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Activated sludge simulation modeling is now considered an accepted tool in engineering 
practice. However due to the complexity involved these models are only extensively used 
within a limited scientific community. There is a true need to leverage the use of these 
models among environmental engineering students and average plant operators to make 
them better understand the interactions of various factors on this process. A user friendly 
software environment that enables an ordinary user access and use these models to 
simulate a system without the need for either a complete understanding of the models 

behind or any special programming skills will certainly help promote models application. 
This paper defines the broad architecture of such an environment and identifies other 
applications that should be integrated to the simulator such as expert systems and 
database systems. Then it discusses the steps necessary to develop a reliable site-
independent activated sludge simulator. Finally the paper points out that to introduce 
mathematical model simulations to traditional treatment plants, a how-to-do protocol is 
needed to adjust routine operating data for model use.  
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1. Introduction 

 
Currently the activated sludge process is 

the most widely used biological unit process 
for secondary wastewater treatment worldwide 
for its high performance. Many models were 
proposed to provide a description of the 
complex biological reactions that take place 
within the process until in 1987 the Interna-
tional Water Association (IWA formerly IAWQ 
and IWPRC) task group for mathematical 
modeling for design and operation of biological 
wastewater treatment introduced the Activated 
Sludge Model no.1 (ASM1) to unite many of 
the previous scientific efforts in what was con-
sidered then as the state of the art model 

(Henze et al. [1]). ASM1 allows the simulation 
of the behaviour of nitrifying and denitrifying 
activated sludge systems, which treat 
primarily domestic wastewater. ASM1 immedi-
ately gained wide acceptance and became a 
major reference for further research work as 
well as the basis for many software programs 
applied for design and operation of treatment 
plants. Since then practice has taken ASM1 -
proposed primarily for nitrogen control- as 
many activated sludge plants are now 
modified to allow for phosphorous removal as 
well. This called the task group to present 
model 2 (ASM2) in 1995 and its minor 
extension (ASM2d) in 1999 to provide an 
understanding of the processes involved in 
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biological phosphorous removal (Gujer et al. 
[2] and Henze et al. [3]). To accommodate for 
these mechanisms more components and 
processes were added leading to a more 
complex structure model compared to ASM1. 
The task group realized that the level of 
understanding of phosphorous removal proc-
esses is not very reliable and as such hoped 
that ASM2 would encourage scientific debate 
leading to further developments towards a 
more reliable model (Gujer et al. [2]). Finally in 
1999, the task group proposed model ASM3 to 
correct some of the apparent defects of ASM2 
returning to the structure of the less complex 
model as phosphorous removal was not 
considered (Gujer et al. [4]). All this enhanced 
the use of activated sludge models within the 
scientific community and among consulting 
engineers for a variety of purposes ranging 
from research to treatment plant design, 
operation, control and troubleshooting. Many 
software packages built on these models -
especially model ASM1- are available today. 
However most of these software tools were 
developed for research or for practical 
applications in consulting companies and are 
not well suited for application by average 
operators or for teaching purposes (Morgen-
roth et al. [5]). This paper aims to raise 
attention to this important aspect, to identify 
the means to achieve wide application of 
complex models among environmental 
engineering students and plant operators, and 
to present a proposed software environment.  
 

2. Objectives 

 
Operational practice shows that operators 

are among the important factors influencing 
the monitoring of activated sludge plants and 
coping with emergency situations. Skillful op-
erators tend to develop an understanding of 
how to monitor their plants by taking advan-
tage of mere observations related to colour, 
foam and odour [6]. Then as their experiences 
grow they get to know when the plant is in 
actual need of corrective measures and when 
it is best to leave what seems to be a 
problematic situation pass with no interfer-
ence [7]. Evidently their performance will cer-
tainly be improved if they are equipped with 
computer systems such as process simulators 

and expert systems that provide rapid access 
to information about the plant state. A process 
simulator can predict how the actual system 
reacts under various conditions. Thus pro-
viding operators with a deep insight into the 
internal workings of the physical system and 
helping them avoid many unfavorable situa-
tions before actually turning into operational 
problems. Similarly if environmental engi-
neering students were allowed to use simula-
tion tools without having to understand every 
specific detail about the implemented models 
or about the numerical solution procedures 
involved this will certainly enhance their level 
of understanding of the physical wastewater 
system. Later on this would encourage them 
to experiment with the implemented models 
i.e. change model parameters, evaluate differ-
ent process configurations and operating 
strategies or even select a completely different 
model. This would eventually promote model 
use within students and upgrade environ-
mental engineering education as a whole. 

On the other hand expert systems 
condense all the knowledge and experience 
about the treatment process in an easy to use 
means that provides immediate advice 
whenever human experience is a must. This 
may be considered as an invaluable tool for 
training if the user’s information is 
continuously tested against the system’s 
advice for a variety of practical cases. 
Whenever these systems are inter-linked with 
other information sources they get more 
powerful. For example if an expert system is 
linked to a database system in a way that lets 
the expert system directly access data records, 
a sort of an intelligent database will be 
developed. This enables the expert system to 
arrive at a decision based on the latest 
available data and makes the most out of the 
plant’s routine data records. A similar 
approach was adopted during the development 
of an expert system called the Activated 
Sludge Expert (ASExpert) dedicated for 
inexperienced activated sludge plant operators 
[8]. A direct interface was established between 
the expert system and the database and as a 
future step it was recommended to integrate a 
simulation-modeling tool to ASExpert to test 
the validity of the expert system’s advice be-
fore actual execution [8, 9]. Now this paper 
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aims to build on the previous work and pre-
sents the architecture of a complete software 
environment that incorporates both the sys-
tem ASExpert and a process simulator as one 
information system’s toolbox.  
 

