of
the same column. Examination of Table 8 will
reveal that an engineer could rapidly evaluate
several alternative reactor schemes using the
program.
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Conclusion

HEN ONE considers a system as com-
V ‘/ plex as a single-stage activated sludge
: system capable of carbon oxidation,
nitrification, and denitrification, it 1s apparent
that a tremendous investment of time and
money would be required to operate a pilot
plant at all of the possible conditions which
might be considered during design. That
means that our experience will always be
limited. The availability of a model liké the
one presented here, however, in which rate
equations are presented for the processes invol-
ved, allows the engineer to explore, through
simulation, a very broad range of system
configurations, inputs, and operational
strategies. By so doing, his base of experience
is greatly expanded and his intuitive decision-
making ability is increased. Engineering design
has always depended upon heuristic rules
founded upon experience. By increasing their
experiential base, the validity of those rules
will be strengthened and the engineer’s ability
will be improved. Already, through the use of
such models, it has been possible to develop
general design guidelines for single sludge sys-
tems which give the engineer guidance about
such factors as the maximum allowable
TKN/COD ratios for complete denitrifica-
tion, the maximum economic internal recycle
ratio, and the maximum anoxic fraction in the
reactor (Water Research Commission, 1984).
Through continued application of the models
it will be possible to define the feasible design
space better, thereby reducing the alternatives
which must be considered by a designer.
Once the parameter values have been cali-
brated to a particular wastewater, a model may
be used by the engineer to eliminate inefficient
designs and to choose those alternative system
configurations which are most likely to be
economic. For a given system flowsheet, there
is more than one choice of unit sizes which
will result in a desired degree of treatment.

One job of the engineer is to choose those sizes
which will do the desired job at least cost.
Once a group of feasible designs has been
separated from the other, less economic
designs, the engineer must choose between
them using suitable decision criteria. The
availability of a usable mathematical model
makes it possible to test a large number of
potential designs in an economic manner,
thereby ensuring that those chosen for
inclusion in the final group are indeed sound.

After a plant has been built, a model like
the one presented here can be used to evaluate
the impact of new waste loads and to try new
operational strategies. If management wishes
to consider adding new discharges to the plant
influent, the model may be used to predict
their impact upon plant performance and to
evaluate alternative operational strategies to
mitigate that impact. If a plant is not perform-
ing as well as expected, alternative operational
conditions can be tried with the model to see
which are most likely to have a positive effect.
In addition, alternative operational strategies
could be tried to see which gave the greatest
energy savings, which produced the least
sludge, etc. In other words, the model again
allows the engineer to expand his experience
base without risk to the plant itself.

Finally, it should be recognized that
modelling is an essential part of research which
expands our knowledge base. The very exer-
cise of creating a model requires the modeller
to ask critical questions about the system being
modelled. Often, as was the case here, the
answers to those questions are less than satis-
factory. This, then, pinpoints the need for
more research, which will in turn lead to a
new generation model based upon sounder
principles. Hopefully, the model presented
here will have that impact while also stimulat-
ing greater use of simulation by the engineer-
ing profession.




References

Batchelor, B. (1982). Kinetic Analysis of alterna-
tive configurations for single-sludge nitrification/
denitrification. J. Wat. Pollut. Control Fed., 54,
1493-1504.

Cech, J. S., Chudoba, J. and Grau, P. (1985).
Determination of kinetic constants of activated
sludge microorganisms. Wat. Sci. Technol.,
17(2/3), 259-272.

Chudoba, J., Cech, J. S., Farkac, J. and Grauy,
P. (1985). Control of activated sludge filamentous
bulking; Experimental verification of a kinetic selec-
tion theory. Wat. Res., 19, 191-196.

Dold, P. L. and Marais, G. v. R. (1986). Evalu-
ation of the general activated sludge model proposed
by the IAWPRC task group. Wat. Sci. Technol.,
18(6), 63-89.

Dold, P. L., Ekama, G. A. and Marais, G.v. R,
(1980). A general model for the activated sludge
process. Prog. Wat. Technol., 12, 47-77.

Downing, A. L., Painter, H. A. and Knowles, G.
(1964). Nitrification in the activated sludge process.
J. Proc. Inst. Sew. Purif., 64, 130-158.

Ekama, G. A., Dold, P. L. and Marais, G.v.R.
(1986). Procedures for determining influent COD
fractions and the maximum specific growth rate of
heterotrophs in activated sludge systems. Wat. Sci.
Technol., 18(6), 91-114.

Gaudy, A. F. Jrand Gaudy, E. T. (1971). Biologi-
cal concepts for desigmand operation of the activated
sludge process. US Environmental Protection Agency
Water Pollution Research Series, Report No. 17090,
FQJ, 09/71. US EPA, Washington, DC.

Grady, C. P. L. Jr and Lim, H. C. (1980). Bio-
logical Wastewater Treatment, Theory and Applica-
tions. Marcel Dekker, New York.

Grau, P., Sutton, P. M., Henze, M., Elmaleh, S.,
Grady, C. P. L. Jr, Gujer, W. and Koller, J. (1982).
Recommended notation for use in the description
of biological wastewater treatment processes. Wat.
Res., 16, 1501-1505.

Hall, 1. R. (1974). Some studies on nitrification
in the activated sludge process. Wat. Pollut. Control,
73, 538-547.

Henze, M. (1986). Nitrate versus oxygen utiliz-
ation rates in wastewater and activated sludge sys-
tems. Wat. Sci. Technol., 18(6), 115-122.

References

Herbert, D. (1958). Some principles of con-
tinuous culture. In: Recent Progress in Microbiology,
G. Tunevall (Ed.). Almquist and Wiksell, Stock-
holm, pp 381-396.

Kountz, R. R. and Forney, C. Jr (1959). Meta-
bolic energy balances in a total oxidation activated
sludge system. J. Wat. Pollut. Control Fed., 31,
819-826.

Lau, A. D., Strom, P. F. and Jenkins, D. (1984).
Growth kinetics of Sphaerotilus natans and a floc
former in pure and dual continuous culture. J. Wat.
Pollut. Control Fed., 56, 41-51.

McKinney, R. E. and Ooten, R. J. (1969). Con-
cepts of complete mixing activated sludge. Trans.
19th Sanit. Eng. Conf., University of Kansas, pp
32-59.

Obayashi A. W. and Gaudy, A. F. Jr (1973).
Aerobic digestion of extracellular microbial poly-
saccharides. J. Wat. Pollut. Control Fed., 45, 1584—
1594.

Parker, D. S., Stone, R. W., Stenquist, R. J. and
Culp, G. (1975). Process Design Manual for Nitrogen
Control. US Environmental Protection Agency,
Washington, DC. Technology Transfer.

Petersen, E. E. (1965). Chemical Reaction Analy-
sis. Prentice-Hall, Englewood Cliffs, NJ.

Scearce, S. N., Benninger, R. W., Weber, A. S.
and Sherrard, Y. H. (1980). Predictions of alkalinity
changes in the activated sludge process. J. Wat.
Pollut. Control Fed., 52, 399-405.

Van Haandel, A. C., Ekama, G. A. and Marais,
G. v.R. (1981). The activated sludge process. Part
3: Single sludge denitrification. Wat. Res., 15,
1135-1152.

Water Research Commission (1984). Theory,
Design and Operation of Nutrient Removal Activated
Sludge Processes. Water Research Commission, PO
Box 824, Pretoria 0001, South Africa.

Weddle, C. L. and Jenkins, D. (1971). The
viability and activity of activated sludge. Wat. Res.,
5, 621-640.

Williamson, K. J. and McCarty, P. L. (1975).
Rapid measurement of Monod half-velocity

" coeflicients for bacterial kinetics. Biotechnol. Bio-

eng., 17, 915-924.

37






ACTIVATED SLUDGE
MODEL NO. 2

by

TAWQ TASK GROUP ON MATHEMATICAL MODELLING FOR DESIGN AND
OPERATION OF BIOLOGICAL WASTEWATER TREATMENT

Mogens Henze, Technical University of Denmark, Denmark
Willi Gujer, Swiss Federal Institute of Technology, Switzerland
Takashi Mino, Tokyo University, Japan
Tomonori Matsuo, Tokyo University, Japan
Mark C. Wentzel, Cape Town University, South Africa
Gerrit v. R. Marais, Cape Town University, South Africa







Contents

Introduction 43
1.1 Background 43
1.2 Conceptual approach 43
1.3 Limitations 43
1.4 Symbols and definitions 43
1.5 Final note 43
The Activated Sludge Model No. 2 44
2.1 Components in the model 44
2.2 Basis for the introduction of ASM2 46
2.3 Biological processes, stoichiometry and kinetics 47
2.4 Chemical precipitation of phosphates 52
Typical wastewater characteristics, kinetic and stoichiometric

constants for the Activated Sludge Model No. 2 53
Wastewater characterization for activated sludge processes 57
4.1 Variations in wastewater composition 57
4.2 Characterization of wastewater 57
4.3 Routine analysis of model components 60
4.4  Soluble analysis as a tool in characterization 62
4.5 Model components without standardized analytical procedures 63
4.6 Present status for measurement/estimation of problematic components 63
Calibration of the Activated Sludge Model No. 2 66
5.1 Calibration levels 67
5.2 Calibration using non-dynamic data (Level 1) 67
5.3 Calibration using dynamic data (Level 2) 68
5.4 Calibration of temperature dependency 69
Model limitations 70
6.1 Assumptions regarding phosphate-accumulating organisms (PAOs) 70
6.2 Restrictions due to model structure 71
6.3 Constraints for useful simulations 72
6.4 Important questions for further research 72
Conclusion 73
Bibliography 74







1. Introduction

This report presents the results of the work by
the TAWQ Task Group on Mathematical
Modelling for Design and Operation of Biological
Wastewater Treatment Processes. The Activated
Sludge Model No. 2 (ASM2) presents a con-
cept for dynamic simulation of combined
biological processes for chemical oxygen demand
(COD), nitrogen and phosphorus removal.

The model as presented here is a tool for:

* Research (testing results, selecting and opti-
mizing experiments)

* Process optimization and troubleshooting at
full-scale treatment plants

e Teaching

* Design assistance (for optimization of details,

not for full design)

The model is not the final answer to biological
phosphorus removal models. It is a compromise
between complexity and simplicity, and between
the many viewpoints on what the correct model
should look like. It should be used as a conceptual
platform for further model development.

ASM2 is an extension of the Activated Sludge
Model No. 1 (ASM1), and uses the concepts
incorporated in that model (Henze et al., 1987).
ASM1 has proved to be an excellent tool for mod-
elling nitrification-denitrification processes and
has initiated further research in modelling and
wastewater characterization. It is hoped that
ASM2 will serve a similar function.

1.1 Background

The strong movement towards effluent criteria for
both nitrogen and phosphorus has created a need
for a tool to model biological phosphorus removal
processes. In the planning and design of new nutri-
ent removal treatment plants a dynamic model is
useful because it allows a multitude of scenarios to
be tested (low temperature, process start-up,
process disturbances, crisis management).

For modern nutrient removal plants, optimiza-
tion is complicated, because of the many
interacting processes. A model is a valuable tool
for optimizing the operation. For nutrient
removal treatment plants with operational prob-
lems, a model is useful for evaluating and
implementing new operational procedures.

1. Introduction

1.2 Conceptual approach

An attempt has been made to limit the number of
processes used in the model. The aim has, how-
ever, been to produce a model that can reasonably
describe the many different process configurations
which are used for biological phosphorus removal.
This has resulted in the present level of complexity.
In specific cases, it will be possible to reduce the
complexity of the model by omitting processes that
do not play a significant role, without interfering
with the predictive power of the model.

The kinetics and stoichiometry used to describe
the processes have been chosen as simply as possi-
ble, mainly based on Monod kinetics for all
components that can influence the reaction rates.
Monod kinetics allow for smooth transitions of the
processes, as experience has shown. Kinetics and
stoichiometry are presented using the matrix nota-
tion, which is the only possible method to overview
the complex transformations among the compo-
nents. The matrix notation also allows control of
the continuity of the stoichiometric coefficients
and thus ensures that mass balances in the calcula-
tions are correctly maintained.

1.3 Limitations

ASM2 has many limitations. It is based on infor-
mation from municipal wastewater treatment
processes. Incorporated in a computer program,
every conceivable case can be simulated. However,
it must be remembered that results from cases
beyond the normal range of experience might be
useful in the development of new processes, but
that the calculated results may not always be valid.

1.4 Symbols and definitions

Definitions of all components can be found in
Chapter 2. Symbols and default values are given
in Tables 3.1, 3.2 and 3.3.

1.5 Final note

To present a model, such as the one in this report,
will no doubt stimulate debate, as was the case for
ASM1. Of importance is that it will focus research
on the weakest parts of the model, and thus initi-
ate a process that will develop nutrient removal
systems, their operational strategies, experimental
techniques and mathematical modelling further.

Models, however complex they might be, will
still help to organize the thinking of researchers
and thus reduce experimental waste.
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2. The Activated Sludge Model No. 2

The Activated Sludge Model No. 2 (ASM2)
is an extension of the Activated Sludge
Model No. 1 (ASM1). ASM2 is more complex
and includes many more components which are
required in order to characterize the wastewater
as well as the activated sludge. Additional biolog-
ical processes are included, primarily in order to
deal with biological phosphorus removal. The
most significant change from ASM1 to ASM2 is
the fact that the biomass now has cell internal
structure, and therefore its concentration cannot
simply be described with the distributed parame-
ter Xpum. This is a prerequisite in order to include
biological phosphorus removal in the model.

In addition to the biological processes, ASM2
includes two ‘chemical processes’, which may
be used to model chemical precipitation of
phosphorus.

Whereas ASM1 was based entirely on COD for
all particulate organic material, as well as the total
concentration of the activated sludge, ASM2
includes poly-phosphates, a fraction of the acti-
vated sludge which is of prime importance for the
performance of the activated sludge system, but
which does not exert any COD. For this reason,
the possibility of including total suspended solids
(TSS) in the model is introduced. TSS also allow
for inclusion of mineral particulate solids in the
influent to treatment plants, as well as generation
of such solids in the context of precipitation of
phosphorus.

ASM2 is introduced here in a form which is
more complex than a basic version, which could
still predict many of the phenomena within a bio-
logical nutrient removal plant. The complex
model as presented may easily be simplified by
eliminating those components which do not have
a dominant effect upon the kinetics of the
processes, or the aspects of performance of the
plant which are of interest.

ASM2 does not distinguish between the com-
position (cell internal structure) of individual cells
but considers only the average composition of the
biomass. Since each cell has a different history, its
composition will typically deviate from the popu-
lation average (e.g. it may not contain storage
products whereas the the average cell still has
storage products available). This is of importance
because kinetic expressions used in ASM2 are
non-linear, and therefore average behaviour may

not necessarily be predicted from average prop-
erties. In view of the additional problems that
population models would introduce, the Task
Group took the pragmatic decision to accept
these problems and to propose ASM2 based on
average properties of the population.

2.1 Components in the model

All symbols for model components distinguish
between soluble ‘Sy” and particulate X;". Within
the activated sludge systems, particulate compo-
nents, X5, are assumed to be associated with the
activated sludge (flocculated onto the activated
sludge). They can be concentrated by sedimenta-
tion/thickening in clarifiers whereas soluble
components, S, will only be transported with the
water.

All particulate model components, X;, must be
electrically neutral (no ionic charges), soluble
components, Sp may carry ionic charges.

Soluble and particulate components may not
necessarily be differentiated by filtration through
0.45 um membrane filters as is frequently
assumed in the technical literature. Some of these
components are defined by their interaction with
the biomass and require bioassays for their analy-
sis (see Chapter 4 for details).

All components are assumed to be homoge-
neous and distributed throughout the systems of
interest.

2.1.1 Definition of soluble components, ‘Sy’

S, [M(COD) 1.*]: Fermentation products, con-
sidered to be acetate. Since fermentation is
included in the biological processes, the fermen-
tation products must be modelled separately from
other soluble organic materials. They are end-
products of fermentation. For all stoichiometric
computations, it is assumed that S, is equal to
acetate, in reality a whole range of other fermen-
tation products is possible.

Saix [mol(HCO3) L*]: Alkalinity of the waste-
water. Alkalinity is used to approximate the
continuity of electrical charges in biological reac-
tions. Alkalinity is introduced in order to obtain
an early indication of possible low pH conditions,
which might inhibit some biological processes.
For all stoichiometric computations, Sk is
assumed to be bicarbonate, IICO; only.

Sz [M(COD) L*]: Fermentable, readily bio-




degradable organic substrates. This fraction of
the soluble COD is directly available for
biodegradation by heterotrophic organisms. It is
assumed that Sp may serve as a substrate for fer-
mentation, therefore it does not include
fermentation products.

S; [M(COD) L*[: Inert soluble organic mater-
ial. The prime characteristic of Sy is that these
organics cannot be further degraded in the treat-
ment plants dealt with in this report. This
material is assumed to be part of the influent and
it is also assumed to be produced in the context of
hydrolysis of particulate substrates Xg.

Sn, [IM(N) L?*]: Dinitrogen, Nj. Sy, is assumed to
be the only product of denitrification. Sy, may be
subject to gas exchange, parallel with oxygen, S,
Sni, [M(N) L*]: Ammonium plus ammonia
nitrogen. For the balance of the electrical
charges, Sy, is assumed to be all NHj.

Sxos [IM(N) L?]: Nitrate plus nitrite nitrogen
(NO3 + NO; -N). Syo, is assumed to include
nitrate as well as nitrite nitrogen, since nitrite is
not included as a separate model component. For
all stoichiometric computations (COD conserva-
tion), Sxo, is considered to be NO3 -N only.

So, [M(Oz) L*]: Dissolved oxygen. Dissolved
oxygen may be subject to gas exchange.

Spo, [M(P) L?]: Inorganic soluble phosphorus,
primarily ortho-phosphates. For the balance of

electrical charges, it is assumed that Spo, consists of
50% H,PO; and 50% HPOf, independent of pH.

Ss [M(COD) L?]: Readily biodegradable sub-
strate. This component was introduced in ASM1.
In ASM2, it is replaced by the sum of Sg + S,.

2.1.2 Definition of particulate

components Xy’
Xaur [M(COD) L*]: Nitrifying organisms.
Nitrifying organisms are responsible for nitrification;
they are obligate aerobic, chemo-litho-autotrophic.
It is assumed that nitrifiers oxidize ammonium Syy,
directly to nitrate Syo, (nitrifiers include both
Nitrosomonas and Nitrobacter).
Xy [M(COD) L?]: Heterotrophic organisms.
These organisms are assumed to be the ‘all-
rounder” heterotrophic organisms, they may grow
aerobically and anoxically (denitrification) and be
active anaerobically (fermentation). They are
responsible for hydrolysis of particulate substrates
X and can use all degradable organic substrates
under all relevant environmental conditions.
X; [M(COD) L*]: Inert particulate organic
material. This material is not degraded within the
systems of interest. It is flocculated onto the acti-
vated sludge. X; may be a fraction of the influent
or may be produced in the context of biomass
decay.
Xpeon [M(TSS) L*]: Metal-hydroxides. This
component stands for the phosphorus-binding

2. The Activated Sludge Model No.2

capacity of possible metal-hydroxides, which may
be in the wastewater or may be added to the sys-
tem. For all stoichiometric computations, it is
assumed that this component is composed of
Fe(OH);. It is possible to ‘replace’ this compo-
nent with other reactants; this would require
adaptation of the stoichiometric and kinetic infor-
mation.

Xymep [M(TSS) L?]: Metal-phosphate, MePO,.
This component results from binding phosphorus
to the metal-hydroxides. For all stoichiometric
computations, it is assumed that this component
is composed of FePO,. It is possible to ‘replace’
this component with other precipitation products;
this would require adaptation of the stoichiomet-
ric and kinetic information.

Xpao [M(COD) L7]: Phosphate-accumulating
organisms: PAQO. These organisms are assumed
to be representative for all types of poly-phos-
phate-accumulating organism. The concentration
of Xpao does not include the cell internal storage
products Xpp and Xpys, but only the ‘true’ bio-
mass.

Xppa [M(COD) L*]: A cell internal storage
product of phosphorus-accumulating organ-
isms, PAO. It includes poly-hydroxy-alkanoates
(PHA), glycogen, etc. It occurs only associated
with Xpa0: it is, however, not included in the mass
of Xpao. Xpua cannot be directly compared with
analytically measured PHA or glycogen concen-
trations; Xpys is only a functional component
required for modelling but not directly identifi-
able chemically. Xpyy may, however, be recovered
in COD analysis, where it must satisfy COD con-
tinuity. For stoichiometric considerations, PHA is
assumed to have the chemical composition of
poly-hydroxy-butyrate (CHeOs),.

Xpp [M(P) L7]: Poly-phosphate. Poly-phosphate
is a cell internal inorganic storage product of
PAO. It occurs only associated with Xp,q; it is,
however, not included in the mass of Xpso. It is
part of the particulate phosphorus and may be
analytically observed. For stoichiometric consid-
erations, poly-phosphates are assumed to have
the composition of (K¢ 33Mgp 33PO3),..

X5 [M(COD) L~]: Slowly biodegradable sub-
strates. Slowly biodegradable substrates are high
molecular weight, colloidal and particulate
organic substrates which must undergo cell exter-
nal hydrolysis before they are available for
degradation. It is assumed that the products of
hydrolysis (Sg) may be fermented.

Xrss [M(TSS) L*]: Total suspended solids, TSS.
Total suspended solids are introduced into the
biokinetic models in order to compute their con-
centration via stoichiometry. Since phosphorus
removal and precipitation introduce mineral frac-
tions into the activated sludge, prediction of TSS
becomes important.
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2.2 Basis for the introduction of ASM2

2.2.1 Matrix notation

The Task Group introduced matrix notation for
the presentation of biokinetic models in its report
on the ASM1. The same concept will be used for
the introduction of ASM2. It is assumed that the
reader is familiar with this way of presenting bio-
kinetics.

As a short summary: the components which are
considered in the model and the transformation
processes are characterized with the indices ¢ and
j respectively. Stoichiometric coefficients are pre-
sented in the form of a stoichiometric matrix v;.
The process rate equations form a vector o5 The
rate of production of the component i, r; [M; L™
T"], in all parallel processes may then be com-
puted from the sum:
2.1)

Within the stoichiometric matrix one stoichio-
metric coefficient, v, of each process j may be
chosen as dimensionless with the value of +1 or
-1. For all other stoichiometric coefficients alge-
braic equations may be given, which introduce
continuity principles into the determination of
stoichiometric coefficients. Alternatively v; may
be given in the form of absolute values with the
dimension M; M}, where M}, is the unit mass of
the component k upon which stoichiometry is
based (the component which has v = +1 or -1).

r; =X V; . p; over all processes j

2.2.2 Continuity equations

Continuity equations are the mathematical equiv-
alent of the principle that in chemical reactions,
elements, electrons (or COD) and net electrical
charges may neither be formed nor destroyed.

The stoichiometry of ASM1 is implicitly based
on three continuity considerations for COD, elec-
trical charges and nitrogen. ASM2 adds
phosphorus continuity to these three. Further, an
equation is introduced which converts the differ-
ent solid components X from their unit of
measurement, to total suspended solids, Xgs.

A continuity equation, which is valid for all
processes j and all materials ¢ subject to continu-
ity, may be written as:

2 Vi = 0 over all components i (2.2)

where

V; = stoichiometric coefficient for component i
in process j [M; M{'],
i,; = conversion factor to convert the units of
component i to the units of the material ¢, to
which continuity is to be applied [M, M;'].
Each continuity equation contains a priori
information and may be applied to each process.
Each continuity equation allows the prediction of
one stoichiometric coefficient without perform-
ing an experiment, provided the other
coefficients are known.
In ASM2, these equations are used to estimate

Table 2.1. Conversion factors i,; to be applied in the continuity equations of ASM2. Missing values are equal to 0.
The units of ig; are My M, e.g. in2 = insr g N (g CcOD)" or iCharge,3 = -1/64 moles™ g con’.

Index ¢: Continuity for COD N P Charge Mass
Factor: icop, ing ip; iCharge.i iTss,i

i Component Units g COD gN gPb mole* g TSS

1 Sos g O -1

2 Sy ¢ COD 1 inss ipse

3 Sa g COD 1 -1/64

4 N 1 +1/14

5 Sxo, N 6414 1 114

6 Seo, o P 1 1531

7 S, ¢ COD 1 ixs, ins,

] SaLk mole HCO; -1

9 Sx, ¢ N 2414 1
10 X, ¢ COD 1 i, iox, irssx,
11 X, ¢ COD 1 s iox, irssxs
12 Xn g COD 1 iNBM ippm iTSSBM
13 Xpso g COD 1 iNBM ippM iTssBM
14 Xpp gP 1 3.23
15 Xewa  gCOD 1 0.60
16 Xaur g COD 1 iNBM ippM iTSSBM
17 Xrss g TSS -1
18 Xymeon g 1SS 1
19 Xntep g TSS 0.205 1

a) Since TSS are counted twice, this factor must be negative.

All absolute numbers are obtained based on the chemical composition of the component (see definition of compo-
nent). All factors i¢; are model parameters and must be estimated from experiments.
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Table 2.2. Stoichiometry of hydrolysis processes. The stoichiometric parameters are defined in Table 3.2.

Process Sk SnH, Spo, S SaLk X Xrss
1 AerObiC hydrolysis lfsl Vi NH, vl,PO4 ][SI vl,ALK -1 VLTSS
2 Anoxic hydrolysis 15, Va NH, Va poy fsi Va2 ALK -1 Va1ss
3 Anaerobic hydrolysis 1, V3 NH, V3p0, fs, V3 ALK -1 Va.1ss

The stoichiometric coefficients for Syp,, Spo, Sarx and Xrgs may be computed from the Continuity Equation 2.2 with
the aid of Table 2.1. As an example V, po, = - [(1s,) * ipsg + fs; ips;- 1 ipxg) / 1.

the stoichiometric coefficients of So, (Sno, and
Sy, in denitrification) from COD, Sy, from nitro-
gen, Spo, from phosphorus, Sy x from charge and
Xrgs from total solids continuity. Table 2.1 is a
summary of the conversion factors i,; which must
be applied in Equation 2.2. These conversion fac-
tors are, wherever possible, obtained from
chemical stoichiometry. ‘COD’ as a conservative
property is defined as closely as possible to the
analytically obtained COD. Examples are:

iCOD, 5= - 64 g 02/ 14 g NOé-N from:

NO; + HO + 2H* — NHj +2 0,

Or, one mole of nitrate (14 g N) has a negative
oxygen demand (liberates oxygen’) of two moles
of oxygen (64 g O,). Similar arguments lead to:

icopy = - 24 g 0,/ 14 ¢ N, from:
2N2+6H20+4H+ —> 4NHZ+302

All conversion factors given with absolute num-
bers in Table 2.1 may be obtained from chemical
stoichiometry, based on the definition of the com-
pounds. All factors identified with a symbol i
must be obtained from chemical analysis.

As an example, the stoichiometric coefficient for
component 2 (i = 2) in the third process ( j = 3)
may be obtained from the continuity equation for
COD based on Equation 2.2 according to:

Vig = - (V5 -dgop) + Va3 “ icops + -
+ V3, lCOD,n) licong
or

Vig = - %(Vs,i ~icopy) - Vaz - icopel / icopg

The introduction of the continuity equations in
an abstract form may at first appear to be compli-
cated. However, the concept is directed towards
its application in computer programs and helps to
simplify the development of program code.

2.3 Biological processes, stoichiometry
and kinetics

The biological processes of ASM2 are introduced

here. A full stoichiometric matrix using typical

stoichiometric coefficients is presented in
Chapter 3 (Table 3.4).

2.3.1 Biological processes, general remarks

Microorganisms have a complex cell internal
structure and respond to different environmental
conditions with adjustment of this structure. A
frequently observed phenomenon is unbalanced
growth, a situation where not all fractions of the
cells are reproduced at an equal rate. Modelling

such shifts of cell internal structure would require
modelling of the different fractions of the bio-
mass, a task which would be most fruitful if the
behaviour of axenic cultures were described.
Here, only three groups of microorganisms rep-
resent a vast variety of unknown species; each
biological process described in ASM2 represents
a large number of processes which act upon a
variety of substances, which in the model are
summarized in terms of COD.

Process descriptions in ASM2 are therefore
based on the average behaviour of these different
microorganisms, and are described as balanced
growth processes would be modelled.

2.3.2 Hydrolysis processes

Many high molecular weight, colloidal or particu-
late organic substrates cannot be utilized directly
by microorganisms. These substrates must be
made available by cell external enzymatic reac-
tions which are called hydrolysis processes. It is
unclear whether the products of hydrolysis ever
exist in true solution or whether they are taken up
directly by the organisms which catalyse hydroly-
sis. Typically hydrolysis processes are considered
to be surface reactions, which occur in close con-
tact between the organisms which provide the
hydrolytic enzymes and the slowly biodegradable
substrates themselves.

