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EXECUTIVE SUMMARY 

With ever more pressure being exerted on South Africa to reduce its carbon emissions 

and their sole energy producer, Eskom, on the verge of collapse, electricity cost in 

South Africa are set to increase drastically.  It is therefore important that electrical 

consumption be reduced throughout all sectors and wastewater treatment is no 

exception. 

With reduction of electrical consumption of WWTPs in mind, this thesis focused on 

the costing and viability of replacing less efficient aeration technology (slow speed 

surface aeration) with more efficient technology (fine bubble diffused aeration). 

The main objective of the investigation was to calculate the total cost (capital, 

maintenance and operational) of the two technologies, with the input of the varying 

inflow rates and wastewater characteristics, and find the inflow rate where the total 

cost of the two technologies are the same.  This intersection was titled the Viability 

Threshold Point.  With this point known it is possible to advise designers and investors 

as to when and where which aeration technology should be implemented. 

Different data groups were established with varying wastewater characteristics (see 

table below) as well as inflow rates varying from 1.0 Mℓ/d to 12.0 Mℓ/d.  An inflow COD 

concentration of 750 mg/ℓ was chosen as a benchmark group and the other inflow 

characteristics were calculated to represent typical values based on this COD 

concentration. 

Dataset 
Raw Wastewater 

COD Concentration 

Settled Wastewater 

COD Concentration 

Data Group 1 600 360 

Data Group (Benchmark) 750 450 

Data Group 3 900 540 

Data Group 4 1050 630 

Data Group 5 1200 720 
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With varying inflow rates and wastewater characteristics as input data, the total cost 

of infrastructure and equipment associated with both aeration technologies were 

calculated for the MLE and UCT process configurations and for both raw and settled 

wastewater.  The cost of the two technologies were compared using the Net Present 

Value method and a 20-year life cycle.  For each of the configurations, the Viability 

Threshold Point was calculated, and the table below gives a summary of the results 

(for detail of the input data see Appendix A). 

 Viability Threshold Points (Mℓ/d) 

 MLE Process Configuration UCT Process Configuration 

Data Group Raw WW Settled WW Raw WW Settled WW 

Data Group 1 5.70 7.80 7.40 9.60 

Data Group 2 

(Benchmark) 
5.30 6.60 5.80 7.60 

Data Group 3 4.40 6.30 4.80 6.50 

Data Group 4 4.00 5.30 4.40 5.60 

Data Group 5 3.40 4.90 3.80 4.90 

From these results it is possible for designers and investors to make educated 

decisions as to which aeration technology to be used when and where i.e. for inflow 

rates higher than the VTP, designers and investors should choose the FBDA 

technology and for inflow rates lower than the VTP the SSSA should be chosen.  By 

choosing the correct aeration technology it will not only be more financially viable for 

the clients and investors but also go a long way in reducing our carbon footprint and 

leave a better future for the next generations to enjoy. 
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1. INTRODUCTION 

According to The Carbon Report, South Africa currently ranks among the dirtiest 

energy producers in the world due to its inherent reliance on coal.  South Africa’s 

carbon emissions of 8.9 tonnes per capita per year on average is among the highest 

in the developing world (The Carbon Report- Why is this relevant to South African 

Companies, 2015).  With the South African government’s push to reduce carbon 

emissions by 34% by 2020 and 42% by 2025 and South Africa’s sole energy producer, 

Eskom, currently on R220.8 billion of guarantees from National Treasury, (Eskom a 

risk to South Africa as finances are getting worse, 2018) and a debt of nearly R 0.5 

trillion, electricity cost in South Africa is set to increase rapidly over the next few years. 