3. Architecture of the proposed software  

environment 

 
Fig. 1 represents the complete architecture 

of the proposed environment where a well-de-
signed Graphical User Interface (GUI) is the 
means of user interaction with essential 
components: 
1. The readily available component or system 
ASExpert [8]: 
a.  the expert system tool, and 
b.  the database tool (record manipulation,  

report generation and graph representa-
tion sub-systems). 

2. The simulation-modeling program made up 
mainly of a model library, numerical integra-
tion solver and a graphical output facility [10, 
11]. 

ASExpert’s internal architecture is made 
up of several elements. Typical to any other 
expert system the knowledge base and infer-
ence engine are the system’s main building 
blocks. First the knowledge base is the sys-

tem’s repository of domain knowledge coded in 
the form of rules. Rules take the form of (If-

Then) associations i.e. two-part conditional 
statements that represent heuristics or rules 
of thumb. The antecedent expresses a situa-
tion or a premise while the consequent states 
a particular action or conclusion that applies 
if the situation or premise is true. Second the 
Inference engine is the system’s control 

mechanism that makes inferences and decides 
which rules are satisfied by facts, prioritizes 
the satisfied rules on a list called the Agenda 

and then executes the rule with the highest 
priority. The working memory works in har-

mony with the inference engine to model hu-
man short-term memory. It contains the facts 
of the current situation whether entered 
through user input or inferred as a result of 
rules firing. Finally the inference engine can 
also be programmed to provide the explana-
tions behind the system’s reasoning which is 
usually achieved through the explanation facil-
ity block [12]. Other external programs such 

as the database tool and rule editor provide 
additional support to the main program. As 
stated earlier, there is an established interface 
between the expert system and database sys-
tem [8, 9] 

4. The main building blocks of an activated 

sludge simulator 
 

To adequately simulate an activated sludge 
system, a simulation tool should mainly ac-
count for a model library, numerical solution 
procedures and a graphical representation 
output facility. 
The model library: A straightforward simulator 

that can be easily implemented by 
inexperienced users should adopt a closed 
model structure. Accordingly the simulator 
model library provides the user with a set of 
predefined models that can be used to imple-
ment a specific activated sludge system. The 
user has no choice but to select a predefined 
model or coupled models (reactor/ settler 
model) from a set of available models. Model 
parameters may also be predefined or the user 
may be allowed to introduce his values (within 
the range of accepted values). 
Simulated configuration setup facility: Usually 

a basic simulator will adopt a predefined 
process scheme regarding the type and num-
ber of reactors; connection between different 
units and the user has no freedom to define 
his own specifications other than manipulat-
ing a few variables. Thus this component may 
be regarded as a future enhancement and not 
as an essential part of the simulator’s archi-
tecture. 
Numerical solvers: Models describing activated 

sludge systems involve non-linear processes 
and mass balance equations that are 
represented mathematically as a set of Ordi-
nary Differential Equations (ODEs). These 
ODEs are complex and can only be solved by 
numerical integration methods  [11] Today 
there is an advanced software that facilitates 
the numerical solution of these complex sys-
tems and this software can also be easily in-
corporated within any new application to do 
the necessary computations efficiently. For 
example simulation languages such as Sim-
non, more details can be found elsewhere [11]. 
Graphical result output facility: To promote 

user acceptance in today’s world of sophisti-
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cated applications, graphical representation of 
results is very much desired. 
 
5. The simulator’s development procedure 

 
The development of an activated sludge 

system simulator is certainly no trivial task 
due to the complexity of the models used. If it 
is required to simulate a specific plant, the 
plant’s site-specific control procedures must 
be included in the simulation. Finally com-
puter simulations must be validated with ex-
perimental or full-scale data. This calls for a 
well-defined framework or methodology to 
identify the simulation model(s), plant layout, 
evaluation and test procedures and all other 
elements necessary to facilitate introducing 
the developed simulator for use in real plants 
as a future step. Recent technical literature 
strongly reveals a trend towards similar stan-
dardized procedures. Although the reported 
protocols were developed to serve different 
aims, all were triggered by one common mo-
tive: to provide a how-to-do practical protocol 
that benefits of the accumulated experiences, 
unifies inconsistent available knowledge and 
most importantly to set some form of quality 
control. Thus the COST simulation benchmark 

was implemented as a test vehicle for acti-
vated sludge control strategies [13-15]. This 
benchmark is a methodology not only com-
prised from a simulation model but also of a 
complete protocol on how to run tests and 
document results. Hulsbeek et al. [16] re-
ported a protocol set to aid in the introduction 
and acceptance of dynamic models in full-
scale plants in the Netherlands. Similarly in 
reporting experiences with computer simula-
tion at two large wastewater treatment plants 
in Poland, Makinia et al. [17] stressed the 
need for a methodology to adjust routine oper-
ating data for modeling purposes. The simu-
lator’s main requirements were identified and 
the plan for development was set after a 
careful study of these research experiences.  
 