There is experimental evidence that hydrolysis
reactions depend on the available electron accep-
tors, therefore three hydrolysis processes are
distinguished in ASM2. It is, however, a difficult
task to estimate hydrolysis rate constants under
different electron acceptor conditions.

1. Aerobic hydrolysis of slowly biodegradable sub-
strate characterizes hydrolysis under aerobic
conditions (S, > 0).

2. Anoxic hydrolysis of slowly biodegradable sub-
strate characterizes hydrolysis under anoxic
conditions (Sg, = 0, Sxo; > 0). This process is
typically slower than aerobic hydrolysis.

3. Anaerobic hydrolysis of slowly biodegradable
substrate characterizes hydrolysis under anaer-
obic conditions (Sp, = 0, Sy, = 0). This process
is not well characterized and is probably slower
than aerobic hydrolysis. Its rate remains to be

studied.

Table 2.2 summarizes the stoichiometry of the
hydrolysis processes. It is assumed that slowly
biodegradable substrate Xs is degraded to readily
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Table 2.3. Stoichiometry of the growth and decay processes of facultative heterotrophic organisms Xy. The
stoichiometric parameters are defined in Table 3.2. Stoichiometry for So, , SNH,, SPo,, SALk and

Xrss may be computed from continuity.

Process S 09 S F S A

Snos SN, X1 X Xy

4 Aerobic 1 1
growth

on Sy Yy H

5 Aerobic 1 1
growth

on Sy Yy H

6  Anoxic growth 1
on Sy
Denitrification H

7 Anoxic growth 1
on Sy

Denitrification H

8 Fermentation -1 1
9 Lysis

fXI leI -1

degradable substrate Sy whereby a small fraction
fs, of inert organic material S; is released. The
stoichiometric coefficients for Syp,, Spo, and Sy
may be computed from Continuity Equation 2.2.
These three coefficients are typically positive.

The proposed rate equations for the hydrolysis
processes 1-3 are presented in Table 2.7. They
are similar to those of ASM1: hyperbolic switch-
ing functions for So, and Syo, consider the
environmental conditions; a surface-limited reac-
tion (Xg/Xy) / (Kx+Xg/Xy) is assumed for the
hydrolysis process itself. It is proposed that only
heterotrophic organisms may catalyse hydrolysis.
Typically hydrolysis is slower under denitrifying
or anaerobic (fermentation) than under aerobic
conditions. The rate for anoxic and anaerobic
hydrolysis is therefore reduced by the factors
TIno, and 7, respectively.

The hydrolysis of particulate, biodegradable
organic nitrogen is included as a separate process
in ASM1 but not in ASM2. This process is nec-
essary if the nitrogen content of Xj is variable. In
order to simplify ASMZ2, it is assumed that X
contains a constant fraction of nitrogen ixx, and
phosphorus ipy,. Without this simplifying assump-
tion, six more hydrolysis processes and two more
particulate components would be required.

The process of ammonification is included in
ASM1 in order to describe the release of ammo-
nium, Syy,. from soluble, biodegradable organic
nitrogen. In ASM2 it is assumed that the fer-
mentable substrates, Sy, contain a constant fraction
of nitrogen and phosphorus, iys, and ips, respec-
tively. This allows the process of ammonification to
be ignored. Without this simplifying assumption,
two more processes (ammonification as well as
phosphatification, the release of phosphate Spe,
from an organic fraction), and two more compo-
nents (soluble, degradable organic nitrogen and
phosphorus) would have to be introduced.

2.3.3 Processes of facultative heterotrophic
organisms

The heterotrophic organisms Xy are responsible
for the hydrolysis of slowly biodegradable sub-
strate Xs (see above), the aerobic degradation of
fermentable organic substrates Sy and of fermen-
tation products S, (aerobic growth), anoxic
oxidation of Sy and S, and reduction of nitrate
Sno, (denitrification), and anaerobic fermenta-
tion of Sy to S,. In addition these organisms are
subject to decay and lysis. The stoichiometry and
the kinetics of the processes described below are
presented in Tables 2.3 and 2.7 respectively.

4. and 5. Aerobic growth of heterotrophic organ-
isms on fermentable substrates Sy and on
fermentation products S,. These processes are
modelled as two parallel processes, which con-
sume the two degradable organic substrates Sg
and S,. For both processes identical growth
rates U, and yield coefficients Yy are assumed.
The rate equations are designed such that the
maximum  specific growth rate of the het-
erotrophic organisms does not increase above
My, even if both substrates, Sy and S, are pre-
sent in high concentrations. These processes
require oxygen, So,, nutrients, Syy, and Spo,,
and possibly alkalinity, S,1x, and they produce
suspended solids, Xgg.

6. and 7. Anoxic growth of heterotrophic organ-
isms on fermentable substrates, Sy, and on
fermentation products, S,; denitrification.
These two processes are similar to the aerobic
growth processes, but they require nitrate,
Snos as the electron acceptor rather than oxy-
gen. The stoichiometry for nitrate is computed
based on the assumption that all nitrate, Sy, is
reduced to dinitrogen, Sy,. Denitrification
releases alkalinity, the stoichiometry of which is
predicted from continuity. Denitrification is
assumed to be inhibited by oxygen So, and the
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Table 2.4. Stoichiometry of the processes of phosphorus-accumulating organisms, PAO. The stoichiometric
parameters are defined in Table 3.2. Stoichiometry for So,, Snu, Sro, SaLk and Xrss may be

computed from continuity.

Process 802 SA SPO4 XI Xs XPAO XPP XPHA
10  Storage of Xppy -1 Yo, Yro, 1
11 Storage of Xpp  -Ypya -1 1 -YpHa
1 1
12 Aerobic growth 1-— _iPBM 1 e
Of XPAO YH YH
13 Lysis of Xpso Viaro,  Jxg 1y, 1
14 Lysis of Xpp 1 -1
15 Lysis Of XPHA 1 -1

maximum growth rate f,, is reduced relative to
its value under aerobic conditions, by the factor
TInos- This accounts for the fact that not all het-
erotrophic organisms Xy may be capable of
denitrification or that denitrification may only
proceed at a reduced rate.

8. Fermentation. Under anaerobic conditions
(So, = 0, Snos = 0) it is assumed that het-
erotrophic  organisms are capable of
fermentation, whereby readily biodegradable
substrates Sy are transformed into fermentation
products S,. Although this process may possibly
cause growth of heterotrophic organisms, it is
introduced here as a simple transformation
process. A growth process would require more
complex kinetics, more kinetic and stoichiomet-
ric parameters which are difficult to obtain, and
possibly different yield coefficients for Sy and
S in processes 4 to 7. Fermentation releases
negatively charged fermentation products, Sy,
and therefore has a requirement for alkalinity,
Sarx- This is predicted from continuity.

Fermentation is a process which, up to now, has
not been well characterized. Little is known about
the kinetics of this process, which may lead to a
large range of kinetic parameters for modelling
experimental results. Reliable application of
ASM2 requires that research is directed towards
characterizing what is described here with the
process of fermentation.

9. Lysis of heterotrophic organisms. This process
represents the sum of all decay processes of the
heterotrophic organisms. It is modelled in anal-
ogy to ASMI; its rate is independent of
environmental conditions.

2.3.4 Processes of phosphorus-accumulating
organisms
Some organisms, Xp, ¢, are known for their poten-
tial to accumulate phosphorus in the form of
poly-phosphate Xpp. Currently these organisms
are not well characterized; historically it was
assumed that they would all be part of the
Acinetobacter genus. However, today it is clear
that Acinetobacter contribute to, but do not
always dominate, biological phosphorus removal.

Initially it was assumed that phosphorus-accumu-
lating organisms, PAO, could not denitrify; now
evidence has become available that some of them
can denitrify. Phosphate release is sometimes
slower in the presence of nitrate; this observation
is not predicted with ASM2. Glycogen is found to
be an important carbon storage material of PAO
but is not considered in ASM2 in order to reduce
model complexity. All these restrictions lead to
limitations of the applicability of the model which
will be discussed later.

The greater the attempts to characterize PAO,
the more complex this group of organisms
becomes. The Task Group is well aware that the
time has come when biological phosphorus
removal is being designed and used in actual
plants. The introduction of a very detailed mecha-
nistic model for the processes responsible for
biological phosphorus removal is, however, pre-
mature. The Task Group therefore has chosen to
suggest a simple model, which allows prediction of
biological phosphorus removal, but does not yet
include all observed phenomena. The model pro-
posed may be the base for further development.

The following model for the behaviour of phos-
phorus-accumulating organisms, Xp,o, assumes
that these organisms cannot denitrify and that
they can only grow on cell internal stored organic
materials, Xpy;4. Both these assumptions are very
severe restrictions of ASM2 and may lead to fur-
ther extensions. The stoichiometry and the
kinetics of the processes described below are pre-
sented in Tables 2.4 and 2.7 respectively.

10. Storage of Xpyy. It is assumed that PAO may
release phosphate, Spo, from poly-phosphate,
Xpp, and utilize the energy which becomes avail-
able from the hydrolysis of Xpp, in order to store
cell external fermentation products S, in the
form of cell internal organic storage material
Xpiia- The process is primarily observed under
anaerobic conditions. However, since the
process has also been reported to occur under
aerobic and anoxic conditions, the kinetic
expression does not include inhibition terms for
So, and Syo,. Experimental observation of this
process is easy if the release of phosphorus is
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Table 2.5. Stoichiometry of the growth and decay processes of nitrifying organisms. The stoichiometric
parameters are defined in Table 3.2. Stoichiometry for So,, SNH,, SPo4, SALK and Xrssmay be

computed from continuity.

Processes 802 SNH4 SN03 SPO4 XI XS XAUT
16  Aerobic 4.57-Y, 1 1
gI'OWth - 'iNBM -— — 'iPBM 1
Of XAUT YA YA YA
17 LySiS v17,NH4 v17,PO4 fXI 1->fXI -1

observed rather than the organics which are
stored. Experience indicates, however, that the
rate of storage of organics is relatively constant,
whereas the release of phosphorus varies, indi-
cating a variable stoichiometric relationship.
The base for the stoichiometry of this process
was therefore chosen to be the organics which
are taken up, S, and Xpy,. Reliable estimation
of the rate constant, gpy,, and the stoichiometric
parameter, Ypg,, requires independent mea-
surement of both S, removal and Sp release.

11. Storage of poly-phosphate. Storage of ortho-
phosphate, Spo,, in the form of cell internal
poly-phosphates, Xpp, requires the PAO to
obtain energy, which may be gained from the
respiration of Xpg,. The regeneration of poly-
phosphates is a requirement for the growth of
PAO, because the organic substrates, S, are
stored only upon the release of poly-phosphate.
Storage of Xpp is observed to stop if the phos-
phorus content of the PAO becomes too high.
This observation leads to an inhibition term of
Xpp storage, which becomes active as the ratio
Xpp/Xpao approaches the maximum allowable
value of Kyjax-

12. Growth of phosphorus-accumulating organ-
isms. These organisms are assumed to grow
only at the expense of cell internal organic stor-
age products Xpys. As phosphorus is
continuously released by the lysis of Xpp, it is
possible to assume that the organisms consume
ortho-phosphate, Spo,, as a nutrient for the pro-
duction of biomass. Growth of PAO is modelled
as an obligate aerobic process. It is known that
PAO may grow at the expense of soluble sub-
strates (e.g. Su), but it is unlikely that such

substrates ever become available under aerobic
conditions in a biological nutrient removal
plant. The Task Group therefore suggests this
possibility is ignored at this time.

13. 14. and 15. Lysis of phosphorus-accumulating
organisms and their storage products. Death,
endogenous respiration and maintenance all
result in a loss or decay of all fractions of PAO.
Since the storage products Xpp and Xpys are
accounted for separately from the biomass
Xpao, all three components must be subject to
separate decay processes. ASM2 includes three
lysis processes which are all first-order relative
to the component which is lost. If all three rate
constants are equal, the composition of the
organisms does not change due to decay. There
is experimental evidence that Xpp decays faster
than Xp, e and Xpys. This additional loss of poly-
phosphates may be predicted by the choice of
an increased rate, bpp, for the lysis of this com-
ponent. The products of lysis are chosen in
analogy to the lysis of heterotrophic organisms;
storage products are assumed to decay to ortho-
phosphate Spo, and fermentation products S,.

2.3.5 Nitrification processes

Nitrification is assumed to be a one-step process,
from ammonium Syy, directly to nitrate Syo,.
The intermediate component, nitrite, is not
included as a model component. In the context of
nitrification, modelling nitrite production and
consumption would be relatively easy. However,
nitrite is also produced and consumed in the con-
text of denitrification where the Task Group felt
that the required addition to the model complex-
ity does not warrant its inclusion at the present

Table 2.6. Stoichiometry and kinetics of the processes describing simultaneous precipitation of phosphorus.
The absolute values for stoichiometry and kinetics are based on the assumption that FeCl; is used
to precipitate Spo, in the form of FePO, + Fe(OH)s. Stoichiometry for SaLk and Xrss may be com-

puted from continuity.

Processes Spoq SaLk Xnmeon Xntep Xrss
Stoichiometry:
18  Precipitation -1 Vg ALK -3.45 4.87 1.42
19  Redissolution 1 Vi ALK 3.45 -4.87 -1.42
Kinetics: Process rate pj:

18  Precipitation
19 Redissolution

kPRE'SPo4'XMe0H
kRED’XMeP

kPRE =1md (g Fe (OH)3>>1 d’1
kgep = 0.6d?!
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Table 2.7. Process rate equations for ASM2. The kinetic parameters are defined in Table 3.3.

Process Rate equation p

Hydprolysis processes:

1 Aerobic S X/ X
hydrolysis K, —22 S0 xy
I<02+So2 Kx+Xs/ XH
2 Anoxic S X/ X
hydrolysis Ky Mxos - Koy L TNOs ST xy
I(()2+SO2 KNO3+ SN03 Kx+Xs/ XH
3 Anaerobic K X/ X
hydrolysis Ky Mg - Koy : NOs ST
K02+ 802 KN03+SN03 Kx+X5/ XH
Heterotrophic organisms: Xy
4 Growth on S S S S g S
fermentable - % | kL F NHs POy MKy
substrates, Sg Ko,+S0, Kp+Sp  Sp+Sy Knug+Swuy Ke+Spo, Karx+Saix
5 Growth on S S S S g S
fermentation  py - % | A A ONHy - POy AKX
products, Sy Ko,#S0, Ka+Sa  Sp+Sa Knu,+Sxu, Kp+Seo, Kark+Saix
6 Denitrification S S S S S S
on fermentable 41 Mno, - 2 PR NHs NOs ALK P03 v
Substrates, SF I<02+SO2 KF+SF SF+SA KNH4+SNH4 KN03+SN03 KALK+SALK KP+SPO4
7 Denitrification K S S S S S S
on fermentation Ly Tino, - O oA PA _TNHs NG5 ALK PO Xy
productS, SA KO2+SOQ KA+SA SF+SA KNH4+SNH4 KN03+SN03 KALK+SALK KP+SPO4
K K S S
8 Fermentation g, - 9% NOs R ALK Xy
Koy+S0, KnogtSno; KeetSp Kark+Saix
9 Liysis by - Xy
Phosphorus-accumulating organisms (PAO): Xpyo
S S Xpp/ X
10 Storage OfXPHA qPHA . A . ALK . P FAO - XpAO
Ka+Sa Karx+Sarx Kpp+Xpp/ Xpyg
S S S Xena/ X Kyiax-Xpp/ X,
11 Storage of Xpp gpp - 0 POy ALK PHA/ APAO max-Are/ tmo oy

K02+ Soz KPS+SPO4 Karx+Saix Kpua+Xpua/ XpAo Kipp+Kyiax-Xpp/ XPAO

12 Aerobic So, Sxiy Saix Spo, Xora/ Xeao
growth Uppo - . . . : PAO
on Xppa K02+ 502 KNH4+SNH4 Karx+Sarx KP+ SPO4 Kpua+Xpna/ XPAO

13 Lysis of Xpso  Dpao - Xpao - Sark / (Kark+Sark)
14 Lysis of Xpp bpp - Xpp - Sarx / (Kazx+Sarx)
15 Lysis of Xpaa  bpma - Xpra - Sark / (Karx+Sark)

Nitrifying organisms (autotrophic organisms): Xyt

So. S S S
16 Growth Uaup - —22 . Ny TFOs AR Xt
K02+ 502 KNH4+SNH4 Kp+ SPO4 Karx+Sarx
17 LysiS bAUT . XAUT

Simultaneous precipitation of phosphorus with ferric hydroxide Fe(OH )

18 Precipitation kPRE . SPO4 . XMeOH

19 Redissolution  kgep - Xmep - Sarx / (Karx + Sarx)
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time. Modelling nitrite in nitrification but not in

denitrification would, however, not be consistent

and could lead to erroneous model predictions.
The stoichiometry and the kinetics of the
processes described below, are presented in

Tables 2.5 and 2.7 respectively.

16. Growth of nitrifying organisms. Nitrifying
organisms are obligate aerobic, they consume
ammonium as a substrate and a nutrient, and
produce nitrate. Nitrification reduces alkalinity.
The process is modelled as proposed in ASM1
with the exception of a phosphorus uptake into
the biomass.

17. Lysis of nitrifying organisms. The process of
lysis of nitrifiers is modelled in analogy to
ASM1 and to the process of lysis of het-
erotrophic organisms. Since the decay products
of lysis (X5 and ultimately Sg) are available sub-
strates for heterotrophic organisms only,
endogenous respiration of nitrifiers becomes
manifest as an increased growth and oxygen
consumption of heterotrophs. This is in analogy
to ASM1.

2.4 Chemical precipitation of phosphates

In biological nutrient removal systems, metals,
which are naturally present in the wastewater
(e.g. Ca*), together with the high concentration
of released soluble ortho-phosphate, Spo,, may
result in chemical precipitation of phosphorus
(e.g. in the form of apatite or calcium phosphate).

Further, simultaneous precipitation of phos-
phorus via the addition of iron or aluminium salts
is a very common process for phosphorus removal
worldwide. Simultaneous precipitation may be
used in combination with biological phosphorus
removal if the carbon to phosphorus ratio is
unfavourably small.

In order to model the low effluent concentra-
tions of ortho-phosphate, Spp,, which are
observed in practice and which are partly due to

chemical precipitation, the Task Group suggests a
very simple precipitation model, which may be
calibrated for a variety of situations. For this pur-
pose, two processes (precipitation and
redissolution) and two more components (Xy.on
and Xyp) are added to ASM2. If chemical pre-
cipitation is not of any interest, these additions
may be deleted from the model.

18. and 19. Precipitation and redissolution of phos-
phate Spo,. The precipitation model is based on
the assumption that precipitation and redissolu-
tion are reverse processes, which at steady state
would be in equilibrium according to:

Xmeor + Spoy & Xnep

Precipitation and redissolution may be mod-
elled with the following process rates
respectively:

P1s = kpre  Spo,  Xeon

Pio = krrp * Xviep
If both processes are in equilibrium (v ; - pis =
Vie.i* Pro) then an equilibrium constant may be
derived as:

K, - Vis.i - Krep _ Spo, - Xyeon

.=

Vis.i - Kpre Ximer

Processes 18 and 19 will be introduced here
based on the assumption that Xy.on and Xyep are
composed of ferric-hydroxide, Fe(OH);, and fer-
ric-phosphate, FePOy,, respectively. This leads to
the stoichiometry indicated in Table 2.6. The
indicated rates of the processes result in residual
ortho-phosphate concentrations, Sp, which at
steady state are typical for simultaneous precipi-
tation with the addition of FeCl;. In this case, the
addition of Fe** to the influent of a treatment
plant may be modelled by the choice of Xyeon in
the influent recognizing that 1 g Fe** m™ leads to
191 g Fe(OH); m® = 1.91 ¢ MeOH m* (which
also increases influent X1gg and decreases influent

alka.hnlty S ALK) .
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3. Typ

ical wastewater characteristics,

kinetic and stoichiometric constants
for the Activated Sludge Model No. 2

t is the responsibility of the user of the

Activated Sludge Model No. 2 (ASM2) to
determine the concentrations of relevant compo-
nents in the wastewater, as well as the
stoichiometric and kinetic parameters which apply
to the specific case to be dealt with. Absolute
numbers of these parameters are not part of
ASM2, but are necessary for the application of the
model to a specific case.

In this section, the Task Group suggests a list of
typical concentrations of model components in a
primary effluent as well as a set of model parame-
ters. This neither indicates that ASM2 is meant to
be reliable with these parameters in any case, nor
that these parameters are the state of the art. They
are merely presented as a reference for testing
computer code and a first estimate for the design
of possible experiments which are proposed to
determine these parameters more accurately

Table 3.1 contains a list of all model components
and typical concentrations in a primary effluent.
This wastewater contains a total COD of 260 g

‘COD m?, a total nitrogen content of 25 ¢ N m*

and approximately 140 g TSS m™. The analytically
measured TSS are lower than the value of Xgg =
180 g TSS m?*, since a fraction of X in the influent
would pass through membrane filters but must be
included in the model component X since it will
later adsorb onto the activated sludge. The total
nitrogen (and phosphorus) in the influent may be
computed with the aid of all influent concentra-
tions multiplied with the relevant conversion
factors from Tables 2.1 and 3.2.

Table 3.2 is a list of typical stoichiometric coefhi-
cients of ASM2 and includes the factors which are
required for the use of the continuity equations
(see also Table 2.1). Many of the conversion fac-
tors have been estimated without performing

Table 3.1. Short definition of model components and typical wastewater composition (primary effluent), con-
sidering the composition of the different model components as indicated in Table 3.2.

CODxot =260 g COD m®, TKN =25g Nm™ TP =6 gPm™

Dissolved components:

Sos Dissolved oxygen 0 g Oym™

Sp Readily biodegradable substrate 30 g CODm™

N Fermentation products (acetate) 20 g CODm™

Snny Ammonium 16 gNm?

Snos Nitrate (plus nitrite) 0 gNm?

Sro, Phosphate 3.6 gPm?

S Inert, non-biodegradable organics 30 g CODm™

Saik Bicarbonate alkalinity 5 mol HCO3 m™

Sns Dinitrogen (Ny), 0.78 atm at 20 °C 15 gNm?
Particulate components:

X Inert, non-biodegradable organics 25 g CODm™

X Slowly biodegradable substrate 125 g CODm?

Xu Heterotrophic biomass 30 g CODm?

Xpao Phosphorus-accumulating organisms 0 g CODm™

Xpp Stored poly-phosphate of PAO 0 gPm*

Xena Organic storage products of PAO 0 g CODm™*

Xt Autotrophic, nitrifying biomass 0 g CODm™

XMeon ‘Ferric-hydroxide’ (Fe(OH);) 0 g Fe(OH); m™

Xiep ‘Ferric-phosphate’ (FePO,) 0 g FePO, m™

Xyss Particulate material as a model component? 1802 g TSSm™

a) This value is larger than the TSS which may be measured analytically, since it includes the fraction of Xs, which would

pass the filter in the TSS analysis. Xyss may also include some inert mineral materials, which are contained in the influ-
ent but not accounted for by other components. If this is the case, then Xyss in the influent may be larger than predicted

from the continuity equation, which for the above values and based on the conversion factors given in Table 3.2 would

result in 140 g TSS m~. Analytically measured TSS (0.45 mm) would be approximately 120 g TSS m-?
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Table 3.2. Definition and typical values for the stoichiometric coefficients of ASM2.

Typical conversion factors for continuity equations

Nitrogen:
Soluble material:
ins, N content of inert soluble COD §; 0.01 g N (g COD) "
insg N content of soluble substrate Sg 0.03 gN (g COD) "
Particulate material:
inxg N content of inert particulate COD X; 0.03 gN (g COD)
iNXs N content of particulate substrate Xg 0.04 g N (gCOD)
iNBM N content of biomass Xy, Xpao. Xaur 0.07 g N (g COD)
Phosphorus:
Soluble material:
ips; P content of inert soluble COD Sy 0.00 g P(gCOD) "
ipsy P content of soluble substrate Sy 0.01 gP(gCOD)™
Particulate material:
ipx, P content of inert particulate COD X; 0.01 gP(gCOD)™
ipxg P content of particulate substrate Xg 0.01 gP(gCOD) "
iPBM P content of biomass Xy, Xpao, Xaur 0.02 gP (gCOD) ™"
Total suspended solids:
iTssX; TSS to X; ratio 0.75 g TSS (g COD)
iTS8Xs TSS to X, ratio 0.75 g TSS (g COD)
ITSSEM TSS to biomass ratio for Xy, Xpao, Xaur 0.90 g TSS (g COD)
Typical stoichiometric constants
Hydrolysis:
fs, Fraction of inert COD in particulate substrate 0.00 g COD (g COD)
Heterotrophic organisms: Xy
Yy Yield coefficient 0.63 g COD (g COD)
Iy Fraction of inert COD generated in biomass lysis 0.10 g COD (g COD)
Phosphorus-accumulating organisms: Xpo
Ypso Yield coefficient (biomass / PHA) 0.63 g COD (g COD)
Ypo, PP requirement (Spo, release) for PHA storage 0.40 gP (gCOD) ™
Ypua PHA requirement for PP storage 0.20 g COD (g COD) "
fx Fraction of inert COD generated in biomass lysis 0.10 g COD (g COD)
Nitrifying organisms: X,y
Yaur Yield coefficient (biomass/nitrate) 0.24 gCOD (gN)
Ix Fraction of inert COD generated in biomass lysis 0.10 g COD (g COD) !

specific experiments for their determination.
These values indicate an order of magnitude. The
stoichiometric coefficients are either based on
previous experience with ASM1 or they are
derived from verification trials of ASM2 relative
to full-scale experience. Experience with the
three yield coefficients, Ypso. Ypo, and Yppya of
the PAO are still scarce.

Table 3.3 is a summary of the definitions and typ-
ical values of all kinetic parameters of the model.
Again, some kinetic parameters were estimated
based on the experience with ASM1, those relating
to biological phosphorus removal are estimated
based on laboratory experience and full-scale veri-
fication trials of ASM2. Note that saturation
coefficients K; for any specific compound may be
different for different organisms (e.g. Ko, may
have four different values, depending on the

process and organism to which it relates).

Future experience may well lead to different
‘good estimates’ of the parameters of the model.
Since experimental results of many pilot studies
have been performed without considering the
requirements of model calibration, we do not
currently have a sufficient basis to calibrate
ASM2 to a ‘typical wastewater’.

Finally a full stoichiometric matrix, based on
the proposed stoichiometric parameters in Table
3.2 is presented in Table 3.4. Table 3.4 is not
meant to be a part of ASM2 but rather it should
indicate approximate values of stoichiometric
coefficients v;. Table 3.4 may be used to test com-
puter code, which might be developed to predict
stoichiometric coefficients v, based on conversion
factors and stoichiometric constants as intro-
duced in Table 3.2.
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Temperature 20°C 10°C Units
Hydrolysis:

K, = Hydrolysis rate constant 3.00  2.00 d?

Tixos = Anoxic hydrolysis reduction factor 060 060 -

Mg, = Anaerobic hydrolysis reduction factor 0.10 0.10 -

Ko, = Saturation/inhibition coefficient for oxygen 020 020 g Oym™

Kyo; = Saturation/inhibition coefficient for nitrate 050 0530 gNm?

Kx = Saturation coefficient for particulate COD 010 030 g COD (g COD)?
Heterotrophic organisms:

Mg = Maximum growth rate on substrate 6.00  3.00 d

gr. = Maximum rate for fermentation 3.00 150 g COD (g COD)'d"
Mo, = Reduction factor for denitrification 080  0.80 -

by = Rate constant for lysis 040 020 d’

Ko, = Saturation/inhibition coefficient for oxygen 020 020 g Oym™®

Ky = Saturation coefficient for growth on Sg 400 4.00 g COD m™

K;. = Saturation coefficient for fermentation of Sy 20.00 20.00 g COD m™

K, = Saturation coefficient for S, (acetate) 400 4.00 g COD m™

Kyo, = Saturation/inhibition coefficient for nitrate 050  0.50 g N m*

Kyp, = Saturation coefficient for ammonium (nutrient) 005 0.05 gNm?

Kp = Saturation coefficient for phosphorus (nutrient) 0.01 0.01 gPm?

Ku1x = Saturation coefficient for alkalinity 010 0.10 mole HCO; m™
Phosphorus-accumulating organisms:

gpaa = Rate constant for storage of PHA (base: Xpp) 3.00 200 g COD (g PAO)*d™
gpp = Rate constant for storage of PP 150  1.00 g PP (g PAO)d”
Hpao = Maximum growth rate 1.00 067 d:

bpso = Rate constant for lysis of Xp,0 020 0.10 d:

pp = Rate constant for lysis of Xpp 020 0.10 d”

bpaa = Rate constant for lysis of Xpga 020 010 d

Ko, = Saturation coefficient for So, 020 020 g Oym?

