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ABSTRACT

One of the consequences of the social and economic change due to dlishtsin is the
generation of industrial wastewater which requires treatmentébking released into the natural
aquatic environment. The municipality has wastewater treatmamtsphhich were initially
designed for the treatment of domestic wastewater. Themresf industrial wastewater in these
treatment plants introduces various difficulties in the ineat process due to the complex and

varying nature of the industrial wastewater.

A means needs to be developed, that will allow the municipalitgviduate if a wastewater
treatment plant can adequately treat a particular compositi type of wastewater to a quality
suitable for release to the environment. Developing a simalatiodel for a wastewater treatment
plant and calibrating it against plant operating data withvalthe response of the wastewater
treatment plant to a particular wastewater to be evaluatéhisl study a model for the Marianridge
Wastewater Treatment Plant is developed in the WEST (WmlkdEngine for Simulation,

Training and Automation) software package.

The sources of data for modelling were laboratory experimbigt®rical data from the municipal
laboratory and modelling of experiments. Dynamic input files smmiéng the properties of the
influent wastewater were generated by characterisingnthesint wastewater through the use of
batch respirometric tests and flocculation filtration on compcstaples of wastewater. Kinetic
and stoichiometric coefficients of the model were determimenh foatch respirometric tests on
wastewater and activated sludge, and simulation of the bagplrametric experiment. To make

the model plant-specific it is calibrated against plant operaiita.

It was concluded that the use of laboratory experiments, higtdetafrom the municipal lab and
modelling of experiments in order to generate information for rtwalelling of wastewater
treatment plants makes up a methodology which can be adopted andedfmpvadditional

experiments.



GLOSSARY

Activated sludge Product that results when primary effluent is mixed with bacteria-laden

sludge and then agitated and aerated to promote biological treatment,

speeding the breakdown of organic matter in raw sewage undergoing

treatment.
Aerobic The condition of living or acting in the presence of molecular oxygen.
Autotrophs Organisms which use inorganic carbon dioxide or bicarbonate as sole

carbon source for growth and development.

Bacteria Single-cell, prokaryotic micro-organisms.

Chemical oxygen demand Chemical oxygen demand is a measure of the capacity of water to
consume oxygen during the decomposition of organic matter.

Heterotrophs Organisms that require organic substrates to get carbon for growth
and development.

Inhibition An impairment of bacterial function.

Kinetics The branch of chemistry that is concerned with the rates of change in

the concentration of reactants in a chemical reaction.

Pollution The introduction of contaminants into an environment, of

whatever predetermined or agreed upon proportions.

Respiration A biochemical process by which living organisms take up oxygen from
the environment and consume organic matter, releasing both carbon

dioxide and heat energy.
Suspended solids Un-dissolved non-settleable solids present in wastewater.

Trade effluent Any liquid which is given off as a result of any industrial, trade,
manufacturing, mining or chemical process or any laboratory research
or agricultural activity and includes any liquid other than standard damesti

effluent or storm-water.

Wastewater Water that has been used in homes, industries, and businesses that is not

for reuse unless treated by a wastewater facility.
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INTRODUCTION

1. INTRODUCTION

The major challenge for local authorities like the eThekwlunicipality in managing industrial
wastewater is to have an optimal management strategghimving the ultimate goal of serving all

clients while meeting the required quality of treated effluent.

The key elements available to the municipality for managémgindustrial wastewater are the
wastewater treatment plants for remediation, trade efflpemimits and discharge tariffs for
financing the treatment and for providing incentives and pesdtiiethe users of the system. The

relationship between these elements is complex and at times poorlytooders

This challenge is the motivation for a broad project,dtetil by the eThekwini Municipality in the
context of an agreement between the municipality and theeksity of KwaZulu-Natal to provide
scientific support for municipal policies. The project’'s immegligbal is to provide a means of
determining the link between a particular industrial effluent #red capacity of the receiving
wastewater treatment plant to treat the effluent, serve oftemts and meet the set standard for
treated effluent. The knowledge gathered would then be used to itifermunicipality during the

process of setting the conditions for the industrial discharge permits

Achieving this goal will complement the efforts of eThekwini codify its bylaws as per
requirement of the local government (Municipal Structures 2868 and the Local government:
Municipal Systems Act, 2000) to ensure administrative justibich includes the issuing of

discharge permits to industries.

The effort to provide a mechanism for assessing the impactastewater discharges from
industries will contribute information to the Pollution and Eommental Branch of eThekwini
Municipality and the Norwegian Pollution Control Authority (Stat€oesurensningstilsyn) in their

new five year permitting system for sewer discharges introducedceniier 2004.
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1.1. Objective of study

The main objective of this study is to produce, a calibrated gsoac®del for the Marianridge

Wastewater Treatment Plant (WWTP) of the Umhlatuzanagvdrhe simulation model will serve

as a baseline model of the WWTP which describes the performarigetreating the combined

wastewater generated by its catchment. This will include d@mnesivage together with a

proportion of industrial effluent generated by the factories inddtchment. To avoid having to
characterise effluents individually from all the other faet®in order to evaluate the effect of the
one of interest, the baseline model is based on experimental tehigedion of the combined feed
to the WWTP.

The model will be developed using the WEST (Worldwide EngineSfowulation, Training and
Automation) software package which offers a modelling and simoolgatform for wastewater

modelling and simulation.

The model will simulate the processes which happen in the agassdewater treatment plant and
assess different scenarios that occur in the wastewater treatar@nirmluding examining how the
treatment plant will respond to various types of influaastewater, of mainly industrial origin.
This model assisted assessment will inform the processttoigsthe conditions for the industrial

wastewater discharge permit.

1.2. Project structure

This study includes four major sections:
a) Introduction, Literature review and Site description,
b) Determination of model parameters,
c) Developing and calibrating the simulation model in WEST,

d) Discussion, Conclusion and Recommendations.

The chapters dedicated to the four major sections of the study aredutlithe following section.
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Introduction, Literature review and Site description
Chapter 1 Introduction
Chapter 2 Literature review

Chapter 3 Site description

Determination of model parameters
Chapter 4 Determination of model parameters

Chapter 5 Discussion of results

Developing the model in WEST and calibration
Chapter 6 Developing the plant model

Discussion, Conclusion and Recommendations
Chapter 7 Discussion

Chapter 8 Conclusion and Recommendations



LITERATURE REVIEW

2. LITERATURE REVIEW

The literature review of subjects relevant to this stuglypriesented in this chapter under the
following key headings:

2.1. Prevention and control of water pollution

2.2. Characterisation of influent wastewater

2.3. Wastewater treatment processes

2.4. Modelling of the activated sludge process

2.5. Simulators for wastewater treatment plants

2.6. Model calibration

2.1. PREVENTION AND CONTROL OF WATER POLLUTION

Pollution of water resources originates from different souriasse sources can be classified into
two categories; point and non-point sources. Point-sources atdigdewith pollution traceable to
specific sources, such as industrial outfalls, domestic drains,cipainsewers and wastewater
treatment plants, whose entry point into specific water bodiefaceuor underground, can be
determined. The non-point sources have ill-defined origins wheeklifficult to determine, such as
the runoff of agricultural land where fertilisers and pesticatesused, or the runoff of urban storm

water, where the point of entry into water bodies is difficult or irsjides to determine.

The decline in the quality of water resources has far-reaéhmplications to the economy, social
life and public health, hence the prevention and control ofrvpeatkution, is now established as a

function of government (Burchi et al., 2003).

2.1.1.Legislative approach to water pollution control
According to Burchi et al., (2003), government-directed pollution gartéon and control is
implemented through the adoption of legislation based on a varietgppfoaches. These
approaches fall into the following categories;

» forbidding the discharging of untreated wastewater into bodieestiwater, on the ground

or underground,



LITERATURE REVIEW

e restricting discharges through permits, licenses, consengithorisation granted by the
government or local authority,

» charging for the discharging of wastewater in such a wayttieagxternal costs of pollution
are factored into the discharger's decisions. These apgare employed primarily in
connection with the control of point-source pollution,

e prescribing precautionary measures with respect to selectetidard activities.

These water pollution control mechanisms work with otherhaigeisms designed to fight water
pollution, such as the standards of quality for treated effl@ithter specific mechanisms include
keeping inventories of the type, extent and sources of polluti@ter quality management

planning, and sampling and testing the quality of receiving wetdies. These mechanisms work

closely with permit requirements (Burchi et al., 2003).

2.1.2.Management of water resources in South Africa

In terms of the Constitution of the Republic of South Africa (Aot MO8 of 1996) the management
of water resources is a national responsibility. The Nationaéiect, 1998 (Act No. 36 of 1998)
mandates the Minister of Water Affairs and Forestry to enthae water is used, conserved,

protected, and managed in a sustainable and equitable manner for the beliefeéagle.

The Minister of Water Affairs and Forestry, supported by Diepartment of Water Affairs and
Forestry (DWAF), acts as the public trustee of the natimater resources. The directorate of
Water Quality Management within DWAF, and various regioffifites are jointly responsible for

the governance of water quality in South Africa (www.dwaf.gov.za, 2008).

2.1.2.1.The Department of Water Affairs and Forestry

The Department of Water Affairs and Forestry (DWAF)his tustodian of the water resource and
overall leader of the water sector. DWAF over sees ttieitstoof all water sector institutions and
regulates water resources and water services. It is filsinnasponsible for the formulation and
implementation of policies governing water resources andrwagrvices (Water Affairs and
Forestry, 2003). Water service authorities and municipalitiag lrole in the implementation of

DWAF policies to ensure that water is used and managed in a sustainabiglitataleemanner.
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2.1.2.2.Municipalities managing water resources

As part of managing water recourses municipalities havedtiseas water pollution through
wastewater collection and treatment in sewage works. In tmdexercise legislative authority in
wastewater collection and treatment, municipalities opemnaterins of the sewage disposal bylaws.
One way of controlling water pollution in terms of the sewag@adial bylaws is the use of

wastewater discharge permits.

Permit requirements may be directed at discharging watge into a water body or the carrying
out of activities or processes resulting in the actisdhdhrging wastewater (Burchi et al., 2003). In
both approaches the aim is to prevent water pollution by redubimgpolluting potential of

wastewater released into a receiving water body.

The granting of waste discharge permits
The grant or refusal by the government or local authority whste discharge permit according to
Burchi et al., (2003) is the result of a process which iststred in the legislation as a sequence of
steps, outlined below:

a) Fulfilling requirements precedent to the filing of applications

b) Filing of applications

c) Review of applications

d) Deciding on applications

e) Formatting of waste discharge permits

f) Appealing from adverse decision

g) Recording of decisions and permits

Charges for discharging waste under a permit

A charging mechanism can complement the use of wastewatbedjscpermits. Charges can be
paid at prescribed intervals while the permit is in use.diages can be calculated based on the
characteristics of the wastewater which is discharged in ordetetmalise the costs of dealing with
that particular wastewater. Charging can also be used indeplgnden a system of
wastewater-discharge permits, as an alternative apptoaathieve water pollution control goals

essentially through a financial mechanism (Burchi et al., 2003).
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2.1.3. eThekwini industrial effluent permitting system

EThekwini Municipality is the local authority responsible fhe greater Durban Area. As part of
its activities, it has authority to control the operationsnatistries within its area of jurisdiction.
The Pollution Division of the municipality has duties to ensure shah industries operate in
accordance with the guidelines and bylaws laid down by theaipality (Guidelines for permit
application, 2006). In order to ensure this, eThekwini Pollutionsiiki in conjunction with the
Norwegian Pollution Control Authority, formulated a five-yepermitting system for sewer
discharge in December 2004. The purpose of this permitting systemrisvide a guideline for the

operations of large and other high-risk industries.

High-risk industries must implement an environmental managegyste¢m in their operations to
meet part of the requirements of discharge permits. To inggiesuch a system, industries must
identify and priorities their risks, and compile a five-yaapliovement program to address these
risks. The municipality will then assess the program agaétsignised international benchmarks
and incorporate it into the permit. The company’s performandettvéin be measured through

reporting mechanisms, compliance monitoring and annual audits.

2.1.3.1.Duty to apply for a trade effluent permit

The duty to apply for a discharge permit follows from sewagpasial bylaws which state that no
person shall discharge, cause or permit to be dischargettaatey effluent except with written

permission of an authorised officer and in line with the sevdiggosal bylaws (Guidelines for

permit application, 2006).

2.1.3.2.Application for a permit

The information required in the application includes generfdrimation on the enterprise,
production, plant and process information, a site water balancds aetaeleases to specific media
such as air, sewer, storm-water and ground water. The apisaneeds to give information on
waste preventive measures and contingency plans to dealawite pollution, environmental
management systems, occupational health and safety and majat imszaltations present. With
respect to potential releases to specific media the appbtauld list all possible sources, and for
the significant sources, provide further information indicatiog the impact will be minimised or

managed (Guidelines for permit application, 2006).
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2.1.3.3.Processing of application for a trade effluent permit

The Pollution and Environment Department of eThekwini Water andafian is the responsible
authority for processing and making decisions concerning applicdGompermits in terms of the
sewage disposal bylaws. The permit applicant has the righpp#al and to make representation
before a tribunal to ensure a fair administrative procedure.€ellinekwini Water and Sanitation
Authority charges a fee for processing applications for digehpermits in line with the sewage

disposal bylaws.

2.2. CHARACTERISATION OF INFLUENT WASTEWATER

The objective of influent wastewater characterisatidn @etermine the volumes and concentration
of the carbon, nitrogen, phosphorus and other constituents present inashewvater, while
characterisation of the effluent provides a way to assessxthnt to which transformations of the

wastewater constituents occur, in relation to achieving the requfheein¢ standards.

The wastewater composition influences the actual wastewatgmient system performance, to a
extent similar to that of system design, (Henze et al.,, 1995)etailed knowledge of the
composition of influent going into the wastewater treatmenesyst essential for the development

of a model which will be able to predict the performance of the WWTP.

The wastewater entering a wastewater treatment pléirtavie its detailed composition determine
by the following factors:

* Input to the sewer

* Type of sewer system

» Transformation in the sewer

« Physical or chemical treatment prior to the activated sludgensyste

Input to the sewer

The input to the sewer depends on the community served. Theeaaatitribution by industry and
the types of industry discharging to the sewer have a mif¢at en the wastewater characteristics.
For the domestic portion of the wastewater, restricted watawurces cause low water usage
resulting in low volume and concentrated wastewater, of gré#dzae 1 500 mgCOD/L (Wentzel
and Ekama, 2006), while unlimited water resources result in higlemes of wastewater with

lower strength. Furthermore the socio-economic status ofdhmnunity, its diet and the type of
8
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detergents used are some of the many factors that have ca imfijlence on wastewater

characteristics.

Type of sewer system

The use of separate or combined sewers has a majornicdlugn wastewater characterisation,
particularly on wastewater strength and flows. Combined seweesdgnaatly reduced strength due
to dilution, and they also have larger flows which varyemdue to storm flows, when compared to
separate sewers. In South Africa separate sewers are torgnbg legislation, (Wentzel and
Ekama, 2006) The degree of infiltration into the sewer by rainwater wiio influence the

wastewater characterisation.

Transformation in the sewer

During transportation through the sewer, the wastewater may undexgsformations. The
transformation process depends on the conditions prevailing ireter:stemperature, residence
time, oxygen supply to the wastewater, and scour velocity. In anaembers with long residence
times, sulphate reduction and acid fermentation may occur, whigdbia sewers, COD reduction
and significant biological growth may occur. In South Africa, emware predominantly anaerobic
and residence times are very short, so that usually éitié fermentation occurs, (Wentzel and
Ekama, 2006)

Physical or Chemical treatment prior to the Activated Sludge Wit

Preceding unit operations for physical treatment will influetheewastewater characteristics. The
unit operations that have a dominant effect are primary sedireensatd flow balancing, (Wentzel
and Ekama, 2006\With primary sedimentation, the COD load on the activated slaggiem is
considerable reduced by approximately 40%, while a smaller redustiobserved for the Total
Kjeldahl Nitrogen (TKN) and Total Phosphorus (TP) (approximaiéyto 20%), (Wentzel and
Ekama, 2006)This has the effect that settled wastewaters have highRCOD and TP/COD

ratios than raw wastewaters.

Primary sedimentation has a marked effect on the relativeilmationn of the COD, TKN and P
fractions because some of the particulate components are kmbile the soluble components
are not, resulting in the soluble COD, TKN and TP fractionkimgaup a large proportion of the

remaining settled wastewater COD, TKN and TP concentrations thanrawihveastewater.
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With flow balancing the daily COD, TKN and TP loads are not figanitly affected, provided the
equalising tank is operated in such a way that settlealids slo not accumulate in it (Wentzel and
Ekama, 2006). However flow balancing reduces the amplitude in Hilmaaand organic (COD

and TKN) load variations, which cause a marked reduction on peak oxygen demand.

2.2.1.Constituents in wastewater

Chemical characterisation of municipal wastewater is coecewith three major constituents,
organic compounds, nitrogenous compounds and phosphorus (Wentzel and Ekama, 2006). The
organic compounds include carbohydrates, proteins and fats, while nitrogen is gyipcgsgnt as
ammonia and phosphorus is present in the form of phosphates from idoweeste. Municipal
wastewater also has other constituents of particulate andwdidsnature, which include living
biomass, grit, anions and cations. All these constituents habe tealt with at the wastewater

treatment plant, hence the need to characterise the wastewater.

The quantity and concentration of each constituent fractionsessssd chemically. The chemical
oxygen demand (COD) test forms the basis for specifying theugafractions of organic matter,
the Total Kjeldahl Nitrogen (TKN) and the Free and Saline AmmoniA)k3ts form the basis for
specifying the various nitrogen (N) constituents and thad pitosphorus (TP) and orthophosphate
(OP) tests form the basis for specifying the phosphorus (Pltittemsés of the wastewater.

Chemical characterisation also involves measurement of totdindt, and pH.

Physical characterisation involves separating wastewatierdissolved, suspended and settleable

constituents through settling and filtration.

2.2.1.1.The organic fraction in municipal wastewater

The COD of municipal wastewater is divided into three mairctifsas, non-biodegradable,
biodegradable and active biomass. The non-biodegradable COD hagattions, the non-
biodegradable particulate and non- biodegradable soluble. The bicalgdgr&DD also has two
fractions, the slowly biodegradable and readily biodegradable CODackive biomass consists of

heterotrophic and autotrophic organisms (Wentzel et al, 1995).

10
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2.2.1.2.The nitrogen fraction in municipal wastewater

The total nitrogen concentration in municipal wastewatgy, & the sum of the Total Kjeldahl
Nitrogen (TKN), and (nitrite and nitrate\&. The TKN includes organic nitrogen and Free and
Saline Ammonia, but it excludes nitrate and nitrite which magrbsent in some wastewaters. The
majority of South African municipal wastewaters will not comtaitrate or nitrite because in most
sewage systems the wastewater will be in a deoxygentty] and any nitrate entering the system
is likely to be denitrified before it reaches the wastew#&reatment plant (Wentzel and Ekama,
2006). The organic nitrogen is considered to be coupled to the orgabicc@@ponents in the
wastewater, so that it is sufficient to use fixed nitrogewtions for the various COD components
(Henze et al., 1995).

2.2.1.3.The phosphorus fraction in municipal wastewater

The influent phosphorus is determined from the Total Phosphorysté$t? and Orthophosphate
test. The total phosphorus test (TP) measures soluble orthoplespiradensed orthophosphates
and the phosphorus bound to organic compounds. The orthophosphate test sndasure
orthophosphates and a small fraction of some condensed phosphatesaonhg aicluded. The
difference in the P concentration between TP and orthophosphatgivest the organic P

concentration (Wentzel and Ekama, 2006).

2.2.1.4.Inorganic dissolved constituents and heavy metals

The wastewater contains other inorganic dissolved constitughish include magnesium,
potassium, sodium, chloride and sulphates, which influences the panfoenof the wastewater
treatment plants. These constituents are needed as traemeldon biological growth. A very low
concentration, (5 to 20 mg/L) of elements such as Ca, Mg and lkkés tup biologically for
growth, (Wentzel and Ekama, 2008hese constituents are usually present well in exces® of th
bacteria requirements, and as a result a greater part efdbestituents remain dissolved and leave

the activated sludge system with the effluent stream.

Municipal wastewaters also contain potentially toxic mesad elements such as cadmium, lead,
nickel, mercury, zinc, copper, chrome, cobalt, arsenic, fluorinenisen, and boron. The greater
part of these metals and elements are in particulate formeamatally accumulate in the sludge

formed at the treatment plant, (Sneyders et al., 1998). If tied fludge produced contains

11
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potentially toxic metals and elements which exceed specifigts ) then restrictions are placed on
the final disposal of the sludge (WISA, 1993; WRC, 1997).

2.2.1.5.Temperature, alkalinity and pH

Temperature, alkalinity and pH of wastewater influence th@vieur of activated sludge system.
The lower the temperature the slower the biological ratgmricular, the rates of nitrification and
de-nitrification. Most biological reactions in activated sluggeceed optimally around a pH of
between 7and 8 (Wentzel and Ekama, 20)me of the biological reactions like nitrification and
de-nitrification influence the pH by releasing or taking up hydrmogns (H). This affects the
buffering capacity of the wastewater, i.e. its ability toistepH change. The alkalinity of the

wastewater plays a central role in establishing the pH bufferingitapéthe wastewater.