5.1. The proposed model 

 
In order to adequately describe an acti-

vated sludge process it is required to take into 
consideration a large number of phenomena 
such as: characterization of the influent 

wastewater, hydraulics of each tank, hydroly-
sis of different substrates present in the influ-
ent, carbonaceous, nitrogenous and phospho-
rous removal mechanisms, organism growth 
and decay and sludge clarification and 
thickening mechanisms [18]. Influent waste-
water is characterized not only by its com-
position in organic carbon, nitrogen and 
phosphorous fractions but also in soluble, 
particulate, biodegradable and non-biodegrad-
able fractions. Organisms are represented by 
at least one class of hetertrophs and one or 
two species of nitrogen consuming autotrophs. 
Then the main reactions are added for each 
class of organisms and each class of available 
substrate [18]. 

Many activated sludge models have been 
presented, but the Activated Sludge Model No. 
1  (ASM1) -since it was proposed in 1986- has 
been widely accepted and is currently used all 
over the world -despite its limitations- to pro-
vide realistic predictions of a single sludge 
system carrying out carbon oxidation, 
nitrification and denitrification. This model fo-
cuses on a single unit process -the aeration 
basin in an activated sludge system- to de-
scribe the reactions that lead to carbon and 
nitrogen removal. It ignores the effects of sedi-
mentation and treats the settling tanks as per-
fect splitters. It uses COD as the measure of 
concentrations of organic material in wastewa-
ter [1, 19]. Later on, more advanced models 
were presented that started to include 
phosphorus removal or sludge bulking [19].  
     Most growth models also share the basic 
assumptions of ASM1 where the reaction 
mechanisms are modeled by non-linear 
Monod-type equations or by simple extensions 
of these equations. The bi-substrate model 
and death regeneration hypotheses are used 
to describe biological growth of biomass, 
hydrolysis and decay [1]. Accordingly two frac-
tions of biodegradable organic matter in influ-
ent wastewater are adopted: readily and slowly 
biodegradable COD. When microorganisms 
die, decayed cell material is recycled to the 
process as a slowly biodegradable COD that 
could then be used by the remaining microor-
ganisms as substrate through hydrolysis, 
whereas the non-biodegradable fraction   
remains   as   an  inert   residue.  In  a  similar  
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Fig. 1. The architecture of the proposed software environment. 

 

way the transformations of nitrogen can be 
described by the death regeneration  hypothe-
sis [1, 20]. 

Based on mass balance equations these 
models relate changes of the state of the sys-
tem (concentrations of model components) to 
transport and transformation processes. 

Transport processes are characteristic for the 
design of a system (reactor configuration, dis-
tribution of influent, excess sludge removal, 
etc.) and leave the chemical structure of all 
materials unchanged. On the other hand 
transformation processes involve the change 
of the chemical structure of the components 
[20]. Typically the number of states varies 
between ten and fifteen for each completely 
mixed reactor for models described in litera-
ture. A complete description of model ASM1 
can be found in ref. [1]. ASM1 uses 13 model 
components or state variables both soluble 
and particulate to represent substrate, 
biomass, oxygen and alkalinity using the fol-
lowing symbols (SI, SS, XI, XS, XB,H, XB,A, XP, SO, 
SNO, SNH, SND, XND, SALK) and 8 transformation 
processes (i.e. growth, decay and hydrolysis) 

described in a matrix notation.  

• For each of these model components (states) 
the rate of accumulation within a system 
boundary (a completely mixed reactor) can be 
calculated as follows: 

Rate of accumulation  = Rate of Input – Rate of 
Output + Rate of reaction ri. 
ri is the result of the conversion of component 

i due to its involvement in several processes. 

Mass balances of all components form a set of 
simultaneous non-linear (because ri is usually 

non-linear) Ordinary Differential Equations 
(ODEs) or the mathematical representation of 
the model. Traditionally the calculation of ri 

has been simplified through model represen-
tation in matrix format that defines funda-
mental reactions and that shows the 
stoichiometric relationships relating the state 
variables to process rate equations [20]. Ma-
trices not only represent a convenient way to 
store data and complex relationships but most 
importantly matrices can be easily manipu-
lated by computers [21].  
 

5.2. Reactor/ settler representation as one  
 integrated unit 

 

5.2.1. Using ASM1 to model a reactor and  
    model solution via numerical integration 

The following points show how the 
mathematical equations comprising the model 
are formulated: 

• As stated earlier performing a separate mass 
balance over each reactor for each model 
component and adding the input/output 
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terms, results in a set of non-linear ODEs of 
the form:  
 
dZ/dt = Q/V (Zin – Z) + rz ,          
 
where Z represents the concentration of a 
specific component inside the reactor, Zin is 

the concentration of the same component in 
the influent to the reactor, Q, V and rz 

represent the flow rate, the reactor’s volume 
and the rate of reaction of component Z, 
respectively [22]. These ODEs define the 
system state and when solved characterize its 
behavior.  

• In a similar way if the reactor is divided to 
separate anoxic and aerobic zones, each zone 
will be treated as a separate unit with its own 

characteristics such as volume, flows and 
process constants.  