K, = Saturation coefficient for S, (acetate) 400 4.00 g COD m™

Kyp, = Saturation coefficient for ammonium 005 0.05 gNm?®

Kps = Saturation coefficient for phosphorus in PP storage 020  0.20 gPm?

Kp = Saturation coefficient for phosphorus in growth 001 001 Pm?

K,1x = Saturation coefficient for alkalinity 010 010 mole HCO; m™
Kpp = Saturation coefficient for poly-phosphate 001 001 g PP (g PAO)"
Kyax = Maximum ratio of Xps/Xpso 034 034  gPP(g PAO)
Kipp = Inhibition coefficient for Xpp storage 002 002 g PP (g PAO)”
Kppa = Saturation coefficient for PHA 001 001 g PHA (g PAO)"
Nitrifiers:

Haur = Maximum growth rate 1.00 035 d?

baur = Decay rate 015 0.05 d

Ko, = Saturation coefficient for oxygen 050 050 g Opm™

Kyp, = Saturation coefficient for ammonium 1.00 1.00 gNm?

Ky x = Saturation coefficient for alkalinity 050 0.50 mole HCO; m?®
Kp = Saturation coefficient for phosphorus 001 001 gPm?
Precipitation:

kpre = Rate constant for P precipitation 1.0 1.0 m’® (gFe(OH);)" d”
krep = Rate constant for redissolution 0.6 0.6 d

K,k = Saturation coefficient for alkalinity 050 050 mole HCO; m™
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Table 3.4. An example of a stoichiometric matrix for ASM2 for soluble and particulate components and for
precipitation processes. The absolute values of the stoichiometric coefficients are based on the typi-
cal stoichiometric parameters introduced in Table 3.2. These values are not the ASM2 but rather a

typical application of the model.

Stoichiometric matrix for dissolved components

Process: So, S Sa Snms  Snos Sepo, St Saixk Swg
1 Aerobic hydrolysis 1.00 0.01 0.00 0.001
2 Anoxic hydrolysis 1.00 0.01 0.00 0.001
3 Anaerobic hydrolysis 1.00 0.01 0.00 0.001
Heterotrophic organisms: Xy
4  Growth on Sy 059 -1.59 -0.022 -0.004 -0.001
5 Growthon S, -0.59 -1.59 -0.070 -0.02 0.021
6 Denitrification with Sy -1.59 -0.022 -0.21 -0.004 0014 021
7 Denitrification with S, -1.59 007 -021 -0.02 0.036 0.21
8 Fermentation -1 1.00 0.03 0.01 0.014
9  Lysis 0.031 0.01 0.002
Phosphorus-accumulating organisms (PAO): Xpso
10  Storage of Xpya _ -1 0.40 -0.004
11  Storage of Xpp -0.20 -1 0.048
12 Aerobic growth -0.60 -0.07 -0.02 -0.004
13 Lysis of Xpao 0.031 0.01 0.002
14 Lysis of Xpp 1.00 0,048
15 Lysis of Xpyja 1.00 -0.016
Nitrifying organisms (autotrophic organisms): Xyt
16 Growth -18.0 -4.24 417 -0.02 -0.600
17 Lysis 0.031 0.01 0.002
Simultaneous precipitation of phosphorus with ferric hydroxide (Fe(OH)s):
18  Precipitation -1 0.048
19 Redissolution 1 -0.048
Stoichiometric matrix for particulate components
Process: Xy Xy Xy Xpo Xep Xpma Xaur Xiss Xmeon Xwmer
1 Aerobic hydrolysis -1 -0.75
2 Anoxic hydrolysis -1 -0.75
3 Anaerobic hydrolysis -1 -0.75
Heterotrophic organisms: Xg
4  Growth on Sp 1 0.90
5 Growthon S, 1 0.90
6 Denitrification with Sg 1 0.90
7 Denitrification with S, 1 0.90
8 Fermentation
9 Lysis 0.10 090 -1.00 -0.15
Phosphorus-accumulating organisms (PAO): Xpao
10 Storage of Xpys 040 1.00 -0.69
11 Storage of Xpp 1.00 -0.20 3.11
12 Aerobic growth 1 -1.60 -0.06
13 Lysis of Xpao 010 090 1 0.15
14 Lysis of Xpp ’ -1 323
15 Lysis of Xpyy -1 -0.60
Nitrifying organisms (autotrophic organisms): Xyyr
16 Growth 1 0.90
17 Lysis 0.10 0.90 -1 -0.15
Simultaneous precipitation of phosphorus with ferric hydroxide (Fe(OH)s):
18  Precipitation 142 345 487
19 Redissolution -142 345 -4.87
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4. Wastewater characterization for
activated sludge processes

he Activated Sludge Model No. 2 (ASM2)

is a working tool for nutrient removal treat-
ment plants. The quality of the model predictions
will depend on the quality of the wastewater char-
acterization and on the calibration of the model.

A detailed knowledge of the influent to a waste-
water treatment system will, in itself, allow for a
good prediction of the performance of the sys-
tem. The wastewater composition influences the
actual system performance, to a degree similar to
that of the system design. The characterization of
a given wastewater can be made by a more or a
less detailed procedure. The more detailed the
characterization, the more reliable the results
obtained from the modelling effort will be.

It is thus the planned use of the modelling
results that determines the degree of complexity
needed in the characterization. If the results are to
be used for design purposes, then detailed charac-
terization is needed. If the model is used for
teaching purposes, then much less complexity is
needed in the characterization.

4.1 Variations in wastewater composition

ASM2 has been developed for systems treating
municipal wastewater, with only minor contribu-
tions or impact from industrial discharges. This
means that industrial effluents do not cause major
changes in the overall composition of the ‘domes-
tic” wastewater.

The wastewater entering a wastewater treat-
ment plant will have its detailed composition
determined by three factors:

 Wastewater input to the sewer
* Sewer system type (separate/combined)
¢ Transformation processes in the sewer

The wastewater input to the sewer can vary due
to rain, industry and the habits of the population
connected to the sewer system. The variations in
input lead to variations in concentrations of the var-
ious components. For municipal wastewater with
only a minor contribution from industrial effluents,
the concentration of the components, and the
ratios between the various components, are not
severely influenced by the industrial discharges.

The transformation processes in the sewer
depend on temperature, transport time, and oxy-
gen supply to the wastewater being transported.
Apart from seasonal variations in temperature,

the transformation processes are not sensitive to
the variation in wastewater concentrations found
in the sewer. This means that the change in the
ratios between the various components, caused
by the transformation processes in the sewer, is
relatively constant with time. The result with
respect to the various fractions in the wastewater
entering the treatment plant is that they do not
vary very much with time, although the actual
influent concentrations vary significantly with
time and day.

4.2 Characterization of wastewater

ASM2 can be used for any type of municipal
wastewater: raw wastewater, primary settled or
preprecipitated wastewater. Pretreatment of
wastewater affects the distribution among the
fractions in the wastewater significantly. ASM2
does not include pretreatment as a model feature.
The input to the model must be based on the
characteristics of the input to the biological tanks
in the treatment plant.

4.2.1 Organic fractions in municipal
wastewater

The methods for characterizing the organic frac-
tions are still under development, and are not
standardized. It is important to be aware of the
close relationship between characterization of
wastewater and the models and constants used. A
method of characterization may well prove effec-
tive in a certain modelling context, and be of no use
in another context. One example of this is the mea-
surement of soluble inert material (see below).

The total organic matter content in wastewater
can be measured as COD, Crggp. This can be sub-
divided, depending on the complexity and the use
of the model. Figure 4.1 shows the COD fractions
used in the characterization of wastewater (and
mixed liquor). The typical relative distribution for
primary settled wastewater is shown. The COD
measurements must be made with dichromate, not
permanganate, to ensure correct mass balances in
the calculations. Table 4.1 gives typical ranges for
the COD fractions used in ASM2.

The intervals given for the particulate compo-
nents cover raw and primary settled wastewater.
For preprecipitated wastewater, the particulate
concentrations are smaller than the minimum val-
ues given in Table 4.1.

57



58

Activated Sludge Model No.2

The broad range given for the components cov-
ers situations with separate sewers, low infiltration
and limited water resources (high wastewater con-
centrations, as in South Africa); and combined
sewers, high infiltration and plentiful water
resources (low wastewater concentrations, as in
Scandinavia and Switzerland).

According to Figure 4.1 and Table 4.1, the
total COD in the model includes the following
components

Crcop = Sa + Sp + S1+ Xj+ Xg + Xy + Xpao

Not all the components shown in Equation 4.1
are of equal importance. The biomass fractions in
the influent are needed in order to explain the
bloom and the wash-out of certain groups of
microorganisms. If seeding from the influent is
very high, then the processes may occur even in
high-load situations, where wash-out would be
expected. For heterotrophs (and the fraction of
these that can denitrify), the growth rate is so high
that wash-out never occurs in practice. They need
not be considered in the influent, because the ini-

+ Xppa + Xaur (4.1) tial concentrations used for most calculations
gm’
Effluent
S .
30 I analysis
S, Model
20 VFA soluble
COD Analyticall
Respiration solugltel ’ '(lg(ga];
30 Sy test COoD
X Model
125 S calibration
1L | /XAUT 1
— 3 Xena
1 Xpro
30 Xy - Respiration
test
Model
25 X calibration

Figure 4.1. COD fractionation in ASM2. The column shows a typical distribution of COD in primary effluent
from municipal wastewater treatment. Various analytical techniques can measure parts of the
COD as indicated on the figure. Xy is obtained through modelling using sludge production. X is
found by modelling using oxygen uptake rate/nitrogen uptake rate (OUR/NUR) test results.
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Table 4.1. Municipal wastewater components in ASM2.

Symbol Component Typical range Unit
Model dissolved components:

So, Dissolved oxygen 0.0-0.5 g Oy m™
Sk Readily (fermentable) biodegradable substrate 20-250 g COD m™
Sa Volatile acids/fermentation products (acetate) 10-60 g COD m™
SNy Ammonium nitrogen 10-100 g Nm?*
Snos Nitrate plus nitrite nitrogen 0-1 gNm?®
Sro, Phosphate phosphorus 2-20 gPm*

S Inert, non-biodegradable organics 20-100 g COD m™
Model ‘particulate’ components®:

X; Inert, non-biodegradable organics 30-150 g COD m™
X Slowly biodegradable substrate” 80-600 g COD m™
Xy Heterotrophic biomass 20-120 g COD m™
Xpao Phosphorus-accumulating organisms 0-1 g COD m™
Xpp Stored poly-phosphate phosphorus in PAO 0-0.5 gPm?
Xeua Stored poly-hydroxy-alkanoate 0-1 g COD m*
Xaur Autotrophic, nitrifying biomass 0-1 g COD m™

a) Some of which are analytically soluble.

always assume the presence of these organisms.

The phosphotrophs (the phosphate-accumulat-
ing biomass) and the autotrophs should be
included in order to account for the development
and the wash-out phenomena related to these two
biomass groups. These two groups can be washed
out of high-loaded treatment plants. The concen-
tration of autotrophs in the influent is in most
cases very small, and this is also believed to be the
case for the phosphate-accumulating biomass,
Xpao- Note that Xp,, does not include stored poly-
hydroxy-alkanoates, Xpy,, which are considered a
separate compound. In a similar manner, the poly-
phosphate stored in the phosphotrophs is
considered a separate compound. This means that
the contribution of the phosphotrophs to the total
suspended solids comes from three fractions
(Xpao» Xpra and Xpp).

Stored poly-hydroxy-alkanoate, Xpy,, is close to
zero in raw wastewater. This means that the total
COD fractionation in many cases can be simpli-

fied to
Creop=Sa+ Sr+ Sp+ Xy + Xg + Xy (4.2)
or, in cases where the heterotrophic biomass is

negligible or included in the slowly degradable

suspended organics, Xs, to

Crcop = Sy + Sv+ Sp + Xp + X (4.3)

The inclusion of Xy in Xg does not affect the
modelling significantly, but it affects the value of the
yield coeflicient Yy (a smaller yield coefficient must
be chosen).

Based on the various simplifications, Equations
4.1 to 4.3 can be used for calculation of those
parts of the organic components that cannot be
measured directly.

For municipal wastewater, the fractions of the
various organic components will normally be within
a limited range. For a specific wastewater, the daily
and seasonal variations seem to be within a rela-
tively narrow range in most cases. In Table 4.2 some
typical ranges are given. Pretreatment can change
these ranges. For example primary sludge acidifica-
tion can increase the acetic acid concentration, and
thus S, considerably.

4.2.2 Nitrogen fractions in municipal
wastewater

In general there is no need to characterize the
nitrogen fractions in as much detail as for organic
matter. One reason for this is that the major part

Table 4.2. Typical ranges for the organic fractions of municipal wastewater, primary effluent.

Symbol Component Typical fraction of total COD in %

ym p P
Sg Readily (fermentable) biodegradable substrate 10-20
Sa Volatile acids (acetate) 2-10
St Inert, non-biodegradable organics 5-10
X Inert, non-biodegradable organics 10-15
X Slowly biodegradable substrate 30-60
Xu Heterotrophic biomass 5-15
Xpao  Phosphorus-accumulating organisms 0-1
Xppa  Stored poly-hydroxy-alkanoate 0-1
Xaur  Autotrophic, nitrifying biomass 0-1
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Table 4.3. Fractions of nitrogen and phosphorus in organic matter in municipal wastewater.

Symbol Component Typical range Unit
N P
Sk Readily (fermentable) biodegradable substrate 24 1-15 % of COD
Sa Volatile acids (acetate) 0 0 % of COD
S Inert, non-biodegradable organics 1-2 0.2-0.8 % of COD
X Inert, non-biodegradable organics 0.5-1 0.5-1 % of COD
X Slowly biodegradable substrate 24 1-15 % of COD
Xu Heterotrophic biomass 5-7 1-2 % of COD
Xpao  Phosphorus-accumulating organisms 5-7 1-2 % of COD
Xpua  Stored poly-hydroxy-alkanoate 0 0 % of COD
Xaur  Autotrophic, nitrifying biomass 5-7 1-2 % of COD

of the nitrogen in wastewater is present as ammo-
nia, which has no coupling to the organic
components. For the remaining part of the nitro-
gen, most of which is coupled to the organic
components, it is sufficient to use fixed nitrogen
fractions for the various COD components, as
shown in Table 4.3.

Several nitrogen fractions can be easily deter-
mined by the use of standard chemical analysis as
shown in Figure 4.2.

The total nitrogen concentration in municipal
wastewater, Cy, can be characterized as

Crn = Crgn + Snos = Xtkn + Sty + Snos (44)
where

Crxy is total Kjeldahl nitrogen,

X1k is particulate Kjeldahl nitrogen, and
Stk is soluble Kjeldahl nitrogen.

From Table 4.3 it is seen that all organic partic-
ulate fractions contain nitrogen, except for Xpyj,
stored poly-hydroxy-alkanoate. Xty is the sum of
nitrogen bound to all the other organic particulate
fractions, as given in Table 4.3.

Xrien = (X - i) + (Xs - ingg)

+ (X + Xpao + Xaur) ingm- (4.5)
The soluble Kjeldahl nitrogen is dominated by

ammonium-nitrogen, Syy,

Stkn = Sy + (Sp - ingg) + (Sy - i) (4.6)

The soluble inert nitrogen fraction, St - iy, is
important in relation to very strict effluent cri-
teria. Normally the nitrogen fraction iy, is
small, as seen from Table 4.3, and the concen-
trations found in raw municipal wastewater are
in the range 0.5-1 ¢ N m®. Elevated values
might be a result of industrial discharges or high
strength wastes.

4.2.3 Phosphorus fractions in municipal
wastewater

In general there is no need to characterize the
phosphorus fractions in as much detail as for
organic matter. For many modelling purposes, it
is sufficient to couple a fixed phosphorus fraction
to the various COD fractions, as in Table 4.3.
Figure 4.3 shows a typical distribution of phos-
phorus in primary effluent.

The total phosphorus concentration in raw
municipal wastewater can be divided into these
fractions:

Crp = Xrp + Stp 4.7)
where

Xrp is particulate phosphorus, and

Stp is soluble phosphorus.

The particulate phosphorus, Xrp, includes inor-
ganic phosphorus (expressed as ‘ferric
phosphate’, Xg.p) and organic phosphorus.

Xrp = (0.205 - Xpep) + Xpp + (Xs - dpxg) + (X; - pxy)

+ (Xgg + Xpao + Xaur) - ivam (4.8)

In municipal wastewater the stored poly-phos-
phate concentration, Xpp, is close to zero and, for
many wastewaters, the same is true for the metal
phosphate concentration, Xg.p. The contribution
to the particulate phosphorus concentration from
autotrophs and phosphotrophs is in most cases
negligible. This reduces Equation 4.8 to:

Xrp = (Xs - ipxg) + (X; - dpyxy) (4.9)

The soluble phosphorus includes

Stp = Spo, + (S - ipse) + (1 - dps;) (4.10)

The soluble inorganic phosphorus concentra-
tion, Spo,, which for wastewater will consist of
ortho-phosphate and poly-phosphates is, in
ASM2, considered as ortho-phosphate only. In
municipal wastewater the concentration of solu-
ble organic phosphorus is small compared with
the inorganic ortho-phosphate concentration.
Thus for municipal wastewater the soluble phos-
phorus can be approximated by:

Stp = Spo, (4.11)

4.3 Routine analysis of model
components

A number of the components in ASM2 can be
analysed by use of routine chemical analysis.
These components are mentioned below.

Ss, volatile acids/fermentation products. The
volatile acids/fermentation products in municipal
wastewater are dominated by acetic acid, which
normally accounts for 60-80% of the COD in this
fraction. The concentration varies considerably
from place to place, mainly as a result of the




4. Wastewater characterization for activated sludge processes

changes the wastewater undergoes during trans-
port in the sewer.

S, can be estimated by respiration tests, either
with oxygen (OUR) or with nitrate (NUR). The
respiration tests do not seem to be very accurate.
The volatile acid fraction of S,, can be measured

directly by gas chromatography.

Cry, total nitrogen. Total nitrogen in raw munici-
pal wastewater is dominated by reduced nitrogen,
either in the form of ammonia or as amino groups
in organic substances. Ammonia is the dominating
reduced nitrogen component, and accounts nor-
mally for 60-70% of the Total Kjeldahl Nitrogen.
Small concentrations of nitrate or nitrite can be
found, often in the range 0-1 g m™. Total nitrogen
can be calculated from Equation 4.4:

3

Crn = Crpn + Snos
Crkn, Total Kjeldahl Nitrogen. Total Kjeldahl
Nitrogen (TKN) in raw municipal wastewater
includes organic reduced nitrogen (amino groups)
and ammonia. Most of the TKN is of physiological
origin. It is measured by traditional chemical analy-
sis (Kjeldahl analysis).
Snu, ammonia-nitrogen. Ammonia in raw
municipal wastewater has its primary origin in
urea, which is very quickly hydrolysed and seldom
found — or looked for — at the wastewater treat-
ment plant. Ammonia can be measured by
traditional chemical analytical methods.
Snog nitrate-" and nitrite-nitrogen. Oxidized
nitrogen in raw municipal wastewater can have
its origin in infiltration water or, if occurring in
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1 SNOs :: Nitn'tej-_Nitrate 3 _ _
Ammo- | Model .
* nium | soluble Analytically
Sy Kjeldahl soluble
nitrogen Kjeldahl Total )
nitrogen Kjel dahl T,Ot
StkN nitrogen rgtrogen
Crxn ™
0.3 —
1 Sk -inge 1
4 -
XS - INXs Analy':lcal
Xaur-i particulate
N {XAUT iNBM Kjeldahl
3 Xi-inxg PAO " INBM trogen
X
02 b pa XH . iNBM _ A TKN 1 1
15 Sve | Gas
: " analysis

Figure 4.2. Nitrogen fractionation in ASM2. The column shows a typical distribution of nitrogen in primary
effluent from municipal wastewater treatment. Various analytical techniques can measure parts of

the nitrogen as indicated on the figure.
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elevated concentrations, drinking water and
industrial effluents. Nitrite and nitrate can be
measured by traditional chemical analytical meth-
ods, either separately or combined.

Crp, total phosphorus. Total phosphorus in raw
municipal wastewater is in the phosphate form,
either as inorganic or as organic bound phospho-
rus. The major part of organic bound phosphorus
is of physiological origin. The total concentration
of phosphorus and the various fractions present
in raw wastewater, are heavily influenced by the
use of phosphorus in detergents. The phospho-
rus in detergents will, in raw wastewater, occur as
soluble poly-phosphates or (after hydrolysis) as
ortho-phosphate. Phosphorus from detergents
can account for up to 50% of the total phospho-
rus concentration in raw wastewater. Total
phosphorus is measured by traditional chemical
analytical methods.

gm’
Ortho-
phosphate
3.6 Svo,
~0 ‘ Sp-ipg; L -
0.3 Sp - ipsy
1.25 Xs-toxs
Xaut - ipBM
~0
, Xpao -0
- Xep-ippay PAO - iPBM
0.25 s
-0 Xiia | x,,-0205 L

Spo, ortho-phosphate. Much of the ortho-phos-
phate present in municipal wastewater has its
origin in detergents and other household chemi-
cals. The poly-phosphate in detergents hydrolyses
slowly to ortho-phosphate, and part of this process
occurs in the sewer. Ortho-phosphate is measured
by traditional chemical analytical methods.

4.4 Soluble analysis as = tool in
characterization

Soluble material does not have a universal defini-
tion in wastewater when used in a modelling
context. It is coupled to the whole set of constants
and components used in an actual model. In tra-
ditional wastewater analysis, the components are
often split into two main fractions, the soluble and
the particulate (suspended). Filters with a pore
size of 0.45-1.8 pm are normally used for separa-
tion of the two main fractions in the wastewater.

Analytically
soluble
phosphorus
Model Total
soluble phosphorus
phosphorus
Organic
phosphorus
Suspended
phosphorus

Figure 4.3. Phosphorus fractionation in ASM2. The column shows a typical distribution of phosphorus in pri-
mary effluent from municipal wastewater treatment. Various analytical techniques can measure
parts of the phosphorus as indicated on the figure.
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For some purposes like chemical precipitation, a
third fraction, colloidal matter, can be advanta-
geous.

For modelling purposes using ASM2, we can-
not analytically distinguish particulate and
dissolved components in wastewater by filtration.
Tests like those described in Section 4.6 for Sg
and Xg have to be used. However, the use of sol-
uble analysis will improve the wastewater
characterization by imposing some limitations on
the results from various analysis and model cali-
brations. Examples of relationships between
analytical soluble COD, Stcop, and the compo-
nents in ASM2 are

STCOD (analyhc&l) > STCOD (model) = SI + SA + SF

(4.12)

STCOD (analytical) < SI + SA + SF + XS (413)
Crcop(analytical) - Stoop(analytical) =

Xrcop (analytical) < Xrcop( model) =

X + X; + Xy + Xpao + Xpga + Xaur  (4.14)
For analytical soluble Kjeldahl nitrogen:
Stk (analytical) > Syp, (analytical) =

Sxu, (model) (4.15)

For analytical soluble total phosphorus:

Stp (analytical) > Spe,(analytical) < Spo, (model)
(4.16)

In mixed liquor, the measured soluble COD
fractions are the correct ones, because the part of
the slowly biodegradable substrate, X, which is
soluble in wastewater, will be adsorbed onto the
activated sludge particles.

4.5 Model components without
standardized analytical procedures

Many model components cannot be measured
directly or precisely. In some cases the analytical
procedures are not yet standardized, due to a
need for further understanding and development.
This is the case for stored poly-phosphate, Xpp,
and for a long list of COD components such as Sg,
St X1 Xs, X, Xaur, Xpao and Xppa.

There is a need for further development of
methods for measuring all the above mentioned
components. For those components which are
used in ASM1, S;, X; and Xs, various measure-
ment techniques have been developed. These can
in many cases give reasonable results, but the
methods still need further development and
refinement,

The methods for estimating the three biomass
fractions, Xj;, X,y and Xp,(, are all based on bulk
activity measurements, not on microbiological
methods. In wastewater, the activities of the
autotrophs and the phosphotrophs are so small
that they cannot be measured. In mixed liquor it
is possible to make activity measurements and
from these calculate the biomass fraction present.
The estimation of Xpao is the most questionable,
as the phosphotroph behaviour is not well known.

In municipal wastewater Xyur, Xeao and Xpya
can be assumed to be close to zero in most cases.
In mixed liquor this is definitely not true. Thus,
although usually required for wastewater charac-
terization, methods are also needed for mixed
liquor characterization in order to calibrate
ASM2 for process optimization.

For nitrogen and phosphorus compounds there
are no significant analytical problems, except for
stored poly-phosphate in mixed liquor from acti-
vated sludge treatment with biological
phosphorus uptake.

4,6 Present status for measurement/
estimation of problematic components

Sy, readily (fermentable) biodegradable sub-
strate. The readily biodegradable substrate is
composed of small molecules that can be metabo-
lized directly, or quickly fermented/hydrolysed
before being metabolized. The compounds can be
soluble proteins and carbohydrates and similar eas-
ily degradable compounds.

Determination of this fraction can be made bio-
logically, chemically, physically or physico-chemically.

In ASM2 the soluble substrate, S, has been split
into two parts, Sy, volatile acids/fermentation prod-
ucts, and Sy, readily (fermentable) biodegradable
substrate. This means that the soluble substrate,
Ss, known from ASM1 no longer exists, except as
the sum of these two new compounds.

Biological determination is believed to be the
safest at present. It is based on a respiration test
with either oxygen (OUR) or nitrate (NUR). As
for all other modelling activities, the safest proce-
dure is to use a method similar to the process in
the treatment plant to be simulated, as well as the
sludge from the treatment plant. If the first oxi-
dation step in the plant is with oxygen, then OUR
will give the best estimates of Sg in that process.
If denitrification is the first oxidation step, then
NUR will give the safest estimate. Observe that
the two measurements will not necessarily give
exactly similar results. The OUR test must be
inhibited or compensated for nitrification. From
the integrated oxygen or nitrate consumption, the
concentration of readily biodegradable substrate
can be calculated, assuming a yield factor (Ekama
et al., 1986; Kristensen ef al., 1992). Alternatively,
curve-fitting using a model can be used (Kappeler
and Gujer, 1992). If the acetic acid concentration,
S, has been measured then Sy can be found as

Sp=Sg-S, (4.17)

The chemical determination of soluble proteins
and carbohydrates is based on traditional chemi-
cal analysis. The sum of these two parameters can
be used as an estimate for Sp.

A physical determination can be made by ultra-
filtration or gelfiltration, using cut-off values
around 1000 daltons. The COD concentration in
the filtrate, Sgeae 1S

63



64

Activated Sludge Model No.2

Sﬁltrate = SA + SF + SI,f (418>

where S is the inert COD in the filtrate (Dold ez
al., 1986). The Sy fraction is small, less than 10%
of the filtrate for municipal wastewater (Henze,
1992). In many cases S;yis close to Sy.

The physico-chemical determination of Sg can
be made by chemical precipitation, followed by
COD measurements. The soluble fraction after
precipitation, S has a similar composition to
Sﬁltrate

Sprecip (4 19)

The precipitation can be made with zinc sul-
phate (Mamais et al., 1993) or other precipitants
like polymerized aluminium chloride (Henze and
Harremoés, 1992).

Sy, inert non-biodegradable organics. This solu-
ble fraction consists of molecules of varying size.
There is a small fraction of low molecular weight
which can be found in the filtrate from ultra-fil-
tration. Medium-sized inert molecules are
infrequent, which means that the major part of
soluble inert organics are large molecules (mole-
cular weight above 100,000). The inert soluble
organics contain small amounts of nitrogen only
(see Table 4.3).

The determination of soluble inert organics in
the wastewater depends on the handling of these
substances in the model used. In ASM2 there is
no generation of soluble inerts in the processes.
All soluble inerts are assumed to be present in the
influent. This is of course not strictly correct
(Orhon et al., 1989), but for municipal wastewater
it is close to reality.

The determination of soluble inerts in relation
to ASM2 can be determined from a long-term
soluble BOD test. The soluble COD remaining
after 20 days of oxidation can be regarded as
equivalent to Sy (Ekama et al., 1986).

The soluble inert COD can also be determined
from continuous lab- or pilot-scale experiments
with high solids retention time. In this case the
major part (90-95%) of the soluble COD in the
effluent will be inert and thus represent S;.

Other less established methods using various
batch tests (combinations of total samples and sol-
uble samples), aerated for prolonged periods, also
allow for estimating S; (Lesouef et al., 1992).