2.2.2.Test ratios of wastewater
Wastewater test ratios such as the TKN/COD ratio headCOD/BOQR ratio find application in the

design of wastewater treatment plants as well as in assessing tbgradability of wastewater.

2.2.2.1. TKN/COD ratio

The TKN/COD ratio is an important parameter to assesseps nitrification/de-nitrification
behaviour because it gives approximately the ratio of thateigenerated to the de-nitrification
potential. TKN/COD values less than 0.1 indicate good potentidetutrify the entire nitrate
generated (WRC, 1984).

2.2.2.2.COD/BOD ratio

The approximate COD/BQatio of influent municipal wastewater, principally of domestic origi
based on data in several sources of literature is 2 (WeartdeEkama, 2006 he ratio indicates
how biodegradable the wastewater is. The lower the ratio ¢he biodegradable the wastewater is.
The ratio between COD and BOD varies with the type and quantiipdofstrial wastewater

contribution, and other community practices.

2.2.3.Analytical formulation of wastewater components for modelling
The components of the influent wastewater are represented difiespeomponents for modelling

purposes. The break down of the major components in wastewater for ngpgealiposes using the

12
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IAW Activated Sludge Model No. 3, (ASM3) is presented in tioWing sections based on Gujer
et al.,, (1999).

2.2.3.1.The organic fraction

The total organic content in wastewater is measured astddechemical oxygen demand (COD),
Crcop. For modelling based on ASM3, the influent wastewater totaD GO split into seven
components. The definition of each component and the typical conaemgrditir the organic
fractions in municipal wastewater with a total COD concéiomaof 260 gCOD/rm are shown in
Table 2:1.

Table 2:1 ASM3 components of total COD and thepicl values in wastewater of total COD of
260 gCOD/m, primary effluent (Guijer et al., 1999)

Symbol Component CoD
[gCOD/m?

Ss Readily biodegradable substrate 60

S Soluble inert organics 30

X, Inert, particulate organics 25

Xs Slowly biodegradable substrate 115

Xu Heterotrophic biomass 30

Xa Autotrophic, nitrifying biomass >0

XsT0 Organics stored by heterotrophs 0

From this division the total COD is given by equation 2.3.

Geop = S+ §+ X+ Xs+ Xy + Xa + Xs10 [2.3]
The concentration of autotrophic biomassg, X the influent is in most cases very small, (Henze et
al., 1995). The organics stored by heterotrophse ¥ not considered to be present in the influent
wastewater but it is only a functional compound required for miaddbut not directly identifiable

chemically (Gujer et al.,, 1999). Consequently the influent totaDQ® then represented by

equation 2.4.

Geop = S+ §+ X+ Xs+ Xy [2.4]

13
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Typical wastewater COD characteristics for South Afmienunicipal wastewater shows that about
7% of the total COD is non-biodegradable soluble, 13% non-biodddeagarticulate, 60%
slowly biodegradable particulate and 20% readily biodegradable sol¥déntzel and Ekama,
2006).

2.2.3.2.The nitrogenous function
Total influent nitrogen, & is divided into Total Kjeldahl Nitrogen,-{a and (Nitrate and nitrite),
S\os

Gn = CGrn + Svox [2.5]

Total Kjeldahl Nitrogen Gy consists of particulate and soluble Kjeldahl nitrogemwand S,
respectively.
Gn = X7rn + Stk [2.6]

Particulate Kjeldahl Nitrogen is the sum of nitrogen bound to all orgamicplate fractions.

Xern = (X i) + (Xs ™ inxs) + (Xu + Xa) * ingw [2.7]

For this model where Xis negligible in the influent, the expression forxxX simplifies to

equation 2.8

Xin = (Xi - inx) + (Xs* inxs) + (Xn) * ingm [2.8]
Soluble Kjeldahl nitrogen is the sum of ammonium-nitrogen and the orgauideséiactions.

Sn = Swra + (S inss) + (S - insi) [2.9]
Analysis of South African raw unsettled wastewaters shbaisabout 75% of the TKN is Free and
Saline Ammonia (FSA), and 25% Organic N, which as percentage GfikN comprise 3% non-

biodegradable soluble N, 10% non-biodegradable particulate N, and biddégradable N,
(Wentzel and Ekama, 2006).

14
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2.2.3.3.The phosphorus fraction

The main source of some of the orthophosphate is detergentsaahiciontribute up to 50% of the
total phosphate load, (Wiechers and Heynicke, 1986). In both raw &ted seouth African
municipal wastewaters, the soluble orthophosphate fraction predomiratgsg between 70 to
90% of the total phosphorus, (Wentzel and Ekama, 2006).

Magnitudes of the total phosphorus in normal South African raw tletetastewater show that
about 75% of total phosphorus is dissolved ortho-phosphorus and 25% caligaiound

phosphorus (Wentzel and Ekama, 2006).

2.2.4.Determination of COD fractions
The determination of the COD fractions making up the total @Dihe influent wastewater is

discussed in the following sections.

2.2.4.1.Readily biodegradable COD, $&and heterotrophic active biomass, X

Several physical and bioassay methods to measure the rbadiBgradable substrates Bave
been proposed in the past. The physical methods are based on the hyplaghelke difference in
the bio-kinetic response of activated sludge to readily bioededte substrate, (RBCOD) and
slowly biodegradable substrate (SBCOD) is due to the diffei@enemlecular size, while bioassay
methods are based on the biological response of activated sludfge t€OD fractions.

Heterotrophic active biomass is determined from bioassay methods.

Physical method:

In the hypothesis of physical characterisation the RBCOD ssnef relatively small molecules
that are readily utilised by the microbial cells whereas @BConsists of larger and more complex
molecules which need extra-cellular breakdown during the hydrofysisess, to smaller units
before utilisation. Filtration methods outlined by Dold et al., 1986mkla et al., 1993; and
Bortone et al., 1993; making use of different filter pore sibase been used on wastewater to
determine the RBCOD. In filtration methods, both biodegradable andodedyiadable COD may
pass through the filter, and the un-biodegradable fraction has to b#figdandependently and
subtracted from the COD of the filtrate to give the RBC@ml this may require sequencing
measurements of filtered COD over at least 10 d in batch fé&tstzel et al, 1995), a more

involving and time consuming task.
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Bioassay Method:

The division between RBCOD and SBCOD is based on the biologispbnse to the fractions
rather than physical separation. Bioassay tests, which agd baghe response of activated sludge
to wastewater, can be used to determine the RBCOD. Thesééest found wider application in
both flow through systems and batch experiments. The continuous flowthsgatems provide
good estimations for RBCOD but they have been criticised for tlst and difficulty to operate
(Wentzel et al., 1995), while for procedures using aerobicnokia batch experiments, sludge

acclimatized to the wastewater has to be obtained for the test.

To determine the quantity of heterotrophic active biomass stemeter the procedure outlined by
Wentzel et al., (1995) is useful. The procedure is a resuttodfification of the work by Kappelar
and Gujer (1992) which described a batch test to quantifydtedphic active biomass in activated
sludge. In the test by Kappelar and Gujer (1992), a small quantégtivated sludge was mixed
with centrifuged wastewater supernatant and the oxygen uptakéQliR) response monitored
with time. Kappelar and Gujer (1992) noted that the test could bptesd@o quantify the
heterotrophic biomass in the wastewater by excluding the tedigudge. In this light Wentzel et
al., (1995), refined and developed the bioassay test which can beoudetkiimine the readily
biodegradable substrates &1d heterotrophic active biomass;. Xhe bioassay test is discussed in

detail in the section discussing the experiments that were cauied

2.2.4.2.Soluble inert organics, S

Soluble inert organic compounds cannot be degraded further under normaingpeonditions of
the treatment plant. To determine the concentration of soluble dngainics, § Ekama et al.,
(1986) suggested the use of a laboratory completely mixed reystem operated at sludge ages
between 10 to 20 d. It was assumed that the inert soluble orgéliibe equivalent to the COD of

the filtered effluent.

Later Henze et al., (1995) suggested a different methodh&metermination of soluble inert
fraction. It consisted of removing an aliquot from the mixed ligirom a continuously fed
completely mixed reactor operating at a solids retention time (BReXcess of 10 d and aerating it
in a batch reactor (Orhon et al., 1996). The final soluble resi@iD&l concentration determined by
periodical sampling and analysis was assumed to be equal to the soluble iDerbi@@ntration in
the feed.
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The major set back of both these methods is the inabilityffieretitiate between the soluble inert
COD of the effluent and the soluble residual fraction of ofiil products which may not be
biodegradable. The assumption and simplification may be toleratedofoestic wastewaters
provided that the existence of residual products is accounted fiwe inletermination of other
organic fractions, but it is likely to cause serious probleoméng the characterisation of strong

industrial wastes (Orhon et al., 1996).

2.2.4.3.Particulate inert organics, X

The procedures for determining the concentration of particulateé dnganics involve the kinetic
analysis of a laboratory scale completely mixed activated sludig operated at steady-state with a
sludge age longer that 5 d (Orhon et al., 1996). Ekama et al (138&)spd a calculation of the
concentration of Xwhich involves comparing the measured mixed liquor volatile suspesutied
(MLVSS) concentration with the calculated value on the basisalfulated kinetics. The WA
Task Group recommends a similar approach based upon the compéiidmerved and calculated
sludge production (Orhon et al.,, 1996). For these procedures, the logieiotyield, Y; the
endogenous decay rate, Bnd the inert fraction of biomass must be correctly determined by

independent experiments.

Another procedure which uses the principle that both soluble aritutete inert microbial
products can be expressed as a constant fraction of the infiiaslggradable COD has been
proposed (Orhon et al., 1996). The experiment requires two aerabbdréacttors, one started up
with the unfiltered wastewater and the other with therfitl wastewater. In each reactor total and
soluble COD are monitored for a period long enough to ensure thetidepdf all biodegradable
substrate and the mineralization of all biomass so that theumeehunfiltered wastewater and
filtered wastewater reach their constant thresh hold leaitaining only initial inert COD and
residual products. Both reactors are initially seeded by a miramount of biomass previously
acclimated to the wastewater to avoid the interferencesaua COD released through the decay

of the initial inoculation (Orhon et al., 1996).

2.2.4.4.Slowly biodegradable substrate, X
When the slowly biodegradable substrateiX not further differentiated as rapid and slowly

hydrolysable components,, Xs generally determined from mass balance. With the totdd CO
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known and the other COD fractions determined the mass balaimzplgr can be applied to

determine X. The slowly biodegradable substrate can be determined from equation 2.10.

Geop = S+ §+ X+ Xs+ Xy [2.10]

2.2.5.Physical characterisation of influent

Physical characterisation of the influent based on thawelsize of the particles in the wastewater
and the condition of the solid particles gives three broad dhssidissolved, non-settleable
particulate and settleable particulate. Generally inteveeter, material of particle size less than
0.1um is considered dissolved, while material with particlee sietween 0.1 and 10n is
considered as non-settleable particulates and material witicytate size larger than it is

taken as settleable particulate.

This characterisation is mainly done in order to estimtageperformance of settling tanks in the
treatment plant. To obtain estimates of the settleable andetiteable particulates and the
dissolved material, Mbewe et al., (1994) states that poedilation followed by filtration through
0.45 um membrane filters or glass fibre filters appears to prokédsonable separation. A more
practical procedure to estimate the mass of settlealitts solwastewater is the use of the Imhoff
cone (Standards Methods, 1985). The Imhoff cone is similar to a 100 mgerage with a volume
of 1 L. During the test it is filled with a wastewater anidvakd to settle for 1 h. The fraction of
suspended solids (measured in mL/L) that can be removed byrakiey settling is called the
settleable solids. The settleable solids can be decantedHeolmhoff cone and measured as total
solids which include both the organic and the inorganic fractiims.difference between the total
solids and the ash that remains when the total solids are m€idén an oven at 600 °C for 30 min

gives the volatile solids.

2.3. WASTEWATER TREATMENT PROCESSES

The objectives of wastewater treatment can be summarised assfollow
» reduce the organic matter in wastewater to a level whiclomgel sustains heterotrophic
growth and thereby avoid de-oxygenation of the receiving fresh water body
e oxidize ammonia to nitrate to reduce its toxicity and de-oxygenation effects

e reduce eutrophic substances (ammonia, nitrate and phosphates)
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Physical, chemical and biological methods are used in wastewatdgment processes. The
methods are classified as physical unit operations, chemidalprocesses and biological unit
processes (Metcalf and Eddy, 2003). In physical unit operations, phigsiwes predominate, and
the unit operations include screening, mixing, sedimentationtifitrand adsorption. In chemical
unit processes, conversion of constituents or removal occurseasltaf addition of chemicals or
other chemical reactions occurring. Chemical unit processdsde disinfection, oxidation and
precipitation. In biological unit processes, treatment of wasésvecurs as a result of biological
activity, which is mainly responsible for the removal of bioddglde organic matter and nutrients

in the waster water. Biological unit processes include activatedeshritytrickling filter processes.

2.3.1.Physical unit operations
The physical unit operations in the wastewater treatment pifiribe discussed in the following

sections.

2.3.1.1.Equalising tank

An equalisation tank is located at the head of the wastewa@iment plant to dampen the
variations of the influent flow-rate and achieve a constamiear constant flow rate. This helps to
overcome operational problems caused by variations of infllew rate, and improve the
performance of down stream processes as well as reduce the sestoiddown stream treatment
facilities in the works (Metcalf and Eddy, 2003).

2.3.1.2.Screening

Screening is used to remove coarse material from the influastewater in order to protect
subsequent process equipment, and increase overall treatmeisspaliability and effectiveness.
Two types of screens are used; coarse screens (with cleanggpeanging from 6mm to 150mm)
and fine screens (with clear openings less than 6mm), (Metoal Eddy, 2003). Screening
elements may consist of, parallel bars, rods, wire meshngrati perforated plate. Mechanically
cleaned screens can also be installed in treatment plantitmisei manual labour required to

clean the screens and reduce flooding due to clogging of screens.

2.3.1.3.Grit removal
Grit chambers are used to remove grit in order to protesting mechanical equipment from

abrasion and abnormal wear and to reduce formation of heavy depgsipelines, channels and
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conduits. In treatment plants where digesters are present,esenpe of grit chamber reduces the
frequency of digester cleaning when there is excessive acatomubf grit. Grit consists of sand,
gravel, cinders and other heavy solid materials that halveiding velocities or specific gravities

substantially greater than those of the organic solids in thewadste

To protect the influent wastewater-pumps grit chambers shouldotsted ahead of the
wastewater-pumps, but this involves placing the grit chambeilscreased depth with added
expense. It is therefore more economical to pump the wastewatkrdiig the grit, to grit

chambers located at a convenient position ahead of the treatrmenupits, recognizing that the

pumps may require greater maintenance (Metcalf and Eddy, 2003).

2.3.1.4.Primary sedimentation
Primary sedimentation is used as a preliminary step béfolegical treatment of the wastewater.
The objective of primary sedimentation is to reduce the suspemdidd sontent by removing

readily settleable solids and floating material.

2.3.2.Biological unit operations
Biological unit operations for wastewater treatment procdaségle the activated sludge process,
oxidation ponds, trickling filters and wetlands. The activated slymgeess is discussed in the

following sections.

2.3.2.1.The activated sludge process
The basic configuration of an activated sludge process consiatsadration tank and a settler. A

schematic diagram of the activated sludge process is shown in Figure 2:1.

influent Aeration tank Settler effluent

water water

o
. excess sludge
recirculated sludge

Figure 2:1 Basic configuration of an activated shadprocess
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The micro-organisms enter the system with influent wageveand they are kept suspended either
by blowing air into the tank or by use of agitators. The micreuiggns use oxygen to oxidise
organic matter which enters the activated sludge unit. Theniorgaatter is converted to other
forms by biological processes. Hydrolysis transforms largegrarac molecules of slowly
biodegradable matter into smaller, more easily accessible molecuézsliy biodegradable matter
(Lindberg et al., 1997). The biomass growth rate depends on mangleasach as the amount of
biomass, the substrate, temperature, pH and the presence of. tbuinsg decay of
micro-organisms, biologically inert matter is produced. Thigten flows unaffected through the
process and is collected and removed in the settler. The growth wiicro-organisms and influent

particulate inert matter is removed from the process as exudge s

From the biological reactor the mixed liquor enters the secorsgditing tanks so that the treated
wastewater is separated from the biological sludge in oodpraduce a clear final effluent. The
solid-liquid separation is achieved by gravity sedimentatiothé secondary settling tanks. The
secondary settler functions as a clarifier, to produce aiel&fihal effluent, and also as a thickener
producing thickened sludge as under flow (Alkema et al., 1971). In twdeaintain the required
population of micro-organisms, and the right suspended solids coatamnin the activated sludge
process, the thickened sludge from the secondary settlercidated back to the aeration tank
(Lindberg et al., 1997). When the settling tanks fail to perfoitinee of the two functions
clarification or thickening), sludge is carried over thelisgtttank weirs and escapes with the
effluent, resulting in delivery of a poor quality effluent and urtcdled reduction of sludge age to
values below those required for efficient performance in thieaded sludge unit (Alkema et al.,
1971). Furthermore, secondary settlers also function as storgettastore sludge under high

solids loading conditions and during times when there is high surface oveaflesy r

Excess sludge is removed from the process to control sludge agesuapdnded solids
concentration in the process. Sludge contains organic matteh Wwhicto be stabilised to avoid
odour and reduce pathogenic content. Since the sludge contains abowa8&%it is dewatered
before transportation to reduce transportation cost (Metcalf and Eddy, 3tdJ)isation of sludge
is usually done in anaerobic digesters where biogas, methaneagbuh dioxide are produced

during the digestion.
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2.3.2.2.Extended aeration in the activated sludge process

Activated sludge process madifications exist. Each modificattorddne to address specific
conditions or problems in the treatment process. Such modificatimsctaracterised by
differences in mixing and flow patterns in the aeration basin,imrtbe manner in which the
micro-organisms are mixed with the incoming wastewater.maj@r process modifications of the

activated sludge process include extended aeration.

Extended aeration does not require primary treatment. It utflissge aeration basin where a large
population of micro-organisms is maintained. The extended aeratocess has a long hydraulic
retention time of 18 to 24h and a high solids retention Gfr20 to 40d (Eckenfelder et al., 1998).
This results in minimal sludge production but high oxygen requiresriggrt amount of chemical
oxygen demand (COD) removed. The process can be operated as a elgnmpibetd reactor.
Aeration is provided by rotating aerators. It is applicable dutiegreatment of poorly degradable
organics that require high solids retention time to satisfghdirge limits (Eckenfelder et al., 1998)
such as industrial wastewater with a high concentration @nicg and low biodegradation rates
(Woodside et al., 1999). Due to the high volume requirements extardatibn basins the process

is normally used for small flows and small communities.

2.4. MODELLING OF THE ACTIVATED SLUDGE PROCESS

Process modelling is fundamental in designing and managing wedstetreatment plants. The
process model finds application in forecasting, design of thertesdtplants, fault detection and
monitoring plant operations (Lindberg et al., 1997). Modelling also fapdication in research,

where part of the natural and technical science includes developing amgl téstiodels.

At a fundamental level the model may be a conceptual image ofaheygtem functions, which
alone cannot provide sufficient information about the behaviotheofictual system. Construction
of a pilot plant to learn more about the system facesdtioits of time and resources which
prevents exploration of all potentially feasible solutions. Matteral models allow relatively

more exploration of the feasibility space (Henze et al., 1987).

The modelling of biological wastewater treatment systems dea®loped from fundamental

concepts to mathematical models. The IAWPRC, later IAWQ and o (International Water

Association) task Group (Henze et al., 1987, 2000) has introducediateatsludge model suit,
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which provides researchers and practitioners with a starsgardf basic models for biological

wastewater treatment processes.

The first model developed for municipal activated sludge WWTPsheActivated Sludge Model
No. 1 (ASM1). It describes the removal of organic carbon compounds andramnitrogen, with
facultative consumption of oxygen or nitrate as the electroepao: depending on the conditions
in the activated sludge system. Other models, ASM2 and ASM2d;hwihclude chemical
precipitation processes and phosphorus removal, have also beaypddvdio correct a number of
shortcomings of the ASM1 model, the ASM3 model was developed based &Sk model.

The ASM1 and ASM3 models are described in detail in the following sections.

2.4.1.Presentation of the activated sludge models-the Petersen Matrix

The IWA Activated Sludge Models are presented in a formidgédcghe Petersen Matrix. In the
model, insoluble components are given the symbol X and the solubjgooents, S in conformity
with IAWPRC nomenclature (Grau et al., 1982). Subscripts aesl us specify individual

components. An example of presenting and interpreting the Petersen Mdisbuissed below:

Considering the situation where heterotrophic bactegigaake growing in an aerobic environment
(dissolved oxygen, & will be consumed), by utilising a soluble substratdfpBcarbon and energy.
The two fundamental processes occurring are biomass increasal lgrowth and decrease by
decay. The components of relevance are heterotrophic biomassoble substrate,sSand
dissolved oxygen, & and these are coupled to the processes through the systenostetchi The

matrix representing the above situation is shown in Table 2:2.