• The entire ASM1 model, except the reactions 
related to alkalinity (component no. 13) should 
be implemented. However it may be more 
practical to combine the two state variables XI 
and XP in one variable XIP to decrease the 

number of ODES to 11 equations for each 
zone whether anoxic or aerobic. 

• As it is currently a common practice in all 
plants to control the concentration of oxygen 
in aerobic reactors thus a mathematical ex-

pression that calculates the increase of oxygen 
concentration due to added air through the 
aeration system must be included in the dif-
ferential equation that describes the change of 
oxygen concentration in any aerobic zone. 
This mathematical description is usually 
achieved by multiplying the oxygen transfer 
rate from gaseous to dissolved state (KLa) with 
the subtract of (So,sat – So) where So, sat is oxy-
gen saturation concentration and So is the 

actual oxygen concentration in the reactor. 
KLa is usually a non-linear expression that 

calculates the transfer rate according to the 
air flow rate from the compressors. 

• The set of non-linear ODEs comprising the 
model are usually very complex and can’t be 
solved analytically. Therefore after determin-
ing appropriate initial conditions of model 
components, numerical integration techniques 
based on Euler and the classical 4th order 
Runge-Kutta methods [21] are adopted for 
model solution.  
 

5.2. Modeling of the settlement process using  
one-dimensional multi-layer models 

 
In addition to oxygen transfer mechanisms 

in the aeration basin; to obtain realistic re-
sults from model ASM1, it has to be used in 
combination with models capable of describing 
the settlement process efficiently [1]. The 
settlement process can be fairly represented 
using one-dimensional multi-layer model that 
model dynamics according to the solids flux 
theory in the vertical direction only leaving the 
cross-sectional area and depth as design pa-
rameters. Fig. 2 shows the basic idea behind 
one-dimensional multi-layer models. 

• The settler is divided into a number of com-
pletely mixed layers (1:n) where the inflow and 
suspended solids are homogeneously spread 
over the horizontal cross section. The sludge 
transport between the layers is assumed to 
depend on two mechanisms; bulk movement 
and gravity settling. The bulk movement is 
caused by the hydraulic flow and hence is 
directed upwards and downwards. A feed layer 
(m) must be determined. At the feed layer the 

entering fluid is divided to an upward flow 
that depends on the rate of the effluent flow Qe 
and a downward flow that depends on the rate 
of the underflow Qu whereas the gravity 

settling flux is always directed downwards 
[23]. The solid flux due to the bulk movement 
of the liquid whether upward or downward is 
straightforward to assess as shown on the left 
side of fig. 2. 

• The solid flux of particles due to gravity 
sedimentation Js is calculated according to 
Kynch’s solid flux theory such that Js = Vs(X) * 
X  where the gravitational settling velocity 
Vs(X) depends only on the local solids 
concentration X and was traditionally calcu-

lated as either a power or an exponential func-
tion. 

• In the region above layer m, the solids are 
assumed to have a gravitational settling veloc-
ity greater than the upward movement of fluid 
in order to be separated from the overflow. Ac-
cording to Vitasovic’s model an empirical 
threshold concentration Xt is defined and 

whenever the solids concentration is greater 
than Xt, it is assumed that the settling flux in 

that layer will affect the rate of settling within 
adjacent layers. For example above layer m, 
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the flux out of layer j is restricted if the con-
centration in layer j+1 is greater or equal to Xt, 
in which case the flux out of layer j is set to 
the minimum of [J(j), J(j+1)] as summarized in 
fig. 2. This threshold concentration Xt corre-

sponds to the onset of hindered settling be-
haviour and the top of the sludge blanket 
height corresponds to the highest layer with 
concentration equal to or greater than Xt  [23]. 

• Although the original model of Vitasovic set 
the work for practically all current multi-lay-
ers models, it remained to be ineffective for 
realistic predictions of effluent suspended 
solids because it uses the Vesilind’s tradi-
tional exponential function v = ke –nX   to cal-

culate the settling velocity. This settling veloc-
ity function is prone to give unrealistic high 
settling velocities for low concentrations of 
solids likely to be found in the clarification 
zone [23, 24]. It  was  found  that  the  settling 
 

 
Fig. 2. The general principal of the traditional one-dimen-

sional layer settler model [11]. 

 
 

velocity function need to be modified and sev-
eral functions were proposed until Takacs and 
co-authors proposed to use the double expo-
nential velocity. The double exponential veloc-
ity model gained wide acceptability because 
unlike the standard model it is applicable to 
both the hindered and flocculent settling con-
ditions. A complete description of Takacs 
modified model can be found in [24]. 

• Assuming complete mixing within each layer 
the complete set of equations comprising the 
settler model can be obtained by performing 
mass balance for each layer.  
 
5.3. Reactor/ settler models coupling 
 

To represent both reactor and settler as an 
integrated part of the activated sludge process 
the reactor and settler models must be cou-
pled. This coupling can be achieved mathe-
matically if the following conditions are met. 

• The complete set of reactor/ settler non-lin-
ear ODEs is solved simultaneously. 