Although energy consumption per capita for wastewater treatment is low  

(<5 W/person), electricity consumption at wastewater treatment plants (WWTPs) is 

high due to the large number of people connected to the WWTP, running onto some 

1MW for a 25Mℓ/d WWTP.  So, as WWTPs in South Africa are large energy 

consumers, lowering of energy consumption at WWTPs is becoming more crucial.  It 

is therefore important that all measures be taken to optimise and conserve energy at 

WWTPs.  As aeration accounts by far for the most energy consumed on a WWTP, 

between 45 and 60% (Roman & Mureşan, 2014), choosing the correct aeration 

technology and implementing the correct aeration process control regimes are the 

most important choices that can be made when designing a WWTP. 

Musvoto and Ikumi (2016) categorize measures to conserve energy (what they call 

Energy Conservation Measures (ECMs)) on WWTPs into different groups.  These 

ECMs are listed in descending order of ease of implementation and capital investment 

requirements (i.e. the easiest and least cost first) as detailed below: 

1) Simple measures that only require changes to process operation and control 

to optimal levels, with little to no additional capital investment apart from 

operator training. 

2) Low to medium capital measures that involve upgrading aeration and control 

strategies requiring investment in new monitoring equipment and control 

systems. 

3) Complex measures that involve (i) redesigning and replacing less efficient 

aeration systems with more efficient technologies (ii) introduction of influent 

flow balancing and/or implementing anaerobic digestion for energy recovery. 

(Musvoto & Ikumi, 2016) 
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From these three categories, categories (1) and (2) are simple strategies and require 

low to medium capital investment to implement.  For this reason, these strategies are 

currently being implemented on various WWTPs in South Africa.  However, looking 

at category (3), where larger capital investment is required, the implementation is far 

less common.  With this in mind, this study will focus on the “redesigning and replacing 

of less efficient aeration systems (slow speed surface aeration) with more efficient 

technologies (fine bubble diffused aeration)”.  As with any large capital investment 

project, the viability of the investment must be investigated.  Looking at information 

readily available in literature, various sources could be found that compares the 

difference in efficiencies between the two different technologies (SSSA vs FBDA) but 

none that compares overall costs (capital, maintenance and operational) for the two 

different technologies.  It would seem there is a lack of information with regards overall 

financial costing of these different aeration technologies, making viability calculations 

very uncertain.  Investors and designers are therefore unsure as to which of the 

aeration technologies would be the most viable option. 

For this reason, this study will focus on costing models (capital, operation and 

maintenance) for these two different aeration technologies i.e. Slow Speed Surface 

Aeration (SSSA) and Fine Bubble Diffused Aeration (FBDA).  Two different process 

configurations i.e. the Modified Ludzack-Ettinger (MLE) and University of Cape Town 

(UCT), will be investigated together with different inflow rates (in Mℓ/d) and different 

inflow wastewater characteristics to test the viability of these systems.  The goal of 

the study is to determine the inflow rate and wastewater inflow characteristics, at 

which each of the aeration technologies would be the most viable option. 

Looking at historical costing data of the two different aeration technologies under 

discussion, it is evident that the SSSA technology will have a lower initial capital cost 

but a higher operational cost, while the FBDA technology will have a higher initial 

capital cost but lower operational cost.  It can therefore be safely assumed that for 

lower inflow rates the SSSA technology will be the most viable option and for higher 

inflow rates the FBDA technology will be the most viable.  By comparing the total cost 

of the two technologies with the input of the varying inflow rates and wastewater 

characteristics, an inflow rate will be reached where the total cost of the two 

technologies are the same.  For this investigation, this point will be titled the Viability 

Threshold Point (VTP).  The VTP is important, mostly because for inflow rates lower 

than the VTP, the SSSA technology will be viable option and for inflow rates higher 

than the VTP, the FBDA technology will be. 
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With this information available, it will give investors and designers a benchmark as to 

which aeration technology should be used when and where. 
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2. LITERATURE REVIEW 

2.1 Introduction 

With electricity prices on the rise, environmental organisations driving for cleaner 

energy production and a struggling energy producer, energy optimisation initiatives 

have become the norm in South Africa.  As WWTP consumes vast amounts of energy, 

lowering power consumption on these plants is becoming crucial.  The ultimate 

purpose of any wastewater treatment plant is in essence to satisfy the effluent 

compliance requirement at the least possible cost. 