Table 2:2 Petersen matrix showing the aerobic ghoamd decay of heterotrophic biomass (adapted from
Henze et al, 1987)

Components— | i 1 2 3 Process ratep;
X" _3 % -3 % _3 [M L '3T-1]
j Procesy [M(COD)L *] | [M(COD)L ] | [M(-COD)L ]
1 Growth 1 1 1-Y
o= -—— M Ss XH
Y Y Ks*Ss
2 Decay -1 -1 b, OX,,

Where Y —yield of growty; maximum specific growth rateglsaturation coefficient, p-decay rate constant
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i will take the values 1, 2 and 3 for the three componentg @aequal to lor 2, for the two
processes. The kinetic rate equations for the processedsareecorded in the matrix, and are
denoted byp;, wherej corresponds to the process of concern. The elements withimétre
consist of the stoichiometric coefficients;, which give the mass relationships between the
components in the individual processes. The sign of the stoichiorsegfficient corresponds to
either utilisation or formation. A negative sign representinlisation while positive represents
formation of compound.

The Petersen matrix can be used when working out the massdsalainthe system. The basic

equation for mass balance within a defined system boundary is:
Input - Output + Reaction (formation or consumption) = Accumulation

The input and output terms are transport terms which depend on theapbiisi@cterisation of the
system being modelled. The system reaction tehthe component being considered in the mass
balance is determined from the matrix as the sum of the prodtiwé stoichiometric coefficients

v and the process rate expresgipn
r =2 Uj Pi

For the biomass X Fxy = ,uixH - b, OX,,

Ks*Ss

(1), S
For the substratesS I'ss Y H Ks+Se H

XH 'bH |:D(H

For dissolved oxygendS rgo = —[1_Yj Ss

U
Y Ks*Ss

Using consistent units in the matrix allows continuity to be kb@dy moving across the matrix.
The sum of stoichiometric coefficients for the particular psscmust be zero. Considering the
decay process, and recalling that oxygen is being utilised hisnceefficient must be multiplied
by (-1), the sum of the two coefficients for decay equal zadicating that all COD lost from the
biomass due to decay must be balanced by oxygen utilization. Synilael continuity of the

growth process can be checked.
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2.4.2. ASM1
The IWA Activated Sludge Model No. 1 (ASM1) (Henze et al., 198djscussed in the following

sections.

2.4.2.1.0rganic components in ASM1

In ASM1, the total COD represent the organic matter in aemaser, which is divided into three
main fractions, non-biodegradable, biodegradable and active biohsson-biodegradable COD
has two fractions, non-biodegradable particulate also known ascupstd inert, X and
non-biodegradable soluble also known as soluble ingrt,TBe biodegradable COD also has two
fractions, the slowly biodegradables>and readily biodegradable CODg, Svhile the active
biomass consists of heterotrophic biomass, &nd autotrophic biomasssX. Particulate products

arising from biomass decay4lso contribute to the total COD. Equation 2.1 gives the total COD.

Geop = S+ Xs+ S+ X+ Xp+ Xgn + Xga [2.1]

Figure 2:2 shows the COD fractions making up the total COD in ASM1.

Total COL
A A 4 A 4
Biodegradable Non-biodegradable Active biomass
A 4 A 4 A 4 A 4 \ 4 4
Soluble Particulate Soluble Particulate Heterotrophs Autotrophs
SS Xe S| X and e XB.H XB.A

Figure 2:2 COD fractions making up the total COD A8M1(Petersen et al., 2000)

2.4.2.2.Nitrogen components in ASM1

For ASML1 the total nitrogen,  in influent wastewater is divided into Total Kjeldahltidgen,
Crkn and (Nitrate and nitrite),na. The Total Kjeldahl Nitrogen is then subdivided in a simiasy
as the COD, into three categories, the biodegradable, non-biddblgraand the active biomass.

The biodegradable component consists of soluble ammonia nitragean® two organic nitrogen
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fractions, soluble organic nitrogen,\pS and particulate organic nitrogen,ypX The non-
biodegradable components are not included as separate componergsASMA model. The
particulate non-biodegradable organic nitroger; ¥ linked to non-biodegradable particulate
components of COD and the soluble non-biodegradable organic nitragertc8rs in negligible
amounts. The active biomass is also associated with a nitraggioffi; X, which is split between
heterotrophic and autotrophic biomags. Xgy and ka.Xgn respectively. The particulate products,
Xp and inert particulate, Yare also associated with nitrogen fractiongy And X, respectively.
Equation 2.2 gives the total nitrogen.

Gn =S+ S+ Xno + Su + X+ Xnp + ixg-Xen + ixa-Xen [2.2]

Figure 2:3 shows the nitrogenous fractions making up the tataban in influent wastewater, for
ASML1.

Total Nitrogen

A 4 A 4

Total Kjeldahl Nitroge Nitrate/Nitrate
SNO
A A 4 A 4
Biodegradable Non-biodegradable Active mass
A 4 A 4 A A 4 A 4 A
Ammonia Organic Soluble Particulate Heterotrophs Autotrophs
S\ Nitroger Sni Xnir Xne ixg-XgH ixg-XgH

) 4 \ 4
Soluble Particulate

S\p XnD

Figure 2:3 Nitrogenous fractions in influent wastder for ASM1 (Petersen et al., 2000)
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2.4.2.3.Processes in ASM1
Four processes are considered in ASM1, the growth of biomasy, afdgsiamass, ammonification
of organic nitrogen and the hydrolysis of particulate organitsclw are entrapped in the

bio-flocculation.

The growth of the biomass is represented by three processebjcagrowth of heterotrophs,

anoxic growth of heterotrophs and aerobic growth of autotrophs.

Aerobic growth of heterotrophs

Aerobic growth of heterotrophic biomass occurs at the expersdulfie substrate,sSand results
in the production of heterotrophic biomass. It is associated withtilimtion of oxygen, which is
represented by the negative COD in the process model matrix. Ammitngigen is removed from
solution and incorporated into cell mass. Monod kinetics is usedstriloe the process in the

model matrix.

Anoxic growth of heterotrophs

Anoxic growth of heterotrophs is the de-nitrification processthiccurs at the expense of readily
biodegradable substrate and results in heterotrophic biomass nitndte nitrogen serves as the
terminal electron acceptor. As in aerobic growth, ammonia nitrdgeconverted to organic
nitrogen in the biomass. The same Monod kinetics as the aerobasgrigcused to represent the
process, but a correction factqy,is included to account for the anoxic process rates being slower

than the aerobic process rates.

Aerobic growth of autotrophs

Aerobic growth of autotrophs, results in autotrophic cell massdrate nitrogen as end products.
This is the nitrification process where ammonia nitroggf iS oxidised to nitrate 3. Soluble
ammonia nitrogen serves as the energy source for the growth oitrifiers. Oxygen is used in

proportion to the amount of ammonia nitrogen oxidised.

The decay of biomass is represented by two processes; dédasterotrophs and decay of

autotrophs.
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Decay of heterotrophs

The decay of heterotrophic biomass is modelled using the death-ratimeoncept of Dold et al.,
(1980). In the decay process, the biomass is converted to a coobivfgbarticulate products and
slowly biodegradable substrate. The slowly biodegradable subistfagdrolysed in the hydrolysis

process. No loss of COD is involved in the split and no electron acceptibisedut

Decay of autotrophs
The decay of autotrophs is modelled in a similar manner to that of heets seen in the model

matrix shown in Table 2:3.

Ammonification of organic nitrogen
In this process, organic ammoniap3s converted to ammonia nitrogenyy$hrough a first order

reaction accompanied by alkalinity changes.

Hydrolysis of particulate organics is represented by two pseseshe hydrolysis of entrapped

organics and the hydrolysis of entrapped organic nitrogen.

Hydrolysis of entrapped organics
In this process slowly biodegradable substrate,is<broken down into readily biodegradable
substrate, $ A correction factoryy is included to account for the reduced hydrolysis rate under

anoxic conditions.
Hydrolysis of entrapped organic nitrogen

The hydrolysis of entrapped organic nitrogen is modelled in a simég to the hydrolysis of

entrappedrganics.

2.4.2.4. The ASM1 matrix
The Petersen matrix for the Activated Sludge Model No.1 is shown in T:@ble 2
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Table 2:3 The ASM1 model matrix

component— 1]2 314 5 6 718 9 10 11 | 12 13 Process ratepj
S| Ss Xi| Xs | Xgn| Xga| Xp| So Svo S\H Sw | Xno Sark
process|
1| Aerobic growth _1 _1-Y, -ixg _ixe S S
of heterotrophg ¥ 1 Yo 14 #H(Ks +SSIKO.H +So]XB'H
2 | Anoxic growth _1 1Yy | -igg 1-Y, -
of heterotrophs Y 1 20 1areeey, 14 M[KSS:QL%?:%IKNE%O o
3 | Aerobic growth _AST-Y, | L -1 e _ 1 S So
of autotrophs 1 Yoo | T, 14, NA[ K * S ][ Kow *So J o
4 | Decay of 1% | -1 fo ixg - fo'ixp by - Xs 1
heterotrophs
5 | Decay of 1-f -1 fo ixg - fo"ixp ba Xp A
autotrophs
6 | Ammonificatior 1 Ka*Snp "X H
of soluble 1 -1 .
organic nitroge
7| s T 5l
entrapped 1 -1 "K, *X%«ML Kon+So) " Kow +S AKno+Suo )| ™"
organics
8 | Hydrolysis of p7(Xnp/Xs)
entrapped 1 -1
organic nitroge
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2.4.3.ASM3
The IWA Activated Sludge Model No. 3 (Gujer et al., 1999) is discussed in theiftg sections.

2.4.3.1.Development of ASM3 from the ASM1

After developing ASM1, primarily for the removal of organichzar compounds and ammonium
nitrogen, a subsequent model ASM3 model (Gujer et al, 1999; Hdrade 2000) was developed
for organic carbon and biological N removal. This model was intetaledrrect shortcomings in
the application of ASM1. ASM3 relates to the same dominant phenormet@ea ASM1: oxygen
consumption, sludge production, nitrification and de-nitrification ativated sludge systems
treating wastewater of primary domestic origin, (Gujeslgt1999). The major difference between
the two models is that ASM3 introduces the concept of storageataddjrowth of heterotrophic
organisms assuming that all readily biodegradable subssdtesti taken up and stored into an
internal polymer component, sxo, which is then used for growth and in ASM1 a single decay
process (lysis) was introduced to describe the sum of all g@oagsses under all environmental
conditions (aerobic, anoxic). A more realistic description of dpcagesses is introduced in ASM3

where the phenomena observed is close to endogenous respiration.

Furthermore, in ASM1 all state variables are directljuiriced by a change in a parameter value
whereas in ASM3 the direct influence is considerably lowkis improved decoupling produces a
better parameter identifiably, according to Gernaey et alQ4)j20while, from the parameter
identification view point Gernaey et al., (2004), also claiheg ASM3 is easier to calibrate than
ASM1 because the growth decay metabolic model has been replabetthevdeath regeneration
concept, (Marsili-Libelli, 2005).

2.4.3.2.Components in the ASM3 model
The components of the ASM3 model are shown in Table 2:4 and theckameti stoichiometric

coefficients of the model are also shown in Table 2:5.
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Table 2:4 Short definitions for model component88M3 (Gujer et al., 1999)

Soluble components Units

Soz Dissolved oxygen mg £

Ss Readily biodegradable substrate mg COD/L

S Inert, non-biodegradable organics mg COD/L

S\ha Ammonium mg N/L

S\ox Nitrate plus nitrite mg N/L

S\2 Di-nitrogen N mg N/L

SaLk Bicarbonate alkalinity Mol HC@/L

Particulate components

X Inert, non-biodegradable substrate mg COD/L

Xs Slowly biodegradable substrate mg COD/L

X Heterotrophic biomass mg COD/L

Xa Autotrophic nitrifying biomass mg COD/L

Xsto Cell internal storage product of heterotrophic mg COD/L
organisms

Xss Suspended solids mg TSS/L

Table 2:5 Kinetic and stoichiometric coefficiemsASM3(Gujer et al., 1999)

Symbol Units

insI N content of inert soluble COD S g N/g COD

inss N content of soluble substrate S g N/g COD

INXI N content of inert particulate COD, X g N/g COD

inxs N content of particulate substratg X g N/g COD

inBM N content of biomass X Xa g N/g CODgwm

Iss.xi SS to COD ratio for X g SS /g COR

Issxs SS to COD ratio for X g SS /g CORs

IsseM SS to COD ratio for Xbiomass X, Xa g SS /g CORsum

fs Production of Sin hydrolysis gCOIg /gCODxs

fxi Production of Xin endogenous respiration gCQDyCODgM

Y s70,02 Aerobic yield of stored product peg S gCODysT0 /gCODss

Y sto.nox Anoxic yield of stored product pegS gCODysT10 /gCODss

Yh02 Aerobic yield of heterotrophic biomass gCQROgCODksTo

Y H.noX Anoxic yield of heterotrophic biomass gCQPgCODsTo

Ya Yield of autotrophic biomass per NEN gCODxa /gNsnox

2.4.3.3.Processes in the ASM3 model

The processes in the Activated Sludge Model No.3 are discussed irldh@tglsections.

Hydrolysis

This is the process which breaks down the slowly biodegradabldratabss into readily

biodegradable substrate. ;1 ASM3, the hydrolysis process is assumed to be active independent of
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the electron donor present and it is of less dominating importtoicéhe rates of oxygen

consumption and de-nitrification.

Aerobic storage of readily biodegradable substrate
This process which requires energy from aerobic respiratiescribes the storage of readily
biodegradable substrate & the form of cell internal storage products:X It is assumed that all

substrate first becomes stored material before it is latenitegsd to biomass.

Anoxic storage of readily biodegradable substrate
This process is identical to aerobic storage, but de-odtifin rather than aerobic respiration
provides the required energy, and a correction fagi@s) (s included to account for the fact that

only a fraction of the heterotrophic biomass maybe capable of daniify

Aerobic growth of heterotrophs
Heterotrophic organisms grow off the substrate which is assumeonsist of entirely stored
organics X%ro. Oxygen is utilized during the growth process and nitrogen is incigmblinto

biomass.

Anoxic growth of heterotrophs
This process is similar to aerobic growth but respiratidaised on de-nitrificationA correction
factor,nno is included to account for the reduced growth of biomass wdxbén anoxic respiration

compared to aerobic respiration.

Aerobic endogenous respiration
This process describes all forms of biomass loss and eneggyraments not associated with
growth by considering related respiration under aerobic conditionshwhclude, endogenous

respiration, lysis, predation, death and others.
Anoxic endogenous respiration

This process is similar to aerobic endogenous respiration pigally slower, because of lower

activity under denitrifying conditions than under aerobic conditions.
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Aerobic respiration of storage products

This process is analogous to endogenous respiration. It assatresottage products,sxo decay

together with biomass.

Anoxic respiration of storage products
This process is analogous to the aerobic process but occurs under deqitafyditions.

2.4.3.4.ASM3 model matrix

The model matrix of the ASM3 is shown in Table 2:6.

Table 2:6 The ASM3 model matrix excluding the pgscate equations

Componenti—| 1 2 3 4 5 6 7 8 9 10 11 12 13
| Process j S| ss | Xi | Xs |Xul Xso [Xa X rss So Sno Snh Snz Saik
1 Hydrolysis fS 1- fS -1 _irs, XS Txs 71 NSS[ql_f wS) ixs ~1 s 1~ F \3)
14
Aerobic st — .
ng e slorage 9 -1 Ysra e} 0.6Nsrq Q YSTQ Q 1 Inss Inss
14
Anoxic storage of v, 1-Yero no i 1~ Ysro mo et 1-Ysrano
3 -1 T —_— 2.86
coD STQ No 0.6ls10 no 2.86 NSS 286 12
1 i - 0.6 1 1 =i iNBM
4 Aerobic growth A TS, BM - NBM —_NBM
Yy 0, Ya 0, Yy 0, 14
i _— i - 06 1-Werano “inam 1 Wano i 1-Werano
5 Anoxic growth 1 Y4 no TS, BM YH‘NO 286 286 _Nem 2.86
14
Aerobic i
endgge_nous fx‘ 1 fy rsx ~irsey —(1— fy, ) Tnem = Tx D inem — Ty, My
respiration of 1 714
heterotrophs
Anoxic F—
f 1-f . 1-f R X
endogenous fy, 1 fy Orgx ~isen _ X, Tnam = Tx i X, inen — Fx i —2‘7
respiration of 2.86 ' 2.86 -86
heterotrophs 14
Aerobic —
respiration of 1 0.6 -1
XSTO
Anogic ) 0.6 1 1 1
9 ;(ess:;lratlon of -1 2.86 2.86 m
; 4.57 1 ) —iyan —2Y
10 Nitrification 1 irs, B 1- Y. v i = %
Aerobic
endogenous f —i (1= : _ i -f,
1 respirgation of 0.2 -1 | fx Orsx ~lrson (1 I ) inem ~ Fx, M nem — Tx Binxi
14
autotrophs
Anoxic 1-f
: 1-f 1-f i X
endogenous fy |y Ohgy —i - X, ioo—f. X, inem = Fx D ¥ pn
respiration of ‘ ol * 2.86 e T, T 2.86 ! 2.86
autotrophs 14
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The ASM3 process rate equations are shown in Table 2:7

Table 2:7 Process rate equations for ASM3

i Process Process ratep;
Xs/ Xy
1 Hydrolysis kh D(H
Ky + Xs/ Xy
2 Aerobic storage of k. @ So Eli X
coD SO K, +S, Ke+ S,
Anoxic storage of Kero B no 3 Ko Sho S X,
CoD KotS Kot So Kst &
Aerobic growth of 4, 3 S S Saik XsTo/ X
mH H
heterotrophs Ko+S K+ S Kukt S Kot Xsnzé Xy
Anoxic growth of 7 N Ko Swo S Saik O Xro/ X4
mH NO H
heterotrophs Ko + So KNO + S\IO KNH + SNH KALK+ S\LK lgTO+ XSTA/) XH
Aerobic endogenous S
6 respiration of by, 0, EIKT X,
heterotrophs o SO
Anoxic endogenous E Ko SNO
7 respiration of bH,NO Ko+S, Kot S, H
heterotrophs °© NO °©
Aerobic respiration of = S
8 X P bSTQ 2K +S X STC
STO le) o
9 Anoxic respiration of b. 3 Ko Swo
Xsro 'STO, NO Ko +Sy Kuo+ Swo sTO
Aerobic growth of S
10 Autotrophs, Hinn DK S S DK S K AL S (X
Nitrification A0 + (e} A NH + S\IH A ALK+ ALK
Aerobic endogenous S
11 respiration of bA*Oz Gm D(A
autotrophs AO o
Anoxic endogenous Kao Swo
12 respiration of Ano e _"_S K+ XA
autotrophs AO o Kanot Swo

In the event that the identified processes in the ASM3 madeia relevant or more processes are

required to model the actual plant of concern, the model matnixbeamodified by adding or

removing processes together with the associated rate equationgonents and stoichiometric

coefficients. The ASM3 model matrix contains the relevant psgseto model the activated sludge

unit at Marianridge WWTP. No modification was done to the origih@M3 model matrix.
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2.5. SIMULATORS FOR W ASTEWATER TREATMENT PLANTS

Different simulators for wastewater treatment plants hawn leveloped and are commercially

available. A few examples are shown in Table 2:8.

Table 2:8 A few examples of commercially availaieulators for wastewater treatment plants

Simulator Company Web address

WEST Hemmis www.hemmis.com/product/west
Efor DHI www.efor.dk/efor/

Simba IFAK www.ifak.fgh.de/regelung

JASS Uppsala University www.it.uu.se/research/project/jass/
2.5.1.WEST

In this study, the WEST (Worldwide Engine for Simulation, Tirajnand automation) program is
used to simulate respirometric experiments that were carriedsonrell as to develop the process
model for the plant and run simulations. The main reason for WSET is the relative ease with
which models can be modified or extended to accommodate new compdkenisdustrial
wastewater components. WEST is a software package manage&sby(Mbdel Specification
Language) which is used for developing simulations of environmeysisinas and processes taking
place in wastewater treatment plants. WEST consists ofdifferent subprograms where the user
accesses the different utilities in order to set up aigaration for a system, launch an experiment
and manage the project of concern. The subprograms are:

«  WEST manager

* WEST configuration builder

WEST experimental environment

«  WEST model editor

2.5.1.1. WEST manager
The WEST manager gives the user an overview of the diffprejects created and allows for new
projects to be created. For each created project, a flisheo different configuration and or

experiments assigned to that project can be viewed in the WEST manger (W&ST, 2004).
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2.5.1.2.WEST configuration builder

The WEST configuration builder allows the user to select frdfardnt models, the models which
represent the unit processes in the wastewater treatfaantoping modelled. The selected model
for a particular unit process contains the biological and clanticmponents used as input
variables to that specific stage in the wastewaternieyat plant. The selected models for the
different unit processes represent primary clarifiersyaietd sludge units, secondary settlers, and
other components of the treatment plant. The wastewater trgapiaat is then represented by

connecting the different models for each stage in the treatment @e¢@HSST tutorial, 2004).