• All particulate state variables of the reactor’s 
last compartment are converted into one com-
posite term Xf (see fig. 2) that represents the 

total suspended solids in the feed to the set-
tler. A well-known conversion relation pro-
posed by [25]  is Xf = 0.75*(XS + XIP) + 0.9(XBH + 
XBA) where XND is not included because it is 
considered to be initially a part of XBH and XBA. 

In the mean time the ratio of each particulate 
variable to this composite term is also re-
corded. 

• During the ongoing numerical integration 
the total suspended solids in the settler’s bot-
tom layer Xu (see fig.  2) is divided again into 

particulate fractions to define the composition 
of the recycle flow entering the anoxic zone 
(knowing the ratios computed in the previous 
step of each particulate fraction to the total 
suspended solids in the feed to the settler). 
The flow sheets of table 1 and table 2 summa-
rize the steps needed for the formulation of the 
set of derivative equations, which comprise the 
coupled reactor/settler model. More details on 
Reactor/Settler models coupling can be found 
elsewhere [10]. The proposed model was cali-
brated and verified using data from the Hamil-
ton Wastewater Treatment Plant, Canada [11].   
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5.4. Main requirements of the proposed  
simulator 

 
     After this quick review of the nature of the 
system to be modeled, the simulator’s main 
requirements can be summarized in the 
following points: 

• To act as a site independent tool capable of 
simulating process mechanisms of an inte-
grated activated sludge system (a coupled re-
actor/ settler system). 

• To enable the users conduct “what-if” analy-
sis by letting them view the response of the 
system when changes are introduced to the 
variables they are authorized to manipulate 
such as recycle and re-circulation rates, hy-
draulic and organic flows that may be ad-
justed to represent peak values, and to switch 
on/ off oxygen dynamics etc.  

• To display the parameters used within the 
model, the plant’s physical data (volumes, 
flows etc.) and the state variables initial con-
ditions in each case. 

• To produce realistic simulation data outputs 
by using real dynamic data as input.  

• To represent simulations results graphically 
and provide the user with the facility to print 
these results or save them as computer files. 

• As a future requirement, practical real world 
application of the simulator stresses the need 
for a customized Graphical User Interface 
(GUI) that allows the user to represent an ac-
tivated sludge plant of his own specifications 
as a schematic diagram on the monitor’s 
screen as well as to interactively manipulate 
this diagram. Such an interface should pro-
vide the user -through simple mouse clicks- 
with the versatility to customize the plant’s 
modes of operation and control -to some per-
missible range- according to his desire and to 

set the simulation start-up conditions. This 
enables the user to conduct extensive “what if” 
investigations to inspect the effect of different 
operating conditions or throughputs etc. Typi-
cal to fig. 3 the number of anoxic and aerobic 
zones may be set according to user input. In 
addition he may switch process modes of op-
eration between (pre-denitrification/ post-de-
nitrifaction). Accordingly the plant’s schematic 
diagram should be immediately redrawn on 
the screen to reflect these modifications (high- 

light active pumps, dim inactive pumps, show 
air bubbles in aerobic zones and remove air 
bubbles from anoxic ones etc.). Eventually 
simulations start upon user request when the 
user is completely satisfied with his selections.  
 
6. An outline of a four-stage plan for the  

development of the simulator 

 
The development procedure is organized in 

four well-defined stages that follow the 3 de-
velopment stages of ASExpert (fig. 4): 

• Stage 1: setting up a development frame-
work.  

• Stage 2: implementation of system’s models 
and verification of initial results. 

• Stage 3: implementing a GUI for the simu-
lator and linking it with the numerical solver. 

• Stage 4: future simulator improvements and 
possibility of embedding it within a multi-sys-
tem information toolbox.  
Stage 1. The overall simulation model (process 

models to be implemented, influent model, 
parameter values and initial values) and veri-
fication procedure are set in accordance with 
the COST simulation benchmark [4].  

• Implemented models are ASM1 and the dou-
ble exponential settling velocity model of Ta-
kacs et al. [24]. 

• Parameter values of kinetic and stoichiomet-
ric are chosen as the default values of these 
models at a temperature of 20 0C.  

• Plant layout is the COST simulation bench-
mark default plant layout, which is a com-
monly used pre-denitrification configuration, 
comprised of two anoxic reactors followed by 
three aerobic ones and then a sedimentation 
unit.  

• Influent data files. 3 files were developed 
within the COST simulation protocol to repre-
sent normal dry weather inflow, storm and 
rain disturbances. These files contain data 

(model fractions ready for use in the simula-
tions) taken at 15 minutes intervals for a 14-
day period in a way that represents a fair de-
scription of a true influent profile (regarding 
expected diurnal variations in influent flow 
and COD as weekly data patterns) of a plant of 
the chosen size [14]. These files used to verify 
the results of developed simulator and can be 
downloaded from the COST benchmark web 
site [14].   
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           Table 1 
           Flow sheet for the formulation of reactor’s derivative equations 
 

 

• Calculate particulate state variables in the recycle flow, knowing the ratios of the particulate state 
variables to the total suspended solids in the feed (XS/Xf, XIP/Xf, XBH/Xf, XBA/Xf and XND/Xf) and the total 
suspended solids at the bottom of the clarifier Xu. 

• Use ASM1 matrix to calculate the conversion rates of the model components where: the conversion 
rate of each component (ri)  = Σj vij * ρj i.e. summation of the products of the stoichiometric coefficients vij 
and the process rate equations ρj describing that component. 

