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ABSTRACT
Population growth is on the rise. As a result, there is an increase in the 
development of urban housing and related infrastructure to meet the 
population demands, and subsequently, an increase in the wastewater 
(industrial effluent and sewage) generated, that would require treat-
ment. As a result, municipalities are seeking to augment their treatment 
capacity, and often this is done through erecting a carbon copy of the ex-
isting plant, in an effort to double the treatment capabilities of the plant. 
This is not always the optimal solution.

The Integrated Regulatory Information System (IRIS), for 2019, issued by 
The Department of Water and Sanitation (DWS), revealed that nationally, 
only 69% of the wastewater treatment plants in South Africa adhere to 
the effluent discharge limits pertaining to microbiological composition; 
69% adhere to the effluent discharge limits pertaining to the chemical 
composition and only 78% comply in terms of the physical composition 
of the discharged effluent. 

The Green Drop Assessment reports suggests that a significant number 
of the treatment plants have “inefficient treatment processes”. If in such 
circumstances, the plant is merely doubled in capacity, the municipality 
would have increased the plant inefficiencies twofold. 

To increase a plant’s treatment capacity, the current plant would require 
a comprehensive assessment in terms of hydraulic and process design, 
operation and maintenance regimes, the legislated effluent limits, con-
ditional assessment of existing ageing infrastructure and plant footprint 
layout for future expansion. As part of the optimization process it may 
be concluded that the best way to cater for the need for augmented 
treatment is not to create a carbon copy of the existing infrastructure, 
but to rather be innovative with respect to technology and biological 
treatment processes.

A dynamic treatment model considers the current influent to the plant 
both in terms of composition and volume; the kinetic parameters and be-
haviour of the various microorganisms that degrade the influent biolog-
ical matter, and from this information, key process components are able 
to be designed. The dynamic model provides a microscopic view into the 
activated sludge process and this tool is also used to troubleshoot any 
inefficiencies within the plant and provide an optimised design of the 
plant. The merit in using such a tool, is that a solution that requires a 
reduced capital cost may be found. 

Introduction
The state of wastewater and sanitation infrastructure in South Africa has 
been in a critical state in recent times. This is evidenced by reports from 
the Department of Water and Sanitation, and the latest Integrated Regu-
latory Information System results pertaining to the Green Drop status of 
treatment works in all nine provinces. 

The Green Drop report of 2013, which was the last report to be pub-
lished and made public knowledge, showed that 30.1% of the treatment 
works assessed nationally were in a critical state and in need of an inter-
vention and an additional 19.5% of sites assessed nationally were gener-
ally in a poor condition. It was found that only 7% of the treatment works 
assessed were granted a Green drop certification (Toxopeus, 2019). The 
2019 preliminary results show an improved national functionality of the 
treatment works but, upon further investigation, some treatment works 
are still in a critical state and achieving only 25% compliance with the 
Green Drop requirements in terms of effluent quality. 

Coupled with poor Green Drop results, an increase in the number of 
pollution incidents as a result of wastewater effluent discharges were 
noted. This prompted a case study by Mema (2010), to investigate four 
of the incidents and the factors that contributed to water body contam-
ination, groundwater contamination and the resultant health issues that 
were reported in the areas of study.

The areas and plants investigated were Kieskammahoek treatment 
plant in the Eastern Cape, treatment plants in Buffalo City and Nkokobe 
municipalities also located in the Eastern Cape, Zandvliet and Cape Flats 
wastewater treatment plants in the Western Cape, and a study of the ef-
fluent quality that is received by the Mhlathuze River in Kwa-Zulu Natal. 

The results from the case study indicated that three out of the four 
incidents of the poor-quality effluent discharge were due to inefficient 
treatment works, two out of the four were due to poor planning in terms 
of catering for projected developments, and three out of the four had 
limited skilled personnel, (Mema, 2010).

Aging infrastructure, the increase in demand for plants that have a 
higher treatment capacity due to industrial and population growth, and 
the need to meet effluent discharge regulations and improve the oper-
ation of treatment plants, presents itself as an opportunity to not only 
troubleshoot and mend current inefficiencies, but also to introduce in-
novative thinking into the design, augmentation and operation of treat-
ment works. 