2.5.1.3.WEST experimental environment

The WEST experiment environment is based on the activatedesiaddel and the sub-models
selected in the WEST configuration builder to represent thdntesd plant. In the WEST
experiment environment the user sets the values of the ewiahtl parameters specific to each
sub-model, and is offered the option of running different typescefarios, which can be used to

simulate, calibrate and optimize the implemented model of the plant (WESial, 2004).

2.5.1.4 WEST model editor

In the WEST model editor the user can design an alternative rmhpdede of the matrix notation
and implementing it in the WEST hierarchical structure. THESW model editor is also used to
program the different text files, which control the WEST dniehical structure, in MSL (WEST
MSL reference guide, 2004).

2.5.1.5.The WEST solution procedure

The sub-models in WEST Experimental Environment use fluxes asférence unit. In processes
dealing with liquids and suspension, concentrations are usuallyireddn the liquid phase. When

a concentration is given in g per,nthe volume indicated represents or the amount of water or
suspension and not the total volume, including the gas phase.

Applying the mass conservation principle to the fluxes, the following israatai

d(M
9dIM) _ § weST modets guide, 2004)

d(t)

Where M = mass in the entire system for each component
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The mass M can be broken down into the different componentsdier, biological and chemical
components. The mass balance in a tank with a certain volume and difiecening and outgoing

flows a. can be expressed using ordinary differential equations as follows:

%=Z(%)+nw

) 4
%=Z(1DZ%J

ipicx

(WEST models guide, 2004)

Where:
M = mass of component (g)
V = volume of the tank n
0 = net in/out flux of component i in the flow(g/s)
r = reaction speed of component i (§/sh

pi = density of component i (gfn

Based on the sub-model selected for each unit WEST sets up algebraic edoiatit@entire plant
using the methodology stated above; i.e. the equations can bessihencantrolling equations of
the system. When WEST performs a simulation, the systenndofapy differential equations is
numerically integrated in time and the algebraic equationssianaltaneously solved. Three
methods are available for WEST to perform the numerical integr@ti&@ST tutorial, 2004):

» Fixed step size integrator. This is an integrator thastakconstant step in order to solve the
integration of the system of ordinary differential equations. Thailable fixed step
integrators in WEST are; AB2, AB3, AB4, Euler, Heun, Midpoint, MilMndified Euler
and Runge-Kutta of thé"4rder)

» Adaptive step size integrator. This is an integrator that nesdif$ step size in order to obtain
optimal calculation speed and optimal calculation accuracy. WESly offers the
Runge-Kutta # order adaptive step size controller (RK4ASC) as an adaptie size
integrator.

e Stiff solvers. This obtains a high performance gain foff sitems. A stiff system is a
system is where there is a large difference betweetintigeconstants of the processes (e.g.
biological and chemical processes). The two stiff solvers found in WESRa@senbrock and
CVODE.

* The RK4ASC integrator was used in the WEST simulationsethwiit in this study for its

speed and accuracy.
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2.6. MODEL CALIBRATION

Model calibration is the adaptation of the model to fit a cergim&information obtained from the
full-scale wastewater treatment plant under study (Petarsal, 2002). The purpose of the model
determines how to approach the calibration, as well as theygaalit quantity of information
required to achieve the calibration, hence the challenge irralisiteg the procedure of model

calibration, (Henze et al, 1995).

2.6.1.Calibration of activated sludge models
Successful calibration of activated sludge models involvesatoly information for model
calibration, parameter estimation and adopting a stepwiseataibmprocedure in which different

parts of the model are calibrated in each stage (Petersen et al, 2002).

2.6.1.1.Information required for successful model calibration

The purpose of the model determines to a certain level themafian required for calibration. In

the case where the model is to be used for educational purposespniiparison of design

alternatives of non-existent plants or in situations where qualitatimparison is sufficient, default

activated sludge model (ASM) parameters for typical municg@lhage without significant

industrial influences can be used (Henze et al., 1999). Howev@rdbence of industrial effluent
in the plant and a different purpose of the model such as tca¢wahe effect of industrial effluent
on the performance of the treatment plant requires the mothel 4dapted to conditions prevailing
at the WWTP. To achieve successful calibration in suctuat&ith will require more plant specific

information.

For successful model calibration, different classes of irdtion are essential. Various sources
which include, Henze et al., 1987; Lesouef et al., 1992: Stokes #09R; and Kristensen et al.,
1998, describe the information required for successful calibration e tistow:

« Design and operational data, which includes reactor volumes, aecafi@tities, pump
flows, recycle and waste flow rates.

* Characterization of the biological model includes wastewatenpositions of influent,
intermediate and effluent streams, as well as sludge congpssiths average or dynamic
trajectories.

e Characterization of the settler model, which consists of zonkngettlocities at different

mixed liquor suspended solids concentration.
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» Characterization of hydraulic model which can be achieved through the uaeenftésts.
* Reaction kinetics and stoichiometry information, which includetdycoefficients, growth

and decay rates

The sources of information for model calibration include the following
» Default values from literature
¢ Full scale plant data
» Average or dynamic data from grab or time-flow proportional samples
* Mass balances on the full scale plant
e On-line data
* Information from lab scale experiments with wastewater andgaaetl sludge from the full
scale plant under study
(Petersen et al., 2002)

2.6.1.2.Parameter estimation

Part of the calibration of activated sludge models involvesrehitiing the optimal values of model
parameters through the use of mathematical algorithms withaith®f measured data. Before
starting the parameter estimation, the structure of the modeltchde defined. The model

parameters have to be selected and the measured experimental data beelidined.

To initiate the estimation, a guess of the initial cdad (concentrations and parameters) need to
be given. The routine of parameter estimation consists of ngimigha defined objective function,
such as the sum of squared error between the model output and theethekgar When the
objective function reaches a minimum with a given accurheyadptimal parameter values are

obtained (Petersen et al., 2002). Figure 2:4 illustrates the edotiparameter estimation.
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First guess of parameters and

initial concentration:

A 4
Integration of Definition of model structure

A 4

madel equation

A\ 4
Calculation of
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— . Experimental data
objective functio

l

Minimum of

YES

objective functio Best estimate of parameters

and initial concentratior

reached?

NO

New estimate of parameters

and initial concentratiol

Figure 2:4 lllustration of the routine used for [@aneter estimation (Petersen et al., 2002)

2.6.1.3.Model calibration levels

A major challenge encountered in calibration of activated sludigelels is the lack of
identifiability of the model parameters, which is the abitibyobtain a uniqgue combination of
parameters that fit the calibration data. Due to the idebility problem a stepwise procedure is
used to calibrate activated sludge models, where just a few pgararaee changed at a time instead
of applying an automatic mathematical optimisation routine lfaha parameters. A steady state

calibration is usually done and followed by a dynamic calibration (Patets#., 2000).

An overview of the general steps in an activated sludge model calibsthown in Figure 2:5.
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10. Dynamic calibration of AS
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Figure 2:5 Overview of the different steps in ativated sludge model calibration procedure (Petarse
al., 2002)

Steps 1 to 5 shows the collection of information required for moaldration. Steps 6 to 10
illustrate the calibration levels. This involves the calibra of the hydraulic model settler model
and the activated sludge model (ASM).

To calibrate the activated sludge model the first levelsisally a steady state calibration. During
the steady state calibration, data from the full scale W\&le averaged and it is assumed that this
average is representative of a steady state. The motetriscalibrated to average effluent and

sludge data. During the steady state calibration parametensiisle for long term behaviour of
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the WWTP are determined. These include the yield of heterotrophic kipfmathe decay constant

for heterotrophic biomass;land the inert organics in the influent wastewater, X

The model can not rely on steady state calibration only. During dgnsimulations the input
variations are usually faster than the slow process dynamiaich the steady sate calibration is
based. There is need for dynamic calibration to achieve bettany simulations. A steady state
calibration is useful in determining the initial condition for dyi@aealibration. During dynamic
calibration the modeller uses information from laboratory expmmrimcarried out on sludge and
wastewater samples from the WWTP understudy to tune the modmidowchieving acceptable
predictions (Petersen et al., 2002).Validation of the model is dftee calibration by evaluating

how well the model out-put fits a set of measured data, which was not usébrateshe model.
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3. SITE DESCRIPTION

The site description of Umhlatuzana Works is presented m ¢hapter with focus on the

Marianridge WWTP.

3.1. Layout of Umhlatuzana Works

Umhlatuzana Works consists of the two plants; Marianridd®TW and Shallcross WWTP. The
layout of Umhlatuzana Works is shown in Figure 3:1.

MARIANRIDGE WWTP
(DOMESTIC+INDUSTRIAL WASTEWATER)

screens

wasted sludge

activated sludge unit

O

secondary clarifiers

F———
treated effluent

chlorination station

grit chambers
influent —— 1
equalising tank
pump station
screenings grit
SHALLCROSS WWTP
(DOMESTIC WASTEWATER)
screens
grit chambers
| I
| —
rfert @ —
equalising tank
qualsing activated slufige unit

ump station {
[P screenings grit

secondary clarifiers

wasted sludge

Figure 3:1 Lay-out of Umhlatuzana Works, showing Marianridg@/WP, Shallcross WWTP and the

Chlorination Station

The layout in both wastewater treatment plants consistéeatical unit operations but the units of

the Shallcross WWTP are smaller than those of MarianridgeT®/Mh both plants, the physical

unit operations consist of screens, and grit chambers. The balogactors used are operated as

extended aeration basins, which are followed by secondary é&eaimsecondary settling tanks.

The effluent from the two plants is combined and dosed with deldyéefore it is released to the

Umbhlatuzana River.
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3.1.1.The Marianridge wastewater treatment plant

The units making up the Marianridge WWTP are discussed in the following tohsec

3.1.1.1.Physical treatment

The influent wastewater is received at the raw sevpagap-station which has two pumps rated at
260 L/s and 33.8 m head. The wastewater is pumped to the equalisingna then it flows
through two hand raked screens with a bar spacing of 25 mm. The amounepinggeemoved is

140 L/ ML of wastewater. Screenings are removed daily and sent fosdigia landfill.

After screening, the wastewater flows through a four-channetlgamber where sand and other
heavy particles settle in the channels. The grit is removediaiig and sent to a landfill. A flow

meter measures the flow rate of the wastewater after thehgnitter.

3.1.1.2.Biological treatment

The activated sludge unit at the Marianridge WWTP is an extemdeation basis with no
phosphorus removal facilities. No chemical precipitation presease employed in the unit. The
basin capacity is 13 600°mwith a dept of 4.5 m. There are eight aerators, eacH et&5 kW,
producing an aeration capacity of 100 kO This provides the required oxygen for metabolic

processes and the energy for mixing.

Four aerators are on line at any one time. The solids retdirtienof the Marianridge aeration
basin is 21 to 25 d. This is in line with recommendations for exteneedian. The extended
aeration basin operates at a hydraulic retention time between2i8h and a solids retention time
of 20 to 40 d (Eckenfelder et al., 1998).

Ideally the aeration basin should be completely mixed and aeratiealt smtde-nitrification occurs.
The operation of four aerators at a time instead of egdudd to anoxic zones in the basin which
allow de-nitrification to take place. 500 of excess sludge is wasted from the aeration basin, and

carried by pipeline to a larger works for further processing.

3.1.1.3.Secondary treatment

From the aeration basin the mixed liquor flows to two secondatiers where particulate matter

settles under gravity. The secondary settlers both haveetlissrof 29.4 m and depth of 3 m. The
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retention time in each secondary settler is approximately 6 &. effuent which leaves as

over-flow from the settlers is sent for chlorination before itésathe treatment plant.

3.1.2.The Shallcross wastewater treatment plant
The Shallcross WWTP has similar units making up the treatprecess but at a reduced scale
since Shallcross WWTP handles about a quarter of the loadeddato Marianridge WWTP. The

specifications of the Shallcross Plant were not investigatdsistudy.

3.2. Flow balance of Umhlatuzana Works

The nominal flow balance of Umhlatuzana Works is shown in Figite Marianridge WWTP
receives a nominal average of 8 00@dof which about 30% is industrial wastewater and 70%
domestic wastewater, while Shallcross WWTP receives anabmaverage of 2 000 ¥ which is

entirely domestic wastewater.

MARIANRIDGE WWTP

SLUDGE

500 m */d

ACTIVATED SLUDGE UNIT SECONDARY CLARIFIERS

INFLUENT 25280 m */d 24780 m */d m 7500 m °/d EFFLUENT
8000 m °/d u 9100 m */d

CHLORINE ROOM

17280 m*/d

RETURN SLUDGE

SHALLCROSS WWTP 1600 m /d
SLUDGE

400 m */d

ACTIVATED SLUDGE UNIT SECONDARY CLARIFIERS

INFLUENT T i 12400 m */d m 1600 m %/d

2000m */d

10800 m */d

RETURN SLUDGE

Figure 3:2 Nominal flow balance of the Umhlatuzavéorks, showing the Marianridge and Shallcross
WWTPs

The flow balance of Umhlatuzana Works was calculated usimghdominal average values of the
influent wastewater going to the two plants, the return sldidge rate and the volume of excess

sludge removed per day.
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Combining the effluent streams from the two plants before ciabon means that to achieve
acceptable final effluent composition from Umhlatuzana Work$ Iptints should be operated
properly, especially Marianridge WWTP which contains a sigaifi portion of industrial

wastewater.

3.3. Characterisation of Marianridge Waste Water Treatment Plant influent

The values for concentrations and flow-rate of the influemgoo the Marianridge WWTP are

discussed in the following sections.

3.3.1.Influent flow volumes
The typical daily flow rate of the influent wastewaterrgpto the Marianridge WWTP is shown in

Figure 3:3.

l -
0000 —e— Monday

9000 | /‘\
—a— Tuesday

8000 -
7000 -
6000 -

5000 4
4000 1 —x— Friday

Wednesday

Thursday

Flow rate (m %/d)

3000 -
2000 -
1000 -

—e— Saturday

—— Sunday

> N g N N P W
Time (h)

Figure 3:3 Typical daily flow rate of the influettt the Marianridge WWTP

The influent wastewater flow-rate going into the Marianrid¢ggnPis measured using an online
flow meter connected to an ultrasonic sensor which reads it dé the wastewater passing
through a constricted channel. The flow rate measure through outytieerdaorded on charts. The
hourly flow-rates and average daily flow-rates can be determined fromctiveled data. Figure 3:3
shows the daily flow pattern over a period of one week. The dataiad that the works receive
the highest flow rate during the day, between 08:00 h and 14:00 hpédaieflow occurs at
12:00 h.
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The total monthly influent also varies through out the year. Thehiyoaverage flow-rate pattern
for the year 2005 and 2006 is shown in Figure 3:4
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Figure 3:4 Monthly average flow- rates for the y@&05 and 2006

The highest load is experienced during the period of November taudfgp because of the
contribution of the rainy season. The average monthly rainfathé area around Durban in the
summer period from December to February is approximately&stgreater than during the winter
season and the rest of the year (www.weathersa.co.za, 206&h ihe influent flow rate goes
above 10 000 fd during the rainy season at Marianridge WWTP, the exceseitfls supposed
to be diverted to Shallcross WWTP. The plotted graph indidhggsin the year 2005 and 2006
influent flow rates above 10 006 were allowed into Marianridge WWTP during the rainy

season, and this might have resulted in overloading of the WWTP.

3.3.1.1.Influent composition
Historical data obtained from the eThekwini municipal labmgat of the composition of the

influent wastewater for the Marianridge WWTP for the year 2006 isr&uised in Table 3:1.
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Table 3:1 Summary of historical data of the Influeomposition going into Marianridge Treatment Ri&or
the year 2006 (Source: eThekwini Municipal Laborgto

Component Units Minimum  Average Maximum No. of samples
Chemical Oxygen Demand

Total COD mg OJ/L 105 773 2709 291
Nitrogenous Material

Total Kjeldahl Nitrogen mg N/L 11 55 80 15
Free ammonia mg N/L 1 25 82 325
Nitrate mg N/L 0.4 0.8 1.6 15
Phosphorus material

Total phosphate mg P/L 1 8 15 113
Orthophosphate mg P/L 6 9 12 15
Solids

Settleable solids mg /L 2 18 100 81
Suspended solids mg /L 21 298 1592 62
Total dissolved solids mg /L 212 570 934 9
Total solids mg/L 319 1095 2426 48
Other

Colour ADMI 86 627 2720 105
Alkalinity mgCaCQ/L 83 268 798 338
pH 6 7.2 10 336
Conductivity mS/m 44 110 209 331
Copper ug Cu/L 32 108 342 12
Cadmium ug Cd/L <0.5 <0.5 <0.5 13
Iron ug Fe/L 0.11 2 14 9
Lead ug Pb/L 5 45 264 10
zZinc ug Zn/L 26 162 316 13
Sodium ug Na/L 53 140 233 104
Chloride mg CI/L 34 140 355 321

When the average influent characteristics shown in Table 8:¢oanpared to the characteristics of
domestic wastewater according to Henze et al., (2002) showAppendix A, the following

conclusions can be made;
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» Based on the average values of conductivity and the average catioantdf settleable solids
the influent wastewater going to the Marianridge WWTP igaittarised as concentrated
domestic wastewater.

* From the average values of alkalinity, pH, total-phosphorus, -ptibephorus, the influent
wastewater going to Marianridge WWTP is characterised as dilutesficrwvastewater.

* From the average total COD value, the influent wastewateMarianridge WWTP is
characterised as concentrated domestic wastewater.

 From the average concentrations of heavy metals the influasitewater to Marianridge

WWTP is characterised as dilute domestic wastewater.

The comparison of the data in Table 3:1 with the characterishy Henze et al., (2002) can not
provide a unique characterisation under the types specified by ldeate (2002), of the influent
wastewater treated at Marianridge WWTP. This shows thwginga nature of wastewaters

containing domestic and industrial effluent.

3.3.1.2.Influent wastewater test ratios
The relationships between the Total Kjeldahl Nitrogen (TKt#jal chemical oxygen demand
(COD) and the biological oxygen demand (BfpPan also be used in characterisation of influent

wastewater.

The COD/TKN ratio gives a measure of the de-nitrification qtidé A ratio of between 10 and 14
mgO,/mgN suggests the possibility of a fast de-nitrification pss¢ while lower ratios between 6

and 10 mg@mgN slower de-nitrification (Winther et al., 1998).

The COD/BOQR ratio indicates how readily biodegradable the wastewsatek ratio of 1 means
that all the organic material present in the wastewatébwibroken down in an aerobic biological
treatment system in 5 days or less. A lower the ratio itecéhat the wastewater is more

biodegradable.
COD/BOD; and COD/TKN ratios of influent wastewater going to the iMtaidge WWTP

determined from tests carried out on the influent wastewat®posite samples by the eThekwini

municipal lab are shown in Table 3:2.
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Table 3:2 Summary of test ratio data for Marianrdigfluent wastewater

Value COD/BODs CODI/TKN No. of samples
[-] [MgO./mgN]

Average 6.8 11 21

Maximum 11.0 12 21

Minimum 2.9 10 21

Table 3:2 shows an average COD/TKN ratio of 11 which suggestd de-nitrification potential.
The COD/BOQR test ratio indicates an average of 6.8, as compared tnge &f 2 to 2.5 for
domestic influent wastewater according to Henze et al., (2008). higher COD/BOB ratio
suggests that the influent at Marianridge WWTP is lessegi@diable than normal domestic
wastewater as describe by Henze et al., (2002), which is exmaatedthe Marianridge WWTP
influent contains industrial wastewater which includes textileiexf.
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4. DETERMINATION OF MODEL PARAMETERS

It is important to determine model components and parameters atbatspecific to the

Marianridge WWTP so that an accurate and specific model is developed.

The experimental work carried out was divided into two categories:
* determination of COD fractions in influent wastewater (inflush@racterisation)

» determination of kinetic and stoichiometric parameters

There are two approaches for the determination of model paranstéreomponents; direct
methods and indirect methods. When using direct methods, the modektersaand components
are determined from the experiments carried out on wastewad sludge samples from the
WWTP. Indirect methods involve the use of numerical techniquehe model, to estimate model

parameters and components.

Both direct and indirect methods were used in influent charaatierisand to determine the kinetic
and stoichiometric model parameters in this study. Influenaclerisation was based on the batch
respirometric experiments carried out on composite samples stéwater, flocculation-filtration
of composite samples of wastewater and simulation of the bagpirametric experiment carried

out on the wastewater.

The model kinetic and stoichiometric parameters were detedrirom the batch respirometric
experiments on composite samples of wastewater and sludge sahmgesodel representing the
batch respirometric experiment was also used to determine kovegc and stoichiometric
parameters. An overview of the experiments done and the informdétarmined from the

experiments is shown in Figure 4:1.

The experimental work is described in detail in the subsequent sections.