Xs, slowly degradable organic substrate. This
component is normally found as the difference
between the total COD and the other fractions:
Xs = CTCOD - SA - SF - SI _XH _XPAO _XAUT 'XI
(4.20)
In municipal wastewater, Equation 4.20 simpli-
fies to

Xs = C1cop - Sy - Sg - Sy - Xy - X, (4.21)
In some modelling cases, the slowly
biodegradable organics in the model include

the biomass fractions; in other cases these frac-
tions may be negligible.

precip»

=SA+SF+SI,f

The slowly degradable organic substrate can
also be estimated based on batch or continuous
experiments, but these estimates will not be very
accurate (Ekama et al., 1986; Kappeler and Gujer,
1992).

Xg, heterotrophic biomass. The heterotrophic
biomass present in raw wastewater will often inoc-
ulate the activated sludge process significantly,
especially in cases where primary settling is not
used. If the heterotrophic biomass in the raw
wastewater has kinetic characteristics that deviate
from those normally found in activated sludge, this
will influence process kinetics. A negative influ-
ence can be due to a low growth rate or due to a
high fraction of filamentous bacteria (Gujer and
Kappeler, 1992). The heterotrophic biomass can
ideally be subdivided into several fractions. The
three main fractions in relation to biological nitro-
gen and phosphorus removal are the
phosphotrophs, the denitrifiers and the aerobic
heterotrophs. The last group can neither denitrify
nor accumnulate poly-phosphate. In practice these
groups overlap, which makes the modelling
process more complicated.

In ASM2 the heterotrophic biomass structure
has been simplified. It includes two separate frac-
tions, the phosphotrophs, Xpro, and the
‘heterotrophs’, Xy (denitrifiers and non-denitri-
fiers). Experience shows that the model with this
simplification can predict the behaviour of biolog-
ical nitrogen and phosphorus removal treatment
plants reasonably well.

The total heterotrophic biomass (X + Xpao)
can be estimated from a batch experiment. Using
an optimized mixture of centrifuged wastewater
and mixed liquor will allow for curve-fitting, and
determination of not only the heterotrophic bio-
mass, but also the readily biodegradable
substrate. The optimal mixture is approximately
90% wastewater and 10% mixed liquor. The mix-
ture must be such that the biomass growth curve
and oxygen utilization rate curve give a response
that is dynamic enough to allow for a good curve-
fitting for both parameters in the wastewater, and
in addition the heterotrophic growth rate
(Kappeler and Gujer, 1992).

The heterotrophic biomass can also be mea-
sured from a batch experiment with raw
wastewater oxygen respiration. It is important
that a sufficient supply of volatile acids, S,, is pre-
sent during the part of the experiment used for
the biomass calculation. If the wastewater does
not contain enough acetate or generate enough
through fermentation, then acetate can be added
to the batch (Kristensen et al., 1992). The het-
erotrophic growth rates obtained from some of
these batch tests are rather high, and probably
valid for high-loaded activated sludge processes
only. The reason being that the conditions in the
batch tests are such that fast-growing het-
erotrophs proliferate. These fast growers might
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not develop in a low-loaded process. Detailed
analysis of the growth curves obtained in batch
tests seems to allow for more accurate estimation
of the maximum specific growth rates for het-
erotrophs (Novak et al., 1994).

Xpao» phosphate-accumulating biomass,
phosphotrophs. The phosphate-accumulating
biomass cannot at present be measured reli-
ably in raw wastewater. It is believed that the
concentration of these organisms is low,
because raw wastewater has almost zero phos-
phate-accumulation capacity.

X, inert suspended organics. This fraction can

only be found based on continuous lab- or pilot-
scale experiments. The best estimate of X; is
obtained by comparing measured and predicted
sludge production. For computer programs based
on a defined solids retention time, X; can be
found by calibration of the mixed liquor concen-
tration measured in the activated sludge tanks.
Xpp, stored poly-phosphate in poly-phosphate-
accumulating biomass. This fraction is
normally close to zero in raw municipal waste-
water. Stored poly-phosphate is measured by
acid extraction from the suspended phosphorus
(Mino et al., 1984).
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5. Calibration of the Activated
Sludge Model No. 2

he calibration of models can be undertaken at

various levels and with various resources. A
calibration is always based on results {from exper-
iments performed with the actual wastewater, or
the process layout to be studied, or preferably
both factors. Such experiments must be properly
designed in order to give optimal information for
the calibration. The experiments can be per-
formed in the full-scale plant, if the model has to
be used for optimization, or in a pilot plant. In all
cases, the design of the experiments should be
carried out using a model to predict the experi-
mental results, in order to ensure that the
experimental conditions are optimal.

An experiment, or a series of similar experi-
ments, will normally only allow for calibration of a
few of the many constants in the model. The
more measurements and experimental results
available, the more constants can be calibrated,
and the more reliable the calibration and the
results obtained with the model will be.

The calibration of the Activated Sludge
Model No. 2 (ASM2), must be based on a mix-
ture of experiments and computer simulations
with the model.

In order to fit the model to experimental data,
only a few model parameters usually need to be
changed. The changes made should be based on
the following principles:

1. Most parameters should not be changed dur-
ing calibration, because they do not seem to
vary significantly from case to case. Some of
these relatively stable parameters are listed in
Table 5.1.

2. If the experiments used for the calibration are

such that the results are non-sensitive to varia-
tions in a given parameter, then that parameter
should not be changed. If, for some reason,
changing the parameter is unavoidable, it
should only be changed in a logical direction
based on some experience. All other changes
are dangerous, because they could distort the
model too far away from reality.

3. Only one parameter should be changed at a
time. Often the parameters are highly interac-
tive so that it is difficult to assess simultaneous
changes in two or three parameters. For para-
meter pairs which interact, only the parameter
with the biggest relative influence should be
changed. This means that in the case of, for
example, growth and decay rate calibration,

only the growth rate should be changed.

4. Due to the highly interactive nature of some of
the parameters, it is often difficult to isolate
which parameter should be changed. To resolve
this problem, experimental conditions should
be such that the effect of the parameter of
interest dominates the response.

There are mathematical calibration techniques
for models, which could be applied to ASM2.
These techniques can, however, only handle
three to four parameters at a time. Thus this will
not solve the general problem of this model with
its numerous parameters. Further research is
needed for improving calibration techniques for
ASM2.

The limited experience available with calibra-
tion of ASM2 shows that it can be calibrated
based on a logical step-wise procedure, and by
changing just a few of the many constants. The

Table 5.1 Model parameters that are relatively constant from case to case

Parameter Name Typical Unit
value, 20 °C
Yu Heterotrophic yield on Sy and S, 0.63 g COD (g COD)*
YiuT Autotrophic yield on nitrate produced 0.24 g COD (g N)!
ji Heterotrophic growth rate on substrates Sp and S, 6 d
Ko, Heterotrophic saturation coefficient for oxygen 02 g Oy m*
Krand K, Heterotrophic saturation coefficient for substrates Sy and S, 4 g COD m™
Kxos Heterotrophic saturation coefficient for nitrate-nitrogen 0.5 gNm?®
Ko, Autotrophic saturation coefficient for oxygen 0.5 g Oy m™
Kyn, Autotrophic saturation coefficient for ammonium-nitrogen 1.0 g Nm?
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apparent high degree of freedom does not exist in
practice, due to the coupling of the many
processes and the use of mass balances.

It must be emphasized that a reasonable cali-
bration will only be possible with a detailed
understanding of the principles of the model.
Without this, calibration will be extremely time-
consuming and, in many cases, lead to
combinations of parameter values that will result
in models which are not suitable for extrapolation
(or even interpolation).

5.1 Calibration levels

There is no general method of calibration which
can be used in all cases. This is discussed below,
and demonstrated in Chapter 6 where different
calibration approaches are presented. Calibration
of models can be made at different levels of com-
plexity, based on the amount of data available and
the planned use of the simulation results.

The best calibration is obtained when the data
used for the calibration are of a type similar to
those data which are required from the simula-
tions. Thus, if dynamic simulations are to be used,
then the model should be calibrated on dynamic
data. The use of data from composite sample data
from dynamic experiments will give a less accu-
rate calibration, and the use of data from
steady-state experiments will give the most risky
calibration in this case. If, on the other hand,
steady-state simulations are the objective, then
steady-state data should be used for the calibra-
tion. The constants resulting from the calibration
in the two cases mentioned above, need not — and
will not in most cases — be identical.

Below, the two main levels of calibration are pre-
sented. They are based on the use of non-dynamic
data (Level 1) and dynamic data (Level 2).

Level 1. Non-dynamic data. It is possible to
make a calibration based on non-dynamic data,
either from steady-state experiments or from (24
hours) composite samples from dynamic experi-
ments. A compartmentalized flow scheme must
be used, as such a system can give data with, and
without, substrate limitation. This allows for cali-
bration of some of the saturation coefficients. In
the case of pilot-plant experiments, the calibra-
tion will be strongest if the pilot plant is
compartmentalized in a similar manner to the
full-scale plant. Pilot (or lab) experiments for cal-
ibration of a full-scale process, which is not
intended to be compartmentalized, can still be
run compartmentalized for short test periods, as
this will not influence the biomass composition.
The experiments in the pilot or the lab plant
should thus be performed with the full-scale lay-
out, but then for short test periods be modified to
include compartmentalized reactors (Larrea et
al., 1992).

Wastewater COD (dichromate), TN and TP (all
soluble and suspended) in the influent and in the
effluent, plus NH in the effluent from a com-

partmentalized system of ideal mix tanks are
needed. In addition to this, oxygen uptake rate
(OUR) measurements in each tank are
required. Composite samples (or grab samples
from a steady-state operation) in a process with
nitrification, denitrification and biological
phosphorus removal can be used. This infor-
mation allows for calibration of the growth
rate constants and saturation coefficients for
heterotrophs, phosphotrophs and autotrophs.

Level la. As Level 1, but with sludge production
figures or MLVSS (mixed liquor volatile sus-
pended solids) concentrations measured. This
allows for calibration of some stoichiometric con-
stants and more detailed wastewater
characterization.

Level 2. Dynamic experiments. Wastewater
COD fractions, TN and TP (soluble and sus-
pended) in the influent and in the effluent, and
NH; and ortho-phosphate in the effluent are
needed. Measurements of oxygen respiration
rates are also required. All measurements should
be taken from dynamic load (and hopefully
dynamic response) experiments with nitrification,
denitrification and biological phosphorus uptake.
This information allows for calibration of the
growth and hydrolysis constants for heterotrophs,
phosphotrophs and autotrophs.

Level 2a. As Level 2 and with respiration and
removal rate studies (oxygen uptake rate (OUR),
ammonia uptake rate (AUR), nitrogen uptake
rate (NUR) and phosphorus uptake rate (PUR)),
in the biomass. This allows for a safer calibration
of growth rates for autotrophs, heterotrophs, den-
itrifying biomass and phosphotrophs. Additional
measurements of oxygen and nitrate respiration
rates in the wastewater will also make it possible
to characterize the fraction of heterotrophs and
denitrifiers in the influent.

If BOD measurements are available, they can
be used. But they need to be converted to COD
before the simulation. BOD values used in simu-
lations, without prior conversion to COD, will not
respect the conservation principles on which stoi-
chiometry is based. This will give erroneous
results in the simulations.

5.2 Calibration using non-dynamic data
(Level 1)

Calibration which is based on measurements of
influent and effluent in a series of tanks, and
which enables calibration of autotrophic, het-
erotrophic, denitrifying and phosphotrophic
bacteria.

The soluble COD fractions (S, and Sg), NI},
NOj and PO} in the effluent from well-planned
experiments can be used to calibrate the growth
kinetics.

Heterotrophic calibration. The calibration of

the model parameters py, by, Ka(H) and
Koy(H) should be based on an analysis of what
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is the limiting factor in the experiments per-
formed. If soluble degradable COD values and
oxygen values are much higher (more than five
times) than the normal range of the saturation
coefficients, then the calibration can only be
made via . A model which is not limited by the
Monod terms in the reaction rate equations is in
general difficult to calibrate, and the simulations
tend to be less reliable. For paired parameters
like tyy and by, only the parameter with the high-
est relative influence (in this case ty) should be
changed. Results from OUR measurements
might be used to calibrate by (and py).

Normally the Monod term for oxygen or COD
will be the rate-limiting one. In this case the pro-
cedure for calibration is the following:

Hy; should normally not be changed. by should
not be changed. If the S, concentration is lim-
iting the process, and the observed Sy is lower
than the simulated one, then K,(H) should be
decreased in order to increase the value of the
Monod term for the simulation. The K, (H)
interval will typically be 3-5 g COD m®, but
values up to 20 g COD m™ have been used,
often coupled to high tiy values (6-8 d7).

K,(H) is related to diffusion limitation in the
flocs. In experiments with high turbulence and
small flocs (as often found in pilot-scale experi-
ments), the K -value tends to be low. In full-scale
installations the K,-value will often be higher, due
to larger flocs and less turbulence.

Ko,(H) should not be changed, unless the
experiments have been made in a DO-range
where oxygen is limiting the process rate, i.e. 0-2
ppm. Considerations similar to those for K,(H)

should be applied for the Ko,(H)-value.

Autotrophic calibration. Nitrification can be cal-
ibrated using the procedure given below, which is
similar to the procedure recommended for the
heterotrophic growth constants. Ammonia in the
effluent can be used to calibrate the autotrophic
kinetics. The calibration of the model parameters
Uaur baurs K (AUT) and Ko,(AUT) should be
based on an analysis of what is the limiting factor
in the experiments performed. If ammonia values
and oxygen values are much higher (more than
five times) than the normal range of the satura-
tion coefficients, then the calibration can only be
made via syt and byt In this case only Uayr
should be changed.

If experiments have been made where the
ammonia concentration has been limiting, then
the following calibration procedure should be
applied:

bur should not be changed. paur should not be

changed unless it is impossible to fit the efflu-

ent NH; values by changing the Ky (AUT).

Ky, (AUT) should only be changed if experi-

ments in the range of 0-1.5 g NH;-N m™ have

been performed, and after the growth rate has
been changed. The value depends on actual

turbulence and floc size distribution. Ko,(AUT)
should only be changed if experiments in the
range of 0-2 g Oy m™ have been performed,
and after the growth rate has been changed.

The value depends on turbulence and floc size.

Denitrification calibration. If denitrification is
included in the experiments, then denitrification
constants can be calibrated as follows:

In general pt should not be changed, especially
if it has been calibrated by OUR measure-
ments, cr used to calibrate the COD values
already. Changing the py in this case would
result in starting the total calibration procedure
all over again. Ny, is calibrated based on the
general level of nitrate in the effluent from the
anoxic tank (typical values are 0.6-0.9). If the
Uy value has been fixed earlier, the calculated
effluent nitrate concentration can be
increased/decreased by decreasing/increasing
the Nxo, value. The calibration of denitrifica-
tion will include the denitrification performed
by the PAOs, a biomass fraction not modelled
separately. The use of 7o, instead of uy, for
the calibration of denitrification is recom-
mended when denitrifying PAOs are known to
be a significant fraction of the PAOs. The satu-
ration coefficient for denitrification, Kyo,,
should be treated with a procedure similar to
that used for nitrification.

Calibration of biological phosphorus uptake.
The calibration of the phosphotroph kinetics
based on steady-state experiments seems to be
rather risky at present, due to lack of experience
with the variations of the parameters from place
to place.

Ypo, can be calibrated by using observed phos-
phate concentrations in the effluent from the
first anaerobic tank. If more than one anaero-
bic tank has been used, the following tanks can
be used to calibrate fermentation. For tanks
with high Sg, the maximum rate of fermenta-
tion, g, can be changed until the simulated
effluent phosphate concentration fits the
observed data. For tanks with low Sy, K. can
be calibrated. Aerobic growth parameters for
the phosphotrophs, tpso and Kp, can be cali-
brated. If OUR measurements are not
available then upso should not be changed,
unless changes in K, cannot give a reasonable

fit to the phosphate data.

5.3 Calibration using dynamic data
(Level 2)

Dynamic experiments can be used to calibrate
the phosphorus-accumulating bacteria kinetics
(as well as the kinetics of the other biomass com-
ponents). Procedures as decribed above should
be used.

A detailed speciation of the influent and efflu-
ent COD will allow the determination of the
following:
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S;, the inert soluble COD in the influent
S, the volatile acids/fermentation products
Sr. the easily (fermentable) degradable COD.

In combination with modelling, the following
components can be determined:

X;, the slowly degradable COD
Xy, the heterotrophic biomass
X, the inert suspended COD.

Calibration based on experiments with the
biomass from the process allows for a very reli-
able calibration of the processes. The
experiments can be batch or continuous.
Respiration and uptake rates such as OUR,
AUR, NUR and PUR can be used to calibrate
maximum growth rates for heterotrophs,
autotrophs, denitrifiers and phosphotrophs, and
to calibrate the influent wastewater.

The calibration of phosphotrophs follows a pro-
cedure similar to the one described above:

Ypo, is calibrated by using the anaerobic influ-
ent and effluent ortho-phosphate and acetic
acid concentrations. If the experiments are
made with a series of anaerobic tanks, then the
first tanks can be used to calibrate Ypq, and the
last anaerobic tank to calibrate 7, . gg and K,
can only be calibrated as a pair and only in the
case of experiments where the influent acetic
acid has been used up in the first part of the
anaerobic tank. This will make the fermenta-
tion-generated acetic acid the driving force for
the phosphorus release in the last part of the
anaerobic tank. Data from the aerobic tanks can
be used to calibrate tp,o and Kp.

Experiments for calibration of the phospho-
troph kinetics have to be very detailed and
extremely well planned. Even for well-planned
experiments they will be very time-consuming
and expensive.

5.4 Calibration of temperature
dependency

The various biological processes in ASM2 have
different temperature dependencies, which are
normally described by exponential expressions
such as a™. Calibration experiments must be
long term (at least three times the solid retention
time), in order to ensure that the biomass com-
position is stable. The exponential expression will
normally fit experimental data reasonably within
an interval of 10 °C. For larger intervals the fit
might be problematic, either at the low tempera-
tures of the interval or at the high temperatures.
Care should be taken when extrapolating outside
the interval investigated. Extrapolations for more
than 5 °C should not be made. The temperature
dependencies for the processes in ASM2 can be
placed in four groups, as shown in Table 5.2.

Table 5.2. Temperature dependency, a™, of

processes in ASM2.
Degree of a Processes
dependency
None 1.00 Chemical precipitation
Low 1.04 Phosphotrophs, hydrolysis
Medium 1.07 Heterotrophs, fermentation
High 1.12 Nitrification

Table 3.3 shows values of the kinetic constants at
10 and 20 °C. Many of the constants in the table,
which are shown to have no temperature depen-
dency, are more-or-less temperature dependent.
The degree of their dependency is not well known,
and for most model simulations this will have a
minor impact only. In general the ASM2 is valid
for temperatures between 10 and 25 °C. Outside
this interval the behaviour of the processes might
be different. Thus care should be taken and tem-
perature calibrations should be made.
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6. Model limitations

he Activated Sludge Model No. 2

(ASM2) is developed based on its prede-
cessor, the Activated Sludge Model No. 1
(ASM1). It is a prerequisite for the users of
ASM2 to have read the report on the previous
model (Henze et al., 1987), in which detailed
explanations are given on basic and important
aspects of the model, such as the method of
model presentation (the matrix notation), the
structure of the model incorporating carbon
oxidation/nitrification/denitrification, the waste-
water characterization, and the implementation
of the activated sludge model.

It is essential for the users of the model to
have a sufficient understanding of the model
before using it. The Task Group members are
responsible for the model structure itself, but its
application and the interpretation of the simula-
tion results are the users’ responsibility. By
changing the kinetic or stoichiometric parame-
ters, by modifying the rate equations or the
stoichiometry, or by adding/deleting something
to/from the model, the users can adapt the
model to the situations which they want to sim-
ulate. However, it is very dangerous to make
such changes without a detailed understanding
of the model; they may lead to erroneous
results. The users should always try to under-
stand why the model behaves in a particular
way. If the users cannot follow the way in which
the model has behaved, they should not rely on
the simulation results.

The assumptions and restrictions associated
with ASM1, which are described in the earlier
report, are also applicable to the present model.
Namely, constant values of the pH, the coeffi-
cients in the rate equations and the
stoichiometry.

Some assumptions in ASM1 have been
extended in order to deal with biological phos-
phate removal, as follows:

¢ Heterotrophic biomass and phosphate-accu-
mulating biomass are homogeneous and do
not undergo changes with time, which is
inherent in the assumption of constant kinetic
parameters.

e Hydrolysis of organic matter, organic nitrogen
and organic phosphate are coupled and occur
simultaneously.

6.1 Assumptions regarding phosphate-
accumulating organisms (PAQs)

In order to develop mathematical models for bio-
logical excess phosphate removal processes, it is
essential to understand characteristics of the
microorganisms responsible for the phosphate
removal, the phosphate-accumulating organisms
(PAQs), and their relationship with other bacterial
populations. Despite extensive research efforts,
the behaviour and physiology of PAOs in the bio-
logical phosphate removal processes have not yet
been fully understood. In the present model, the
heterotrophic biomass has been split into two frac-
tions: heterotrophs and phosphate- accumulating
organisms (PAOs). PAOs are defined as a group of
bacteria that, in activated sludge processes with
anaerobic and aerobic zones, exhibit biological
phosphorus uptake. The following assumptions
have been made with regard to the characteriza-
tion of the biomass, including the PAOs.

1. Fermentation products such as acetate (S,) are
assumed to be the only organic substrates that
can be taken up by the PAOs operating in the
biological excess phosphorus removal mode.
The (other) heterotrophic organisms are
assumed to utilize fermentable organic sub-
strates, Sy, as well as S,. Short-chain fatty acids,
which are classified into S, in the present
model, are known to be preferred carbon
sources for biological phosphorus removal
(Wentzel et al., 1990). Therefore this assump-
tion may be close to reality.

2. Tt is assumed that the PAOs can grow aerobi-
cally on stored PHA only, not on S, directly. In
spite of this assumption, the PAOs in the model
may take up S, under aerobic conditions with-
out growth but with phosphate release. The
produced PHA may then be utilized for growth.
Thus, in terms of the model, there is competi-
tion for S, under aerobic conditions between
the PAOs and the (other) heterotrophs. The
description of this competition still needs refine-
ment. In the present model, this competition for
S, will be to the advantage of the heterotrophs,
with their high growth rate. Thus, systems with
significant input of S, to the aerobic tanks
should not be modelled with the present model,
as erroneous results may be obtained.




3. It is assumed that the PAOs do not possess
denitrifying capability. This assumption influ-
ences the modelling of the processes in the
anaerobic tanks and the anoxic tanks.

Anaerobic tanks. It is well known that the input
of nitrate (NO;3-N) to the anaerobic tank of bio-
logical phosphate removal systems can reduce
the phosphate removal efficiency. There are
three possible mechanisms for this type of
phosphate removal deterioration.

The first mechanism is a simple competition
for S, between the PAOs and the denitrifying
fraction of the heterotrophs. Thus less S, will
be stored as PHA by the PAOs.

The second mechanism is reduction of the PAO
activity due to reduced fermentation in the anaer-
obic tank. Heterotrophs which denitrify do not
ferment Sy to S,. Thus less S, is available in the
anaerobic tank. This will reduce the amount of
PHA accumulated in the anaerobic tank, which in
turn will reduce the growth of the PAOs in the aer-
obic tank. Ultimately, this might lead to wash-out
of the phosphotrophs.

The third mechanism is the well-known fact that
some of the PAOs can denitrify. With nitrate input
to the ‘anaerobic” tank, these will denitrify to get
energy instead of utilizing poly-phosphate. The
necessity to accumulate poly-phosphate disappears
in this fraction of the PAOs and consequently the
phosphate removal may deteriorate.

All three mechanisms are realistic in actual sit-
uations, but only the first two are considered in
the present model. The phosphorus removal
deterioration, under conditions where nitrate
exists, can be well modelled in most cases of
domestic wastewater treatment, by assuming the
two first mechanisms to be active only. The third
mechanism, denitrifying PAOs, has not been
included, due to lack of experience with these
organisms and a wish to keep the model com-
plexity at a minimum. Denitrifying PAOs will, in
ASM2, be modelled as denitrifying heterotrophs.
Small inputs of nitrate to the anaerobic tanks can
be modelled without problems. Simulations of
processes with high nitrate input to the anaerobic
tanks may give erroneous results.

Anoxic tanks. The assumption in the model
that PAOs cannot denitrify means that an
anoxic tank is anaerobic from a PAO point of
view. PAOs will thus release phosphorus. In
practice, release as well as uptake of phospho-
rus has been observed, which can be explained
by a denitrifying fraction of the PAOs. These
organisms have not been included in the pre-
sent model. For modelling the anoxic tank, it
might be necessary to increase the het-
erotrophic rate of denitrification by increasing
TIno, (normally g1y cannot be increased because
of other calibration limitations).

4. Poly-hydroxy-alkanoates (PHAs) represent all

6. Model limitations

the carbon storage materials in PAO cells in the
present model, although glycogen or carbohy-
drate has been proposed as another carbon
storage material, which provides reducing
power for the synthesis of PHA under the
anaerobic conditions in the biological phosphate
removal processes (Mino et al., 1987; Satoh et
al., 1992). Since the behaviour of intracellular
carbohydrate is not sufficiently understood, the
present model does not incorporate carbohy-
drate as an independent parameter. As for
domestic wastewater treatment processes being
operated under typical conditions, the carbohy-
drate content of the sludge is not a limiting
factor for PHA synthesis.

5. The model does not include a separate biomass
fraction of heterotrophs that can store PHA
without phosphate release. The presence of
such organisms can be included in a calibration
by reducing the values of Ypp, and gpp. The lack
of this biomass fraction is not believed to be a
significant limitation to the use of ASM2.

6. Heterotrophs defined in ASM2 are assumed to
grow aerobically, denitrify anoxically and fer-
ment anaerobically. This kind of heterotrophic
microorganism is not typical in a microbiological
sense. A microbiologically sound classification of
heterotrophs might be as follows:

* Obligate aerobes

* Aerobes with denitrifying capability

* Facultative aerobes which cannot denitrify
but ferment

The distribution of bacterial populations, like
the above-mentioned bacterial groups, should
affect the rate of different processes such as aer-
obic growth, denitrification and fermentation. In
the present model the activities of different bac-
terial populations are reflected in the rate
coefficients of the processes in which they are
involved. By selecting appropriate rate coeffi-
cients, the variation in the bacterial populations
from one location to another can be properly
expressed, even though there is only one kind of
heterotrophic organism.

6.2 Restrictions due to model structure

The following represent some of the restrictions
associated with the structure of the model.

1. Low phosphate and ammonia concentrations.
Since some inorganic nutrients like nitrogen,
phosphorus and alkalinity (which in the model
is treated as a ‘nutrient’) appear in the rate
equations and the stoichiometry, they are
assumed to be essential components for the
processes in which they are involved. However,
we do not know the detailed mechanisms of
growth limitation caused by low nutrient con-
centrations in activated sludge systems. The
model includes Monod terms that will limit the
biomass growth at low nutrient concentrations.
Care must be taken to be sure that sufficient
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quantities of inorganic nutrients are present to
allow for balanced growth. In some biological
phosphorus processes, where Spo, is very low,
phosphorus might be growth-limiting,

2. The fractions of organic substrates (S, Sy and
Xs) are assumed to be homogeneous, and their
nature should not change at all regardless of the
type of compounds included in each fraction.
Some particular organic compounds may have
significant effects on phosphate removal. For
example, it is reported that glucose-containing
(non-domestic) wastewater causes phosphate
removal deterioration due to significant growth
of ‘G bacterium’, which under anaerobic condi-
tions can take up organic substrates without
utilizing poly-phosphate (Cech and Hartman,
1990). Since glucose is just a part of Sy and not
a separate parameter, such a process cannot be
simulated by the present model.

3. The effects of limitations of potassium and
magnesium on biological phosphorus removal
are not considered. It is well known that potas-
sium and magnesium are the two major cations
which make up poly-phosphate salts in PAOs.
The shortage of these cations can lead to the
deterioration of poly-phosphate accumulation
in the sludge, thus to the drop in phosphorus

removal.

4. Nitrite (NO3) and nitrogen monoxide (NO) are
reported to have inhibitory effects on biological
excess phosphorus removal processes (Matsuo,
1988), but here such effects are not considered.

6.3 Constraints for useful simulations

The following represent some of the constraints
which must not be violated if simulation results
are to be usable in practice.

1. The present model is designed for domestic
wastewater treatment only. It should not be
applied to wastewaters containing significant
industrial discharges. For example, the model
does not consider carbohydrate-rich waste-
waters or wastewaters containing some
unusual compounds which are toxic or par-

tially degradable.

2. ASM2 does not deal with solids separation in
settling tanks. It simulates processes in biologi-
cal reactors, including the parts of the settling
tanks that are biologically active.

3. The pH should be near neutrality, preferably
within a range from 6.3 to 7.8. The charge bal-
ance calculation or the alkalinity balance
calculation in the model is based on a pH value
of 6.86. In other words, S,k is assumed to be
bicarbonate, HCO3, only, and Spo, is assumed
to consist of 50% H,PO; and 50% HPO}. In
the practical application of the model, calcu-
lated low S4;  values should be considered as a
warning for possible low pH conditions.