Dynamic modelling allows for the identification of bottlenecks within 
a treatment plant and improve operation, it allows for what-if scenarios 
where a plants response to variations in biological and hydraulic loads 
may be modelled, and it is able to play a huge role part in optimizing 
plant designs. 

1. Dynamic modelling
The mathematical modelling and simulation of the activated sludge pro-
cess, which is the main unit operation in wastewater treatment, has been 
a complex study area for decades, with the mathematical representation 
of the treatment reactions being studied as early as about 1967 (Henze 
et al., 2015).

In 1985, the International Water Association (IWA) formed a Task Group 
which was tasked with creating a common model for treatment process-
es, that was less complex than the available models at the time. From this, 
the Activated Sludge Model No.1 (ASM1) was created. 

Using dynamic modelling to rethink wastewater 
treatment plant designs and augmentations
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The basic mass balance equation for any component in a defined system is defined as:  
 
Accumulation= Input- Output + Reaction        (1) 
 
If the changes in the concentration of particulate biodegradable organic nitrogen were computed using the ASM1 
matrix shown in Table 1 below, the derived mass balance would be: 
 

  (2) 
  
And the computation of the particulate products arising from biomass decay being: 
 

      (3) 
 
Where, 

- particulate biodegradable organic nitrogen 
- process rate 7 in the matrix 
- slowly biodegradable substrate 
- mass of nitrogen/ mass of COD in biomass 

- fraction of biomass leading to particulate products 
- mass of nitrogen/ mass of COD in products from biomass 

- decay coefficient for autotrophic biomass 
- active autotrophic biomass 

- decay coefficient of heterotrophic biomass 
- active heterotrophic biomass 

- particulate products arising from biomass decay 
 
The rest of the processes are modelled similarly. These processes occurring in the activated sludge process, as 
shown in the various matrices, form the basis for the dynamic simulation tools.  
 
 
 Table 1: The kinetics and stoichiometry of the ASM1 model (Henze et al. , 2015)
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The ASM1 model presents, in matrix form, the kinetic and stoichiomet-
ric data for the various processes that occur in the carbon oxidation, nitri-
fication and denitrification processes in an activated sludge unit (Henze 
et al., 2015).

As an extension to the ASM1 model, further models were developed to 
create more comprehensive modelling tools. These are:
•	 �The ASM2 model is able to simulate nitrogen, chemical oxygen de-

mand (COD) and phosphorus removal; 
•	 �The ASM2d model which is a development of the ASM2 mod-

el but accounts for denitrification by phosphorus accumulating 
organisms (PAOs) 

•	 �The ASM3 model being the main model that is used as it was devel-
oped to overcome the limitations that were present in the ASM1 mod-
el, (Henze et al., 2015).

The intention of dynamic modelling of the activated sludge process is to 
obtain a real-time understanding and behavior of the processes and con-
stituents of wastewater, so as to optimize and better operate the plant. 
The ASM suite is used in mass balances.

1.1 Dynamic simulation tools in 
the market
A variety of software has become available com-
mercially for the dynamic simulation of wastewa-
ter treatment plants. Such modelling software is 
inclusive of BioWin, SIMBA, STOAT, WEST etc. The 
similarity in all the simulation tools is that they 
are developed with the ASM suite being the core 
tool, with additional features that have been 
added for competitive advantage. The differenc-
es and similarities between the available simula-
tion packs are illustrated in Table 2 below: 

Noting the subtle differences that are present 
in the simulation tools, and that one may not be 
able to make changes to the background intelli-
gence and operation of the simulators; and not-
ing further that the simulation programmes are 
based on the ASM suite. The research team set 
out to create an in-house simulation programme 
that would be unique.

1.2 The simulation model
Whilst taking cognizance of the commercially available simulation pro-
grammes, the research team created an in-house simulation tool with the 
intention of using dynamic modelling to offer prospective clients optimal 
designs for the treatment of wastewater. 