• Perform mass balance for the model components to formulate the differential equations of the state 
variables derivatives. 

• Direct the set of ODEs to be solved by the numerical integration solver. 
 

 
        Table 2 
        Flow sheet for the formulation of the settler’s derivative equations 

 

 

• For simplicity, one can use the composite variable Xf to represent all different particulate components 
within the model such that Xf = 0.75*(XS + XIP) + 0.9(XBH + XBA). 

• Assume that soluble components are not affected by sedimentation. 

• Calculate the settling velocity for each layer with respect to the layer concentration. 

• Calculate the solids fluxes from one layer to the next (settling zone) or the previous (clarification zone) 

• For each layer of the settler (1 to n): 
Calculate the total suspended solids derivative depending on the continuity equation:  
Rate of mass increase  per unit time = rate of flux in  – rate of flux out  

• Direct the set of ODEs to be solved by the numerical integration solver. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. The basic capabilities of a GUI simulator for an activated sludge system. 

Reactor 
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Fig. 4. Stepped procedure for the development of the proposed environment. 
 
 

• Simulator verification procedure. To ensure a 
consistent starting point and to eliminate the 
influence of starting conditions on the gener-
ated dynamic output the COST simulation 
benchmark describes a two-step procedure 
that involves simulation to steady state fol-
lowed by dynamic simulations using the three 
defined influent files. According to Copp [14] 
initial states for dynamic simulations can be 
obtained by simulating the set of ODEs under 
an input of constant flow and composition -

provided in the benchmark- for a period of 
100 days. Following simulation to steady 

state, the generated output data must be com-
pared to the standardized output that is in-
cluded in the benchmark description. Only 
when similar steady state results are attained 
should dynamic simulations be initiated using 
the 3 dynamic input files. For a complete de-
scription of the verification procedure see 
Copp [14].  
Stage 2. The tasks dedicated to this stage 

include the selection of the development lan-
guages or software tools to be used for imple-
mentation regarding the simulator’s require-
ments and the capabilities of available tools. 
The following section discusses available 
possibilities. 
The need for built-in stiff numerical integration 
solvers. As stated earlier the models of the 

present system take the form of non-linear 
ODEs and as such to cut down development 
time considerably there is a demand for 

readily available numerical integration solvers 
that could be directly used as built-in routines 
or functions. In this respect MATrix LABora-
tory (MATLAB) by Mathworks is a general, 
high-performance technical computing lan-
guage that provides easy access to a whole 
suite of ODEs solvers capable of efficiently 
solving a variety of differential equation sys-
tems including initial value problems typical 
to the present activated sludge system. Some 
of these solvers are also based on algorithms 
specifically dedicated to deal with stiff systems 
(Hanselman and Littlefield [26]) similar to the 
present system where the time constants for 
the different processes of the simulated model 
vary significantly and require special integra-
tion algorithms to handle. MATLAB is also 
equipped with an integrated simulation tool-
box called Simulink capable of providing real 

time graphical representation of simulation re-
sults. Finally it is worth to mention that MAT-

LAB may be considered as the easiest and 
most straightforward method for implementing 
complex mathematical models even for the 
inexperienced programmer. All this makes 
MATLAB one highly suitable candidate for im-
plementation. 
The need for a GUI. Requirements indicate that 

the simulator should use a user-friendly 
interface capable of interactively taking in 
user input and providing a graphical result 
output and as a future requirement of pro-
viding some means of plant layout definition. 
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Although MATLAB can be used for GUI im-
plementation but the real-time update of a 
complex interface would be too time-consum-
ing in such a case. Thus a general purpose 
programming language such as VC++ or Java 
will be more suitable to fulfill these require-
ments. This raises another issue, which is the 
necessity for establishing some means of con-
nection between MATLAB that acts as the 
background engine, and the interface. 
Reasons that favour choosing Java for the 
implementation of the interface. Java contains 

a rich set of GUI components that can handle 
most of the fundamental requirements of pro-
grams, which makes it easier and faster to use 
[27, 28]. Java is a multithreading language 
where multiple tasks can be run simultane-
ously in one program, thus satisfying the 
needs of a responsive user interface. Despite 
being an interpreted language Java has a 
relatively high speed sufficient to handle most 
real time interactive applications [22, 28]. In 
addition, there is currently an enormous 
worldwide interest in Java and there are a lot 
of powerful Java Integrated Development En-
vironments (IDEs), which speed up coding, 
debugging and facilitate the development 
process to a great extent by freeing the devel-
oper from time-consuming tasks thus ena-
bling him to focus on providing the real solu-
tions.  
Establishing an interface between Java and 
MATLAB. Software public domain currently 

provides a Dynamic Link Library (DLL) called 
JMatLink.dll that is capable of integrating Java 

with MATLAB without much programming 
effort. Although this DLL is still not supported 
by Mathworks, it may be tried as a quick step 
towards fulfilling objective. 
Results of initial model implementation. The 

reactor/ settler (ASM1/ Takacs et al. double 
exponential velocity) coupled models were 
coded using MATLAB. The 2-step simulation-
verification procedure was conducted. Ob-
tained results were evaluated in the light of 
the provided standardized output. Initial test-
ing shows that MATLAB numerical integration 
solvers are capable of satisfying requirements 
[29]. 
Stage 3. After verification of initial model 

implementations, effort was directed towards 
fulfilling the simulator’s GUI requirements. A 