51



DETERMINATION OF MODEL PARAMETERS

EXPLICIT DETERMINATION OF
COD COMPONENTS

- Ss, XH, g

OUR MEASUREMENTS EXPLICIT DETERMINATION OF
ON A COMPOSITE .| MODEL PARAMETERS .
SAMPLE OF INFLUENT 1Y Mis Qo g
WASTEWATER '

IMPLICIT DETERMINATION OF
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FROM OUR EXPERIMENT
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SAMPLE HETEROTROPHIC BIOMASS

by

INPUT TO THE MODEL

Figure 4:1 Overview of experimental work done dmelinformation determined from each experiment.
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4.1. Respirometry on activated sludge and wastewater

Respirometry is the measurement and interpretation of the lmialogxygen consumption rate
under well defined experimental conditions (Copp, 2002). The respiionesgperiments carried
out were measurement of oxygen uptake rates (OUR) on activatied sind raw wastewater. The
OUR is an activity-related quantitative measure of the &tbmass influence on the relationship
between the organic substrate and the dissolved oxygen, (Hvdeelskn et al., 2002). The OUR
experiment reflects the different phases of activity thathisterotrophic biomass is exposed to,
depending on the availability and quality of the substrate. The OUR-timienslip of wastewater
samples and activated sludge samples is the basis fondhesia of the microbial system existing
in the sample of concern. This relationship is crucialtf@r characterisation of the suspended
wastewater phase in terms of COD components and the corresp&irgitig and stoichiometric

parameters of the biological processes involved.

The bioassay test by Wentzel et al., (1995) outlined in section 2i2.ddbpted in this study. It is
based on the measurement of OUR in wastewater samples. The described as part of the

outline of the experimental procedure in the following section.

4.1.1. Wastewater Sample Collection

Influent wastewater was collected from Marianridge WWTP. Hosamples of raw unsettled
wastewater were drawn from the inlet of the treatmenit@éter the screens and the degritting
chambersThe hourly samples were kept anaerobic by sealing the s@oflies and placing them
in a refrigerator to avoid significant biological transforimatof the raw wastewater. After 24 h, the
samples were carried to the laboratory in a cooler box iagthand a 24 h composite sample was

made from the hourly samples.

4.1.2.The batch respirometric experiment
The major components of the experimental set-up are the lgialogactor, air supply, OUR-meter

and the computer. The layout of the experiment is shown in Figure 4:2.
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Air supply
UCT OUR meter
Solenoid
valve "
DO probe
Temperature proboe ~ —+———— | =
SH probe pH meter Computer
_________ >Biological reactor
[ I Bubble sparger
——————— > _.. .
O = Stirrer unit

Figure 4:2 Schematic layout of the OUR meter arddbmpletely mixed biological batch reactor

4.1.2.1.Biological reactor and air supply

The biological reactor (bio-reactor) consists of a 2 L owmtuisly stirred vessel. The bio-reactor
contains a dissolved oxygen probe and temperature probe connectet)@Ttli2UR meter and a
pH probe connected to a pH meter to monitor pH. A bubble sparger is chiethe outlet of the
air supply inside the reactor, so that the aeration occuwsghrsmall bubbles, hence preventing the
formation of large bubbles on the surface of the liquid. The wiplg to the bio-reactor is
controlled by the OUR meter based on the measured dissolved oxygesntration inside the
bio-reactor. The air supply is switched on when the dissolvedeox{igO) concentration reaches
the lower set point and switched off when the DO concentratiaches the upper set point. The
DO concentration value drops from the upper set point to the ketgroint due biological activity

which results on utilisation of oxygen in the sample of concern.

4.1.2.2.0UR meter and computer
The OUR meter comprises the DO and temperature probes, andcrapnmcessor unit.
Specifications for the DO probe are givenAppendix B. The probes measure dissolved oxygen

concentration and temperature. The microprocessor unit performsntireg functions, reads the
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DO concentration, temperature and time signals, and perforndsitida@rocessing functions such as
calculating the OUR. The OUR meter controls the DO concemrtrdbietween the specified upper
and lower set points with an on-off solenoid valve in the air sulipé and computes with the
microprocessor the OUR from the change in DO concentrationimedtitace during the air-off
period by means of a linear least squares regression analgei©UR meter has a local memory
where up to 200 OUR readings can be stored. The OUR meter isctethrio a computer for

transfer of OUR data for storage and further processing.

4.1.2.3.Test procedure

A defined volume of 2 L of the unsettled 24 h composite of wastewhtained from the treatment
plant was poured into the continually stirred batch reador.aliquot was drawn form the
composite sample and the initial total COD concentration wasmdigied according the procedure
outlined in Standards methods, (1995). The OUR was measured cdntimiay the automated
UCT OUR meter. The DO concentration upper limit was sétraQ/L and the lower set point at
4 mgQ/L. The walls of the reactor were thoroughly brushed regutiuljng the experiment, to
remove particulate matter adhered to the walls. During thetpeof the batch test, the surface of
the wastewater was covered with a plastic plate which smaporting the probes, to limit surface
exchange of oxygen. The batch experiment was split into two stages. irstiséafje the OUR was
measured on the sample without addition of any substances anddhd stage of the experiment
involves addition of a readily biodegradable substrate, in order toigatesthe growth of biomass.
The two stages of the experiment are discussed in the foll@gitgpn 4.1.2.4The complete OUR
experiment took approximately 24 h. At the end of the test, therteraéthe batch reactor were
homogenised and, a sample was drawn and the total COD wasratkascording to Standards
Methods, (1995).

4.1.2.4.Addition of Substrate

The full experiment carried was a combination of the batthpi®cedure by Wentzel et al., (1995)
and the approach recommended by Hvitved-Jacobsen (2002). Theafijestodtthe experiment is
based on Wentzel et al., (1995). Hvitved-Jacobsen (2002) also dsscebeilar procedure for this

stage of the experiment.

The first stage of the test is to measure the OUR umikréadily biodegradable substrate and the

rapidly hydrolysable substrates are depleted. At this poititerexperiment, it is assumed that the
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lack of substrate limits the growth process. The amount of yeaibdegradable substrate is
considered depleted, when the OUR is approximately constant, tWeemaintenance energy
requirements of the biomass corresponds to the readily biodelgraddistrate resulting from the
hydrolysis of slowly biodegradable substrate. Hvitved-Jacob2802] further extends the
experiment by a second stage which involves addition of a ydaiditlegradable substrate to the
wastewater sample. Sodium acetate was used as readily bidalelgr substrate and the
measurement continued, until this substrate is also depldtéyed-Jacobsen (2002) concludes
that there is no significant deviation between the valueseoparameters based on adding a small
amount of readily biodegradable substrate compared with the wah&sadding higher amounts.
An amount of 100 mg acetate/L was chosen in the experiment, lmasgmevious similar
experiments (Poulsen and Lauridsen, 2005). The experiment ends, whenRlmu®b declines to
an almost constant value. The impact of the substrate additenhena evaluated from the OUR

data.

4.1.3.Interpretation of experimental data

A typical OUR-curve plotted from the data obtained from OUR sueaments on a composite
sample of wastewater with addition of sodium acetate, alydsiddegradable substrate is shown in
Figure 4:3.

OUR (mgO2/L)

®

ou RTOTAL

Time (h)
Figure 4:3 A typical OUR-curve on raw incoming sewavith addition of readily biodegradable substrate
(Hvitved-Jacobsen et al., 2002)

The curve labelled OUR X shows the oxygen uptake rate due to the utilisation of slowly
biodegradable substrate while the curve labelled AR shows the total oxygen utilisation rate

due to utilisation of both slowly biodegradable substrate andlydaiddegradable substrate. The
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area above the curve which shows the OUR due to utilisatislowfy biodegradable substrate,
OUR (Xs), is a result of utilisation of readily biodegradable substby the micro-organisms and

the area below is as a result of the utilisation of slowly biodegradalisérate.

The OUR curve is divided into four regions based on thetmibsconcentrations in the wastewater
sample as shown in Figure 4:3.

1) Substrate non-limited condition.

2) Substrate non-limited condition is being terminated.

3) Substrate limited condition.

4) Addition of readily biodegradable substrate (sodium acetate)

The figure shows that during region 1 the amount of readily biodabla substrate present in the
beginning is not limiting the growth of biomass. The amount of biermaseases in region 1 and
the OUR also increases. This is followed by a sharp decieaseUR, when the readily
biodegradable substrate is depleted in region 2. After thigodpgregion 3) the readily
biodegradable substrate is only available due to the hydroliysi®wly biodegradable substrate.
When the production of readily biodegradable substrate by hydrolysesponds to the required
maintenance energy for biomass, i.e. the when the OUR is ,stablealiquot of readily
biodegradable substrate is added. This addition resultsnirediiate growth of the biomass under
substrate non-limited conditions, where the OUR increases, faildwy a rapid decrease to the

maintenance value as seen in region 4.

The purpose of addition of readily biodegradable substrage edgion 3 (the substrate limited
conditions) in the experiment is to let the biomass growth rategehfiom zero to its maximum
value. The experiment is then interpreted using a model weplegsents the processes which are

occurring in the batch reactor.

4.1.3.1.Interpreting the experiment using the UCT and IWA models

The data from the first stage of the batch test beforadd#&ion of sodium acetate, (zone 1, 2, and
3) can be interpreted in terms of the UCT (Dold et al., 1980; 1881 )WA model. Both the UCT
model and the IWA model used by Hvitved-Jacobsen (2002) were used toeinteeresults.
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UCT model
For interpretation using the UCT model, the model was simpliiigdecognising the following
specific conditions:
» the batch test is done under aerobic conditions so de-niibficarocesses need not be
included,
« anitrification inhibitor was added therefore, nitrification proessseed not be included,
* excess ammonia is present in the wastewater so nitréte Bissource for growth need not be
considered and also transformations from organic to ammoniumaeniticmes not need to be
included.

The simplified UCT model based on the specific conditions is presentgmbendix B.

IWA model

For interpreting using the IWA model, the original model-matnixHvitved-Jacobsen (2002) is
modified to suit, the COD fractions needed for this pddicmodel. The modification means, that
the originally two fractions of hydrolysable substrate avenlmined to one fraction of slowly

biodegradable substrate. The modified IWA matrix model is showpiendix C.

The theory of the calculations to determine the COD fractimlsmodel parameters is outlined in

Appendix C.

4.1.3.2.Check of COD recovery
A mass balance of oxygen shows whether the data from the OUsuraegents are acceptable.
Before and after the experiment a sample was drawn to obtaimittheCOD and end COD, also

taking into account the readily biodegradable substrate addethsA balance constructed, yields

equation 4.1.
t=T
COD,_; +|_ OURCt
% CODrecovery = 1=0 [100 [4.1]
COD,_,

Where:

t = Time (h)

T = Time used at the end of the experiment (h)

CORr = Total COD concentration at the end of experiment (mg COD/L)

CORy = Total COD concentration at the beginning of experiment (mg COD/L)
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A COD recovery in the range of 95 to 105 % indicates that (iR @easurements are reliable
(Wentzel et al., 1995). COD recoveries of 95 to 97% were aathii this study indicating that the

experimental results were reliable.

4.1.4.Determination of inert soluble substrate, S

The inert soluble substrate, i wastewater was determined by a flocculation-filtratioocpdure
on the wastewater collected at the end of the batch resgiiontest on composite wastewater
described earlier in section 4.1.2.3. After running the batchfaes24 h, the only soluble COD
remaining should be non-biodegradable soluble COD. Therefore, ettdhef the batch test, 1 L of
the batch reactor contents was drawn as sample to determinertheluble substrate. The sample
was dosed with 10 mL of aluminium sulphate with a concentration ofL50rgee mixture was
stirred rapidly for 2 min and then poured slowly into a Pergyyérder (settling column) equipped
with a magnetic stirrer. The contents of the column were thiereds slowly for 30 min
(flocculation phase). During the flocculation phase the,sflogalesce and settled out to leave a
clear liquid zone. A 50 mL sample was drawn from the cleardigone and filtered through a
glass fibre filter (Whatman GF/C) and the COD of thedit was determinedhe COD of the

filtrate gives the amount of the inert soluble substrate, S

4.1.5.Inert particulate substrate X, and slowly biodegradable substrate X

From the batch OUR test, it is impossible to differentiatvben inert particulate substrate and
slowly biodegradable substrate. Furthermore, physical separatichnigee, such as
flocculation-filtration can not separate the two COD fractiansce both are particulate. The inert
particulate substrate, | Xs determined from the simulation model of the batch respirametr
experiment. With four COD fractions known, the slowly biodegradalibstgate X is determined

from equation 4.2.

Gcop = S+ S+ X+ Xs+ Xy [4.2]

4.2. Determination of kinetic and stoichiometric parameters

The determination of kinetic and stoichiometric parametersttfe model is discussed in the

following sections.
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4.2.1.Aerobic yield of heterotrophic biomass, ¥
The aerobic yield of heterotrophic biomass; Was determined from the OUR curve results
obtained in the batch respirometric experiment outlined in set¢tioB.The theory behind the data

analysis is outlined iAppendix C.

4.2.2.Heterotrophic maximum growth ratepy
The heterotrophic maximum growth rate, is determined from the same OUR experiment where
the aerobic yield of heterotrophic biomass,i¥ determinedThe theory behind the data analysis is

outlined inAppendix C.

4.2.3.Decay rate constant,p

To determine the decay constant of the biomass in the adtishtdge, an activated sludge sample
is put in a batch reactor where the endogenous respiration rateaisured by measuring the
oxygen uptake rate of the biomass over a period of 24 h or sevgsalNaification is inhibited
during the test by addition of 20mg/L of thiourea. Since the endogergpisat®n is proportional
to the active biomass concentration, a plot of the naturatifbogaof the endogenous respiration as
a function of time describes the exponential biomass decrease as a strigithlslope h;which

refers to the traditional decay coefficient described by Henze &Y.

In this study a sludge sample was taken from the outlet ofctheted sludge unit and kept cool
and anaerobic, to prevent significant transformation oftiganic matter in the sample during the
period of transportation and storing. OUR measurements werampedmn the sample in the 2 L
continuously stirred batch reactor, the upper set point ofifs®lded oxygen was 6 mg and

the lower set point was 4 mgD. The OUR measured was done over a period of 24 h. Nitration

was inhibited during the test by addition of 20 mg/L of thiourea.

The plot of the natural logarithm of the recorded OUR vaitersus time showed the expected
exponential decrease of the biomass as a straight line wittsldipe, bj;. However when
determining the model specific decay coefficient activatadge models which use the death
regeneration model concept to describe the decay of biomas#3M1, the value of Qh'obtained

from the experiment needs to be adjusted to get the model specific paramet
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To obtain the model specific parametes, b’y must be adjusted according to the values of the
yield coefficient for heterotrophic biomassy,Yand the fraction of inert particulate biomagsab
shown in equation 4.3 (Heneg¢al.,1987).

bH :b—H [4.3]
1-Y, [-f,)

The change in ASM3 to the traditional endogenous respiration datagoncept makes it more

straight forward to determine the decay rate of the model thenexperiment. There is no need to

adjust the decay coefficient obtained from the plot of the nakogakithm of the recorded OUR

values versus time.

4.2.4.The hydrolysis constant, kK

Attempts have been made to analyse hydrolysis in laboratalg-experiments (Petersen et al.,
2002) in order to try and determine the hydrolysis constantH&wever the real enzymatic
hydrolysis is not the same as the hydrolysis process in the nigdelhydrolysis process in the
model might also include consumption of storage polymer, hydrobfstecayed biomass and
other processes. Hence it remains difficult to design an iexgyetr that is representative of both the
model concept and the hydrolysis process as it takes place falltkeale plant. Therefore in
practice the value of the hydrolysis constant may have taredtduring the model calibration
(Petersen et al., 2002). In this stugywas estimated by fitting the OUR results predicted by the
simulation model of the batch experiment, to the OUR resulishawere recorded in the batch
experiment that was carried out on influent wastewater. Theatetl value would further be

adjusted during calibration if necessary.

4.2.5.Half saturation coefficients, kand Ky

In pure cultures the half saturation coefficients can be dedaas pure biological parameters that
give measures of the affinity of the biomass for subedrgPetersen et al., 2002). In activated
sludge models where the biological meaning of the model halfasi@in coefficient is mixed with
the hydraulics of the system, it becomes difficult to get wabfehalf saturation coefficients from
laboratory-scale experiments which are representativeeofull-scale system. If a very detailed
model is available to describe the hydraulics of systerarataly it might be possible to separate

the effects of biomass affinity for substrate and the hyidr&ffects. The lumping of the biomass
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affinity for substrate and the hydraulics of the systemn®mdhat processes such as mixing will
affect the value of the coefficient. The different mixictgaracteristics of the laboratory-scale and
full-scale system make it difficult to transfer the laddiory-scale observation to the full scale
system. The coefficients may be estimated by laboratorg-gsgleriments but the values may not
be very representative. Therefore in practice these vahay have to be tuned during the model

calibration (Petersen et al., 2002).

In this study the saturation coefficient for readily bioddgide substrate, i and the saturation
coefficient for particulate COD, ¥ are estimated by fitting the OUR results predicted by the
simulation model of the batch experiment, to the OUR resultshwiize obtained from the batch
experiment that was carried out on wastewater. The cutiggfivas done up to the point just
before the addition of readily biodegradable substrate. The fitiimg is done by use of numerical
techniques, during a trajectory optimisation run in the WESfiware which is discussed in

section 5.3.1. The values would further be adjusted during calibratioce$sery.

The results from the experimental and simulation work done are discuskedaiidwing chapter.
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5. DISCUSSION OF RESULTS

The results obtained from the experiments that were carried out arssdiddn this chapter.

5.1. OUR measurements on activated sludge

The objective of the OUR measurements on activated sludgples was to determine the decay
rate constant for the heterotrophic biomags,drab samples of activated sludge were used. From
the theory outlined iMppendix C, the plot of the natural logarithm of the OUR against time
should give a straight line with slope;. The expected straight line profile was observed as shown

in selected results in Figure 5:1 and Figure 5:2.

3.5 q
* In(OUR)

=—Linear (In(OUR))
y =-0.0201x + 2.9836
R® = 0.9704
2.5+

151

In (OUR)

0.5 4

0 5 10 15 20 25 30
Time(h)

Figure 5:1 Endogenous respiration of heterotrophiemass in a batch reactor
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Figure 5:2 Endogenous respiration of heterotrophiemass in a batch reactor

The results obtained for the decay rate constardgrdosummarised in Table 5:1.

Table 5:1 Values obtained for the decay rate cantstaactivated sludge from Marianridge

Symbol Description Unit Mean value Std. dev. SamplesASM3 default value

by Decay rate constard™ 0.03 0.01 40 0.2

The results of the experiments indicate that the decaycoatgtant in the activated sludge unit at

the Marianridge plant is lower than the ASM3 value, suggethiaigfor the same concentration of

heterotrophic biomass, the rate of decay will be slower in thilaglant compared to a situation

whose decay rate constant is defined by the ASM3 default dlgever this does not imply

abundant and unlimited biomass activity in the Marianridge WWaé&ause other factors such as

the inhibitory effect of elements contained in the induspdation of the wastewater going into the

plant, still affect the performance of the biomass.

5.2. OUR measurement on wastewater with addition of substrate

OUR measurements on the daily composite samples of raw semitgeaddition of readily

biodegradable substrate were conducted over a period of nine monttexpEnienents carried out
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gave the expected OUR profile which was used to determin€@i2 fractions, § Xy together
with the stoichiometric and parameters; ahd uy. The kinetic parametersy,kKy, and Ks, were
determined by curve fitting based on the simulation of the OURriexpet Figure 5:3 and Figure

5:4 show some of the OUR curves obtained from the experiment.
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Figure 5:3 OUR-measurement results on influent esater with addition of readily biodegradable
substrate

60 1

—e— OURtotal

50 4

40 |

30 1

OUR(mg/L.h)

20 4

10

01 06 12 18 24 30 39 54 86 145 17.7 19.0 195 200 205 217 23.0 243 254
Time (h)

Figure 5:4 OUR-measurement results on influent esater with addition of readily biodegradable
substrate
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In order to estimate the concentration of readily biodegradaftistrate in the influent wastewater,
it is necessary to plot the OUR curve for the utilisatbrslowly biodegradable substrate. Figure
5:5 and Figure 5:6 show the plots in Figure 5:3 and Figure 5:4 RétlOtJR curve for slowly
biodegradable substrate, OURJXadded on. The OUR curve for utilisation of slowly
biodegradable substrate is plotted from the theory outlindgjprendix C.
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Figure 5:5: OUR-measurement results on influenttexaater with addition of readily biodegradable

substrate showing the theoretical utilisation afvely biodegradable substrate
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Figure 5:6 OUR-measurement results on influent exaater with addition of readily biodegradable

substrate showing the theoretical utilisation afvely biodegradable substrate
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5.3. Simulating the OUR experiment

The simulation model of the OUR experiment was developed andnrtinei WEST software
package. The structure and operation of the WEST softwareagedk outlined in detail in

section 2.5.1.