4. The applicable temperature may have to be
limited to a moderate range, probably from 10
to 25 °C. At higher or lower temperatures, the
behaviour of PAOs is not fully understood and
the model may not give reasonable predictions,

especially for phosphate removal.

6.4 Important questions for further
research

Of the processes included in ASM2, the follow-
ing have the greatest need for further research.
They are:

¢ Fermentation

* Anaerobic hydrolysis

Both processes are needed in a model dealing
with biological phosphorus uptake. Few investi-
gations into these processes have been made up
to now, the reason being that it is difficult to cre-
ate experiments where one of these two
processes dominate, and which would allow for
testing of kinetic expressions and calibrating
kinetic constants. The two processes have been
included in ASM2 with kinetics which are as sim-
ple as possible.

Fermentation is believed to be the most impor-
tant of the two in relation to biological
phosphorus  removal processes. Anaerobic
hydrolysis is a slow process according to the
default value for 1:(0.1), but this value has no
substantive experimental basis.

With respect to parameter estimation and cali-
bration, techniques need to be developed that
will optimize such procedures for ASM2.




7. Conclusion

he Activated Sludge Model No. 1 (ASM1)

has been shown to be a useful tool for
research, development and optimization of bio-
logical nitrogen removal processes. In addition it
has proved useful as a tool in teaching, The expe-
rience gained with ASM1 has been used to
develop a new model, Activated Sludge Model
No. 2 (ASM2), which incorporates biological
phosphorus removal.

ASM2 provides a useful framework for further
development of combined models for biological
nitrogen and phosphorus removal.

As a research tool, it will help identify the
processes and parameters of crucial importance
in biological excess phosphorus removal, and
focus attention on those aspects that require
research and development.

Apart from research, the model can be used for
process optimization, trouble-shooting and teach-
ing.

As a design tool, however, the phosphorus part
of the model has not yet achieved sufficient cred-

ibility for use.

7. Conclusion
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1. Introduction

his report presents a mathematical model

which allows for dynamic simulation of
combined biological processes for chemical
oxygen demand (COD), nitrogen and phospho-
rus removal in activated sludge systems. The
model as presented here is a tool for:

* Research (testing results, selecting and
optimizing experiments)

* Process optimization and troubleshooting
at full-scale treatment plants

e Teaching

* Design assistance (for optimization of
details, not for full design)

The model presented below is not the final
answer to biological phosphorus removal mod-
els. Rather it is a compromise between com-
plexity and simplicity, and between the many
viewpoints on what the correct model would
be. It is intended to be a conceptual platform
and reference for further model development.

ASM2d is an extension of the Activated
Sludge Model No. 2 (Henze et al., 1995) and

1. Introduction

the Activated Sludge Model No. 1 (ASM1)
(Henze et al., 1987), and uses the concepts
incorporated in these models. ASM1 has since
long proved to be an excellent tool for
modelling nitrification-denitrification processes
and has initiated further research in modelling
and wastewater characterization. It is hoped
that ASM2d will serve a similar function.
ASM2d may be applied as presented, but based
on experience, it will most likely be used as a
platform for future model development. As this
is the basic idea behind presenting the model,
this is highly encouraged.

In ASM2 an unresolved part was the
denitrification related to PAOs. Since the
publication of ASM2 it has been demonstrated
clearly (Mino et al., 1995, Meinhold et al.,
1999, Kerrn-Jespersen and Henze, 1993) that
PAOs in a modelling context can be considered
to consist of two fractions, one of which can
denitrify. This has created a need for an
extension of ASM2, the result being presented
here as ASM2d.
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2. Conceptual approach

Al attempt has been made to limit the
number of processes used in the model.
The aim has, however, been to produce a
model that can reasonably describe the many
different activated sludge system configurations
which are used for biological phosphorus
removal. This has resulted in the present level
of complexity. In specific cases, it will be
possible to reduce the complexity of the model
by omitting processes that do not play a
significant role, without interfering with the
predictive power of the model.

The kinetics and stoichiometry used to de-
scribe the processes have been chosen as sim-

ply as possible, mainly based on Monod kinetics
for all components that can influence the reac-
tion rates. Monod kinetics allows for smooth
transitions of the processes, as experience has
shown. Kinetics and stoichiometry are presen-
ted using the matrix notation, which has been
introduced together with ASM1 and appears at
this moment to be the most efficient method to
overview the complex transformations among
the components. The matrix notation also all-
ows control of the conservation of components
in the stoichiometric coefficients and thus
ensures that mass balances in the calculations
are correctly maintained.




3. The Activated Sludge Model No. 2d

3. The Activated Sludge Model

No. 2d

he Activated Sludge Model No. 2 (ASM2)

is an extension of the Activated Sludge
Model No. 1 (ASM1). ASM2 is more complex
and includes many more components which are
required in order to characterize the waste-
water as well as the activated sludge. Additional
biological processes are included, primarily in
order to deal with biological phosphorus re-
moval. The most significant change from ASM1
to ASM2 is the fact that the biomass now has
cell internal structure, and therefore its con-
centration cannot simply be described with the
distributed parameter Xgy;. This is a prerequi-
site in order to include biological phosphorus
removal in the model.

The Activated Sludge Model No. 2d is a
minor extension of ASM2. It includes two
additional processes to account for the fact that
phosphorus accumulating organisms (PAOs)
can use cell internal organic storage products
for denitrification. Whereas ASM2 assumes
PAOs to grow only under aerobic conditions,
ASM2d includes denitrifying PAOs. This report
is based on the previous report which intro-
duced ASM2. All remarks made relative to
ASM2 are equally valid for ASM2d. If infor-
mation is given which relates specifically to
ASM2d then reference will be made to this
extended model.

In addition to the biological processes,
ASM2 includes two ‘chemical processes’, which
may be used to model chemical precipitation of
phosphorus.

Whereas ASM1 was based entirely on COD
for all particulate organic material, as well as
the total concentration of the activated sludge,
ASM2 includes poly-phosphates, a fraction of
the activated sludge which is of prime impor-
tance for the performance of the activated
sludge system, but which does not exert any
COD. For this reason, the possibility of inclu-
ding total suspended solids (TSS) in the model
is introduced. TSS also allow for inclusion of
mineral particulate solids in the influent to
treatment plants, as well as generation of such
solids in the context of precipitation of phos-

phorus.

ASM2 is introduced here in a form which is
more complex than a basic version, which could
still predict many of the phenomena within a
biological nutrient removal plant. The complex
model as presented may easily be simplified by
eliminating those components which do not
have a dominant effect upon the kinetics of the
processes, or the aspects of performance of the
plant which are of interest.

ASM2 does not distinguish between the
composition  (cell internal structure) of
individual cells but considers only the average
composition of the biomass. Since each cell has
a different history, its composition will typically
deviate from the population average (e.g. it
may not contain storage products whereas the
average cell still has storage products available).
This is of importance because kinetic expres-
sions used in ASM2 are non-linear, and there-
fore average behaviour may not necessarily be
predicted from average properties. In view of
the additional problems that population models
would introduce, the Task Group took the prag-
matic decision to accept these problems and to
propose ASM2 based on average properties of
the population.

3.1 Components in the model

All symbols for model components distinguish
between soluble °Sy” and particulate Xy". Within
the activated sludge systems, particulate com-
ponents, X, are assumed to be associated with
the activated sludge (flocculated onto the acti-
vated sludge). They can be concentrated by
sedimentation/thickening in clarifiers whereas
soluble components, S, will only be trans-
ported with the water.

All particulate model components, X5, must
be electrically neutral (no ionic charges),
soluble components, Sy, may carry ionic charge.

Soluble and particulate components may not
necessarily be differentiated by filtration
through 0.45 pm membrane filters as is
frequently assumed in the technical literature.
Some of these components are defined by their
interaction with the biomass and require
bioassays for their analysis (see Chapter 4 of
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the original report on ASM2 (Henze et al.,
1995))

All components are assumed to be homo-
geneous and distributed throughout the sys-
tems of interest.

3.1.1 Definition of soluble components,
‘S?’
Sx [M(COD) L-3]: Fermentation products,
considered to be acetate. Since fermentation
is included in the biological processes, the fer-
mentation products must be modelled sep-
arately from other soluble organic materials.
They are endproducts of fermentation. For all
stoichiometric computations, it is assumed that
S, is equal to acetate, in reality a whole range
of other fermentation products dominated by
acetate is possible.
Satx [mol(HCO3) L-3]: Alkalinity of the
wastewater. Alkalinity is used to approximate
the conservation of electrical charges in bio-
logical reactions. Alkalinity is introduced in
order to obtain an early indication of possible
low pH conditions, which might inhibit some
biological processes. For all stoichiometric
computations, Sap is assumed to be bicarbon-
ate, HCO3 only.
Sy [M(COD) L-3]: Fermentable, readily bio-
degradable organic substrates. This fraction of
the soluble COD is directly available for bio-
degradation by heterotrophic organisms. It is
assumed that Sp may serve as a substrate for
fermentation, therefore it does not include
fermentation products.

S; [M(COD) L-3]: Inert soluble organic
material. The prime characteristic of Sj is that
these organics cannot be further degraded in
the treatment plants dealt with in this report.
This material is assumed to be part of the
influent and it is also assumed to be produced
in the context of hydrolysis of particulate sub-
strates Xg.

Sx, [M(N) L-3]: Dinitrogen, N,. Sy, is
assumed to be the only nitrogenous product of
denitrification. Sy, may be subject to gas
exchange, parallel with oxygen, Sg,.

Sxu, [M(N) L-3]: Ammonium plus ammonia
nitrogen. For the balance of the electrical
charges, Syyy, is assumed to be all NHj.

Sxo, [M(N) L-3]: Nitrate plus nitrite
nitrogen (NO3 + NO3-N). Sy, is assumed to
include nitrate as well as nitrite nitrogen, since
nitrite is not included as a separate model
component. For all stoichiometric computa-
tions (COD conservation), Sy, is considered
to be NO3-N only.

So, [M(Oy) L-3]: Dissolved oxygen. Dissolved
oxygen may be subject to gas exchange.

Spo, [M(P) L-3]: Inorganic soluble
phosphorus, primarily ortho-phosphates. For
the balance of electrical charges, it is assumed
that Spg, consists of 50% HyPOy and 50%
HPO?", independent of pH.

S [M(COD) L-3]: Readily biodegradable
substrate. This component was introduced in
ASML1. In ASM2, it is replaced by the sum of
S+ Sy

3.1.2 Definition of particulate
components, Xy’

Xjur [M(COD) L-3]: Nitrifying organisms.
Nitrifying organisms are responsible for nitrifi-
cation; they are obligate aerobic, chemo-litho-
autotrophic. It is assumed that nitrifiers oxidize
ammonium Syy, directly to nitrate Sy, (nitri-
fiers include both ammonium and nitrite oxi-
dizers).

Xy [M(COD) L-3]: Heterotrophic organisms.
These organisms are assumed to be the ‘all-
rounder’ heterotrophic organisms, they may
grow aerobically and anoxically (denitrification)
and be active anaerobically (fermentation). They
are responsible for hydrolysis of particulate
substrates Xg and can use all degradable organ-
ic substrates under all relevant environmental
conditions.

X; [M(COD) L-3]: Inert particulate organic
material. This material is not degraded within
the systems of interest. It is flocculated onto
the activated sludge. X; may be a fraction of the
influent or may be produced in the context of
biomass decay.

Xymeon [M(TSS) L-3]: Metal-hydroxides. This
component stands for the phosphorus-binding
capacity of possible metal-hydroxides, which
may be in the wastewater or may be added to
the system. For all stoichiometric computa-
tions, it is assumed that this component is
composed of Fe(OH)s. It is possible to ‘replace’
this component with other reactants; this would
require adaptation of the stoichiometric and
kinetic information.

Xyep IM(TSS) L-3]: Metal-phosphate, MePO,.
This component results from binding phosphorus
to the metal-hydroxides. For all stoichiometric
computations, it is assumed that this compo-
nent is composed of FePO,. It is possible to
‘replace’ this component with other precipi-
tation products; this would require adaptation
of the stoichiometric and kinetic information.
Xpao [M(COD) L-3]: Phosphate-accumu-
lating organisms: PAO. These organisms are




assumed to be representative for all types of
poly-phosphate-accumulating  organism. The
concentration of Xps does not include the cell
internal storage products Xpp and Xpy,, but
only the ‘true’ biomass. In ASM2d it is
assumed that these organisms may grow in an
anoxic as well as an aerobic environment
whereas in ASM2 only aerobic growth is
considered.

Xpua [M(COD) L-3]: A cell internal storage
product of phosphorus-accumulating organ-
isms, PAO. It includes primarily poly-hydroxy-
alkanoates(PHA). It occurs only associated with
Xppo; it is, however, not included in the mass of
Xpao- Xpua cannot be directly compared with
analytically measured PHA concentrations; Xp o
is only a functional component required for
modelling but not directly identifiable chemi-
cally. Xpppo may, however, be recovered in COD
analysis, where it must satisfy COD conserva-
tion. For stoichiometric considerations, PHA is
assumed to have the chemical composition of
poly-B-hydroxy-butyrate (C,HgO5),,.

Xpp [M(P) L-3]: Poly-phosphate. Poly-phos-
phate is a cell internal inorganic storage
product of PAO. It occurs only associated with
Xppo; it is, however, not included in the mass of
Xpao- It is part of the particulate phosphorus
and may be analytically observed. For
stoichiometric considerations, poly-phosphates
are assumed to have the composition of
(Ko.33Mg0.33P03),,-

Xs [M(COD) L-3]: Slowly biodegradable
substrates. Slowly biodegradable substrates are
high molecular weight, colloidal and particulate
organic substrates which must undergo cell
external hydrolysis before they are available for
degradation. It is assumed that the products of
hydrolysis (Sy) may be fermented.

Xrss [M(TSS) L-3]: Total suspended solids,
TSS. Total suspended solids are introduced
into the biokinetic models in order to compute
their concentration via stoichiometry. Since
phosphorus removal and precipitation intro-
duce mineral fractions into the activated
sludge, prediction of TSS is important.

3.2 Basis for the introduction of ASM2
3.2.1 Matrix notation

The Task Group introduced matrix notation for
the presentation of biokinetic models in its
report on the ASM1. The same concept will be
used for the introduction of ASM2. It is
assumed that the reader is familiar with this
way of presenting biokinetics.

As a short summary: the components which
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are considered in the model and the
transformation processes are characterized with
the indices i and j respectively. Stoichiometric
coefficients are presented in the form of a
stoichiometric matrix v;;. The process rate
equations form a vector p;. The rate of
production of the component 4, r; [M; L=3 T-1],
in all parallel processes may then be computed
from the sum:

r = sz,i-Pj over all processes j. (3.1)

Within the stoichiometric matrix one stoi-
chiometric coefficient, Viks of each process j
may be chosen as dimensionless with the value
of 41 or -1. For all other stoichiometric
coefficients algebraic equations may be given,
which introduce conservation principles into
the determination of stoichiometric coeffici-
ents. Alternatively v;; may be given in the form
of absolute values with the dimension M; M!,
where My, is the unit mass of the component k
upon which stoichiometry is based (the compo-
nent which has ;. = +1 or -1).

3.2.2 Conservation equations

Conservation equations are the mathematical
equivalent of the principle that in chemical
reactions, elements, electrons (or COD) and
net electrical charges may neither be formed
nor destroyed.

The stoichiometry of ASM1 is implicitly
based on three conservation considerations for
COD, electrical charges and nitrogen. ASM2
adds phosphorus conservation to these three.
Further, an equation is introduced which
converts the different solid components X
from their unit of measurement, to total sus-
pended solids, Xtgg.

A conservation equation, which is valid for all
processes j and all materials ¢ subject to con-
servation, may be written as:

Zvj,i.ic,i = 0 over all components i, (3.2)

where

v;; = stoichiometric coefficient for compo-
nent i in process j [M; Mj!],

i.; = conversion factor to convert the units
of component i to the units of the
material ¢, to which conservation is to
be applied [M, M;!].

Each conservation equation contains a priori
information and may be applied to each
process. Each conservation equation allows the
prediction of one stoichiometric coefficient
without performing an experiment, provided
the other coefficients are known.

In ASM2, these equations are used to
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Table 3.1. Conversion factors i.; to be applied in the conservation equation of ASM2. Missing values are equal to 0.
The units of ic; are Mo Mi™!, e.g. ins = insp g N g1 COD or icharge,s = —1/64 moles* g1 COD.

Index c: Conservation for COD N P Charge  Mass

Factor icop, iN ip iCharge,i iTss,i
indexi: ~ Component Units gCOD ¢gN gP mole* g TSS

1 S()2 g Oq -1

2 SF g COD 1 iN,SF iP,SF

3 Sa g COD 1 -1/64

4 Snit, ¢ N 1 +1/14

5 SNo, gN -64/14 1 -1/14

6 Sro, o P 1 -1531

7 S[ g COD 1 iN,Sl llp,sl

8 SALK mole HCO(_; -1

9 Sn, gN -24/14 1

10 X; ¢ COD 1 N itssx,

11 XS g COD 1 iN,Xs iP,XS iTSS,Xs

12 Xy g COD 1 inBM  iPBM iTSS,BM

13 Xpao g COD 1 inBM  ipBM iTSS.BM

14 Xpp gP 1 -1/312 3.23

15 Xpra ¢ COD 1 0.60

16 Xaur g COD 1 iNBM  ipBM iTSs.BM

17 XTSS g TSS —lb)

18 XMeOH g TSS 1

19 XMeP g TSS 0.205 1

All absolute numbers are obtained based on the chemical composition of the component (see definition of
component). All factors i,; are model parameters and must be obtained from experiments (See also Table 9).

a) Since ASM2 does not account for K* and Mg2+ this factor must compensate for their charge.

b) Since TSS are counted twice, this factor must be negative.

estimate the stoichiometric coefficients of Sq,
(Sno, and Sy, in denitrification) from COD,
Syp, from nitrogen, Spo, from phosphorus,
Sarx from charge and Xpgg from total solids
conservation. Table 3.1 is a summary of the
conversion factors i, ; which must be applied in
Equation 3.2. These conversion factors are,
wherever possible, obtained from chemical
stoichiometry. ‘COD’ as a conservative property
is defined as closely as possible to the
analytically obtained COD. Examples are:

icops = —64g0y/14 g NO3-N from:

NO;3 + HyO + 2 H* - NHj + 2 Oy
Or, one mole of nitrate (14 g N) has a negative
oxygen demand (liberates oxygen’) of two
moles of oxygen (64 g O,). Similar arguments
lead to:

icopg = —24 g 0y/14 g Ny from:

2Ny +6 HyO + 4 H* >4 NH] + 3 Oy

All conversion factors given with absolute
numbers in Table 3.1 may be obtained from
chemical stoichiometry, based on the definition
of the compounds. All factors identified with a
symbol i.; must be obtained from chemical
analysis. Since ASM2 does not account for
potassium (K+) and magnesium ions (Mg>*)

Xpp must include these counterions. This is
taken care of by the conversion factor icyqrge,14
= -1/31.

As an example, the stoichiometric coefficient
for component 2 (i = 2) in the third process
(j = 3) may be obtained from the conservation
equation for COD based on Equation 3.2
according to:

v3g = —(v31.dcop,y + V33 .icops t+ ...
+ V3, - icopn)/ icop,2
or

V3o = —[2 (VS,i . icom) — V3. icoD,z] / icop,2-

1

The introduction of the conservation equa-
tions in an abstract form may at first appear to
be complicated. However, the concept is
directed towards its application in computer
programs and helps to simplify the develop-
ment of program code.

3.3 Biological processes, stoichiometry
and kinetics

The biological processes of ASM2 are intro-
duced here. A full stoichiometric matrix using

typical stoichiometric coefficients is presented
in Table 4.4.
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Table 3.2. Stoichiometry of hydrolysis processes. The stoichiometric parameters are defined in Table 4.2.

Process Sk NN Spo, St Sark Xs Xrss
1 Aerobic hydrolysis 1 - fs V1NH, virpo, [ V1 ALK -1 V1TSS
2 Anoxic hydrolysis 1 —fs Vo, Voro,  fs V2 ALK -1 V2.TSs
3 Anaerobic hydrolysis 1 - fs VaNm, vsro,  fs V3 ALK -1 V3 TSS

The stoichiometric coefficients for Syn,, Spo,, Sarx and Xrgs may be computed from Conservation Equation 3.2

with the aid of Table 3.1. As an example v} po, = —[(1 = f5) -

3.3.1 Biological processes, general
remarks

Microorganisms have a complex cell internal
structure and respond to different environmen-
tal conditions with adjustment of this structure.
A frequently observed phenomenon is unbal-
anced growth, a situation where not all frac-
tions of the cells are reproduced at an equal
rate. Modelling such shifts of cell internal
structure would require modelling of the
different fractions of the biomass, a task which
would be most fruitful if the behaviour of
axenic cultures were described. Here, only
three groups of microorganisms represent a
vast variety of unknown species; each biological
process described in ASM2 represents a large
number of processes which act upon a variety
of substances, which in the model are summa-
rized in terms of COD.

Process descriptions in ASM2 are therefore
based on the average behaviour of these differ-
ent microorganisms, and are described in the
way balanced growth processes would be

modelled.

3.3.2 Hydrolysis processes

Many high molecular weight, colloidal or par-
ticulate organic substrates cannot be utilized
directly by microorganisms. These substrates
must be made available by cell external enzym-
atic reactions which are called hydrolysis
processes. It is unclear whether the products of
hydrolysis ever exist in true solution or whether
they are taken up directly by the organisms
which catalyse hydrolysis. Typically hydrolysis
processes are considered to be surface reac-
tions, which occur in close contact between the
organisms which provide the hydrolytic enzymes
and the slowly biodegradable substrates them-
selves.

Parallel with hydrolysis the activity of proto-
zoa contribute to phenomena which are ass-
igned to hydrolysis. Whereas it is difficult to
distinguish between true hydrolysis and proto-
zoan activity it is becoming more and more
evident that the effect of electron acceptor
upon the ‘hydrolysis’ process may actually be
due to the inactivity of protozoa under anoxic

inF +f51 . ips‘ -1 lPXS]/l

and anaerobic conditions. Experimental evi-
dence that ‘hydrolysis’ reactions depend on the
available electron acceptors, leeds to the
differentiation of three hydrolysis processes in
ASM2. Tt is, however, a difficult task to esti-
mate hydrolysis rate constants under different
electron acceptor conditions.

1. Aerobic hydrolysis of slowly biodegradable
substrate characterizes hydrolysis under
aerobic conditions (Sq, > 0).

2. Anoxic hydrolysis of slowly biodegradable
substrate characterizes hydrolysis under
anoxic conditions (Sq, = 0, Syp, > 0). This
process is typically slower than aerobic
hydrolysis.

3. Anaerobic hydrolysis of slowly biodegradable
substrate characterizes hydrolysis under
anaerobic conditions (Sp, = 0, Syo, = 0).
This process is not well characterized and is
probably slower than aerobic hydrolysis. Its
rate remains to be studied.

Table 3.2 summarizes the stoichiometry of the
hydrolysis processes. It is assumed that slowly
biodegradable substrate Xg is degraded to readily
degradable substrate Sy whereby a small fraction
fs, of inert organic material Sj is released. The
stoichiometric coefficients for Syy,, Spo, and
Saix may be computed from Conservation
Equation 3.2. These three coefficients are typi-
cally positive.

The proposed rate equations for the hydro-
lysis processes 1-3 are presented in Table 3.7.
They are similar to those of ASM1: hyperbolic
switching functions for S, and Sy, consider
the environmental conditions; a surface-limited
reaction (X¢/Xpp)/(Kx + X¢/Xy) is assumed for
the hydrolysis process itself. It is proposed that
only heterotrophic organisms may catalyse
hydrolysis. Typically hydrolysis is slower under
denitrifying or anaerobic (fermentation) than
under aerobic conditions. The rate for anoxic
and anaerobic hydrolysis is therefore reduced
by the factors 7y, and 7;, respectively.

The hydrolysis of particulate, biodegradable
organic nitrogen is included as a separate
process in ASM1 but not in ASM2. This
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Table 3.3. Stoichiometry of the facultative heterotrophic organisms Xu. The stoichiometric parameters are defined
in Table 4.2. Stoichiometry for So, Svu, Spo, SaLk and Xrss may be computed from conservation.

Process SO2 SF SA SNOS SN2 XI Xs XH
4 Aerobic growth 1 1
1- — —— 1
on Sy Yy Yy
5 Aerobic growth - 1 B 1 1
on Sx Yy Yy
6 Anoxic growth B L B 1-Yy 1-Yy )
on Su Yu 2.86- Yy 2.86- Yy
7 Anoxic gI‘OW’[h 1 1 -Y, 1-Y
on Sy, —— - SR 1 1
Denitrification Yu 2.86- Yy 2.86- Y
Fermentation -1 1
Liysis fx, 1-fx -1

process is necessary if the nitrogen content of
Xg is variable. In order to simplify ASM2, it is
assumed that Xg contains a constant fraction of
nitrogen iy x, and phosphorus ipy. Without
this simplifying assumption, six more hydrolysis
processes and two more particulate compo-
nents would be required.

The process of ammonification is included in
ASM1 in order to describe the release of
ammonium, Syyy,, from soluble, biodegradable
organic nitrogen. In ASM2 it is assumed that
the fermentable substrates, S, contain a con-
stant fraction of nitrogen and phosphorus, iy g,
and ipg, respectively. This allows the process of
ammonification to be ignored. Without this
simplifying assumption, two more processes
(ammonification as well as phosphatification,
the release of phosphate Sy, from an organic
fraction), and two more components (soluble,
degradable organic nitrogen and phosphorus)
would have to be introduced.

3.3.3 Processes of facultative
heterotrophic organisms

The heterotrophic organisms Xy are respon-
sible for the hydrolysis of slowly biodegradable
substrate Xg (see above), the aerobic degra-
dation of fermentable organic substrates Sp and
of fermentation products S, (aerobic growth),
anoxic oxidation of Sy and S, and reduction of
nitrate  Syq, (denitrification), and anaerobic
fermentation of Sy to S,. In addition these
organisms are subject to decay and lysis. The
stoichiometry and the kinetics of the processes
described below are presented in Tables 3.3
and 3.7 respectively.

4 and 5. Aerobic growth of heterotrophic org-
anisms on fermentable substrates Sy and on
fermentation products S,. These processes

are modelled as two parallel processes, which
consume the two degradable organic sub-
strates S and S,. For both processes iden-
tical growth rates u,, and yield coefficients
Yy are assumed. The rate equations are
designed such that the maximum specific
growth rate of the heterotrophic organisms
does not increase above u,,, even if both sub-
strates, Sp and S, are present in high concen-
trations. These processes require oxygen,
So,, nutrients, Syy, and Spp,, and possibly
alkalinity, S, ., and they produce suspended
solids, Xrgg.

6 and 7. Anoxic growth of heterotrophic org-
anisms on fermentable substrates, Sp, and on
fermentation products, S,; denitrification.
These two processes are similar to the
aerobic growth processes, but they require
nitrate, Sy, as the electron acceptor rather
than oxygen. The stoichiometry for nitrate is
computed based on the assumption that all
nitrate, Sy, is reduced to dinitrogen, Sy,.
Denitrification releases alkalinity, the stoi-
chiometry of which is predicted from charge
conservation. Denitrification is assumed to
be inhibited by oxygen Sp, and the maxi-
mum growth rate u,, is reduced relative to
its value under aerobic conditions, by the
factor nyq, This accounts for the fact that
not all heterotrophic organisms Xy may be
capable of denitrification or that denitrifi-
cation may only proceed at a reduced rate.

8. Fermentation. Under anaerobic conditions
(So,=0, Syo, = 0) it is assumed that hetero-
trophic organisms are capable of fermenta-
tion, wherebyreadily biodegradable substrates
Sg are transformed into fermentation pro-
ducts S,. Although this process may possibly
cause growth of heterotrophic organisms, it
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Table 3.4. Stoichiometry of the phosphorus-accumulating organisms, PAO, for ASM2d. The stoichiometric
parameters are defined in Table 4.2. Stoichiometry for So,, Snu, SN, SN0y Spo, Sark and Xrss may be
computed from conservation. ASM2 does not include processes 12 and 14.