As aeration forms the heart of the wastewater treatment process in terms of biological 

activity and effluent quality, and typically accounts for 45 to 60% of a treatment 

facility’s total energy consumption (Roman & Mureşan, 2014), choosing the correct 

aeration technology is the most important choice that can be made when designing a 

WWTP from an energy usage perspective. 

2.2 Effluent Quality 

The main purpose of any WWTP is to treat wastewater so it can be safely discharged 

back into the environment, usually into rivers and streams.  In South Africa, in order 

for wastewater to be safely discharged back into the environment, its constituents 

(COD, Nitrogen, Phosphorous, etc.) must comply with the limits as set by the 

Department of Water and Sanitation – General and Special Authorization (General 

limits or Special limits).  Whether the effluent quality must comply with the General or 

Special Limits, is subject to the type and location of the receiving water resource. 

Table 1 below summarises the required limits for each constituent in the effluent, 

eligible for it to be safely discharged back into a water resource. 

SUBSTANCE/PARAMETER GENERAL LIMIT SPECIAL LIMIT 

Faecal Coliforms (per 100 mℓ) 1 000 0 

Chemical Oxygen Demand (mg/ℓ) 75 30 

pH 5.5 - 9.5 5.5 - 7.5 

Ammonia (ionised and un-ionised) 
as Nitrogen (mg/ ℓ)  

6 2 

Nitrate/Nitrite as Nitrogen (mg/ ℓ) 15 1.5 

Chlorine as Free Chlorine (mg/ ℓ) 0.25 0 

Suspended Solids (mg/ ℓ) 25 10 

Electrical Conductivity (mS/m) 
70 mS/m above intake to 

a maximum of 150 mS/m 

50 mS/m above intake to 

a maximum of 100 mS/m 
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Ortho-Phosphate as phosphorous 
(mg/ ℓ) 

10 
1 (median) and 2.5 

(maximum) 

Fluoride (mg/ ℓ) 1 1 

Soap, oil or grease (mg/ ℓ) 2.5 0 

Dissolved Arsenic (mg/ ℓ) 0.02 0.01 

Dissolved Cadmium (mg/ ℓ) 0.005 0.001 

Dissolved Chromium (VI) (mg/ ℓ) 0.05 0.02 

Dissolved Copper (mg/ ℓ) 0.01 0.002 

Dissolved Cyanide (mg/ ℓ) 0.02 0.01 

Dissolved Iron (mg/ ℓ) 0.3 0.3 

Dissolved Lead (mg/ ℓ) 0.01 0.006 

Dissolved Manganese (mg/ ℓ) 0.1 0.1 

Mercury and its compounds (mg/ ℓ) 0.005 0.001 

Dissolved Selenium (mg/ ℓ) 0.02 0.02 

Dissolved Zinc (mg/ ℓ) 0.1 0.04 

Boron (mg/ ℓ) 1 0.5 

Table 1: General and Special Limit Values. (Deprtment of Water and Sanitation, 1999) 

In order to ensure the effluent from the WWTP meet the required limits, it is important 

to know the composition of the inflow wastewater received by the plant in order to 

determine the constituents that must be removed. 