A batch reactor containing wastewater under conditions sitoilthe experiment was set up in the
ASM3 model base to model the biological processes occurring iacthal batch reactor used in
the experiment. This was done in order to achieve satisfastonylation of the experiment in
ASM3, which would make the COD fractions and model paramedetermined from the
simulation more compatible when used in the ASM3 model for the wasteveatenént plant. The
batch experiment is only simulated up to the point just before théaaddf readily biodegradable
substrate. Only this section of the experiment is relevartheé determination of the required
information. Figure 5:7 and Figure 5:8 show the measured and petdiR curves of two

experiments, when the experiment was run with ASM3 default model parameters.

OUR [y

8 10 12 14
TIME [HRS]

Figure 5:7 Predicted and measured OUR for a batefctor containing raw wastewater
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Figure 5:8 Predicted and measured OUR for a ba&ctor containing raw wastewater

The simulated OUR curves show the expected profile. In thiedart of the curve an exponential
increase of OUR can be observed. This is due to heterotrophie aidmass growth. After the
exponential increase, the OUR drops precipitously due to depletidre akadily biodegradable
substrate. The remainder of the curve exhibits the OUR pomdsg to the utilisation of slowly

biodegradable substrate.

The plots in Figure 5:7 and Figure 5:8, show that besides gelteinghiaracteristic profile of the
OUR curve right, the model needs fine tuning at this padicstiage, in order to get the simulated
OUR curve to better fit the measured data closely. A t@gciptimisation was carried out on the

simulation model in order to improve the prediction of the model.

5.3.1.Trajectory optimisation

In a trajectory optimisation a set of model parametersoanponents is tuned so that the model
predictions match the measured data for a selected varialdestAfunction is defined before
estimating the values of model parameters or componentscoBidunction is a measure of the
integrated difference between the simulated results arehaured data set of the selected variable.
The best estimates of model parameters and components areviticisecorrespond to the lowest

value of the cost function.
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During the trajectory optimisation in the WEST program almemof simulation runs with different
parameter values, are executed. The optimisation algorithmhwhimoses the different parameter

values, attempts to minimise this cost function.

The squared error between the measured and predicted valsiesedaas the cost function. To
match the predicted OUR curve to the measured OUR curve, thmgtars that were tuned to
minimised the OUR value cost function were selected baseldeaneffect on the predicted OUR
values and the relevance in the model matrix which repregenexperiment being simulated. The

selected parameters are shown in Table 5:2.

Table 5:2 Parameters selected and used for trajgaiptimisation

Symbol Parameter

Ks Saturation constant for substrate S

Ko Saturation constant for oxygeg S

Kx Hydrolysis saturation constant

Knn Saturation coefficient for ammonia,s

K.a Oxygen transfer coefficient

Kn Hydrolysis rate constant

UH Heterotrophic maximum growth rate of; X

X Inert particulate organics (initial concentration)

5.3.1.1.Results of the trajectory optimisation

Two of the accepted resulting simulation curves, afternguthe model parameters during a
trajectory optimisation exercise are shown against thesumed OUR curve in Figure 5:9 and
Figure 5:10.
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Figure 5:9 Model-predicted OUR and measured-OURvesr after tuning selected parameters using

trajectory optimisation in WEST
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Figure 5:10 Model-predicted OUR and measured-OURves after tuning selected parameters using

trajectory optimisation in WEST
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The final accepted values of the selected parameters énattuned in the trajectory optimisation
are shown together with the initial ASM3 default values of the batch exgarim Table 5:3.

Table 5:3 Parameter values derived from trajegtoptimisation compared to the initial ASM3 values

Parameter Units ASM3 value at 20°C Derived value

Ks gCOD;dm’ 2 2.31

Ko gOo,/m’ 0.2 0.02

Kx gCODks/gCODH 1 1

Knn gN/n?? 0.001 0.00107

K.a dt 50 204

H dt 2 2.40

X gCoD/n? 0.15 of influent total COD 0.15 of influent total COD

The overall assessment of the simulated OUR curves as mnmathe measured OUR curve
indicates that the simulation model predicts the OUR cusaéisfactorily in the beginning of the
experiment during non-substrate limiting condition and in the beginnitigeo$ubstrate limiting
condition. The OUR model has problems simulating the rest ofubstrate limiting condition
zone, where the biomass primary uses the slowly biodegradddgzage. The model tends to over
estimate the OUR value under the substrate limiting condidsrghown in Figure 5:@nd Figure
5:10. A possible cause for this might be failure of the madethow adaptation of biomass
behaviour to the conditions that exist in the water under the perisgbgtrate limiting conditions
during the course of the experiment. Another possibility is that OUR model has one
hydrolysable fraction and saturation coefficient for palsimimatter as compared to suggestions
which claim the existence of the two hydrolysable fractions,faélse hydrolysable and slowly
hydrolysable fraction. The OUR model might be failing to sineukatpoint of discontinuity of the
OUR curve, where the biomass change from utilising fast hyshble substrate to slowly

hydrolysable substrate (Poulsen and Lauridsen, 2005).

5.3.1.2.Summary of results: COD fractions

Table 5:4 shows results for the COD fractions determinethe characterisation of the influent
from the Marianridge WWTP against the ASM3 values (Gueral.,, 1999) and the typical
municipal fractions of South African wastewater according totdé& and Ekama, (2006). The
three COD fractions @ Xy, S) determined experimentally and the two COD fractiong @)
determined from the simulation model and mass balance, are expesssefraction of the total

COD of the influent wastewater.
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Typical wastewater COD characteristics for South Africaunicipal wastewater shows that about
7% of the total COD is non-biodegradable soluble, 13% non-biodegrapatileulate, 60%
slowly biodegradable particulate and 20% readily biodegradaihlsls, (Wentzel and Ekama,
2006), While ASM3 values (Guijer et al., 1999) indicate 12% non-bioddgeadaluble, 10% non-
biodegradable particulate, 23% readily biodegradable soluble, 4lly biodegradable

particulate and 12% heterotrophic biomass.

Table 5:4 COD fractions of the Marianridge influewastewater compared to ASM3 values, and typical
South African wastewater by (Wentzel and Ekamag 200

Symbol Description % of Total COD in influent wastewater
Marianridge (Wentzel and ASM3
Ekama, 2006)

S Soluble inert organics 7.5 7 12

Ss Readily biodegradable substrate 18.1 20 23

Xs Slowly biodegradable substrate 44.2 60 44
X Inert particulate organics 15.6 13 10
Xy Heterotrophic biomass 14.6 * 12

*In the guide by on the typical South African wasiter by (Wentzel and Ekama, 2006) the presence of
heterotrophic biomass is considered negligible amdgnored because the greater portion of the micro
organisms develop in the biological reactor.

The experimental results for the Marianridge influent indiGateomparable value of the non-
biodegradable soluble (soluble inert organics 7.5%) against gi%én by Wentzel and
Ekama, (2006), and a lower value of 12% from the ASM3 manual. Thegbautéble components
for the Marianridge influent are also lower, with 44.2% slowly bgrddable particulate against
60% but similar to ASM3, and 18.1% readily biodegradable substgatesa 20% as stated by
Wentzel and Ekama, (2006) for South African wastewater. The €&xtions given by Wentzel
and Ekama, (2006), are based on municipal wastewater of mainlystilorodgin. The lower
biodegradable component and higher non-biodegradable components in the indluthe
Marianridge WWTP might be due to the industrial wastewiiten factories discharging into the
plant, with textile effluent making up a significant portiontleé industrial influent wastewater to
the plant. It is appreciated that, to make an accurate explamatioregards to the biodegradability
of effluent components one would have to investigate the congitirerthe industrial effluent

since some industrial effluent can have high biodegradable content.
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The COD fractions for ASM3 influent indicate more readiipdegradable substrate and less
particulate inert organics because the fractionation is laseddmestic municipal wastewater. The
fraction of slowly biodegradable substrate is almost the sentiee ASM3 value, indicating a 0.2%
difference. Another source of the difference in COD fractionabietween the obtained results and
the ASM3 fractions might be that the ASMS3 influent charasiédion is related to European
conditions, which are substantially different from South Afriparticularly in the issue of
combined sewers with long residence times which exists in EuBipédt is expected that the

sewage characteristics will be different.

The difference between the experimental results and #ratlire values from the ASM3 manual
and Wentzel and Ekama, (2006) emphasises the need to carry ofic sgeuiacterisation of
influent in order to achieve more accurate modelling refoittshe chosen wastewater treatment

plant.

5.3.1.3.Summary of results: Model parameters
Table 5:5 shows the results obtained for the selected modahetars, compared to ASM3 default

values.
Table 5:5 Results obtained for model parametersgared with ASM3 default values at®0

Symbol Description Unit Mean  Std. dev ASM3

Yy Yield coefficient gCORH/gCODsT0 0.61 0.11 0.63

m Maximum growth rate ¢ 2.4 0.24 2

K, Hydrolysis rate constant gCQBgCODH 3.03 0.41 3

Ks Saturation coefficient forS gCODSS(m3 2.31 0.26 2

Kx Saturation coefficient for particulategCODys/gCODyH 1 *k 1
COD

Ky Saturation constant for ammonium gN/m® 0.00107 0.0003 0.01
S\H

Ko Saturation coefficient for oxygen g’ 0.0233 0.0367 0.2

**The default value did not change during trajegtaptimization, so the default value was taken.

The average yield coefficientyYobtained was 0.61 against the ASM3 default value of 0.63. The
experimental value is close to the ASM3 default value inidigahe reliability of the experimental
results. It is important to estimate the yield correctigduse it influences the estimation of sludge
production, oxygen demand and other parameters whose determinatinddepehe value of )
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like the determination of Sfrom respirometric experiments as well as the determinatiche

decay rate constantb

The results for the maximum growth rate of heterotrophicand the hydrolysis rate constant, k
are comparable to the ASM3 default values. An average vélpel d* as compared to the ASM3
value of 2 & was obtained fory, while the results of the hydrolysis rate constant indieaie
average value of 3.03 gCQEgCODyy compared to 3 gCOR/gCODy.

The value obtained for the saturation coefficient for treglitg biodegradable substrate;,Kvas

2.31 gCOR¢YmM*which is also a comparable value to the model default val@eg@fORdm®. The

saturation coefficients of ammonium and oxygeR, &nd Ko respectively, turned out to be lower
in the actual experiment compared to the default values. Abp@ssiuse for the lower value is the
presence of effective mixing in the batch experiment which ingsrale diffusion of substrate to
the biomass cells, as compared to the values derived fromttlz activated sludge unit where the
presence of bigger flocs and different mixing charactesistitl affect the diffusion of substrate,

thus leading to different values of the saturation coefficiergte(Ben et al., 2002).
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6. DEVELOPING THE PLANT MODEL

The plant model of Marianridge WWTP was configured in WEST. f@alels were assigned to
the different units in the configuration. There after simatatiwere run, evaluated and then the

model was calibrated against plant operating data.

6.1. WEST configuration for Marianridge wastewater treatment plant

A model of Marianridge WWTP was configured using the WEST goanrdition builder by putting
together the appropriate sub-models to represent the acttsabtithe treatment plant. The WEST

configuration of the Marianridge Plant is shown in Figure 6:1

Combiner Splitter Secondary Setler

e 0

COD Sensor  Fluxto Conc convertor Qutlet

6

Conc to Flux convertor

t
Loop_breaker

v

Waste Sludge

Figure 6:1 The WEST configuration for the Mariamg@section of Umhlatuzana works

The configuration consists of the major units of the WWTP atttevated sludge unit (ASU) and
the two secondary settlers. The secondary settlers are confaguoed unit since it is assumed that
they operate in the same way. Combiners and splitters have beent@addenbine and split flows,
respectively. A COD sensor has been added to the outlet stceamaasure the COD concentration
of the treated effluent. Convectors in the configuration umed to convert concentrations of
constituents in the wastewater to flux values, and flux to cdraten values, as required by the

following sub-models. The selection of sub models is outlined in the fioldpsections.
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6.2. Selection of sub-models

The selection of sub-models for the units making up the WESifiguration for Marianridge

WWTP is discussed in the following sections.

6.2.1.Inputw

Theinput sub-model allows the influent to the wastewater treatment feébe entered in terms of
the volumes and composition of the raw sewage, either as conataes used in a steady-state

simulation or as time dependant values which are used for a dynamictsimula

e e

The concentration to flussub-model is used to convert incoming data expressed as conoaastrati

6.2.2.Concentration to flux and flux to concentration converter:
into flux values while theflux to concentrationsub-model is used to convert flux values to
concentrations. The input file representing the influenhisrgin concentrations hence the need to
convert to fluxes which can be used in the differential equatiotteeimodel. To view the output
from the simulation model in terms of concentrations the flux tcemnation converter is used to

convert the fluxes to concentrations.

6.2.3.Two-combiner: ;
This sub-model combines the two incoming flows by summing up the irfeowcomponent. For
the calculation of the influent flow rate only water is consgdeil he impact of other components is

neglected.

6.2.4.WEST sub models for the activated sludge ul "ﬁ

Three types of sub-models are available for the activated slumigéASU) in WEST. Thevariable
volume ASUhas one or more weirs and a variable volume and the efflogntdte depends on the
type, width, design and number of weirs. Themped volume ASWblas a volume which is
controlled with a pump, between a maximum and minimum level. Batthestwo levels, the flow
rate is constant (equal to the pump flow rate). fked volume ASWas a constant volume, and
the influent flow rate to the ASU is the equal to the effluewftate.

The flow rate at the Marianridge activated sludge unibhas controlled by a pump hence the

pumped volume ASU is not the appropriate sub-model. At the healdeofvarks there is an

equalising tank which ensures constant flow into the activdtetes unit since there are flow
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variations coming into the works. The fixed volume ASU is toeesis the most appropriate to

model the near constant volume in the aeration basin.

6.2.5.Secondary settler

The settling tank performance is governed by both the clarditdtinction and the thickening
function. Conventional design procedures specifying only an overflavreddited mainly to the
clarification function are well established. Research devotedhé thickening process has
established the importance of the mass flux approach in the seftlghgdge in the settling tanks.
Although activated sludge is a flocculant suspension, it heis slsown that the mass-flux concept
also can be applied to activated sludge (Dick, 1970 and 1972). Thelaxaapgdroach requires the
measurement of the change in settling velocity as the eslgéljles and thickens in the bottom of
the settling tank. The flux is the product of flow rate and theenation of the suspended solids

in the stream of concern.

One-dimensional models based on the flux theory are used to model secattliagy tanks. These

models assume a uniform horizontal velocity profile in the daisif and that horizontal gradients
in concentration are negligible. This results in modellingooly the processes in the vertical
dimension, giving a settling cylinder which is viewed a®atinuous flow reactor shown in Figure
6:2 where Q and X represent flow rate and suspend solids conamtegtpectively and the sub
scripts F,E and U represent feed, effluent and underflow respgctivel

QE ’ XE

QF; XF

<
QU1 XU

Figure 6:2 Schematic diagram showing the idealisecondary settler

The incoming mixed liquor is introduced through the inlet of thdirsgtiank and the suspension is

homogeneously spread over the horizontal cross section. The flovidisddinto a downward flow
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towards the underflow exit at the bottom, and an upward flow towhedsffluent exit at the top. It
is further assumed that the concentration of suspended soludsnigletely uniform across any
horizontal plane within the settler, and that the solid-liquidfate represents a physical boundary
to separation and that the solids flux due to gravitationdlingets zero at the bottom. It is also
assumed that there are no significant biological reactions affectimgag concentration inside the

settler.

The sludge entering the settler is transferred to the bottamdflux components the gravity flux
Gs and the bulk flux @ caused by the downward flow generated by the sludge being removed from

the bottom of the settler tank. The total fluxi&the sum of the two flux components.
G=G+G
= VX + vpX

Where: v, is the vertical bulk velocity,
vsthe settling velocity of the sludge,

Xthe sludge concentration,

The flux theory is applied in simulation programs by splittingtéimk into a number of horizontal

layers and by applying the differential conservation equation on thegs.la

6.2.5.1. WEST sub models for secondary settle *
There are six sub-models available in WEST for the representations#dbedary settlers
e Secondary point settler
» Marsili-Libelli
» Secondary Otterpohl Freund
+ Takac
e Secondary Takac Solubles Propagator
* Secondary Takac all fraction Propagator

The sub models are presented\ppendix D.
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Choice of the secondary clarifier model

Grijspeerdt et al., (1995) conducted a comparative study of sesetldr models available in
literature. In this study, the settlers were evaluatel mispect to consistency and robustness and it
was concluded that the double exponential settling velocity model proposed by €akh¢c(1991)
most realistically represents the sedimentation-clatifim process. Based on the study by
Grijspeerdt et al., (1995) the Takacs model was initiatlppéed for modelling the secondary
settling tanks and it was compared to the point settler modelsiftulations of the plant model
were similar for the two scenarios, but the Takacs modeldexeral unknown parameters, as

compared to the point settler model where one parameter had to be estimated mode

The parameter which had to be determined in the point settler mmadehe non-settleable fraction
of suspended solidssf The non-settleable fraction of suspended solids was determinedniem

balance of suspended solids across the secondary clartiercalculated value was 0.0052. The
point settler model also offers more computing speed siriseniathematically simpler than the

Takac’s model, hence the use of the point settler model in the final plant mode

6.2.6.Two-splitter ﬁ

The two-splitter sub-model divides the flow into two streafwgo sub-models are available for the
splitters; an absolute splitter and a relative splitter. Tiselate splitter has a constant value for one
of the streams which result from the split, while in a retasplitter the ratio of the flow of the
resulting streams is constant but the magnitude of the flawsvary. In Marianridge WWTP the
splitter immediately after the activated sludge unit allawsonstant flow of excess sludge to be
wasted from the plant. Hence an absolute splitter is useditdhgpflow into two streams, one

going to the settler and another representing the fixed flow of the wagtess sludge.

6.2.7.Loop breake -+

There are 2 sub-models available for the loop breaker unitpdipebreaker and differential loop
breaker. Both sub-models are used to avoid circular algebraindipes during the modelling of
recycle streams in the configuration of the wastewatatrtrent plant. The loop breaker introduces
a time delay representing the retention time in the loop. Thereliffial loop breaker was selected

to represent the recycle stream in the WWTP configuration.

79



DEVELOPING THE PLANT MODEL

6.2.8.0nline COD sensc

The effluent COD concentration is measured on line by an o@{ie sensosub-model.

6.2.9.0utput '-ﬂ

The composition of the effluent from the WWTP model is acceggedgh theoutputsub-model.
Results of pre-selected components of the effluent stream agnajteically depicted or written to
an output text file. The user selects the components in the sub-maodééirfor the components to

be plotted and sent to the output text file for further viewing.

6.2.10.Waste Flux I
Waste Fluxis a sub-model representing the excess waste-removal freast@water treatment
plant. The inflow is expressed in fluxes. In the wastewagatrirent plant simulation model it is

used to represent the sludge wasted from the activated sludge unit.

6.3. Calibration of the model

The adequacy and reliability of the information available lier development of the model for the
Marianridge WWTP was evaluated during the calibration of the modeltbgperating data. For a
given model, if the experimentally determined model paramdtersot need a lot of adjusting for
the model to fit measured data, then this implies reliable niogéfiformation. The extent to

which the model fits the plant data with the available modgihformation will give a measure of

how adequate the available information is for the purpose of modelling.

The purpose of the model in this study is to simulate the presegsich happen in the WWTP.
The calibration in this study aims to closely match the medseffluent COD concentration and
the ammonia concentrations in the activated sludge unit, simceavthilability of consistent

historical plant data is restricted to these two variables.

Matching the measured effluent COD and ammonia concentrationayivessure of how well the
model can simulated the COD removal and nitrogen removal processes whicindbeuwactivated
sludge unit. Biodegradation of COD will also influence tbeaentration of nitrogen components
such as ammonia and nitrates in the activated sludge unit, therefore it is mhfmltek at the two

variables, the effluent COD and ammonia concentration in the axtightdge unit.
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A major challenge encountered in calibration of activated sludge modkeéslack of identifiability

of the model parameters, which is the ability to obtain a uriquabination of parameters that fit
the calibration data (Petersen et al., 2002). Due to the iddiitff problems a stepwise procedure
was used, where just a few parameters are changed at insitead of applying an automatic
mathematical optimisation routine. A steady-state calimatias done followed by a dynamic

calibration.

6.3.1.Steady-state calibration
The information available for steady-state calibration andstbps taken during the steady-state

calibration are discussed in the following sections.

6.3.1.1.Information for steady-state calibration

The available information for steady-state calibration isdégign and operational data collected
from Marianridge WWTP, average biological characterisationinfifient wastewater and the

average characterisation of the waste sludge stream dxpriments and data collected from
eThekwini municipal laboratory. The information is summarise@iable 6:1, Table 6:2 and Table

6:3.