Process SO2 SA SN2 SNO;; SPO4 XI XS XPAO XPP XPHA

10 Storage of Xpua -1 Yro, —Yro, 1

11 Aerobic storage —YpHa -1 1 —YpHa
Of XPP

12 Anoxic storage —V1aN0; Viznos -1 1 —YpHa
Of XPP

13 Aerobic growth  vi30, —ipBM 1 -1/Yn
of Xpao

14 Anoxic growth —V14NO; V14NO; —IPBM 1 -1/Yu
of Xpao

15 Lysis of Xpao vispo, fx, 1-fx -1

16 Liysis of Xpp 1 -1

17 LySiS of Xpma 1 -1

is introduced here as a simple transformation
process. A growth process would require
more complex kinetics, more kinetic and
stoichiometric parameters which are difficult
to obtain, and possibly different yield
coefficients for Sy and S, in processes 4 to 7.
Fermentation releases negatively charged
fermentation products, S,, and therefore has
a requirement for alkalinity, S,;x. This is
predicted from charge conservation.

Fermentation is a process which, up to now,
has not been well characterized. Little is known
about the kinetics of this process, which may
lead to a large range of kinetic parameters for
modelling experimental results. Reliable appli-
cation of ASM2 requires that research is direc-
ted towards characterizing what is described
here with the process of fermentation.

9. Lysis of heterotrophic organisms. This pro-
cess represents the sum of all decay and loss
processes of the heterotrophic organisms:
endogenous respiration, lysis, predation etc.
It is modelled in analogy to ASM1; its rate is
independent of environmental conditions.

3.3.4 Processes of phosphorus-
accumulating organisms

Some organisms, Xpyo, are known for their
potential to accumulate phosphorus in the form
of poly-phosphate Xpp. Currently these organ-
isms are not well characterized; historically it
was assumed that they would all be part of the
Acinetobacter genus. However, today it is clear
that Acinetobacter may contribute to, but do by
far not dominate, biological phosphorus removal.
Initially it was assumed that phosphorus-accu-
mulating organisms, PAO, could not denitrify;
now evidence has become available that some

of them can denitrify. Phosphate release is
sometimes slower in the presence of nitrate;
this observation is not predicted with ASM2
but is included in ASM2d. Glycogen is found to
be an important carbon storage material of
PAO but is not considered in ASM2 in order to
reduce model complexity. This restriction leads
to limitations of the applicability of ASM2d
which will be discussed later.

The greater the attempts to characterize PAO,
the more complex this group of organisms
becomes. The Task Group is well aware that
the time has come when biological phosphorus
removal is being designed and used in actual
plants. The introduction of a very detailed mech-
anistic model for the processes responsible for
biological phosphorus removal is, however,
premature. The Task Group therefore has cho-
sen to suggest a simple model, which allows pre-
diction of biological phosphorus removal, but
does not yet include all observed phenomena.
The model proposed may be the base for
further development. With the introduction of
ASM2d the most important criticism that PAO
contribute significantly to denitrification which
is not described in ASM2 is taken care of.

The following model for the behaviour of
phosphorus-accumulating organisms, Xpaq, is
valid for ASM2d only, it assumes that these
organisms can grow under aerobic (Sq, > 0) as
well as anoxic (So,~0, Sye,>0) conditions.
They can only grow on cell internal stored
organic materials, Xpp,. This assumption is a
severe restriction of ASM2d and may lead to
further extensions. The stoichiometry and the
kinetics of the processes described below are
presented in Tables 3.4 and 3.7 respectively.

10. Storage of Xpy,. It is assumed that PAO may
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release phosphate, Spe, from poly-phosphate,
Xpp, and utilize the energy which becomes
available from the hydrolysis of Xpp, in order
to store cell external fermentation products
S, in the form of cell internal organic
storage material Xpg,. The process is pri-
marily observed under anaerobic conditions.
However, since the process has also been
reported to occur under aerobic and anoxic
conditions, the kinetic expression does not
include inhibition terms for So, and Sy,
Experimental observation of this process is
easy if the release of phosphorus is observed
rather than the organics which are stored.
Experience indicates, however, that the rate
of storage of organics is relatively constant,
whereas the release of phosphorus varies,
indicating a variable stoichiometric relation-
ship. The base for the stoichiometry of this
process was therefore chosen to be the
organics which are taken up, S, and Xpy,.
Reliable estimation of the rate constant,
gpua. and the stoichiometric parameter,
Ypo,, requires independent measurement of
both S, removal and Sp release. Tt has been
shown that Yp(, depends on pH.

11 and 12. Aerobic and anoxic storage of poly-
phosphate. Storage of ortho-phosphate, Spq,
in the form of cell internal poly-phosphates,
Xpp, requires the PAO to obtain energy,
which may be gained from the aerobic or
anoxic respiration of Xpg,. The regeneration
of poly-phosphates is a requirement for the
growth of PAO, because the organic sub-
strates, Sy, are stored only upon the release
of poly-phosphate. Storage of Xpp is
observed to stop if the phosphorus content
of the PAO becomes too high. This obser-
vation leads to an inhibition term of Xpp
storage, which becomes active as the ratio
Xpp/Xpao approaches the maximum allow-
able value of Kyjax. Under anoxic conditions
the maximum rate of storage of poly-phos-
phate gpp is reduced relative to its value
under aerobic conditions, by the factor 17y,
This accounts for the fact that not all PAO
(Xpao) may be capable of denitrification or
that denitrification may only proceed at a
reduced rate. Process 12 is contained in
ASM2d but not in ASM2.

13 and 14. Aerobic and anoxic growth of phos-
phorus-accumulating organisms. These org-
anisms are assumed to grow only at the
expense of cell internal organic storage pro-
ducts Xppa. As phosphorus is continuously
released by the lysis of Xpp, it is possible to
assume that the organisms consume ortho-

phosphate, Spp,, as a nutrient for the
production of biomass. It is known that PAO
may grow at the expense of soluble sub-
strates (e.g. S,), but it is unlikely that such
substrates ever become available under aero-
bic or anoxic conditions in a biological nutri-
ent removal plant. The Task Group therefore
suggests this possibility to be ignored at this
time. Under anoxic conditions the maximum
growth rate of PAO up, is reduced relative
to its value under aerobic conditions, by the
factor nyq, This accounts for the fact that
not all PAO (Xpyo) may be capable of
denitrification or that denitrification may
only proceed at a reduced rate. Process 13 is
contained in ASM2d but not in ASM2.

15, 16 and 17. Lysis of phosphorus-accumu-
lating organisms and their storage products.
Death, endogenous respiration and mainten-
ance all result in a loss or decay of all
fractions of PAO. Since the storage products
Xpp and Xppy are accounted for separately
from the biomass Xp,p, all three compo-
nents must be subject to separate decay pro-
cesses. ASM2 includes three lysis processes
which are all first-order relative to the
component which is lost. If all three rate
constants are equal, the composition of the
organisms does not change due to decay.
There is experimental evidence that Xpp
decays faster than Xpyo and Xpys. This
additional loss of poly-phosphates may be
modelled by the choice of an increased rate,
bpp, for the lysis of this component. The
products of lysis are chosen in analogy to the
lysis of heterotrophic organisms; storage pro-
ducts are assumed to decay to ortho-phos-
phate Spg, and fermentation products S ,.

3.3.5 Nitrification processes

Nitrification is assumed to be a one-step pro-
cess, from ammonium Syyy, directly to nitrate
Sno, The intermediate component, nitrite, is
not included as a model component. In the
context of nitrification, modelling nitrite pro-
duction and consumption would be relatively
easy. However, nitrite is also produced and
consumed in the context of denitrification where
the Task Group felt that the required addition
to the model complexity does not warrant its
inclusion at the present time. Modelling nitrite
in nitrification but not in denitrification would,
however, not be consistent and could lead to
erroneous model predictions.

The stoichiometry and the kinetics of the
processes described below, are presented in
Tables 3.5 and 3.7 respectively.
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Table 3.5. Stoichiometry of the growth and decay processes of nitrifying organisms Xauvr. The stoichiometric
parameters are defined in Table 4.2. Stoichiometry for So,, Sxu, Sro, SaLk and Xrss may be computed

from conservation.

Process So, Sxi,  Svos Sro,  Xi Xs Xaut
457 - Y, 1
18 Aerobic growth of Xyur - Y—A VISNH, A —ip BM 1
A a
19 Lysis V19,NH, V19,P0, f x 1= f X -1

Table 3.6. Stoichiometry of the processes describing simultaneous precipitation of phosphorus. The absolute values
of stoichiometry (and kinetics in Table 4.3) are based on the assumption that Fe(OH )3 is used to
precipitate Spo, in the form of FePOy + Fe(OH )s. Stoichiometry for Sarx and Xrss may be computed

from conservation.

Process Sro, Sarx Xyeon Xytep Xrss
20 Precipitation -1 V90, ALK -3.45 4.87 1.42
21 Redissolution 1 Va1, ALK 3.45 -4.87 -1.42

18. Growth of nitrifying organisms. Nitrifying
organisms are obligate aerobic, they consume
ammonium as a substrate and a nutrient, and
produce nitrate. Nitrification reduces alkalin-
ity. The process is modelled as proposed in
ASM1 with the exception of a phosphorus
uptake into the biomass.

19. Lysis of nitrifying organisms. The process of
lysis of nitrifiers is modelled in analogy to
ASM1 and to the process of lysis of hetero-
trophic organisms. Since the decay products
of lysis (Xg and ultimately Sy) are available
substrates for heterotrophic organisms only,
endogenous respiration of nitrifiers becomes
manifest as an increased growth and oxygen
consumption of heterotrophs. This is in
analogy to ASM1.

3.4 Chemical precipitation of phosphates

In biological nutrient removal systems, metals,
which are naturally present in the wastewater
(e.g. Ca2+), together with the high concentra-
tion of released soluble ortho-phosphate, Sp,,
may result in chemical precipitation of phos-
phorus (e.g. in the form of apatite or calcium
phosphate).

Further, simultaneous precipitation of phos-
phorus via the addition of iron or aluminium
salts is a very common process for phosphorus
removal worldwide. Simultaneous precipitation
may be used in combination with biological
phosphorus removal if the carbon to phos-
phorus ratio is unfavourably small.

In order to model the low effluent concen-
trations of ortho-phosphate, Sp,, which are
observed in practice and which are partly due to
chemical precipitation, the Task Group suggests
a very simple precipitation model, which may
be calibrated for a variety of situations. For this

purpose, two processes (precipitation and re-
dissolution) and two more components (Xyje.on
and Xy.p) are added to ASM2. If chemical
precipitation is not of any interest, these addi-
tions may be deleted from the model.

20 and 21. Precipitation and redissolution of
phosphate Spq,. The precipitation model is
based on the assumption that precipitation
and redissolution are reverse processes, which
at steady state would be in equilibrium
according to:

Xymeon + Spo, € Xyep

Precipitation and redissolution may be
modelled with the following process rates
respectively:

P20 = kpgg - Spo, - Xyeon

Pa1 = krep - Xyiep

If both processes are in equilibrium (v ; - pag
= V91, - Po1) then an equilibrium constant may
be derived as:

_ Vari- keep _ Sro, - Xmeon
eq - -

V20, kpr Xner

Processes 20 and 21 are introduced here based
on the assumption that Xy, and Xy;.p are com-
posed of ferric-hydroxide, Fe(OH),, and ferric-
phosphate, FePO,, respectively. This leads to the
stoichiometry indicated in Table 3.6. The indi-
cated rates of the processes result in residual
ortho-phosphate concentrations, Sp, which at
steady state are typical for simultaneous preci-
pitation with the addition of FeClj. In this case,
the addition of Fe3+ to the influent of a
treatment plant may be modelled by the choice
of Xyeon in the influent recognizing that 1 g
Fe3+ m=3 leads to 1.91 g Fe(OH); m3 =191 ¢
MeOH m-3 (which also increases influent Xygg
and decreases influent alkalinity S, ).
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Table 3.7. Process rate equations for ASM2d. The kinetic parameters are defined in Table 4.3.

j Process Process rate equation pj, pj20  [MiL3T]
Hydrolysis processes:
1 Aerobic K So, Xg/Xy
hydrolysis b Ko, +So, Kx+Xs/Xy t
2 Anoxic Ko, SNOs Xs/ Xy
. Ky, - 7nos T : T AH
hydrolysis Ko, + S0, Kxo,+Sxo, Kx+Xs/Xy
3 Anaerobic Ko, Kyo, X/ Xy
. Ky, - me - : : “Ap
hydrolysis Ko,+So, Kyo,+Sno; Kx+Xs/Xu
H eterotrophic organisms: Xy
4 h
Growth on So, Sg S SnHy Sro, SaLk
fermentable M e Kors Soas. K S Tois— K S - Xu
substrates, Sy 0, T 90, Kp+Or OSF+5a Knu,+9ONH, Kp+Opo, KaLK T DALK
5 Growth OI.l S O, Sa Sa S NH, S PO, SaLk
fermentation - . . . . . - Xy
products, Sy Ko, + 80, Ky+Sy Sp+Sy Kyp,+Snu, Kp+Spo, Kanx+ Sark
6 D'ilm;rlﬁcatl:)fll)l ; Ko, Kyo, Sp Sy S, Spo, SALK
with fermentable uy - 7n0, - . — . - . . —
substrates, Sy " ’ Ko, + S0, Kno,+Sno;, Kr+Sp Sp+Sx Kyu,+Snu, Kp+Spo, Kark+ Sark H
7 Dfenltnflcatlon. Ko, Kxo, s, S, Sxi, Sro, Saik
with fermentation g - nxo, - . . . . . . - Xy
products, Sy Ko, +So, Knoy,+Svo; Ka+Sy Sp+Sy Kyu,+Sxu, Kp+Spo, Kark+ Sarx
Ko. Kyo Sg SaLk
8 Fermentation fo - . = . . — <Xy
N Kou+ S0, Knout Sxo, Kr+Sr Kaix + Saix
9 Lysis by - Xy
Phosphorus-accumulating organisms (PAO): Xppo
10 Storage of Sa Sarx Xpp/Xpao
grHA * : . * APAO
Xpra Ky +Ss Kark +Sarx  Kpp + Xpp/ Xpao
11 Aerobi
o _So. Seo, Swk Xem/Xeo K= Xee/Xpao
ofX:;i qee Ko, +So, Kps+Spro, Karx +Sack Kpna +Xpua/Xpao  Kpp + Kyax — Xep/ Xpao o
12 Anoxic
tnox;c ) Ko, Sxos
storage P12= PLL NGy o
Oprp ’ S()2 KNO‘; + SNO-;
13 Aerobic
erobie So, SNH, Sro, SaLx Xpna/Xpao
growth UpPAO * . . . . - Xpao
on X Ko, + So, Knn,+Sxn, Kp+Spo, Karx+ Sarx Kpaa + Xpua/Xpao
PHA
14 Anoxic K()z SNO;
growth Pl4= P13 N0y " G " o
on Xpp So, Kno, + Sno,
15 Lysis of Xpr0 bpao - Xpao - Sarx/ (Karx + Sark)
16 Lysis of Xpp bpp - Xpp - Savk/ (KavLk + SaLk)

17 Lysis of Xpua Dya - Xpua - Sark/(Katk + Sarx)
Nitrifying organisms (autotrophic organisms): Xaut

18 Aer(jt)}ilc So, Sxi, Spo, SaLx
rov Haut - ~ : : — - X,
gf AT Ko,+So, Knp,+Sxm, Kp+Spo, Karx+ Sax T
of Xyur

19 L}’SiS of Xaur byur - Xaur
Simultaneous precipitation of phosphorus with ferric hydroxide Fe(OH)3
20 Precipitation kprg - Spo, - Xmeon

21 Redissolution kRED . XMeP . SALK/ (KALK + SALK)
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4. Typical wastewater characteristics

an
constants

t is the responsibility of the user of the

Activated Sludge Model No. 2 (ASM2 and
ASM2d) to determine the concentrations of
relevant components in the wastewater, as well
as the stoichiometric and kinetic parameters
which apply to the specific case to be dealt
with. Absolute numbers of these parameters
are neither part of ASM2 nor of ASM2d, but
are necessary for the application of the model
to a specific case.

In this section, the Task Group suggests a list
of typical concentrations of model components
in a primary effluent as well as a set of model
parameters. This neither indicates that ASM2
or ASM2d is meant to be reliable with these

kinetic and stoichiometric

parameters in any case, nor that these para-
meters are the state of the art. They are merely
presented as a reference for testing computer
code and a first estimate for the design of
possible experiments which are proposed to
determine these parameters more accurately.
Table 4.1 contains a list of all model compo-
nents and typical concentrations in a primary
effluent. This wastewater contains a total COD
of 260 ¢ COD m~-3, a total nitrogen content of
25 ¢ N m=3 and approximately 140 g TSS m-3.
The analytically measured TSS are lower than
the value of Xpqg = 180 g TSS m-3, since a frac-
tion of Xg in the influent would pass through
membrane filters but must be included in the

Table 4.1 Short definition of model components and typical wastewater composition (primary effluent),
considering the composition of the different model components as indicated in Table 4.2.

CODiot =260 g CODm™3, TKN=25¢ Nm=>, TP =6 gP m>

Dissolved components:

So, Dissolved oxygen 0 g0y m™

Sk Readily biodegradable substrate 30 g COD m-3

Sa Fermentation products (acetate) 20 g COD m-3
Sxn, Ammonium 16 gNm™

Sxos Nitrate (plus nitrite) 0 gNm-3

Sro, Phosphate 3.6 gPm3

St Inert, bon-biodegradable organics 30 g COD m™
SALK Bicarbonate alkalinity 5 mole HCO3 m~3
Particulate components:

X1 Inert, non-biodegradable organics 25 g COD m-3

Xs Slowly biodegradable substrate 125 g COD m—3
Xu Heterotrophic biomass 30 g COD m~3
Xpao Phosphorus-accumulating organisms, PAO 0 g COD m-3
Xep Stored poly-phosphate of PAO 0 gPm3

Xpra Organic storage products of PAO 0 g COD m-3
XavuT Autotrophic, nitrifying biomass 0 g COD m-3
XmeoH ‘Ferric-hydroxide’, Fe(OH)3 0 g Fe(OH); m~3
XMep ‘Ferric-phosphate’, FePO4 0 g FePO4m™
Xrss Particulate material as model component® 1802 g TSS m=3

a) This value is larger than TSS which may be measured analytically, since it includes the fraction of Xg, which
would pass the filter in the TSS analysis. Xrss may also include some inert mineral material, which is contained in
the influent but not accounted for by other components. If this is the case, then Xrss in the influent will be larger
than predicted from the conservation equation, which for the above values and based on the conversion factors
given in Table 4.2 would result in 140 g TSS m-3. Analytically measured TSS (0.45 pm) would be approximately

120 g TSS m~>,
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Table 4.2. Definition and typical values for the stoichiometric coefficients of ASM2.

Typical conversion factors for conservation equation

Nitrogen:

Soluble material:

iN,s N content of inert soluble COD Si 0.01 g N (g COD)-!

iN.sp N content of fermentable substrates Sy 0.03 gN(gCOD)-!

Particulate material:

inx N content of inert particulate COD X; 0.02 gN(gCOD)-!

iN, X N content of slowly biodegradable substrate Xs 0.04 g N (g COD)-!

iN.BM N content of biomass, Xy, Xpao, XavT 0.07 g N (g COD)-!
Phosphorus:

Soluble material:

ips, P content of inert soluble COD Sy 0.00 g P (gCOD)!

ip sy P content of fermentable substrates Sg 0.01 g P (gCOD)!

Particulate material:

ipx, P content of inert particulate COD X; 0.01 g P (gCOD)!

i Xy P content of slowly biodegradable substrate X 0.01 gP(gCOD)!

ip M P content of biomass, X, Xpao, XauT 0.02 g P (g COD)-!
Total suspended solids: TSS

iTss.x; TSS to COD ratio for X; 0.75 g TSS (g COD)-!

IT$8,X¢ TSS to COD ratio for Xs 0.75 g TSS (g COD)-!

iTss.BM TSS to COD ratio for biomass, Xu, Xpao, Xa 0.90 g TSS (g COD)-!

Typical stoichiometric parameters

Hydrolysis:

fs Production of Siin hydrolysis 0 g COD (g COD)!
Heterotrophic biomass: Xu

Yu Yield coefficient 0.625 g COD (g COD)-!

fx Fraction of inert COD generated in biomass lysis  0.10 g COD (g COD)!
Phosphorus-accumulating organisms: Xpao

Yra0 Yield coefficient (biomass/PHA) 0.625 ¢ COD (g COD)-!

Yro, PP requirement (POy release) per PHA stored 0.40 g P (g COD)!

YpHA PHA requirement for PP storage 020 gCOD (gP)!

Ix Fraction of inert COD generated in biomass lysis ~ 0.10 g COD (g COD)!
Nitrifying organisms: Xaut

Ya Yield of autotrophic biomass per NO;-N 0.24 g COD (g N)-!

fx Fraction of inert COD generated in biomass lysis  0.10 ¢ COD (g COD)!

model component Xtgg since it will later adsorb
onto the activated sludge. The total nitrogen
(and phosphorus) in the influent may be com-
puted with the aid of all influent concentrations
multiplied with the relevant conversion factors
from Tables 3.1 and 4.2.

Table 4.2 is a list of typical stoichiometric
coefficients of ASM2 and ASM2d and includes
the factors which are required for the use of
the conservation equations (see also Table 3.1).
Many of the conversion factors have been esti-
mated without performing specific experiments
for their determination. These values indicate
an order of magnitude. The stoichiometric
coefficients are either based on previous exper-
ience with ASM1 or they are derived from

verification trials of ASM2 relative to full-scale
experience. Experience with the three yield
coefficients, Yps0, Ypo, and Ypy, of the PAO
are still scarce.

Table 4.3 is a summary of the definitions and
typical values of all kinetic parameters of the
models ASM2 and ASM2d. Again, some kinetic
parameters were estimated based on the
experience with ASMI, those relating to
biological phosphorus removal are estimated
based on laboratory experience and full-scale
verification trials of ASM2. Note that saturation
coefficients K; for any specific compound may
be different for different organisms (e.g. Ko,
may have four different values, depending on
the process and organism to which it relates).
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Table 4.3. Definition and typical values for the kinetic parameters of ASM2d.

Temperature:

20 °C 10 °C Units

Hydprolysis of particulate substrate: X

Ky
1INO;

Nte
Ko,

KN03
Kx

= Hydrolysis rate constant

= Anoxic hydrolysis reduction factor

= Anaerobic hydrolysis reduction factor

= Saturation/inhibition coefficient for oxygen
= Saturation/inhibition coefficient for nitrate
= Saturation coefficient for particulate COD

Heterotrophic organisms: Xu

MH
(te
1INo;,
by
Ky
Kfe
Ky
Ko,
Ky,
Kp

KALK

= Maximum growth rate on substrate

= Maximum rate for fermentation

= Reduction factor for denitrification

= Rate constant for lysis and decay

= Saturation/inhibition coefficient for oxygen

= Saturation coefficient for growth on Sr

= Saturation coefficient for fermentation of Sy

= Saturation coefficient for growth on acetate S
= Saturation/inhibition coefficient for nitrate

= Saturation coefficient for ammonium (nutrient)
= Saturation coefficient for phosphate (nutrient)

= Saturation coefficient for alkalinity (HCOs)

Phosphorus-accumulating organisms: Xpao

{JpPHA
qrp

HUPAO
1INO;
beao

bPP

bPHA

KMAX
KIPP

K PHA

= Rate constant for storage of Xpma (base Xpp)

= Rate constant for storage of Xpp

= Maximum growth rate of PAO

= Reduction factor for anoxic activity

= Rate for lysis of Xpao

= Rate for lysis of Xpp

= Rate for lysis of Xpra

= Saturation/inhibition coefficient for oxygen

= Saturation coefficient for nitrate, Sxo,

= Saturation coefficient for acetate, Sa

= Saturation coefficient for ammonium (nutrient)
= Saturation coefficient for phosphorus in storage of PP
= Saturation coefficient for phosphate (nutrient)
= Saturation coefficient for alkalinity (HCO3)

= Saturation coefficient for poly-phosphate

= Maximum ratio of Xpp/Xpa0

= Inhibition coefficient for PP storage

= Saturation coefficient for PHA

Nitrifying organisms (autotrophic organisms): Xaur

taur = Maximum growth rate of Xyur

byyr = Decay rate of Xaur

Ko, = Saturation coefficient for oxygen

Kyy, = Saturation coefficient for ammonium (substrate)
K, x = Saturation coefficient for alkalinity (HCOs)

Kp = Saturation coefficient for phosphorus (nutrient)
Precipitation:

kprr = Rate constant for P precipitaion

krep = Rate constant for redissolution

Karx = Saturation coefficient for alkalinity

3.00
0.60
0.40
0.20
0.50
0.10

6.00
3.00
0.80
0.40
0.20
4.00
4.00
4.00
0.50
0.05
0.01

0.10

3.00
1.50
1.00
0.60
0.20
0.20
0.20
0.20
0.50
4.00
0.05
0.20
0.01
0.10
0.01
0.34
0.02
0.01

1.00
0.15
0.50
1.00
0.50
0.01

1.00
0.60

0.50

2.00
0.60
0.40
0.20
0.50
0.10

3.00
1.50
0.80
0.20
0.20
4.00
4.00
4.00
0.50
0.05
0.01

0.10

2.00
1.00
0.67
0.60
0.10
0.10
0.10
0.20
0.50
4.00
0.05
0.20
0.01
0.10
0.01
0.34
0.02
0.01

0.35
0.05
0.50
1.00
0.50
0.01

1.00
0.60

0.50

g Xs (g Xu)~' d-!
g Sr (g Xu)~1d!

d-1
g 02 1‘[]_3

¢ COD m-

g COD m™

¢ COD m->

g N mf:B
gNm3

gPm™

mole HCO; m-3

g Xpna (g Xpao) ™! d!
g Xpp (g Xpao)t d-!
d-1

d-1

d-1

d-1

g Oy m-3

g N mf:B

g COD m™

g N m73

gPm3

gPm3

mole HCO3; m=3
g Xpp (g Xpao)™
g Xpp (g Xpao)™
g Xpp (g Xpao)~!
g Xpua (g Xpao)™

d-!

d-!

g 0y m3

g N m-3

mole HCO; m-3
gPm™3

m? (g Fe(OH)3)"! d-!
d-1
mole HCO; m3
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Table 4.4. An example of a stoichiometric matrix for ASM2d for soluble and particulate components and for
precipitation processes. The absolute values of the stoichiometric coefficients are based on the typical
stoichiometric parameters introduced in Table 4.2. These values are not the ASM2d but rather a typical
application of the model.

Stoichiometric matrix for soluble components

Process component So, Sy Sa St S, Sx, Sno, Spo, SALK
expressed as — Oy COD COD COD N N N P mole
1 Aerobic hydrolysis 1.00 0.01 0.001
2 Anoxic hydrolysis 1.00 0.01 0.001
3 Anaerobic hydrolysis 1.00 0.01 0.001
Hetemtmphic organisms: Xu
4 Growth on Sy -0.60 -1.60 -0.022 -0.004 -0.001
5 Growth on Sy -0.60 -1.60 -0.07 -0.02 0.021
6 Denitrification with Sy -1.60 -0.022 021 -0.21 -0.004 0.014
7 Denitrification with Sa -1.60 -0.07 021 -021 -0.02 0.036
8  Fermentation of S -1 1 0.03 0.01 -0.014
9 Lysis 0.031 0.01 0.002
Phosphorus-accumulating organisms (PAO): Xpao
10 Storage of PHA -1 0.40 0.009
11  Aerobic storage of PP -0.20 -1 0.016
12 Anoxic storage of PP 0.07 -0.07 -1 0.021
13 Aerobic growth -0.60 -0.07 -0.02 -0.004
14  Anoxic growth -0.07 021 -0.21 -0.02 0.011
15 Lysis of PAO 0.031 0.01 0.002
16 Lysis of PP 1 -0.016
17  Lysis of PHA 1 -0.016
Nitrifying organisms (autotrophic organisms): Xavt
18 Aerobic growth -18.0 -4.24 417 -0.02 -0.60
19 Lysis 0.031 0.01 0.002
Simultaneous precipitation of phosphorus with ferric hydroxide (Fe(OH3)):
20  Precipitation -1 0.048
21 Redissolution 1 -0.048

Stoichiometric matrix for particulate components

Process component X Xs Xu Xeao Xep Xema  Xa Xrss Xmeon  Xuer
expressed as — COD CODb COD COD P COD COD TSS TSS TSS

1 Aerobic hydrolysis -1 -0.75

2 Anoxic hydrolysis -1 -0.75

3 Anaerobic hydrolysis -1 -0.75

Hetemtmphic organisms: Xu

4  Growth on Ss 1 0.90

5  Growth on Sy 1 0.90

6  Denitrification with Sg 1 0.90

7  Denitrification with Sa 1 0.90

8§  Fermentation

9  Lysis 0.10 0.9 -1 -0.15

Phosphorus-accumulating organisms (PAO): Xpao

10 Storage of PHA -040 1 -0.69

11  Aerobic storage of PP 1 -0.20 3.11

12 Anoxic storage of PP 1 -0.20 3.11

13 Aerobic growth 1 -1.60 -0.06

14 Anoxic growth 1 -1.60 -0.06

15 Lysis of PAO 0.10 0.90 -1 -0.15

16  Lysis of PP -1 -3.23

17 Lysis of PHA -1 -0.60

Nitrifying organisms (autotrophic organisms): Xaut

18  Aerobic growth 1 0.90

19  Lysis 0.10 0.90 -1 -0.15

Simultaneous precipitation of phosphorus with ferric hydroxide (Fe(OH3)):

20  Precipitation 142 -3.45 4.87

21 Redissolution -142 345 -4.87




4. Typical wastewater characteristics and kinetic and stoichiometric constants

Future experience may well lead to different
‘good estimates” of the parameters of the
model. Since experimental results of many pilot
studies have been performed without consider-
ing the requirements of model calibration, we do
not currently have a sufficient basis to calibrate
ASM2 or ASM2d to a ‘typical wastewater’.