Java GUI was hastily developed and used to 
build up the simulated system typical to user 
desire. Using the public domain DLL file 
(JmatLink.dll), user input was directed to MAT-

LAB environment to do the necessary 
computations and save output as a text file. 
Initial testing of the developed application 
gives a promising indication that this tech-
nique is capable of satisfying requirements, 
which should encourage the development of a 
more functional GUI in the future. 
Stage 4. Tasks of stage 4 aren’t completely 

fulfilled yet. Attempts are dedicated to encour-
age more interactive manipulation of the 
simulator’s GUI and to modify current data-
base system to incorporate data necessary to 
start simulations (influent files) and save re-
sults for future use. Effort will focus on se-
lecting adequate calculation procedures from 
literature to convert traditional plant parame-
ters e.g. COD and TSS into model fractions. 
These procedures can then be introduced to 
the system to directly do the required conver-
sion to model fractions ready for use in the 
simulations. Finally attempts will be directed 
towards integrating the developed simulator 
together with ASExpert in one environment. 
However it is not apparent, at present, 
whether a direct interface can be established 
between both systems and whether this capa-
bility would be of any specific advantage. Nev-
ertheless the environment may be regarded as 
a multi-system information toolbox that pro-
vides access to several tools capable of satis-
fying different needs. The expert system is the 
tool to use when human experience is sought 
whereas the simulator is employed to visualize 
the effect of variable conditions on the process 
and to test whether the expert system’s advice 
is sound before putting it to actual execution 
in the plant. 
 

7. Conclusions 

 
• Simulation models of activated sludge plants 
are still not very much used by plant opera-
tors nor by environmental engineering stu-
dents. The barriers behind this situation could 
be related to the level of complexity of the 
simulation software mainly to the unavailabil-
ity of ready to use data in traditional 
treatment plants. 
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• In cases where it proves to be economically 
infeasible to upgrade old plants to automatic 
control facilities the one possible alternative to 
improve plant operation is to leverage the 
skills of operators. This can be achieved 
through effective computer systems that pro-
vide rapid access to information about the 
plant’s state in a visual, easy to grasp graphi-
cal form. Appropriate information sources are 
primarily simulators and expert systems. 
Moreover if these powerful systems are inte-
grated in one environment this would yield the 
ultimate software tool capable of making op-
erators take decisions with confidence in the 
outcome. 

• Technical literature strongly reveals a trend 
towards practical how-to-do protocols that 
provide maximum benefit of accumulated 
experiences, eliminate knowledge inconsis-
tency and set measures of quality control. Al-
though the motive behind each protocol is 
different still the need and benefit of 
standardization is apparent. This is especially 
emphasized if mathematical model simula-
tions are to be introduced into traditional 
treatment plants because a great effort must 
be dedicated to adjust routine operating data 
for model use.                                                                                                                                               
 

References 

 
[1]    M. Henze, C.P.L.  Grady, W. Gujer, 

G.v.R. Marais and T. Matsuo, Activated 
Sludge Model No.1, Complete Report of 
IAWPRC Task Group on Mathematical 
Modelling for Design and Operation of 
Biological Wastewater Treatment (1987). 

[2]   W. Gujer, M., Henze, T. Mino, T. Matsuo, 
M.C. Wentzel and G.V.R. Marais. “The 
Activated Sludge Model No. 2: Biological 
Phosphorous Removal”,  Wat. Sci. Tech., 
Vol. 31 (2), pp. 1-11 (1995).  

[3]   M. Henze, W.  Gujer, T. Mino, T. Matsuo, 
M.C. Wentzel, G. v. R. Marais,  and M. C. 
M. Van Loosdrecht, “Activated sludge 
Model No. 2d ASM2D”, Vol. 39 (1),  pp. 
165-182 (1999). 

[4]   W. Gujer, M. Henze, T., Mino, T. Mino, 
M.C.  Van Loosdrecht. “The Activated 
Sludge Model No. 3”,  Vol. 39 (1), pp. 
183-193 (1999).  

[5]    E. Morgenroth, E. Arvin and P. Vanrolle-
ghem, The Use of Mathematical Models 
in Teaching Wastewater Treatment Engi-
neering. Wat. Sci. Tech., Vol. 45 (6), pp. 
229-233 (2002). 

[6]   R.A.B. Gall and G.G. Patry, “Knowledge-
Based System for the Diagnosis of An 
Activated Sludge Plant”, In: Dynamic 
Modeling and Expert Systems in Waste-
water Engineering, Patry, G.G. and 
Chapman, D.T. (eds), Lewis Publishers, 
Inc., Chelsea, Michigan, U.S.A (1989). 

[7]   Water Environment Federation. Opera-
tion of Municipal Wastewater Treatment 
Plants. Manual of Practice No. 11, Vol. 2, 
5th ed., Alexandria, VA, U.S.A (1996). 

[8]   L. Bahgat, “A Knowledge-based Decision 
Support System for an Activated Sludge 
Wastewater Treatment Plant”. Master’s. 
thesis, Department of Information 
Technology, Institute of Graduate Stud-
ies and Research, Alexandria University, 
Egypt (2000). 