Table 6:1 Volume of the activated sludge unit aaxbadary clarifiers of Marianridge WWTP

Design parameter Unit Value
Volume of activated sludge unit *m 13 600
Volume of secondary clarifiers *m 2 x 2037

Table 6:2 The average influent wastewater charasation of Marianridge WWTP for the year 2006

Component Unit Mean No. of tests
Influent volume md 9 800 350
Influent COD gQ/m® 775 291

Total suspended solids g gSS/rﬁ 298 62

Free ammonia, $u gN/nt 24.7 325
Alkalinity, Sax gHCO,/m® 266.4 338

Table 6:3 Average total suspended solids conceatran the waste sludge from Marianridge WWTP (2006

Source of sludge Suspended Solids
Units Mean No. of tests
Activated sludge unit gSS/m 455 81
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6.3.1.2.Steady-state input file representing influent

To convert the collected data into an input file representiagnfluent wastewater going into the
WWTP, for the steady-state calibration of the model, theagieetotal COD was split based on the
experimental results, into the ASM3 COD fractiongS + X, + Xg+ Xy + X,). Components
were added to the input file to represent concentrations $epldied oxygen &, di-nitrogen [,
organics stored by heterotrophst® and nitrate plus nitrite \@x. As earlier discussed in
section 2.2 the concentrations of autotrophic biomassdi$solved oxygen &, nitrates + nitrites
Swox, di-nitrogen K, and organics stored by heterotrophsXare assumed to be negligible in the
influent wastewater hence they are equal to zero in the infllieatresulting steady-state input file

is shown in Table 6:4.

Table 6:4 Part of the steady-state input file reganeting the influent wastewater

Component Influent & S X Xs Xy Xa

Units m°/d gCOD/n gCOD/nt gCOD/n? gCOD/nt gCOD/nt  gCOD/n?
Value 9800 81 107 77 395 113 0
Component  Xss Soz Svox S\Ha S\2 SaLk Xsto
Units gSS/ni  gCoD/n? gN/m3  gN/mf gN/m®  gHCO;/m® gCOD/n?
Value 298 0 0 25 0 266 0

The kinetic parameters determined from the respirometric iex@ets were used as input to the

model. The kinetic parameters are summarised in Table 6:5.

Table 6:5 Model kinetic parameters obtained frorpesiments

Symbol  Description Unit Mean Std. dev ASM3
Yy Yield coefficient gCORy /gCODsto 0.61 0.11 0.63
by Decay rate constant d 0.03 0.01 0.2
m Maximum growth rate d 2.4 0.24 2

K, Hydrolysis rate constant gCQBgCODy 3.03 0.41 3

Ks Saturation coefficient forS gCODSQIm3 2.31 0.26 2

Kx Saturation coefficient for particulategCODys/gCODcy 1 - 1

Knn gg{ﬁration coefficient, foryd gN/m?® 0.00107 0.0003 0.01
Ko Saturation coefficient. for oxygen g’ 0.0233 0.0367 0.2
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6.3.1.3.Steady-state simulation of the model before calibration

Using the information in the steady-state input file two stesddie simulations were run in the
model. In the first simulation the model was fully defined by adfault ASM3 model parameters.

In the second simulation the experimentally determined paramietefable 6:5 replaced the

default parameters in the model. The results of the two siimmgatre compared to measured

values from data collected from eThekwini municipal laboratory, ifeTai6.

Table 6:6 Steady-state simulation results befatération

Component Final effluent Free ammonia in Waste sludge TSS
COD ASU
[gCOD/n?] [gN/m”] [gSS/m]
Measured values 66 0.98 455
Simulated values:
With ASM3 default parameters 81 0.79 608
With parameters from experiments 78 0.72 833

It was observed that for both simulations the model overestimtite final effluent COD
concentration. The simulation with parameters determined fromimeyds predicts a closer value
as compared to the simulation with ASM3 default parametersnidasured final effluent COD
concentration was 66 gCODnThe simulation with parameter-values from experiments pestlict
a final effluent COD concentration of 78 gCOD/end the simulation with ASM3 default
parameter-values predicted 81 gCOB/m

The free ammonia concentration in the activated sludge umitderestimated in both simulations.
The measure free ammonia concentration was 0.98gN/he simulation with ASM3 default
parameter-values predicted a concentration of 0.79 YNmwhile the simulation with
parameter-values predicted a concentration of 0.72 YN/he simulation with parameters-values

determined from experiments underestimates the free ammonia coneetiyad wider margin.

An overestimate of the concentration of total suspended qGI8IS) in waste activated sludge is
also observed in both simulations. The measured concentratiastabfstispended solids was
455 gSS/m The simulation with ASM3 default parameter-values predictemracentration of
608 gSS/mwhile the simulation with parameter-values from experimergdigted a concentration
of 833 gSS/m
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The results from the simulations show that there is needustasbme model parameters in order

to improve the models’ predictions when compared to the measured data.

6.3.1.4.Adjusting model parameters
Three variables were evaluated during the steady-statdations before calibration; effluent COD
concentration, free ammonia concentration in the activated sligend total suspended solids

concentration in waste activated sludge.

To match the predicted effluent COD concentration and thedn@@onia concentration in the
activated sludge unit, with measured data requires dynamibrat@in but the predicted
concentration of total suspended solids in waste activated staaigkee made to fit measured data
through steady-state calibration because the concentratiootadf suspended solids in waste
activated sludge depends on the long term operation of thetadtistudge unit which is being
represented by the defined steady-state. Therefore a staselycatibration was done to fit the
predicted value of the concentration of total suspended sodidsentration in waste activated

sludge to the measured value.

This was done by adjusting parameters responsible for lomgitélogical behaviour in the
activated sludge unit, running simulations and comparing for tipeowament in the predicted
value of the concentration of total suspended solids in waste actiiadge.sThese parameters are,
the decay rate constant of heterotrophic biomasghe anoxic endogenous respiration rate for
heterotrophic biomass;Rox, the aerobic respiration rate for cell internal stornagelucts bro o2
and the anoxic respiration rate for cell internal stofgelucts bronox. The ASM3 default values
for the parameters are shown in Table 6:7 together withallves before and after calibration to fit

the measured data.

Table 6:7 Steady-state calibration parameters: ASMfault values, and values before and after catibn

Parameter Units ASM3 Value Value Change in value
default value before calibration  after calibration

by d! 0.2 0.03 0.27 +

b nox d? 0.10 0.10 0.37 +

bsro.02 d? 0.20 0.20 0.51 +

bsronox. d? 0.10 0.10 0.10 0

Note: [0 indicates no change, + indicates increase]
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After calibration the predicted value for the concentratiototal suspended solids concentration in
waste activated sludge was 456 gSSmcompared to the measured value of 455 g98#ich is

acceptable for this model.

The value of bronox, remained at the default value while the rest of the parasneere adjusted
to fit the measured data. The adjusted values indicate thaetay rate constant for heterotrophic
biomass h, which was determined from experiments, turned out to be lower hieavatue after
calibration. An explanation for this might be in line with sugiges that it is possible but difficult
to determine a representative value of the decay rateacwrodtthe full-scale WWTP (Petersen et
al., 2002). In the experiment the decay constant is investigatit starving conditions, while in
the actual plant there is substrate inflow, which enablesydeca growth to take place
simultaneously. The decay rate in the full-scale plant cainfhenced by the presence of other
micro-organisms such as protozoa, (Petersen et al., 2002) wiaig not be able to survive in the

laboratory-scale experiment and this will result in different vahiie¢ke decay rate constant.

The values of anoxic endogenous respiration rate for heterotrbjmmtass Qnox, the aerobic
respiration rate for cell internal storage producis b, and the anoxic respiration rate for cell
internal storage products3 nox Were not determined from experiments but ASM3 default values
were used before the calibration. After calibration the defellies turned out to be lower that the

values after calibration.

Underestimation of these rate constants resulted in sl@aies of the decay reactions resulting in
less inert particulate organics being produced. Inert patiicolganics contribute to the sludge’s
total suspended solids concentration. Production of more inert pagicamiganics increases the

suspended solids concentration in the waste sludge stream.

6.3.2.Dynamic calibration

The model needs dynamical calibration after steady-cdbibratf the model is calibrated by

steady-state calibration alone, problems may be encountered dyriamic simulations since the

real input variations are usually faster than the slow prabessmics which are focused on, during
the steady-state calibration (Petersen et al., 2002). Thaf tise model will include the prediction

of short-term dynamics of the effluent total COD concentradiwhthe free ammonia concentration

in the activated sludge unit, hence the need for calibration to dynamic data.
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The aim of model calibration based on dynamic data is to obtaiore meliable estimation of the
maximum specific growth rateg, and pa (Henze et al, 1999), which are the most important
parameters in predicting dynamic situations. Selected saturatdficients and kinetic parameters
were also tuned to improve the prediction of effluent total G@DB free ammonia concentration in

the activated sludge unit.

6.3.2.1.Saturation coefficients

In pure cultures, the saturation coefficients can be redasgure biological parameters that give
measures of the affinity of the biomass for substrategefgen et al, 2000). However in activated
sludge, bacteria grow in flocs, where the size and structutbeoflocs affect the diffusion of
substrate to the biomass cell, thereby affecting the apparer wélthe saturation coefficients.
Thus, the different mixing characteristics of laboratorjesaad full-scale systems make it difficult
to transfer laboratory-scale observation to full-scale ehayHenze et al, 1999). This creates a
challenge to obtain an accurate model value from laboratory eqres. With this knowledge in
mind, the experimentally determined values are used as wuiiiaés in the model but are further

tuned during model calibration.

6.3.2.2.Dynamic calibration strategy
The assessment before steady-state calibration, of howheetiddel can predict the effluent COD
concentration and the free ammonia concentration in the actiViatége sshowed that the model

overestimated the effluent COD concentration and underestimateédhenimonia concentration.

Dynamic simulations by the model before dynamic calibration alsmwsthat the model
overestimates the final effluent total COD concentratioiinducertain periods and underestimates
the free ammonia concentration in the activated sludge unit.eF&)@rFigure 6:4andFigure 6:5
show the dynamic simulations of the model before dynamic catibrathe model can follow the
trend of measured values during some periods through the somulagriod but it does not

completely match the measure data.
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From Figure 6:3, Figure 6:4 and Figure 6:5 it can be observed thaiottiel’s prediction does not
match the sharp variations and the peaks shown by the measured\dadasible cause for this
might be the fact that the measured data was missing for g@bthe days, so the gaps had to be
filled in by interpolation. During the days when the valuegfiiient COD concentration or free
ammonia concentration determined by interpolation differ from ¢heally values on the plant, the

model’s prediction will not match the measured data.

The predicted free ammonia concentration in the activated sludgés wmderestimated by the
model as shown in Figure 6:3. This indicates that there is reedljtist kinetic parameters
responsible for the reactions involving free ammonia in thivadet sludge model. Since it is
difficulty to determine saturation coefficients from laliorg experiments which are transferable to
full scale systems (Petersen et al, 2002), saturatiorficierfs are considered for adjustment
during the dynamic calibration together with other parametdestsd after running a sensitivity

analysis.

6.3.2.3.Sensitivity analysis

The purpose of the sensitivity analysis is to establish lemsitive a chosen variable is to changes
in the model parameters. In the sensitivity analysis, thecteel variables were the predicted
effluent COD concentration and free ammonia concentration in the adtslatige unit. A separate
sensitivity analysis was run for each variable. The merssive parameters are then adjusted in a
trajectory optimisation procedure in WEST to improve thevetitting between the predicted and

measured values.

In the sensitivity analysis the absolute and relative seihgiof a selected variable due to a change
in a particular parameter is calculated. This is done fawraber of sensitivity functions. For each
sensitivity function, the sensitivity is calculated as follows:
» First a reference simulation is run.
* Next the parameter, P, is altered by a certain factor (th@rpation factor) and a new
simulation (the perturbation simulation) is run
* Then the absolute sensitivity is calculated for each timet @@ the difference between the
variable value of the reference simulation and the variaflee of the perturbation
simulation divided by the difference between the parameter valilne oéference simulation

and parameter value of the perturbation simulation. Equations 9.1 ttideg@a8 show how
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absolute sensitivity, relative sensitivity and the averaigive sensitivity of a variable, Y,

respectively, are determined.

Ypert - Yref
SF=_Pet ref [9.1]
Ppert - I:)ref
Y. ..—Y
RSF = _ren Vet 4P [9.2]
pert - I:)ref Y

i Ypert _Yref DE
Pren ~Fer Y

[9.3]

Where:
SF = absolute sensitivity
RSF =relative sensitivity

ASF = average relative sensitivity

Y = variable value

Yot = the variable value in the perturbation simulation
Y« = the variable value in the reference simulation

P = parameter value

Ret = the parameter value in the perturbation simulation
Ry = the parameter value in the reference simulation

N = number of simulation steps
Since the model is non-linear a very small perturbation f4dter10°) was used, in order to use
the finite difference method, where the variable has to chiamegrly with respect to a change of
the parameter. In order to quantify this problem a control simulegiparformed. The parameter P

is, again, altered by a certain factor (the perturbation fawtdtiplied with the control factor) for

the control simulation.

The sensitivity analysis identifies the model parameters which ndéuthe identified variables, but

does not clearly indicate whether the influence results im@ease or decrease of the variable.
Consequently, after identifying the parameters influencing tmmblas, a steady state run is
performed on the model and then each parameter is increasedotttdteparameters are kept

constant, to evaluate the effect of changing that parametgnsa@n initial steady state reference
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simulation run. The evaluation was based on increasing each paranetebserving the change in
the variables (effluent COD and free ammonia concentratigninShe activated sludge unit). The

results of the evaluation on the model parameters are shown in Table 6:8.

Table 6:8 The effect of selected parameters omesffl COD and free ammonia in the ASU, when the
parameters are increased

Parameter Description Effluent COD S\
UH Maximum specific growth (heterotrophs) - -
Ua Maximum specific growth (autotrophs) - -
Kx Saturation coefficient for particulates - -
K.a Mass transfer coefficient - -
Ko Saturation coefficient for dissolve oxygen * -
Ks Saturation coefficient forsS + *
Ka NH Ammonium saturation coefficient for autotrophs * +
Ka o Oxygen saturation coefficient for autotrophs - +

Note: [+indicates increase, - indicates decreadadicates no effect]

6.3.2.4.Adjusting of model parameters

Trajectory optimisation in WEST was used to complete the dynaatilration by adjusting the
selected model parameters to fit the measured effluent @@&entration and the concentration of
free ammonia in the activated sludge uni{,.SThe calibrated values are compared to default
ASM3 values in Table 6:9.

Table 6:9 Model parameters after calibration, comgzhto default ASM3 values and value before catibra

Parameter Units ASM3 Value before Value after Change in
value calibration calibrated value value
m dt 2 2.4 2.4 0
HA dt 1 1 1 0
Kx gCODks/gCODH 1 1 1 0
K.a d* 50 50 50 0
Ko gOo/m? 0.2 0.02 0.02 0
Ks gCODsgm® 2 2.31 2.31 0
Ka nH gN/m?® 1 1 2.0 +
Ka o go,/m® 0.5 0.5 0.8 +

Note: [0 indicates no change, + indicates increase]
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The saturation coefficient for particulate CODy,Kthe maximum specific growth rate of
heterotrophic biomasgy,, and the maximum specific growth rate of autotrophic biomasisad

little effect on the variables and remained unchanged from Wadiiles before calibration. The
maximum specific growth rate of heterotrophic biomagsdetermined from experiment remained

unchanged after calibration at a value of is 2:4Tdhe value is higher than the default ASM3 value.

The value for the saturation coefficient for oxyges Kemained as 0.02 gn®, after calibration
indicating that the initial value is appropriate for the modet@npared to the ASM3 default value
of 0.2 g@/m® which turned is higher. The value of the oxygen mass tramsskefficient Ka
remained at the ASM3 default value of 5bafter calibration. It is appreciated thatekdepends on
plant operations and could not be determined experimentally, hence afbdbece of measured

values an attempt to tune &to fit the measured data of effluent COD was done.

The ammonium substrate saturation for autotrophic biorasg; and the oxygen saturation for
autotrophic biomass, Ko were adjusted to 2 gNAnand 0.8 g@m?® respectively, to fit the
predicted free ammonia in the activated sludge unit. Thetatjns of these parameters related to
autotrophic biomass was due to the fact that the laboraggperiments did not include

determination of the kinetic parameters of autotrophic biomass.

The simulation results for the free ammonia concentration iradtigated sludge unit before and

after calibration are shown in Figure 6:6 and Figure 6:7 respactivel
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Figure 6:6 Predicted and measured free ammonia entration before calibration for the year 2006
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Figure 6:7 Predicted and measured free ammonia entration after calibration for the year 2006

The calibrated model gives a better simulation of the fremaria dynamics. The predicted curve
matches the peaks of the measured data during certain inteuvédsls during other periods, and it
can be observed that the model manages to estimate tfagevweend of ammonia concentration

after calibration.

During other intervals it can be seen that the measured amemmiantration shows a constant
value over a period of several days, while the model prediattufitions. The possible cause for
this difference can be attributed to some inconsistency in theumseh historical data collected
from the municipal laboratory. A possible source of inconsistemigit be the use of the previous
day’s measurements to fill in the gap of the next day causethdsnce of measurements for that

particular day.
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The simulation results for the effluent COD concentratiorh@dctivated sludge unit before and

after calibration are shown in Figure 6:8 and Figure 6:9 respactivel
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Figure 6:8 Predicted and measured effluent COD emtiation before dynamic calibration for year 2006
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Figure 6:9 Predicted and measured effluent COD eoti@tion after dynamic calibration for year 2006

The change in the predicted effluent COD concentration cumyeiie of a downward shift of the
entire curve; the horizontal profile of the curve did not changenidgael can still predict the trend
of the measured effluent COD, but it predicts a higher effl@&D concentration during some of
the time intervals. The description of the effluent C&@ibcentration is good and the effect of high
COD in the influent wastewater can be seen in the two shaks phawn after the 300 day mark.
To further evaluate how well the model can predict effluent @@Bcentration validation of the

model was done.
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6.4. Validation of the model

After dynamic calibration, validation of the model was done ukiatprical measured data for the
year 2007 which was not used in calibration of the model. Vadidagives an indication of how
well the model can simulate the treatment plant after thieraton effort. The data for the free
ammonia concentration in the activated sludge unit were ndablafor the year 2007, so the only
data set of 2006 was used earlier to check for improvement iprétiction of the ammonia

concentration. The effluent COD concentration data for 2007 were dedidalmodel validation.

6.4.1.Effluent COD concentration
Figure 6:10 shows that the calibrated model can simulatrehd and fluctuations of the effluent

COD concentration.

g0 — PREDICTED COD
0 —— MEASURED COD
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Figure 6:10 Effluent COD simulation after calibrati for the year 2007

At the early stages of the simulation the model indicatestiaeable high peak far from the
measured value. This peak is due to a high COD value in th fitgp based on the historical
measured data of the influent COD concentrations of 2007 webability could not be verified.
The measured effluent COD does not indicate the peak, only the model shows hayk théugnt
COD reflects in the effluent COD. For the rest of thauation the model estimates the trends

satisfactorily though the peaks during fluctuations turn out to be higher.
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The effluent contains other component of interest like the nitrat&ite concentration and the free
ammonia concentration. How well the model predicts the concemtratithese components could
not be assessed due to lack of measured data to compare evitiotlel predictions. The data

available for the effluent from the Marianridge WWTP consisted byf thhie COD concentrations.
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7. DISCUSSION

The main objective of this study was to produce, a calibrateskgsomodel for the Marianridge
WWTP treating influent wastewater with a significant portiof industrial wastewater. A
methodology was adopted where laboratory experiments, historical faah the municipal

laboratory and modelling of experiments are employed to geriefatmation for the development

and calibration of the plant model.

The respirometric experiments carried out on influent wasder and modelling of the batch
respirometric experiment gave satisfactory charactesisatind fractionation of the influent COD.
The laboratory experiments were also dedicated to determininkjrteec model-parameters for

heterotrophic biomass such as the yield of biomass and specific geteuth r

During model calibration against measured effluent COD andcemantoncentration in the ASU,
these experimentally determined model parameters did not clsgujicantly but sensitivity
analysis on kinetic parameters related to autotrophic bigndasisig model calibration indicated
significant effect on the effluent COD and ammonia conceatrafihis indicates the need to carry
out experiments to determine model parameters related to thigyaaftimutotrophic biomass which

would definitely improve the performance of the model.

The simulation results indicate that the model can prediet ttends of the effluent COD
concentration, though the model cannot accurately predict some sifidhe fluctuations that are
shown by the collected data for effluent COD concentrations anaifnte®nia concentration. This
may be due to some suspect points in the historical measurddodatiie municipal laboratory as
well as the need for a measuring campaign in which the frequency of samplingtberaajjection

of plant operation data is increased as compared to the trowtime by the municipal laboratory.
The sampling frequency should be chosen in relation to the time otsnefathe process and the
influent variations. One of the important time constants ofptioeess is the hydraulic retention
time. Ideally, one should choose to sample about five timesr fidigtn the hydraulic retention time
(Ljung et al., 1987). Using an auto-sampler at the WWTPcselraw samples every hour for

laboratory tests, over a period of 1 year will generate sufficientniaftion for modelling.