Finally a full stoichiometric matrix for
ASM2d, based on the proposed stoichiometric

parameters in Table 4.2 is presented in Table
4.4. Table 4.4 is not meant to be a part of
ASM2d but rather it should indicate approxi-
mate values of stoichiometric coefficients v ;.
Table 4.4 may be used to test computer code,
which might be developed to predict stoi-
chiometric coefficients v;; based on conversion
factors and stoichiometric constants as intro-
duced in Table 4.2.
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5. Limitations

A-ll models have limitations. For ASM2d

among the more important ones are:

 the model is valid for municipal waste-
water only

* processes with overflow of S, to the aera-
tion tank cannot be modelled

e the wastewater must contain sufficient
Mg2+ and K+

* pH should be near neutral

* temperature is expected to be in the range
of 10-25 °C

Use of the model outside of these limitations
is not recommended.

6. Conclusion

SM2d should be used as a basis for
modelling of simultaneous biological phos-
phorus uptake and nitrification—denitrification.
As compared with ASM2 it will improve the
accuracy when modelling nitrate and phos-
phate dynamics. ASM2d is considered to be a
platform and a reference for further research
and development of kinetic models for
biological nutrient removal in activated sludge
systems.
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1. Introduction

ith the introduction of the Activated
Sludge Model No. 1 (ASM1) the IAWPRC
(later JAWQ and now IWA) Task Group on
Mathematical Modelling for Design and Oper-
ation of Biological Wastewater Treatment
Processes introduced a new paradigm for the
mathematical modelling of activated sludge
systems. ASM1 as it was introduced in 1987
(Henze et al., 1987) has become a major
reference for many scientific an practical
projects. Today, mathematical models related to
ASM1 are implemented in various computer
codes for the simulation of the behaviour of
activated sludge systems treating municipal
wastewater of mainly domestic origin.
With over ten years of experience with the
application of ASMI1, some defects of this
model have become apparent, including:

* ASM1 does not include kinetic expressions
that can deal with nitrogen and alkalinity
limitations of heterotrophic organisms. The
result is that computer code cannot be
based on the original form of ASMI,
where under some circumstances negative
concentrations of, for example, ammonium
may occur. This led to the development of
computer codes based on different ver-
sions of ASM1, which can hardly be differ-
entiated any more.

e ASMI includes biodegradable soluble and
particulate organic nitrogen as model com-
pounds. These cannot easily be measured
and made the use of ASM1 unnecessarily
complicated. Therefore this distinction of
nitrogen compounds has in the meantime
been eliminated in many models based on
ASM1.

e The kinetics of ammonification in ASM1
cannot easily be quantified, moreover the
process is fast and therefore hardly affects
model predictions. Again in many versions
of ASM1 assuming a constant composition
of all organic compounds (constant N to
COD ratio) has eliminated this process.

e ASM1 differentiates inert particulate org-
anic material depending on its origin, influ-
ent or biomass decay, but it is impossible
to differentiate these two fractions in reality.

1. Introduction

e In the structure of ASM1, the process of
hydrolysis has a dominating effect upon
the predictions of oxygen consumption and
denitrification by heterotrophic organisms.
In reality this process stands for some
coupled processes such as hydrolysis, lysis
of organisms and storage of substrates.
Therefore the identification of the kinetic
parameters for this combined process is
difficult.

e Lysis combined with hydrolysis and growth
is used to describe the lumped effects of
endogenous respiration of, for example,
storage compounds, death, predation and
lysis of the biomass. This leads to further
difficulties in the evaluation of kinetic
parameters.

e With elevated concentrations of readily
biodegradable organic substrates, storage
of poly-hydroxy-alkanoates and sometimes
lipids or glycogen is observed under aero-

ic and anoxic conditions in activated
sludge plants. This process is not included
in ASM1.

* ASM1 does not include the possibility to
differentiate decay rates of nitrifiers under
aerobic and anoxic conditions. At high
solids retention times (SRT) and high frac-
tions of anoxic reactor volumes this leads
to problems with the prediction of maxi-
mum nitrification rates.

e ASM1 does not directly predict the fre-
quently measured mixed liquor suspended
solids concentration.

e In respiration tests frequently high bio-
mass yield coefficients are obtained. Even
if only soluble, readily biodegradable sub-
strates such as acetate are added, it
appears from respiration tests that this
substrate includes a slowly biodegradable
fraction.

Considering all these defects and the ad-
vance in experimental evidence on storage of
organic compounds, the Task Group has
proposed the Activated Sludge Model No. 3
(ASM3) (Gujer et al., 1999) which should cor-
rect for these defects and which could become
a new standard for future modelling. ASM3
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relates to the same dominating phenomena as
does ASM1: oxygen consumption, sludge pro-
duction, nitrification and denitrification in
activated sludge systems treating wastewater of
primarily domestic origin.

ASM3 is designed to be the core of many
different models. Modules for biological pho-
sphorus removal (as contained in the Activated
Sludge Model No. 2 (ASM2 and ASM2d)
(Henze et al., 1995, 1999), chemical precipi-
tation, growth of filamentous organisms or pH
calculations are not part of ASM3 but can easily
be connected as add on modules. With increa-
sing experience with ASM3 the Task Group may
well suggest such modules which would serve
many purposes in practical simulation work.

Introduction of ASM1 has spurred and
focused research internationally. Based on a
common platform it became possible to discuss
rather complex results of careful research.
Today interest is with topics such as modelling

population dynamics, biological phosphorus

removal and structured biomass (storage
products). ASM3 may provide the backbone,
which describes the processes of minor interest
in research, such that we can concentrate on
new frontiers again. In this we should realize
that scientific research and model application
in engineering practice have different goals.
Whereas the detailed structure of the models is
used to convey the message on new mecha-
nisms which have been identified in our ad-
vanced research projects, model application in
engineering must rely on manageable models
with a moderate number of parameters but a
high potential to predict system behaviour.
ASM3 is designed to satisfy primarily the
requirements of model application. Neverthe-
less, the Task Group has tried to fulfil the
didactic requirement to keep as many details as
are necessary to obtain some insight into the
interconnected processes. ASM3 may well
become a basis for teaching advanced biological
wastewater treatment courses.
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2. Comparison of ASM1 and ASM3

In ASM1 a single decay process (lysis) was
introduced to describe the sum of all decay
processes under all environmental conditions
(aerobic, anoxic). The reason was that in 1985,
when ASMI1 was first published, computing
power was still scarce. The simplest description
possible saved computation time. Today, as com-
putation is not limiting simulation to the same
extent, a more realistic description of decay pro-
cesses is introduced in ASM3: endogenous res-
piration is close to the phenomena observed (we
typically measure a respiration rate) and the
relevant rate constants can be obtained directly
and independent of stoichiometric parameters
(from the slope of In(rg, ¢y, dog) versus time).

The flow of COD in ASMI1 is rather
complex. The death (decay) regeneration cycle
of the heterotrophs and the decay process of
nitrifiers are strongly interrelated (Figure 2.1).
The two decay processes differ significantly in
their details. This results in differing and
confusing meanings of the two decay rates in
ASM1. In ASM3 all the conversion processes of
the two groups of organisms are clearly separ-
ated and decay processes are described with
identical models (Figure 2.1).

Hydrolysis

Hydrolysis

The complexity of ASM3 is comparable to
ASM1. There is a shift of emphasis from
hydrolysis to storage of organic substrates, a
process, which has been postulated and
observed by many researchers. Characteri-
zation of wastewater must consider this change.
Readily available organic substrates (Sg) must
now be estimated based on the storage rather
than the growth process. Differentiation of
soluble and particulate substrates (Sg and Xg)
remains somewhat arbitrary as in ASM1 and is
mainly based on time constants for degrada-
tion. Correct characterization of wastewater for
the use of ASM3 might still rely on bioassays,
which relate to respiration.

Similarly to ASM2 (Henze et al. 1995) ASM3
includes cell internal storage compounds. This
requires the biomass to be modelled with cell
internal structure. Decay processes (which
include predation) must include both fractions
of the biomass, hence four decay processes are
required (aerobic and anoxic loss of Xy as well
as Xgro) and the kinetics of the growth
processes (aerobic and anoxic) must relate to
the ratio of Xgpo/Xpr.

ASM3

Heterotrophs

Growth  Endogenous

respiration

Endogenous
respiration

Figure 2.1. Flow of COD in ASM1 and ASM3. In ASM1 (left) heterotrophic organisms use COD in a cyclic
reaction scheme: Decay feeds into hydrolysis and triggers additional growth. Nitrifiers decay and
thereby enhance heterotrophic growth. Autotrophic and heterotrophic organisms cannot be entirely
separated. Only two entry points for oxygen exist. In ASM3 (right) nitrifiers and heterotrophs are
clearly separated, no COD flows from one group to the other. Many entry points for oxygen exist. For

definitions of state variables see later.
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3. ASMS3: definition of compounds in

the model

he following compounds are used in ASM3.
Concentrations of soluble compounds are
characterized by S and particulate compounds
by X. Within the activated sludge systems the
particulate compounds are assumed to be asso-
ciated with the activated sludge (flocculated
onto the activated sludge or contained within
the active biomass). Particulate compounds can
be concentrated by sedimentation/thickening in
clarifiers whereas soluble compounds can only
be transported with the water. Only soluble com-
pounds may carry ionic charge. As in ASM1
and ASM2 filtration over 0.45 pm membrane
filters cannot be used to differentiate model
soluble from model particulate compounds in
the influent (typically primary effluent): parti-
culate, slowly biodegradable substrates (X, see
later) will partially not be retained on the filter
membrane. In the activated sludge reactors,
where large amounts of surfaces exist, these
substrates will rapidly adsorb to the suspended
solids, resulting in a better differentiation of
soluble and particulate compounds.
Conservation of Theoretical Oxygen De-
mand (ThOD) will be used extensively in the
development of process stoichiometry. For org-
anic materials COD may analytically approxi-
mate this ThOD. For some inorganic materials
ThOD must be calculated based on redox
equations relative to the redox reference of
H,0, CO,, NH}, PO}~, SO3~. NH, rather than
NOj3 is chosen as reference for nitrogen be-
cause the standard COD analysis with chro-
mate does not oxidize the reduced nitrogen
compounds present in wastewater. An example
of calculation of ThOD is given in Table 3.1.

3.1. Definition of soluble compounds, S,

S0, [M(O,) L-3]: Dissolved oxygen, O,. Dis-
solved oxygen can directly be measured and is
subject to gas exchange. In stoichiometric com-
putations S, is introduced as negative ThOD.

S; [M(COD) L-3]: Inert soluble organic
material. The prime characteristic of Sj is that
these organics cannot be further degraded in
the treatment plants dealt with in this report.
This material is assumed to be part of the
influent and may be produced in the context of
hydrolysis of particulate substrates Xg. It can

readily be estimated from the residual soluble
COD in the effluent of a low loaded activated
sludge plant.

Ss [M(COD) L-3]: Readily biodegradable
organic substrates (COD). This fraction of
the soluble COD is directly available for con-
sumption by heterotrophic organisms. In
ASM3, for simplification, it is assumed that all
these substrates are first taken up by heterotro-
phic organisms and stored in the form of Xgrq.
Sg is preferentially determined with the aid of a
bioassay (respiration test). Measuring the sum
of S; + Sg in the form of the total soluble COD
in wastewater as determined with 0.45 pm
membrane filtration may lead to gross errors.
This is due to the fact that some Xg (see later)
in wastewater (e.g. starch) cannot adsorb to the
small amount of biomass present in the influent
and therefore contributes to the analytically
determined soluble material.

Sxu, [M(N) L-3]: Ammonium plus ammo-
nia nitrogen (NHj}-N + NH3-N). For the
balance of the ionic charges, Syyy, is assumed to
be all NHj. Because ASM3 assumes that org-
anic compounds contain a fixed fraction of org-
anic nitrogen (ty;, see Table 8.2), the influent
SN, 0 cannot be observed directly (measured
analytlcally) but should be computed from
wastewater composition: Kjeldahl nitrogen -
organic nitrogen (Syy, 0= Crxno - v - Cio
+Sx,0 + Snoxo)- In the activated sludge reac-
tors and in the effluent Syy, is equivalent to
observed concentrations. With the redox refer-
ence level chosen, Sy, does not have a ThOD.

Sn, [M(N) L-3]: Dinitrogen (Np). Sy, is
assumed to be the only product of denitrifica-
tion. Sy, may be subject to gas exchange, paral-
lel with oxygen, Sp,. It can then be used to
predict problems due to supersaturation with
Ny in secondary clarifiers. Alternatively the N,
contained in the influent and gas exchange can
be neglected. Sy, may then be used to calculate
the amount of nitrogen lost due to denitrifi-
cation. Sy, has a negative ThOD.

Snox [M(N) L-3]: Nitrate plus nitrite nitro-
gen (NO3-N + NO3-N). Syox is assumed to
include nitrate as well as nitrite nitrogen, since
nitrite is not included as a separate model
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Table 3.1. Computation of Theoretical Oxygen Demand ThOD. Each reactive electron is equivalent to a ThOD of 8
g mole~1. Therefore each element can be associated with a ThOD which relates to the redox reference of
ThOD (H;0, COs, NH{, SO;~, PO;~). ThOD may then be computed by adding the individual

contributions to each molecule.

Element Equivalent ThOD Examples

Carbon C  +32gThOD (mol C)-!  What is the ThOD of 1 mole of NO3?

Nitrogen N  -24¢ThOD (mol N)-! N: - 24 g mole~!

Hydrogen H + 8gThOD (mol H)-! 30: -48

Oxygen O  -16 g ThOD (mol O)-! — + 8gmole! Total: -64 ¢ ThOD (mole NO3)-!
Sulphur S +48gThOD (mol S)-!  What is the ThOD of 1 mole of SO7 P

Phosphorus P +40gThOD (mol P)-! S: + 48 g mole™!

Negative charge -+ 8gThOD (mol (-))-! 40: -64gmole!

Positive charge + = 8gThOD (mol (+))-t 2-: + 16 gmole-!  Total: 0 g ThOD (mole SO3)-!

compound. For all stoichiometric computations
(ThOD conservation), Syox is considered to be
NO3-N only. Syox has a negative ThOD.

Sark [mole(HCO3) L-3]: Alkalinity of the
wastewater. Alkalinityis used toapproximate the
conservation of ionic charge in biological reac-
tions. Alkalinity is introduced in order to obtain
an early indication of possible low pH condi-
tions, which might inhibit some biological proces-
ses. For all stoichiometric computations, S,yx
is assumed to be bicarbonate, HCOj, only.

3.2. Definition of particulate compounds,

Xz
X; [M(COD) L-3]: Inert particulate organic
material (COD). This material is not

degraded in the activated sludge systems for
which ASM3 has been developed. It is
flocculated onto the activated sludge. Xy may
be a fraction of the influent and is produced in
the context of biomass decay.

Xg [M(COD) L-3]: Slowly biodegradable
substrates (COD). Slowly biodegradable sub-
strates are high molecular weight, soluble, coll-
oidal and particulate organic substrates which
must undergo cell external hydrolysis before
they are available for degradation. It is assumed
that the products of hydrolysis of Xg are either
readily biodegradable (Sg) or inert (S;) soluble
organics. As compared to ASM1 thlS fraction
has a different origin. In ASM3 all Xg is con-
tained in the influent and none is generated in
decay processes. In ASM1 a large fraction of Xg
is assumed to originate from decay processes.

Xy [M(COD) L-3]: Heterotrophic organ-
isms (COD). These organisms are assumed to
be the ‘allrounder’ heterotrophic organisms,
they can grow aerobically and many of them
also anoxically (denitrification). These organ-
isms are responsible for hydrolysis of particulate
substrates Xg and can metabolize all degradable
organic substrates. They can form organic stor-
age products in the form of poly-hydroxy-
alkanoates or glycogen. Xy are assumed to have
no anaerobic activity except cell external hyd-

rolysis, which is the only anaerobic process in
ASMS3.

Xs10 [M(COD) L-3]: A cell internal storage
product of heterotrophic organisms
(COD). 1t includes poly-hydroxy-alkanoates
(PHA), glycogen, etc. It occurs only associated
with Xjy; it is, however, not included in the mass
of Xjy. Xgto cannot be directly compared with
analytically measured PHA or glycogen concen-
trations; Xgqrq is only a functional compound
required for modelling but not directly identifi-
able chemically. Xg1 may, however, be recovered
in COD analysis and must satisfy ThOD con-
servation. For stoichiometric considerations,
Xgto is assumed to have the chemical com-
position of poly-hydroxy-butyrate (C,HgO,),,.

X, [M(COD) L-3]: Nitrifying organisms
(COD). Nitrifying organisms are responsible
for nitrification; they are obligate aerobic,
chemo-litho-autotrophic. It is assumed that
nitrifiers oxidize ammonium, Syy,, directly to
nitrate, Syox. Nitrite as an intermediate com-

pound of nitrification is not considered in
ASMS3.

Xgs [M(SS) L-3]: Suspended solids (SS).
Suspended solids are introduced into the bio-
kinetic models in order to compute their con-
centration via stoichiometry. Treatment plant
operators typically follow SS in day to day
analysis. In the influent, SS (Xsg ) include an
inorganic fraction of SS and the ‘soluble’ frac-
tion of Xg o, which passes membrane filters. SS
measured in the influent are therefore smaller
than Xgg ) used to describe the influent in the
terms of the model compounds. Describing
influent SS correctly should allow predicting
MLSS as observed in the activated sludge reac-
tors. If chemicals are added in order to precipi-
tate phosphorus, the precipitates formed must
in ASM3 be added to the concentration of SS
computed in the influent (Xgg ). Alternatively
Xgg may be used to model volatile suspended
Solids (VSS). This requires the relevant choice
of absolute numbers for the composition
parameters for SS (igg » in Table 8.2).
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4. ASMS3: definition of processes in

the model

SM3 includes only the microbiological trans-
formation processes. Chemical precipita-
tion processes are not included, but may easily
be added based on the information provided
for ASM2 (Henze et al., 1995). ASM3 considers
the following transformation processes:

1. Hydrolysis. This process makes available all
slowly biodegradable substrates Xg contained
in the influent to an activated sludge system.
Hydrolysis is assumed to be active indepen-
dently of the electron donor. This process is
different from the hydrolysis process in
ASM1; it is of less dominating importance
for the rates of oxygen consumption and
denitrification.

2. Aerobic storage of readily biodegradable
substrate. This process describes the storage
of readily biodegradable substrate Sg in the
form of cell internal storage products Xgrq.
This process requires energy, which is
obtained from aerobic respiration. It is
assumed that all substrates first become stored
material and later are assimilated to biomass.
This is definitely not observed in reality,
however at this moment no reliable model is
available which can predict the substrate flux
into storage, assimilation and dissimilation
respectively. Therefore the Task Group sug-
gests for the time being this simplest assum-
ption. However using a low yield coefficient
for storage (Ygtp) and a higher one for sub-
sequent growth (Yy) allows to approximate
the consequences of direct growth rather
than storage followed by growth.

3. Anoxic storage of readily biodegradable sub-
strate. This process is identical to aerobic
storage, but denitrification rather than aero-
bic respiration provides the energy required.
Only a fraction of the heterotrophic organ-
isms X in activated sludge is capable of
denitrification. ASM3 considers this by
reducing the anoxic heterotrophic storage
rate as compared to the aerobic rate.

4. Aerobic growth of heterotrophs. The sub-
strate for the growth of heterotrophic organ-
isms is assumed to consist entirely of stored
organics Xgpg. This assumption simplifies
ASMS3 considerably.

5. Anoxic growth of heterotrophs. This process
is similar to aerobic growth but respiration is
based on denitrification. Only a fraction of
the heterotrophic organisms Xj; in activated
sludge is capable of denitrification. ASM3
considers this by reducing the anoxic hetero-
trophic storage rate as compared to the
aerobic rate.

6. Aerobic endogenous respiration. This pro-
cess describes all forms of biomass loss and
energy requirements not associated with
growth by considering related respiration
under aerobic conditions: decay, (mainten-
ance), endogenous respiration, lysis, preda-
tion, motility, death, and so on. The model of
this process is significantly different from the
decay (lysis) process introduced in ASM1.

7. Anoxic endogenous respiration. This process
is similar to aerobic endogenous respiration
but typically slower. Especially protozoa (pre-
dation) are considerably less active under
denitrifying than under aerobic conditions.

8. Aerobic respiration of storage products. This
process is analogous to endogenous respir-
ation. It assures that storage products, Xqro,
decay together with biomass.

9. Anoxic respiration of storage products. This
process is analogous to the aerobic process
but under denitrifying conditions.

As compared with ASM1, ASM3 includes a
more detailed description of cell internal pro-
cesses (storage) and allows for better adjust-
ment of decay processes to environmental
conditions. The importance of hydrolysis has
been reduced and degradation of soluble and
particulate organic nitrogen have been integ-
rated into the hydrolysis, decay and growth
process.
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5. ASMa3: stoichiometry

able 5.1 introduces the stoichiometric

matrix v; ; of ASM3 together with the com-
position matrix t; as proposed by Gujer and
Larsen (1995). Whereas the stoichiometric
matrix v;; is well known since the introduction
of ASMl the composition matrix is less well
known. Relating to Table 5.1 the composition
matrix may be read as follows: ¢, 5 is filled with
the symbol iy ¢ and indicates that any g COD
in the form of Sg contains ings g of N. The
index k = 2 relates to the second conservative
which is nitrogen, the index i = 3 relates to the
third compound which is Sq. Sg is measured in
terms of g COD (as indicated below the symbol
Ss) and the conservative ‘nitrogen’ is expressed
in g N (as indicated to the right of nitrogen in
the composition matrix). iy g5 therefore indi-
cates the composition of Sg relative to nitrogen,
hence ¢ ; is called the composmon matrix.

All empty elements of v;; or ¢ ; indicate
values of 0. All values of X, y] and z zj can be
obtained from the conservation Equation 5.1
for the three conservatives k: ThOD, nitrogen
and ionic charge:

sz,i ;=0 fori=1to12 (5.1)

As introduced earlier, ThOD stands for
Theoretical Oxygen Demand and is the conser-
vative form of COD. In most cases ThOD of
organic compounds may analytically be approxi-
mated by standard dichromate COD analysis.
ThOD is a conservative quantity since it effec-
tively accounts for the electrons involved in the
biological redox processes.

The stoichiometric coefficient for Sy, in any
denitrification process is the negative of the co-
efficient for Syox. The composition coefficients
for ThOD for Sy, (-1.71 g ThOD (g Ny)-1) and
Snox (-4.57 ¢ ThOD (g NO3-N)-1) as well as
So, (-1 g ThOD (g O,)-1) are negative for elec-
tron donors relative to the redox reference for
ThOD.

The stoichiometric coefficients for the obser-

vable Xgg can be obtained from the Compo-
sition Equation 5.2:

Vs = Vi - iy fori = 8to12  (5.2)

It is known that the biochemical energy
(ATP) yield of anoxic respiration is smaller than
in aerobic respiration. This leads to the fact
that aerobic yield coefficients (Ygro o, and
Y0, exceed the anoxic yield coefficients
(Ystonox and Yy nox). Assuming the anoxic
energy vield to be 7,,,4. = 0.70 of the aerobic
energy yield the following energy relationship
(Equation 5.3) applies:

1 - Ys10,0, Hanoxic * (1 = YsroNox)
= and
Ys10,0, Yst0,N0X
1 -Y 9 anoxic 1 -
0; _ Mano ( NOX) 5.3)
Yo, Ynox

It is suggested that Equation 5.3 is used to
relate anoxic and aerobic yields in ASM3.

The net (true) yield of heterotrophic biomass
Xy produced per unit of substrate Sq removed
in ASM3 is obtained from:

Ynet,()g = YST(),()Q : YH,OQ and

Yietnox = YstoNox © YHNOX (5.4)

All stoichiometric parameters are defined
together with their units and a typical value in
Table 8.2. A numeric example of all
stoichiometric coefficients is given in Table 8.4.

In the composition matrix ¢ ; of Table 5.1 the
composition of all organic fractions relative to
ThOD is assumed to be unity. These values
have units however (ip,ops, = 1 g ThOD
(g COD)-1, ..) and it should be realized that
these values are actually model parameters
which here have been assumed to be unity
whereas in reality COD analysis recovers only a
fraction of ThOD, typically 95% in domestic
wastewater.
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Table 5.1. Stoichiometric matrix v;; and composition matrix w; of ASM3. The values of x;, v;, zj and t; can be
obtained in this sequence from mass and charge conservation (Equation 5.1) and composition

(Equation 5.2).
Compound i— 1 2 3 4 5 6 7 8 9 10 11 12 13
J Process So, Si Ss Snu, Sy, Swox Sak X1 Xs Xy Xsto Xy Xss
d Expressed as — O, COD COD N N N Mole COD COD COD COD COD SS
1 Hydrolysis fs, X U1 z -1 —ixq
Heterotrophic organisms, aerobic and denitrifying activity
2 Aerobic storage of Sg X9 -1y 29 Ys10,0, to
3 Anoxic storage of Ss -1 ys —x oas 23 Ysto,Nox t3
4 Aerobic growth of Xu X4 Y4 Z4 1 —-1/Yuo, ty
5 Anoxic growth (denitrific.) ys -5 xs zs5 1 -1/YuNox ts
6 Aerobic endog. respiration  x6 ye i -1 t6
7 Anoxic endog. respiration y7 -7 X7 z7 fi -1 ts
8 Aerobic respiration of Xsto x5 -1 ts
9 Anoxic respiration of Xsro —Xg X9 Zo -1 to
Autotrophic organisms, nitrifying activity
10 Aerobic gI'OWth Of XA X10 Y10 I/YA 210 1 t10
11 Aerobic endog. respiration 11 yn 21 i -1 tu
12 Anoxic endog. respiration Y12 X1z Xz 2 fi -1t

Composition matrix k1
k Conservatives

1 ThOD gThOD -1 1 1 -1.71 -4.57 1 1 1 1 1
2 Nitrogen g N i\',sl l'\',ss 1 1 1 l'\')(l iN»Xs i,\I,BM i,\I,BM
3 Ionic charge Mole + 1/14 -1/14 -1
Observables
4 SS g SS iSS,Xl iSS,Xs iSS,BM 0.60 iSS,BM
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6. ASMS3: kinetics

he kinetic expressions of ASM3 are based

on switching functions (hyperbolic or satur-
ation terms, Monod equations, S/(K+8S)) for all
soluble compounds consumed. This form of
kinetic expression is chosen not because of
experimental evidence but rather for mathem-
atical convenience: these switching functions
stop all biological activity as educts of a process
approach zero concentrations, an important
difference between ASM1 and ASM3. Similarly
for particulate educts the switching functions
relate to the ratio of Xgpo/Xy resp. X¢/Xy.
Inhibition is modelled with 1 - S/(K + S) =
K/(K + S).

Table 6.1 is a summary of all kinetic expres-
sions of ASM3. The kinetic parameters are
defined in Table 8.1 together with their units
and a typical value at 10 °C and 20 °C. It is
recommended to interpolate kinetic paramet-

Table 6.1. Kinetic rate expressions pj for ASM3. All p; > 0.