Similar to the available simulation programmes as shown in Table 1, the 
in-house tool is modelled after the ASM suite of reaction kinetics, stoichi-
ometry and processes occurring in the activated sludge unit. The tool is 
designed to account for the various process variations that are present 
in biological treatment and has both a steady-state and dynamic envi-
ronment. The dynamic model was created using Scilab, an open-source, 
numerically-based software that is used for programming. 

The ordinary differential equations arising from the ASM suite were 
coded into Scilab from first-principles to generate a representation of 
the processes. Due to the complexity of the equations and the simula-
tion environment, several user-friendly tools were employed to allow for 
the easy navigation and use of the programme. To simulate a treatment 
plant, the initial step is to determine or obtain the influent stream con-
stituents and data. The characterization and fractionation of the influent 

Table 2: The features of the different simulation packs that are commercially available. Table extracted from Makinia, 2010

Feature BioWin SIMBA STOAT WEST

Activated Sludge Models ASM suite ASM suite, ASM3P ASM suite and own model 
using a BOD balance

ASM suite, ASM3P, TUDP 
(Technical University Delft 

Phosphorus) model

Reactor hydrodynamic model Continuously-stirred tank reactor (CSTRs) or a series of CSTRs

Petersen matrix editor Yes Yes No Yes

Input data Directly on the program 
or excel

Directly in the 
program, excel, text 
files or data bases

Directly on the program or 
excel

Directly on the program, 
excel or data bases

Chemical Phosphorus 
precipitation

Model based on 
chemical equilibrium

ASM2 ASM2 ASM2

Anaerobic digestion General biokinetic 
model and ADM1

Two simplified models 
and ADM1

Simple and more complex 
models for mesophilic 

digestion

Three kinds including ADM1

Figure 1: The graphic user interface for the input of influent characteristics  
using the in-house model
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is important as the user is able to determine information such as the bi-
odegradability of wastewater, determine the relevant fractions of com-
ponents that assist in selecting the optimal process route, i.e. is the ratio 
of COD to total phosphorus sufficient for phosphorus removal?. Having 
obtained the relevant information, this is entered in the model using the 
graphic user interface or it may be entered through importing the data 
from Microsoft Excel, similar to the simulators in Table 2. The graphic user 
interface is shown in Figure 1. 

The data loaded is received in the background where the relevant pro-
cesses in the ASM suite have been coded. 

The simulation environment is broken up to different sections. It begins 
with the fractionation and input of the wastewater received by the plant. 
The default ASM kinetic data and stochiometry follow as they will be 
used in the ordinary differential equations. The kinetic and stoichiometric 
data is set at default values but as each plant behaves different and 

has different inflow constituents, the kinetic 
information would have to be calibrated to 
suit the wastewater plant being simulated. 
After the kinetic and stoichiometric data 
input, the actual reactor environment where 
the interaction and relationship between one 
component and another is represented using 
the differential equations. 

Having simulated the environment, the pro-
gramme is then coded to provide the con-
centrations of the components in the effluent 
streams. The programme is coded to provide 
the parametisation of the components against 
important design variables so as to determine 
the parameters that are optimal to the opera-
tion of the plant. These design variables may 
be inclusive of the activated sludge recycle 
ratios (return activated sludge or internal re-
cycles), the sludge retention times etc.

The output from the parametisation and 
optimisation of the plant is provided through the user-interface and the 
output may also be exported to Microsoft Excel. The various sections of 
the modelling tool are shown in Figures 2-5. 

The most crucial step in the dynamic modelling of treatment works, 
is that each plant behaves differently and it warrants a unique study 
of the influent and kinetic parameters. To better model a plant, a clear 
understanding of the actual behaviour in the treatment is required. This 
allows the model to better predict various scenarios that may be test-
ed, i.e. would the plant be able to accommodate a variation in biological 
load and still produce a regulatory compliant effluent? Would the plant 
be able to acccommodate the industrial effluent from Company X? If the 
plant influent were increased by 1.5 Mℓ/day due to developments, would 
the existing infrastructure be able to cope? 