96



DISCUSSION

It was noted that characterisation of the effluent from eatheofwo wastewater treatment plants
at Umhlatuzana Works is limited to COD concentration only. Other tests ffatenitotal suspended
solids, ammonia are not performed on a regular basis, except inaheombined effluent. The
presence of historical measured data containing total suspeolitisi ®ncentrations of effluent
from Marianridge WWTP, will improve the calibration of secorydaettler models selected to
represent the secondary settler. In the event of modelling batts gleperately, more tests need to
be done on the individual effluent streams from the planteatarore information is available for

modelling the different sections of the plant.

97



CONCLUSION AND RECOMMENDATIONS

8. CONCLUSION AND RECOMMENDATIONS

The procedure for the development of a baseline model for a Wk@déving a significant

proportion of industrial effluent, based on a combination of laboratory destt plant operating data

was presented. The conclusion of this study was focused on three key points

The adequacy of the available data for the modelling of Marianridge WWT
The transferability of experimentally determined model parameters toddel

The implication results on the bigger permitting project

The adequacy of the available data to for the modelling of Marianrige WWTP

There is need for more reliable and complete data with fgeqes in order to preserve the
integrity of the data when used for modelling. A lot of gapsh&data lead to loss of vital

information especially for dynamic simulations, as expeee in this study. More accurate
data collected frequently will improve the calibration psscef the model. . The sampling
frequency should be chosen in relation to the time constants pfdhess and the influent
variations. One of the important time constants of the prasdke hydraulic retention time.

Ideally, one should choose to sample about five times fasteitiie hydraulic retention time
(Ljung et al 1987). Using an auto-sampler at the WWTP setai@ damples every hour for

laboratory tests, over a period of 1 year will generate sufficientniation for modelling.

During steady-state calibration the most relevant model p#essnénclude the decay
constant B and the non-settleable fraction of suspended solids which leihe the
secondary settler over flowsf The decay constant,lwas determined from experiment but
there was not sufficient measured datasb that mass balance calculations had to be used.
Daily measurements of the average total suspended solidsntation in leaving with the
settler over-flow for a period of 1 year would alloy tb be determined more accurately.
Data collected over a period of 1 year would include diurnahthly and seasonal variations

of the total suspended solids concentration which will allotficsent dynamic calibration to

be done on the secondary settler.

During dynamic calibration the model parameters relevant fat g#ron predictions, include

the specific growth rates of heterotrophic and autotrophic lEsma andu, respectively as

well as the saturation coefficients for readily biodegraslabbstrate, ammonia and oxygen

for both heterotrophic and autotrophic organisms. The resulthiofstudy indicate that
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determining the model parameters only for heterotrophic bioimasst sufficient. There is
need to carry out experiments to determine model parameteredrétatthe activity of

autotrophic biomass.

The transferability of experimentally determined model parametes:

* In order to develop input files representing the influent wastweharacteristics for the
modelling of a wastewater treatment plant using ASM3, CODlidrzation of the influent
wastewater to WWTP can be done through carrying out a batphorestric test on the
influent wastewater to determine the readily biodegradabletidin and the heterotrophic
biomass. Flocculation-filtration can be used to determine theble inert fraction. The
particulate inert and slowly biodegradable fractions can karrdated by using a simulation
model of the batch respirometric experiment and carrying out@d kance in the influent

wastewater.

* Reliable values of the maximum vyield of heterotrophic biomags and the maximum
specific growth rate for heterotrophic biomass for ASM3 modelling, can be determined

from the respirometric batch test on composite samples of the influcietvader.

e In this study the value of the decay constant of the biomads the activated sludge,
determined by monitoring the endogenous respiration of the bionragsl tout to be lower
that the calibrated value of the developed model. Literaturgestgy that it is difficult to
obtain reliable values of ybfrom laboratory-scale experiments, therefore the values

determined from experiment may need to be adjusted during the model calipraiiedure.

» Appreciating the difficulty associated with determining Isalfuration coefficients which are
transferable to the model representing the full scale reystdne approach of tuning the
values of these coefficients during model calibration can bd, i&iggesting that the values
of the coefficients which are determined from experimentsbeansed as initial reasonable

estimates in the calibration procedure.

« The COD fractionation of the influent wastewater based on thdR @nheasurements,
flocculation-filtration, and simulation of the batch experiment, onathstewater, is assessed
to be satisfactory for modelling, because of the modelling respacigeved even before

calibration.
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The implication of the modelling results on the bigger permittig project:

The use of laboratory experiments, historical data from the muhitaparatory and
modelling of experiments in order to generate information for the ihuylef wastewater
treatment plants makes up a methodology which can be adopted and ingrpve
implementing the suggested recommendations so that simulationsntagebe a significant

source of information for municipal policies in wastewater management.
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APPENDICIES

APPENDIX A

Characteristics of different types of domestic wastewateording to Henze et al., (2002) are

shown in Table A: 1.

Table A:1 Characteristic of different types of deti,ewastewater according to Henze et al., (2002)

Characteristic Unit Wastewater type

Concentrated Moderate Diluted Very

diluted
Physical
Conductivity mS/m 120 100 80 70
Settable solids mL/L 10 7 4 3
Inorganic chemical
Alkalinity mg CaCQ/L 150 — 350
Free ammonia mg N/L 50 30 18 12
pH - 7-8
Ortho phosphorus mg P/L 14 10 6
Total phosphorus mg P/L 23 16 10
Total Kjeldahl Nitrogen mg N/L 80 50 30 20
Organic Chemical and Biological
Biological oxygen demand (BQp mg OJ/L 350 250 150 100
Chemical oxygen demand (COD ) mg/lO 740 530 320 210
Heavy metals and halogens
Cadmium ug Ca/L 4 2 2 1
Chloride mg Cl/L 500 360 280 200
Chrome — total ug Cr/L 40 25 15 10
Copper pg Cu/L 100 70 40 30
Lead ug Pb/L 80 65 30 25
Manganese pg Mn/L 150 100 60 40
Nickel pg Ni/L 40 25 15 10
Zinc ug Zn/L 300 200 130 80
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APPENDIX B

Dissolved oxygen (DO) probe specifications

Type:

Membrane:

Cathode:

Anode:

Electrolyte:

Temperature Range:

Polarizing Voltage:

Probe Current:;

YSI 5739 Field Probe

FEP Teflon

Gold

Silver

Half-saturated KCL

-5t045°C

0.8V

19mA
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APPENDIX C

The theory of determining COD fractions from a batch respiréeneperiment carried out on
wastewater, with addition of a known amount of sodium acetateeiemed, in the following

section. A typical OUR plot on which the calculations are based isishéigure C:1.

OUR (mgO2/L)

®

ou RTOTAL

| |
| ASO,maim |
1 1

0wk -

t= t=d

TIME (h)
Figure C:1 A typical OUR-curve on raw incoming sg@avith addition of readily biodegradable substrate

The curve is divided into different substrate concentration conditions:
1. Substrate non-limited condition,
2. Substrate non-limiting condition is being terminated,
3. Substrate limited condition,

4. Addition of readily biodegradable substrate.

Interpretation using the IWA model matrix

Table C:1 The model matrix describing the aeroltilisation of substrate in wastewater in a batclactor.

COD fractions - S
Process Ss Xs Xu Rate
Biomass growth ™ 1 (l}YH”) Hy @SSSTSSD(H
Maintenance energy requirements -1 111 a,, (X4
Hydrolysis of slowly biodegradable substrate 1 -1 ki, EIIHS%S“/ Xy,

L If Sgis not present in sufficient concentration, iX used for endogenous respiration.
Om : Maintenance requirements rate constarit][h
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Theory for determination of the parameters, ¥, us, and g,

The vyield constant, Y, relates the mass of COD biomass produced to the mass oft@aly
consumed. The yield constant can be found from zone 4 using equation C.1.
ASS,add _ASS,grovvlh

ASS,add

Y, = [C.1]

Where:
ASs aqq = Amount of added readily biodegradable substrate (pfig O
ASs growtn = Oxygen uptake for growth (mg.AD)

ASs grown IS Calculated from zone 4 as the area under the OUR cargene 4 minus the area

corresponding to the oxygen uptake for maintenance egy/ain:.

During the first part of the experiment, zone 1, the biomass undeagoesponentially increased

growth and the OUR can at this stage be described as an exponential functiton €tjda

OUR(t) = OUR(,) exp(y,, (At) [C.2]

The maximum specific growth rateyy, is isolated from equation B.2 and determined by

equation C.3.

OUR(t)
_In[gs)

= C.3
My t—t, [C.3]

Om is the maintenance requirements rate constant that is detdmsiimg equation C.4.

py By DS

_ O, maint
O

ASO,grovvlh

[C.4]

Theory for determination of the COD fractions, S, Xy and Xs

According to the division of the OUR-curve in Figure C:djsScalculated from equation B.5. The
concentration of Sis given by 1/ (1-Y) times the area between the observed @QLBnd the

calculated theoretical OUR gXfrom when the measurement starts and to the precipitous dmp tim
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(t = d), i.e. where no readily biodegradable substrateftisQ&JR (Xs) is the OUR used to utilise
slowly biodegradable substrate and is a theoretical calcwatad. The method for determining
the curve of OUR (¥ is on the UCT model, (Wentzel et al., 1995).

s.=—* "(our
c= g

~ OUR(X ) it
-Y,

total

. d [C.5]
t=
S, = T [ _ OUR(S:;) [t

Ss is determined by integrating graphically thus calculatingdifference between the area under
the OURy curve and OUR (¥), between the starting time, t=0 and t=d.

Referring to the IWA model matrix model in Table C:1 theR O3 divided into two parts, an
uptake for growth and a corresponding uptake for maintenanceeneguir energy of the biomass.
The interpretation of this division is shown under stage (4) ieT@:1. Consequently the OUR at

a time t, can be described by equation C.6.

d , -
OUR(t)= %dgtfowm + d%dr;a.m :{1YY“ [l DKSSE %+qmjD<H [C.6]
H

When readily biodegradable substrate is added, the growth processpoods to substrate non-
limited condition, hence shecomes much greater thag &d the monod-expressiony/ (& s+Ss),
is simplified to a unity. The initial heterotrophic biomasg at 0 is then isolated and found by

equation C.7.

= & [C.7]

H 1-Yy
Yu HIH +qm

Because the OUR is carried out over only approximately 24ehddnation is not sufficient to

measure the degradation of slowly biodegradable substrate;uxthermore the degradation of

produced biomass will create interference. Hence an alternative metrsmts estimate X
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Interpretation using the UCT model matrix
The UCT model (Dold et al., 1991), used to interpret the experiment is shdwablanC:3.

Table C:3 .The UCT model (Dold et al., 1991) maufescribing the

wastewater during OUR measurements in the batctioea

aerobic utilisation of substrate i

i COMPOUND — Zen | Ze 1 Z | Sus | Senm | Sos | Suis | O PROCESS RATE,p,
| j PROCESS
Aerobic growth of g, on 1 1 _ (@Y) S
g 4n s Vo YZ:H :uH Q<SH+Sb5 [ZBH
Aerobic growth of g, on 1 -1 (1Y) Saas! Z
I 41 0N Ss Yzu YziH KMP stpfsadﬁ% [ZBH
Death of Zy -1 fe 1-f bH [ZBH
Adsorption of G N KaSenm Zer(fva- Saad Zan)
Stoichiometric constants Sle |~ & ' 8 lo o Kinetic constants
sens e w88 (R | | .
Y z4 — Heterotrophic yield a (DD o) O O @) o) My -heterotrophic max.
| 5 = [z |88 -
fe—Endogenous residue 8 O @) g | = = | = | O specific growth rate on,3
. = 0] = .
fua- Max. ratio Qud Zgn 2 | < = % IS o ~ K sy —heterotrophic half
z | 2 g saturation on §
Qo > (2] (&)
> (7] Qo E .
n o 7 = Ksp-heterotrophic half
Q e} 1%}
o 2| s 2|8 saturation on Ss
£ BIE |3 |e by -h hic specifi
.S ;',’ > 2 g v -heterotrophic specifi
ke s | B 215 death rate
O " ke e o] n
s | 2 2> S |2 K a -Senm Specific
o = ; — o)
=] S = (=} g -g d .
S o B G g = adsorption rate
g 3 ) @ Ee; i) S
© (] o]
E % % 5] < % c
2 |3 | & ? £ s | 2 2
) c Q k] c [0} c x
< I} £ < L 04 - ©)

Theory for determining heterotrophic active biomass 24

From the simplified UCT model shown Table C:2 the rate of drosftheterotroph biomass is

given by equation C.8.

dz
——B" =growth on RBCOD + growth on SBCOD - death

dt

dz,

H — S
— = My G vss en + Ky

dt

Sads/ZBH -
E‘!ZS,,LS 1 Zan [ZBH bH [ZBH

ads

[C.8]
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It can be accepted that during the initial stages of the basth(before the readily biodegradable
COD is depleted and the OUR drops precipitoushy>&Ksp and SudZsn>>Ksp (Wentzel et al.,
1995), therefore:
dz
o= (Ha * Ky =) Zaw [C.9]
Separating variables and integrating and solving equation C.dsyidle active organism

concentration at a time gy,

— +Kyp —b,
ZBH(t)_ZBH(O)e('UH wp ~by ) [C.10]

The OUR at a time t is a function B, and the net specific growth rate:
1-Y,,

OUR, = (i + Kyp) gy 124 [C.11]

ZH

Substituting equation C.10 f@gy in equation C.11 and taking natural logarithms yields:

1_YZH

ZH

INOUR,, = In (U + Kyp) Lo 124 |+ (U + Ky —b,) E/24  [C.12]

This equation represents a straight line with:
Slope G, +K,,, —b,) @ /24

Y-intercept MOUR-o)
1-Yo

i (44 + Kyp) o) 124

ZH

From the plot oinOURy, versus time in hrs, the influent active heterotrophic bi&sHgy ) can be

obtained as shown in equation C.13.

e(y—int ercep) @4

BH(O) — 71—
1YYZH [{slope24+h,)

ZH

Z mgCOD/L [C.13]

The biomass yield ¥, and the death constant &re determined from experiment.
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Theory for determining the influent readily biodegradable COD

The theory for determining the influent readily biodegradabl®G©Opresented in the following

section.

Heterotroph maximum specific growth rate on SBCOD, Kp

The RBCOD concentration is calculated from the concentratioroxgfyen utilised in its
degradation. This requires the OUR before the precipitous dropsepheated into its RBCOD and
SBCOD contributions, which is equivalent to separating the dwgn@ith rate (4 + Kyp) into its

uy and Kyp components.

In terms of the UCT-model, growth of heterotrophic micro-orgasi®n readily biodegradable
substrate, and slowly biodegradable substrate, is independent. ThRioglthat separates them is
the respective maximum growth rates on the two substrates.odygen uptake rate, OUR

(mgGy/L/h), of the two growth processes are given by equation C.14 and C.15.

1-Yz,

OURecony [24= CUyy [ gy gy LBV Hm 028 [C.14]
ZH
OURsgeoqy (4= 1Yo ik, 2, o) LBt I28 [C.15]
ZH
Where:
Yy = Yield coefficient for heterotroph (mg COD/mg COD)
K = Maximum specific growth rate of heterotroph on readily biodegradable
substraté)(d
Kp = Maximum specific growth rate of heterotrophs on slowly biodegradable
substraté)(d
&no) = Initial concentration of heterotroph (mg CODI/L).
] = Lysis and decay rate for heterotroph.(d

Before the precipitous decrease the total OUR, @QUR the sum of the two growth processes,
equation 10.14 and 10.15. When RBCOD is depleted the OUR showetigtpus decrease and

if this occurs at t = d h - can be calculated from equation C.16.

113



APPENDICES

KMP

Oou Rsscon(tzd) (24
= A
1=y [C.16]

ZH [ZBH 0 []E(NH +Kyp—byy )(t=d)/24

ZH
Where:
OURscop(=¢) =OUR value due to utilization of SBCOD only, immediately
following the precipitous drop i.e=cat
(t=d) =The time immediately following the precipitous drop in @QUR

(1, +Kyp —by) [ /24 = the slope of then OURy vs. time(h) plot.

Heterotroph maximum specific growth rate on RBCOD ,uy
The maximum growth rate is calculated from the value fgy #erived earlieand the slope of the

In OUR versus time plot as shown in equation C.17.
un=slope24-Kyp + by [C.17]

Determination of the influent RBCOD concentration

Knowing Kyp anduy, the OURgcop Can now be calculated and subtracted from QLR give the
OURgecop The RBCOD then is given by 1/(1zY) times the area between the observed OUR and
the theoretical OURcopfrom the start of the batch test t=0 to the precipitous drop t=d:

1

ZH

RBCOD=

[~ (OUR yy ~OURyc00) it mgCODIL [C.18]

The RBCOD concentration can be found by doing the integration mtiequC.18 graphically, i.e.

determining the area between the two curves in the OUR plot.

COD analysis

The principle of the experiment is that organic mattexxislized by a mixture of boiling chromic
and sulphuric acids. A sample taken before and after the QpiRiment is refluxed in strong acid
solution with a known excess of potassium dichromat€}0,). After digestion, the remaining
unreduced KCr,O; is titrated with ferrous ammonium sulphate to determine the amotnCafO,

consumed. The oxidisable matter is then calculated in terms of the oxygeal@ujLii
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APPENDIX D

The models for the secondary settler available in the WEEBgramme are outlined below. The

source of the outline is the WEST models guide (Amerlinck 2004)

Secondary point settler

The modelling of a settler by means of a point settledasge simplification of the actual process.
The settler is only a phase separator, and has no real volemee,Hhe model does not take into
account the retention time in the settler. It is not a dyndmiwadel but only based on mass

balances.

The effluent particulate concentration is calculated aadaidn of the influent concentration to the
settler. To calculate the underflow concentration a mass\d®laver the settler is solved. The
soluble fraction is divided according to the flow rates. lagssumed that there are no biological

reactions (WEST models guide).

Marsili Libelli

In this model, the settling process exists of two sub-procefisiekening and clarification, of
which the first is the most important one. A clarificationuedl is always the result of a thickening
failure. The model is a dynamic presentation for the transfer and a@ationuwf sludge mass in the
secondary clarifier based on the theory of hindered regttlithout the use of layers. The total
downward mass transfer is calculated from a gravitationapooant i and a bulk flux component
Fo. The total flux Fis the sum of fand k. (WEST models guide).

Secondary Otterpohl Freund
The Secondary Otterpohl Freund model for a secondary claaifies to give good results for the
following points.

* The sludge settling must be near reality both for concentrations and stasesma

* The effluent solids concentration should have reasonable valuedyf and wet weather

flows.

To satisfy the first condition the Secondary Otterpohl Freund modeides the model of Hartel
which satisfies the condition. Hartel uses a correcting funthianlimits the amount of sludge in
each layer. The function allows the model to describe théingeth the transition and the
compressing zone. Then the model of Otterpohl and Freund providkgiarsfor the second goal
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by using two components, micro- and macro-flocs, in modellingatienentation behaviour. The
macro-flocs settle with a velocity according to the Haftektion and the settling velocity of the

small solids is constant.

The model divides the settler into 10 layers. The volume ofaerd must be at least one order of
magnitude larger than the flow rate in one time interval. Foln é&ayer a mass balance is formed.
The change of mass depends on the bulk flux and the settling fluitdgomal flux).Every layer

has a maximum capacity for sludge storage. So the amount lofgsetidge cannot exceed the

amount of sludge that the layer below can handle.

Secondary Takacs Solubles Propagator

The Secondary Takacs Solubles Propagator model is an extefigiosm Bakacs model. In this
model, the propagation of the soluble components is taken into acdtnpropagation of the
soluble components is caused by the flow rate. Under the fead thgegropagation is due to the

underflow rate, above the feed layer the propagation is due to the ovettow ra

Secondary Takacs all fraction Propagator

The Secondary Takacs All Fraction Propagator model is an exteoihe Takacs model. In this
model the propagation of the all the components, solubles asasvglarticulates, is taken into
account. The propagation of the soluble components is caused bypwheafe. Under the feed

layer, the propagation is due to the underflow rate, above ¢aeldger the propagation is due to
the overflow rate. The propagation of the particulate components is causallydar the flow rate

and partially by the gravitational settling.

Takacs
The model of Takacs is based on the model of Vitasovic. THerssetmodelled with a number of
layers around which a solids balance is made, while assuminghthaincoming solids are

distributed immediately homogenous over the feed layer and that onhal/fiaie is considered.

The settling velocity of the sludge blanket is taken as alinear function of the solids
concentration. In Vitasovic’s model, the settling flux is du¢hi gravity settling and also due to
the bulk flux. The bulk fluxs upward above the feed layer and resulting from the overfsy r
Beneath the feed layer, the bulk flux is downward and resuftog the underflow rate. The
calculation of the settling velocity depends on the concentration of patdsuBeneath a minimum
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concentration, there is no gravitational settling. Above tl@inmum concentration, the settling
velocity follows the equation of Vesilind for the large parsiclgith a correction for the smaller
particles. For the layers above the feed layer a threshspitsded solids is added. The threshold
concentration is the maximum concentration that the layer belowaradle. This is a limitation for

the downward solids flux. It is assumed that the particulate matteragsajwesent in the influent.
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