6. ASM3: kinetics

ers k to different temperatures T (in °C) with
the following temperature equation:

k(T) = k(20 °C) - exp(Or - (T — 20 °C)) (6.1)
where 61 (in °C) may be obtained from

_ In(k(Ty)/k(Ty)
B t — Ty

(6.2)

T

6.1 Estimation of readily biodegradable
substrate Sg

As indicated earlier, readily biodegradable sub-
strate Sg in wastewater is best determined from
a bioassay. Kinetics of the storage and growth
processes are such that the storage process in
ASM3 will be related to the additional rapid
uptake of oxygen after addition of wastewater
to biomass. Therefore the yield of the storage

j Process Process rate equation p;, all p; > 0.
Xs/ Xy
1 Hydrolysis ¢ = X
yArolysts H KX + Xs/XH E
Heterotrophic organisms, aerobic and denitrifying activity
So, Ss
2 Aerobic storage of S kgro - o, S-SOZ . X _: s - Xi
Ko, Sxox Ss
3 Anoxic storage of S5 ksto - fxox - S : : X
noxic storage ot 5s Ksto * 1Nox Ko, + So, Kxox *+ Sxox Ks + Ss o
So, Sxm, Sark Xsto/ Xu

4 Aerobic growth i

Ko, + So, Kym, + Snuy,  Kawk + Saik Ksro + Xsro/ Xu
5 Anoxic growth Ko, Snox

H

NN SaLk Xsto/ Xu

(denitrification) i aNox - Ko, + So, " Knox + Swox Kyu, + Snn, " Kk + Sax  Ksto + Xsro/Xu
6 Aerobic endogen- bio, - So, Xy
ous respiration " Ko, + So,
7 Anoxic endogen- b xox - Ko, SNox - Xu
ous respiration ’ Ko, + So, Knox + Snox
8 Aerobic respiration be ) So, X
of Xsro STO,0, Kioz + So, STO
9 Anoxic respiration be ) Ko, ) Sxox - Xe
of Xsro STO,NOX Ko, + So,  Knox + Sxox STO
Autotrophic organisms, nitrifying activity
10 Aerobic growth of So, Sni Sarx

Xy, nitrification i Kyo, + So,  Kanmg + Snie - Kaank + Saik
11 Aerobic endogen- So,
R bADg . XA
ous respiration Kio, + So,
12 Anoxic endogen- b Ky o, Sxox
ANOX

ous respiration

Kro, + So,  Kaxox + Snox
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process must be used in order to relate oxygen
uptake to substrate consumption:

V.
S (batch) = j Arg, - dt = Vss j Arso, - dt
50,
J.ATSOZ . dt
% (6.3)
1 - Yo, 510

It is recommended to simulate the batch
experiment, which is used to identify Sg with
the aid of ASM3. This allows the identification
of possible errors that could be introduced by
this simple procedure.




7. Limitations of ASM3

7. Limitations of ASM3

SM3 (and ASM1) was developed for the
simulation of the aerobic and anoxic treat-
ment of domestic wastewater in activated
sludge systems. It is not advised to apply it to
situations where industrial contributions domi-
nate the characteristics of the wastewater.
ASM3 (and ASM1) has been developed based
on experience in the temperature range of
8-23 °C. Outside of this range model applica-
tion may lead to very significant errors and even
model structure may become unsatisfactory.
ASM3 (and ASM1) does not include any pro-
cesses that describe biomass behaviour in an
anaerobic environment. Simulation of systems
with large fractions of anaerobic reactor volume
may therefore lead to gross errors.
Development of ASM3 is based on experi-
ence in the range of pH values from 6.5 to 7.5.
The concentration of bicarbonate alkalinity
(Sarx) is supplied to give early warnings when
pH values below this range are to be expected.

Alkalinity must be dominated by bicarbonate.

ASM3 cannot deal with elevated concentra-
tions of nitrite.

ASM3 (and ASM1) is not designed to deal
with activated sludge systems with very high
load or small SRT (<1 day) where flocculation/
adsorption of Xg and storage may become
limiting.

ASMS3 provides the structure of a model but
not absolute values of model parameters. It is
the responsibility of the user of this model to
identify the applicable parameters and the rel-
evant characterization of the wastewater.

Neither the Task Group nor IWA can under
any circumstances accept any liability for dama-
ges of any sort that may result from the applica-
tion of this model. It is provided here as a service
for the scientific and practical engineering
community and it is hoped to serve as a
reference for future scientific work.

113



114

Activated Sludge Model No. 3

8. Aspects of application of ASM3

t is the responsibility of the user of ASM3 to

determine the concentrations of relevant
compounds in the wastewater, as well as the stoi-
chiometric and kinetic parameters, which apply
to the specific case to be dealt with. Absolute
values of these parameters are not part of
ASM3. They are necessary, however, if ASM3
is to be applied to any specific case.

In Tables 8.1-8.4 a set of typical model para-
meters and concentrations of model com-
pounds in a primary effluent is provided for
convenience. This neither indicates that ASM3
is meant to be reliable with these parameters in

any case, nor that these parameters are the
state of the art. They are merely presented here
as a reference for testing computer code and as
a first estimate for the design of possible
experiments that may be used to identify these
parameters more accurately.

Table 8.1 contains a list of typical kinetic
parameters; Table 8.2 suggests some typical
stoichiometric parameters. Table 8.3 indicates
the composition of a typical primary effluent
and finally Table 8.4 is a stoichiometric matrix,
based on Table 5.1 and the specific values
introduced in Table 8.2.

Table 8.1. Typical values of kinetic parameters for ASM3. These values are provided as examples and are not

part of ASM3.
Temperature
Symbol Characterization 10°C 20°C Units
ky Hydrolysis rate constant 2 3 g CODy, (g CODy,)td!
Kx Hydrolysis saturation constant 1 1 g CODy, (g CODy,)!

Heterotrophic organisms Xu, aerobic and denitrifying activity

ksto Storage rate constant 2.5 5 g CODyg, (g CODy,, )1 d-!
1INOX Anoxic reduction factor 0.6 06 —

Ko, Saturation constant for Sxo, 0.2 0.2 g Oq m-3

Kxox Saturation constant for Sxox 05 05 gNO3;-Nm3

Ks Saturation constant for substrate Sg 2 2 g CODg, m-3

Ksto Saturation constant for Xsto 1 1 g CODyy,,, (g CODy,,)™!
un Heterotrophic max. growth rate of X 1 2 d-!

Knp, Saturation constant for ammonium, Sy, 0.0l 0.0l gNm™3

Kaix Saturation constant for alkalinity for Xy 0.1 0.1 mole HCO3 m~3

by o, Aerobic endogenous respiration rate of Xu 0.1 02 d!

byxox  Anoxic endogenous respiration rate of Xy~ 0.05 0.1 d-!

bsto0,  Aerobic respiration rate for Xsro 0.1 02 d!

bstonox Anoxic respiration rate for Xsro 005 01 d!

Autotrophic organisms X, nitrifying activity

U Autotrophic max. growth rate of Xy 035 10 d!

Kaxu, Ammonium substrate saturation for Xy 1 1 gNm3

Kao, Oxygen saturation for nitrifiers 05 05 gOsm™

Ksark  Bicarbonate saturation for nitrifiers 0.5 0.5 mole HCO3 m

b0, Aerobic endogenous respiration rate of X, 0.05  0.15 d-!

baxox  Anoxic endogenous respiration rate of Xa  0.02  0.05 d-!
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Table 8.2. Typical stoichiometric and composition parameters for ASM3. These values are given as examples and

are not part of ASM3.

Symbol Characterization Value Units

fs, Production of Sy in hydrolysis 0 g CODyg, (g CODy,)!

Ys70.0, Aerobic yield of stored product per Sg 0.85 gCODy, (g CODg )

Ystonox  Anoxic yield of stored product per Ss 0.80 gCODy, (g CODg)! Equation 5.3

Yi 0, Aerobic yield of heterotrophic biomass 0.63 gCODx, (g CODXSTO)’1

Yh.Nox Anoxic yield of heterotrophic biomass 0.54 gCODy, (g CODy ) Equation 5.3

Ya Yield of autotrophic biomass per NO3-N  0.24 g CODy, (g Ny, )

Ix Production of X; in endog, respiration 0.20 g CODy, (g CODy,,)!

ing N content of S; 0.01 gN (gCODg,)™*

iN.sq N content of Sg 0.03  gN (gCODy,)

inx, N content of X; 0.02  gN (g CODy,)* The values below are

iN X N content of Xs 0.04 gN (g CODg,)! suggested if Xss is used to
INBM N content of biomass, Xu, Xa 0.07  gN (gCODy,,)™! model VSS rather than SS:
iss x, SS to COD ratio for X; 0.75 gSS(g CODXI)‘l 0.75 g VSS (g CODXI)‘1
iss X SS to COD ratio for Xs 0.75  gSS (g CODy,)! 0.75 g VSS (g CODy,)!
iss.BM SS to COD ratio for biomass, Xy, X 0.90  gSS (g CODy,,) ! 0.75 g VSS (g CODx,, o x,) !

Table 8.3. Short definition of model compounds and typical wastewater composition (primary effluent) for ASM3.
The value of TKN considers the composition of the different model compounds as indicated in Table 8.2:
TKN = 3C; - 15 over all compounds i — Sxox — Sy, CODyt = 260 g COD m=3, TKN = 25 g N m~3.

Concen-
Compounds tration Units
Dissolved compounds
So, Dissolved oxygen 0 gOym™
St Soluble inert organics 30 g COD m™
Ss Readily biodegradable substrates 60 g COD m-3
S, Ammonium 16 gNm™
Sx, Dinitrogen, released by denitrification 0 g N m=3
Sxox Nitrite plus nitrate 0 gNm3
SaLx Alkalinity, bicarbonate 5 mole HCO3 m=3
Particulate compounds
X1 Inert particulate organics 25 g COD m-3
Xs Slowly biodegradable substrates 115 gCOD m™
Xu Heterotrophic biomass 30 ¢gCOD m™ The value below is
Xsto Organics stored by heterotrophs 0 gCODm™3  suggested if Xss is used to
Xa Autotrophic, nitrifying biomass >0 gCOD m=3  model VSS rather than SS:
Xss Total suspended solids 125 gSSm™ 100 g VSS m=3

Table 8.4. Stoichiometric matrix of ASM3 based on the stoichiometric parameters in Table 8.2. This matrix is a
typical application of ASM3 but it is not suggested as a reliable form of ASM3.

Compound i — 1 2 3 4 5 6 7 8 9 10 11 12 13
j Process So, Sy S Sxi, Sn: Snox  Saix Xi X Xy Xsro  Xi X
xL Expressed as — Oy COD COD N N N Mole COD COD COD COD COD SS
1 Hydrolysis 0 1 001 0.001 -1 -0.75
Heterotrophic organisms, aerobic and denitrifying activity
2 Aerobic storage of Sg -0.15 -1 003 0.002 0.85 0.51
3 Anoxic storage of Sg -1 003 0.07 -0.07 0.007 0.80 0.48
4 Aerobic growth of Xy -0.60 -0.07 -0.005 1 -1.60 -0.06
5 Anoxic growth (denitrific.) -0.07 0.30 -0.30 0.016 1 -185 -0.21
6 Aerobic endog. respiration  -0.80 0.066 0.005 0.20 -1 -0.75
7 Anoxic endog. respiration 0.066 0.28 -0.28 0.025 0.20 -1 -0.75
8 Aerobic respiration of X¢ro -1 -1 -0.60
9 Anoxic respiration of Xsro 0.35 -0.35 0.025 -1 -0.60
Autotmphic organisms, m‘tn‘fyi ng activity
10 Aerobic growth of X, -18.04 -4.24 4.17 -0.600 1 090
11 Aerobic endog. respiration ~ -0.80 0.066 0.005 0.20 -1 -0.75
12 Anoxic endog,. respiration 0.066 0.28 -0.28 0 .025 0.20 -1 -0.75
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9. ASMS3C: a carbon-based model

In some countries the chemical determina-
tion of COD-Cr in routine analysis is not
possible because of the heavy metals (Hg, Cr
and Ag) involved in the analytical procedures.
The alternative COD-Mn is not very valuable
in the context of ASM3 since it greatly under-
estimates ThOD. This is a severe limitation for
the application of models such as ASM3. In
order to facilitate the application of ASM3, the
Task Group proposes ASM3C as an adapted
version of ASM3, where organic state variables
are expressed in terms of organic carbon rather
than COD. This allows the use of TOC instead
of COD-Cr measurements in order to charac-
terize wastewater and activated sludge. Since
experience with TOC is rather limited at this
time, ASM3C should be used with great care.

9.1 Definition and measurement of
fractions of organic carbon

TOC [M(C) L-3] stands for Total Organic Car-
bon and is analytically available in wastewater.
For samples with suspended solids, careful
homogenization of the samples is important.
Care has to be taken that sedimentation of
coagulating solids does not lead to erroneous
results. This is especially relevant if auto-
samplers are used where the sample is not stirred
before it is injected into the TOC analyser.

Depending on the pretreatment of the sam-
ple, the TOC analysis can be used to character-
ize different fractions of wastewater. In relation
to TOC the terms DOC (Dissolved Organic
Carbon) and POC (Particulate Organic carbon)
are sometimes used. By definition TOC =
DOC + POC. DOC is measured after filtration
of the samples. All soluble organic model com-
pounds (Sy, Sg) may be expressed in terms of
DOC.

POC is available from the difference TOC -
DOC. POC may be used to characterize some
of the particulate organic model compounds in
the influent (X, Xy, Xgro, X4) but not for
others (not Xg, since a fraction of Xg passes
through the membrane filters).

For the characterization of activated sludge
as a whole, standard estimation of TOC may
easily lead to gross analytical errors. Here
elementary analysis of a dry washed sample or

the use of specialized TOC equipment may be
the methods of choice.

Since the fractionation of TOC in DOC and
POC is not entirely compatible with the defin-
ition of the model compounds (Xg being the
problem), this report will use TOC only, in
order to express that a compound is measured
in terms of organic carbon.

9.2 Transition from ASM3 to ASM3C

Deriving ASM3C from ASMS3 is an easy task if
the composition of the organic compounds is
redefined (COD is replaced by TOC). Introdu-
cing new units (g ThOD (g TOC)-! rather than
g ThOD (g COD)-1) and accordingly new ab-
solute values for the composition parameters
trhop,; for all organic compounds in the com-
position matrix yields the basis for estimating
the unknown stoichiometric coefficients X, Yjs 3
and t; with the aid of Equations 5.1 and 5.2. "~

Realizing that the values of ip,opop =
1 g ThOD (g COD)-! are actually model para-
meters chosen to be unity in ASM3 (which is
based on the assumption that ThOD is identi-
cal to the measured COD), the transition of
ASM3 to ASM3C is a rather minor one.

Table 9.1 includes the stoichiometric matrix
for ASM3C, revised from Table 5.1. Changes
include transition from COD to TOC for ex-
pressing the organic state variables, introduc-
tion of the ty,0p p values in the first row of the
composition matrix and adjusting the fixed
values for storage compounds (Xgpp) in the
composition matrix.

9.3 Adjusting kinetic and stoichiometric
parameters for ASM3C

With the introduction of TOC based
compounds in ASM3C the absolute values and
the units of some kinetic and stoichiometric
parameters must be adjusted. As an example
the aerobic yield of autotrophic biomass Y, in
ASM3C may be obtained from:
Y ,(ASM3) has the units
[g CODy, (g NO3-N)-1]
Y, (ASM3C) has the units
[g TOCy, (g NO3-N)-1]
ithop,sM(ASM3) has the units
[g ThODgy; (g CODgy1)]




9. ASM3C: a carbon-based model

Table 9.1. Stoichiometric matrix v;; and composition matrix u.; of ASM3C. The values of xj, yj, zj and tj can be
obtained in this sequence from mass and charge conservation (Equation 5.1) and composition
(Equation 5.2). The stoichiometric coefficients (fs,, f1, Ysto and Yu) must be based on organic carbon

(Table 9.3).
Compound i — 1 2 3 4 5 6 7 8 9 10 11 12 13

J Process So, Si Ss Snm, Snx, Swox Sark  Xi Xs Xu Xsto Xa  Xss

d Expressed as — 0O; TOC TOC N N N Mole TOC TOC TOC TOC TOC SS

1 Hydrolysis fs X 0 2 -1 —ix
Heterotrophic organisms, aerobic and denitrifying activity

2 Aerobic storage of Ss X9 -1y 29 Y570.0, ts

3 Anoxic storage of Ss -1 ys —x3 a3z YsroNox t3

4 Aerobic growth of Xu x4 Ua z4 1 -1/Yno, t4

5 Anoxic growth (denitrific.) Yy X5 X5 3 1 -1/YuNox ts

6 Aerobic endog. respiration xs s i -1 ts

7 Anoxic endog. respiration yr X7 X7 z7 f -1 tr

8 Aerobic respiration of Xsto xs -1 ts

9 Anoxic respiration of Xsro X9 X9 Zg -1 tg
Autotrophic organisms, nitrifying activity
10 Aerobic growth of XA X10 Y10 1/YA Z10 1 t10
11 Aerobic endog. respiration x11 Y11 2 i -1 tu
12 Anoxic endog. respiration Y12 X2 X2 12 i -1t
Composition matrix tk 1

k Conservatives

1 ThOD g ThOD -1 ityop,s; iThop,ss -1.71-4.57 ithop.x; iThoDXs iThoDBM  3-00  iThoDBM

2 Nitrogen g N iN,S[ iN,55 1 1 1 iN.X[ iN,X,g l’]\];M iN,BM

3 Ionic charge Mole + 1/14 -1/14 -1

Observables
4SS gSS issx, fssxg  issBM 1.80 iss.BM

ithop,sM(ASM3C) has the units
[g ThODBM (g TOCBM_1>:|
From this we obtain (with absolute values
from Tables 8.2 and 9.3):

ithon,sm (ASM3)
ithon,sm (ASM3C)

1
0.24 g CODpyi (g NOFN) - o

(ASM3C) = Y, (ASM3) -

0.09 g TOCgwm (g NO3-N)-!

Adjustments are best based on careful ana-
lysis of the units of the parameter to be adjusted.
Even the magnitude of seemingly dimension-
less coefficients such as Yy must be adjusted.

9.4 Typical kinetic and stoichiometric
parameters for ASM3C

Again the following remarks apply to ASM3C
as well.

It is the responsibility of the user of ASM3C
to determine the concentrations of relevant
compounds in the wastewater, as well as the
stoichiometric and kinetic parameters, which
apply to the specific case to be dealt with.
Absolute values of these parameters are
not part of ASM3C. They are necessary, how-
ever, if ASM3C is to be applied to any specific
case.

In Tables 9.2-9.5 a set of typical kinetic and
stoichiometric parameters and concentrations

of model compounds in a primary effluent is
provided for convenience. This indicates
neither that ASM3C is meant to be reliable
with these parameters in any case, nor that
these parameters are the state of the art. They
are merely presented here as a reference for
testing computer code and as a first estimate
for the design of possible experiments that may
be used to identify these parameters more
accurately. In comparison to the values given in
Tables 8.1-8.4 these values have been adjusted
to TOC units based on typical composition
parameters in Table 9.4. There may be some
rounding errors resulting in slight deviations in
model predictions between ASM3 and ASM3C.
The extra decimal is not provided because it is
thought to be accurate but rather in order to
result in better comparison of predictions rela-
tive to ASM3.

Table 9.2 provides a list of typical kinetic
parameters, Table 9.3 suggests some typical
stoichiometric parameters, Table 9.4 indicates
the composition of a typical primary effluent
and finally Table 9.5 is a stoichiometric matrix,
based on Table 9.1 and the specific values
introduced in Table 9.3.

9.5 Modelling pH with ASM3C

Including organic carbon in ASM3C allows
modelling the pH value in the different reactor
compartments. If bicarbonate is assumed to be
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Table 9.2. Typical values of kinetic parameters for ASM3C. These values are provided as examples and are not

part of ASM3. In comparison to the values given in Table 8.1 these values have been adjusted to TOC
units based on typical composition parameters in Tables 8.2 and 9.3. There may be some rounding
errors resulting in slight deviations in model predictions between ASM3 and ASM3C. The extra decimal
is provided not because it is thought to be accurate but rather in order to result in better comparison of
predictions relative to ASM3.

Temperature
Symbol Characterization 10°C 20°C Units
ku Hydrolysis rate constant 2.3 34 g TOCxy, (g TOCy,) ! d!
Kx Hydrolysis saturation constant 1 1 g TOCy, (g TOCy,,)™!
Heterotrophic organisms Xy, aerobic and denitrifying activity
ksto Storage rate constant 29 57 gTOCg, (g TOCy, ) td!
7INOX Anoxic reduction factor 0.6 06 -
Ko, Saturation constant for Sxo, 0.2 02 gOzm™
Knox Saturation constant for Sxox 0.5 0.5 g NO3-N m-3
Ks Saturation constant for substrate Ss 06 06 gTOCg m™
Ksto Saturation constant for Xsto 1.1 1.1 g TOCxy,, (g TOCx,,)™!
un Heterotrophic max. growth rate 1 2 d-!
Ky, Saturation constant for ammonium, Sy, 0.0l 001 gNm3
Karx Saturation constant for alkalinity for Xu 01 01 mole HCO3m™
bio, Aerobic endogenous respiration rate of Xg 0.1 02 d!
bynox  Anoxic endogenous respiration rate of Xy =~ 0.05 0.1 d-!
bsroo,  Aerobic respiration rate for Xsro 0.1 02 d!

bstonox  Anoxic respiration rate for Xsro

005 01 d!

Autotrophic organisms Xa, nitrifying activity

Ua Autotrophic max. growth rate of Xy 035 1.0 d!

Kanxn, Ammonium substrate saturation for X 1 1 gNm3

K0, Oxygen saturation for nitrifiers 0.5 05 gO2m™

Kasarx  Bicarbonate saturation for nitrifiers 0.5 0.5 mole HCO3 m3

bao, Aerobic endogenous respiration rate of X, 0.05 015 d-!

bixox  Anoxic endogenous respiration rate of Xa ~ 0.02  0.05 d-!

Table 9.3. Typical stoichiometric and composition parameters for ASM3C. These values are given as examples and
are not part of ASM3.

Symbol Characterization Value Units

fs, Production of St in hydrolysis 0 g TOCg, (g TOCx,)™*

Ys70.0, Aerobic yield of stored product per Sg 091  gTOCy, (g TOCg,)!

Ystonox  Anoxic yield of stored product per Ss 0.85  gTOCy,, (g TOCs,)! Equation 5.3

Yi0, Aerobic yield of heterotrophic biomass 0.67 g TOCxy, (g TOCxy,) !

Yh.Nox Anoxic yield of heterotrophic biomass 0.58  gTOCy, (g TOCx,)! Equation 5.3

Ya Yield of autotrophic biomass per NO3-N  0.09 g TOCy, (g Ng )"

fx Production of X in endog. respiration 0.20 g TOCy, (g TOCyx,,)

iThoD.$, ThOD content of S; 2.8 g ThOD (g TOCg,)!

IThOD S5 ThOD content of Sg 3.2 g ThOD (g TOCg,)!

iThoD Xy ThOD content of X; 2.8 g ThOD (g TOCy,)"!

IThOD X ThOD content of Xs 3.2 g ThOD (g TOCx,)!

ithopsv  ThOD content of biomass, Xir, Xa 2.8 g ThOD (g TOCy,,,)!

iN.s; N content of S; 0.03 g N (g TOCg,)!

iN,5 N content of Sg 0.10 N (g TOCs,)!

iN X, N content of X; 0.06 N (g TOCy,)! The values below are

iN X N content of Xs 0.13 N (g TOCy,)™? suggested if Xss is used to

iNBM N content of biomass, Xjy, Xy 0.20 N (g TOCy,,,)! model VSS rather than SS:

iss.x, SS to TOC ratio for Xi 2.1 g SS (g TOCx,)! 2.1 g VSS (g Xp)-!

55X SS to TOC ratio for Xs 2.4 g SS (g TOCy,)! 2.4 g VSS (g Xg)!

iss,BM SS to TOC ratio for biomass, Xz, Xa 2.5 g SS (g TOCxy,) 2.4 g VSS (g Xy or X)™*




9. ASM3C: a carbon-based model

Table 9.4. Short definition of model compounds and typical wastewater composition (primary effluent) for
ASM3C. The value of TKN considers the composition of the different model compounds as indicated in
Table 9.3: TKN = X.S; - 13; over all compounds i — Syox — Sx,- CODyo = 260 ¢ COD m=3, TKN = 25 g N

m-3.
Concen-

Compounds tration Units
Dissolved compounds
So, Dissolved oxygen 0 gOym
S Soluble inert organics 11 gTOCm™
Ss Readily biodegradable substrates 19 gTOCm=
S\m, Ammonium 154 ¢ Nm3
SN, Dinitrogen, released by denitrification 0 ¢gN m™3
SNox Nitrite plus nitrate 0 gNm3
SaLk Alkalinity, bicarbonate 5 mole HCO3 m=

Particulate compounds

X1 Inert particulate organics

Xs Slowly biodegradable substrates
Xu Heterotrophic biomass

Xst0 Organics stored by heterotrophs
Xa Autotrophic, nitrifying biomass
Xss Total suspended solids

9 ¢TOCm>
36 ¢TOC m-3
11 gTOCm= The value below is
0 gTOCm™3  suggested if Xss is used to
>0 gTOCm™=  model VSS rather than SS:
125 ¢SS m- 100 ¢ VSS m-3

Table 9.5. Stoichiometric matrix of ASM3C based on the stoichiometric parameters in Tables 9.1 and 9.3. This
matrix is a typical application of ASM3C but it is not suggested as a reliable form of ASM3C.

Compound i — 1 2 3 4 5 6 7 8 9 10 11 12 13
j Process So, Sy S Sviy - Sny Swox  Sark X X Xy Xsro  Xa Xgg
d Expressed as — 0O, TOC TOC N N N Mole TOC TOC TOC TOC TOC SS
1 Hydrolysis 0 1 0.03 0.002 -1 -2.40
Heterotrophic organisms, aerobic and denitrifying activity
2 Aerobic storage of Ss -0.47 -1 0.10 0.007 091 1.64
3 Anoxic storage of Ss -1 0.10 0.23 -0.23 0.023 0.85 1.53
4 Aerobic growth of X -1.61 -0.20 -0.014 1 -147 -0.15
5 Anoxic growth (denitrific.) -0.20 0.83 -0.83 0.045 1 -172 -0.60
6 Aerobic endog. respiration  -2.24 0.19 0.013  0.20 -1 -2.08
7 Anoxic endog. respiration 0.19 0.78 -0.78 0.069 0.20 -1 -2.08
8 Aerobic respiration of Xsto -3 -1 -1.80
9 Anoxic respiration of Xsto 1.05 -1.05 0.075 -1 -1.80
Autotrophic organisms, nitrifying activity
10 Aerobic growth of Xy -48.0 -11.3 11.1 -1.60 1 2.50
11 Aerobic endog. respiration -2.24 0.19 0.013 0.20 -1 -2.08
12 Anoxic endog. respiration 0.19 0.78 -0.78 0.069 0.20 -1 -2.08

the dominating buffer system, pH can be mod-
elled by adding dissolved carbon dioxide (CO,,
Sco,) and the proton (H, Sy+) as additional
state variables and two processes describing the
equilibrium (forward and backward reaction) of
bicarbonate dissociation, with fast reaction
rates (the ratio of these reaction rates is given
by the equilibrium constant). Further the addi-
tional stoichiometric coefficients for S¢q, can
be obtained from conservation of carbon (a
fourth conservative). Stripping of Sc, must be
related to aeration, considering the correct
Henry coefficients and possible saturation of
rising air bubbles with CO,.

It is recommended to derive stoichiometric

coefficients z; from a charge balance over bicar-
bonate rather than the proton. This typically all-
ows for faster numeric integration because the
turnover of large amount of charge is modelled
via the large pool of S, rather than the very
small pool of H.

Accurate modelling of pH may require expan-
sion of the model to include carbonate, nitrite,
ammonium and phosphate buffers as well.

9.6 Limitations of ASM3C

The limitations introduced above for ASM3
apply equally to ASM3C. Since experience with
TOC is still rather scarce, extra care should be
taken in analytical procedures.
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10. Conclusion

SM3 and ASM3C correct for most of the

defects identified in ASM1. The ASMS3
models provide a common base for the simu-
lation of nitrogen removing activated sludge
systems for chemical oxygen demand as well as
organic carbon based characterization of waste-
water and biomass. These two characterization
possibilities can analytically be approximated by
COD and TOC analysis. The structure of the
ASM3 models provides sufficient details such
that they may be used in an advanced course on
biological wastewater treatment as a didactic
tool. These models are designed as the core for
further development and inclusion of addi-
tional processes and states as may become
necessary when biological phosphorus removal,
chemical phosphorus precipitation, growth of
filaments etc. ought to be included.

The systematic notation, based on an array of
state variables, a stoichiometric matrix, a com-
position matrix, an array of process rates and
conservation equations made it especially easy
to introduce these models and indicate how a

COD based model may be transformed into
another base (here organic carbon, TOC).

Neither ASM3 nor ASM3C has yet been
tested against a large variety of experimental
data. It is expected that future improvements of
model structure may still be required, espec-
ially for the description of the storage pheno-
mena. It is obvious that in the beginning
experience with ASM3 might be inferior to
experience with ASM1. But as our experience
will improve the two models might well prove
to be equivalent. ASM3 has the advantage that
its structure does not have to be adjusted in
order to be applicable even if ammonium or
bicarbonate limits microbial activity. Therefore
if we report in a publication that a simulation
was performed with ASM3 or ASM3C, it may
be assumed that the model structures introduced
in this report have been applied unchanged.

It is good practice to indicate if model
structure has been changed: This would
then be a dialect of ASM3 but not ASM3
itself.
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