The process of obtaining the plants’ unique characteristics and using 
these in the model for better predictions, is called calibration. The 

process of calibration may be done through 
a series of experiments where the various 
process parameters that are specific to the plant 
may be measured, used in the model and the 
model output is then compared to the actual 
plant outputs to test how closely the data sets 
correlate. In a well-defined and controlled 
calibration procedure, the differences between 
the data sets and the model outputs should be 
minimal (Makinia, 2010).

Having calibrated the model, the data would 
have to be validated and the model structure is 
then usable for the intended study. The model 
may be used to optimise process performance, 
it may be used during the expansion of 
existing treatment works, or the design of new 
treatment works. 

1.3 Use of dynamic modelling in 
municipal treatment works
Using dynamic modelling in municipal 
wastewater treatments has proven meritorious 
as was shown in the simulation of the Marianridge 

Figure 2: Typical plant data input that may be used in the simulation

Figure 3: Typical kinetic and stoichiometric data of the plant, default ASM values used
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module of the Umhlathuze wastewater treatment plant by Mhlanga, 2008. 
The need for a dynamic simulation of the Marianridge plant arose due to the 
plant receiving industrial effluent whose effect on the treatment works had 
to be determined to ascertain that the effluent discharged to the receiving 
water bodies would still be compliant with regulations. 

The modelling of the treatment works was done using the WEST simula-
tor and ASM3 of the ASM suite was used, (Mhlanga, 2008). The wastewater 
influent was characterized and fractionated into components as required 
by ASM3, i.e. the COD is classified into readily biodegradable COD, slowly 
biodegradable COD, the inert fraction etc. Thereafter, experiments were 
conducted in an effort to calibrate the model for increased accuracy. Dur-
ing the calibration, difference between the experimentally-obtained kinet-
ic data and the default ASM3 values were noted, however the difference 
was minimal. After the calibration of the model, the data obtained from the 
model output was validated against the plants’ historic data. The results 
from the calibration, and validation step showed that the simulation was 
accurate enough to be used further in dynamic studies of the plant. 

The steps taken towards the simulation of the plant show that it is a 
massive undertaking to correctly simulate a treatment plant and that the 
deployment of the correct people, tools, knowledge of the plant and simu-
lators to perform this task is imperative. 

Municipalities need to be aware of the presence of dynamic simulators 
and the fact that municipal treatment plants can be augmented optimally 
and not through a method of doubling up on existing infrastructure 
without initially interrogating the system. If the plants investigated by 
Vusimzi Mema in 2010 had to be augmented and doubled-up to meet 
rising capacity, the current inefficiencies, groundwater pollution, water 
body pollution and the resultant health issues reported by residents, all 
reported incidents would be increased and intensified two-fold. 

Erecting bigger but non-functional treatment plants is not the only answer 
to South Africa’s sanitation issues. Consulting firms and municipalities 
jointly have to rethink the approach to wastewater treatment. 

conclusion
A concerted effort towards improving the state of sanitation in South 
Africa needs to be made Dynamic modelling offers a platform that takes 
the conceptual design and representation of wastewater treatment 
processes, and makes it a possible reality that could potentially result in 
an optimized plant with an effluent discharge that is able to comfortably 
meet the General and Special discharge limits, that is easily operable and 
where, if plant disturbances occur, there is comfort in the knowledge that 
the plant would be able to accommodate these. 

The benefits to using dynamic simulation tools 
is the improvement in everyday operation which 
may result in a reduction in operational costs. If 
the tool is used for the augmentation of existing 
works, it may result in a reduction in capital 
expenditure as a simulation study may conclude 
that a reduced volume than initially anticipated 
may be required. In addition, simulation models are 
ultimately decision-making tools that may assist in 
determining the plants’ response to uncertainties 
such as variations in the feed that may result 
from emerging industries, and the surrounding 
community. 

The key to conquering municipal challenges, is to 
have an in-depth understanding of the challenges 
in order to determine the most appropriate solu-
tion to the problem.
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Figure 5: The solution output given the plant data input
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