[9]    M.T. Sorour, L.M.  Bahgat, M.A. El 
Iskandarani and N.J. Horan ASExpert: 
an integrated knowledge-based system 
for activated sludge plants, Environ-
mental Technology, Selper Ltd., U.K., 
Vol. 23 (8),  pp. 937-948  (2002). 

[10] M.T. Sorour, G. Olsson, and L. Som-
lyody, “Potential Use of Step Feed 
Control Using The Biomass In The 
Settler”, Wat.Sci. Tech.,  Vol. 28 (11), pp. 
239-248 (1993). 

[11] M.T. Sorour, “Modelling and Simulation 
Of Reactor –Settler System For Waste-
water Treatment”, Vol. Alexandria 
Engineering Journal, Vol. 35 (4), pp. 31-
38 (1996). 

[12] J. Giarratano and G. Riley,  “Expert Sys-
tems: Principles and Programming”,  
PWS Publishing Company, 3rd ed., Bos-
ton, M.A., U.S.A (1998). 

[13] H. Spanjers, P. Vanrolleghem, K. 
Nguyen, H. Vanhooren and G.G. Patry, 
“owards a Simulation-Benchmark for 
Evaluating Respirometry-Based Control 
Strategies” Wat. Sci. Tech., Vol. 37 (12), 
pp. 219-226 (1998). 

[14] J. B. Copp, “The COST Simulation 
Benchmark - Description And Simulator 
Manual, COST”, (European Cooperation 



M.T. Sorour /Activated sludge software 

Alexandria Engineering Journal, Vol. 42, No. 3, May 2003                                                  327 

in the field of Scientific and Technical 
Research), Brussels, Belgium (2000). 

[15] C. Rosen, “ Chemometric Approach to 
Process Monitoring and Control With 
Applications to Wastewater Treatment 
Operation” PhD Thesis, Dept. of Indus-
trial Electrical Engineering and Automa-
tion, Lund University, Sweden (2001). 

[16] J.J. W. Hulsbeek, J. Kruit, P.J.  
Roeleveld, and M.C.M. Van Loosdrecht, 
“A Practical Protocol for Dynamic Model-
ing of Activated Sludge Systems”, Wat. 
Sci. Tech., Vol. 45 (6), pp. 127-136 
(2002). 

[17] J. Makinia, M.  Swinarski, and E. Dobie-
gala, “Experiences with Computer 
Simulation at Two Large Wastewater 
Treatment Plants in Northern Poland”, 
Wat. Sci. Tech.,  Vol. 45 (6),  pp. 209-218 
(2002). 

[18] G. Olsson, and B. Newell, “Wastewater 
Treatment Systems : Modelling, Diagno-
sis and Control”, IAW Publishing, UK 
(1999). 

[19] B. Chambers and J. Dudley, “Process 
Modeling of Sewage Treatment Works”. 
In International Conference in Advanced 
Wastewater Treatment Processes, Leeds, 
pp. 46-58 UK (1997). 

[20] W. Gujer and M. Henze, “Activated 
Sludge Modeling and Simulation”, Wat. 
Sci. Tech., Vol. 23, pp. 1011-1023 
(1991). 

[21] A.E. Billing and P.L. Dold, “Modelling 
Techniques foe Biological Reaction Sys-
tems. Part 1: Mathematical Description 
and Model Representation”. Wat. Sci. 
Tech.,  Vol. 14,  pp. 185-192 (1988). 

[22] P. Samuelsson,. JASS: A Java Based 
Activated Sludge Process Simulator. 
Master’s thesis. Systems and Control 
Group, Uppsala University, Sweden 
(1998). 

[23] U. Jeppson, “Modelling Aspects of 
Wastewater Treatment Process”, PhD 
Thesis, Dept. of Industrial Electrical 
Engineering and Automation, Lund 
University, Sweden  (1996). 

[24] I. Takacs, G.G.  Patry and D. Nolasco, “A 
Dynamic Model of the Clarification-
Thickening Process”. Wat. Res., Vol. 25 
(10),  pp. 1263-1271 (1991). 

[25] G.A. Ekama, J.L. Barard, F.W. Gunthert, 
P. kerbs, J.A. MaCorquidal, D.S. Parker, 
and J.L. Wahlberg, “Secoudary Settling 
Tanks: Theory, Modelling, Design and 
Operation”, IWA Scientific and technical 
Report (6), London (1997). 

[26] D. Hanselman, B.R.  Littlefield, Master-
ing MATLAB 6, Prentice Hall, U.S.A 
(2001). 

[27] Y.D. Liang, Introduction To Java Pro-
gramming With Jbuilder 3. Prentice Hall, 
U.S.A (2000).  

[28] K.Martin, Object-Oriented Programming 
In JAVA, Prentice Hall, U.S.A (2001). 

[29] M.T. Sorour and L.M. Bahgat, “Towards 
An Integrated Software Environment for 
Monitoring Activated Sludge Plants”,  Pa-
per Submitted for Publication in Envi-
ronmental Technology, Selper Ltd., U.K 
(2003). 

 
Received December 2002 

Accepted April 7, 2003 

 