2.3 Wastewater Characterisation 

The first step in the design of any WWTP is to characterise the inflow wastewater into 

its different constituents.  The activated sludge system design will be only as good as 

the selected wastewater characteristics are representative of the particular 

wastewater (Wentzel & Ekama, 2003).  Table 2 below shows the physical, chemical 

and biological transformation of the organic and inorganic constituents that take place 

in the biological reactor. 
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ESCAPES WITH EFFLUENT 

Table 2: Physical, Chemical and Biological Transformation of Organic and Inorganic 

Constitutes (Wentzel & Ekama, 2003) 

With the composition of the inflow wastewater known and the limits of the effluent set, 

the correct process configuration can be chosen for the WWTP. 
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2.4 Process Configurations 

From section 2.2 and 2.3 above it is evident that treatment of wastewater will require 

some sort of nitrogen or phosphorous removal or both, in order to meet the discharge 

limit values.  The main reason behind removal of these elements is to inhibit 

eutrophication which has a negative impact on the natural water bodies like dams and 

rivers.  The introduction of nutrient removal treatment systems in WWTPs are 

therefore very important. 

2.4.1 Biological Nitrogen Removal Systems 

Biological Nitrogen Removal is facilitated by organisms known as Autotrophic Nitrifier 

Organisms (ANOs) that has the ability to convert ammonium (NH4
+) to nitrate (NO3

-) 

with oxygen (O2) serving as the electron acceptor, a process known as nitrification.  

The two basic stoichiometric redox reactions in nitrification are: 

7LMN + 3 2R 9� (ANOs) → 79�Z + L�9 + 2LN ( 2-1 ) 

79� + 1 2R 9� (NNOs) → 79\Z ( 2-2 ) 

(Ekama & Wentzel, 2008) 

Oxygen is predominately introduced to the wastewater by means mechanical aeration 

equipment.  The ANOs grow in the Aerobic Zone together with the Ordinary 

Heterotrophic Organisms (OHOs). 

ANOs are obligate aerobes, so nitrification will not happen in unaerated zones.  By 

introducing unaerated zones into the system, the electron acceptor (O2) is inherently 

removed from the process.  Facultative organisms can however still survive in the 

unaerated zones should sufficient nitrate be available to serve as electron acceptors 

and sufficient COD be available as electron donors, inherently turning the unaerated 

zone into an anoxic zone (no dissolved oxygen, only nitrate available).  In the anoxic 

zone, these organisms will consume nitrate (NO3) and release nitrogen as N2 gas to 

the atmosphere, a process known as denitrification.  The basic stoichiometric redox 

reaction in denitrification is: 

79\Z + 6LN + 5_Z → 1 2R 7� + 3L�9 + `�_abc ( 2-3 ) 

(Ekama & Wentzel, 2008) 
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The calculation of the nitrogen removal is essentially a reconciliation of electron 

acceptors (nitrate) and donors (COD) taking due account of (1) the biological kinetics 

of denitrification and (2) the system operating parameters (such as recycle ratios, 

anoxic reactor sizes) under which the denitrification is constrained to take place. 

(Ekama & Wentzel, 2008) 

The electron donors (or COD or energy) for denitrification can come from 2 sources, 

(1) internal or (2) external to the activated sludge system. The former are those 

present in the system itself, i.e. those in the incoming wastewater or generated within 

the biological reactor by the activated sludge itself; the latter are organics imported to 

the activated sludge system and specifically dosed into the anoxic zone(s) to promote 

denitrification, e.g. methanol, acetate, molasses, etc. (Ekama & Wentzel, 2008)  For 

this investigation the focus will only be on internal COD sources for denitrification. 

There are many different configurations of single sludge nitrification-denitrification 

(ND) systems but from the point of view of the source of the organics (electron 

donors), these can be simplified to two basic types of denitrification or combinations 

of these.  The two basic types utilising internal organics are (1) post-denitrification, 

which utilises self-generated endogenous organics and (2) pre-denitrification, which 

utilises influent wastewater organics. (Ekama & Wentzel, 2008).  For this investigation 

the focus will only be on the pre-denitrification process. 

2.4.1.1 Modified Ludzack-Ettinger (MLE) Process Configuration 

Ludzack and Ettinger (1962) were the first to introduce a single sludge nitrification- 

denitrification system utilising the biodegradable organics in the influent as organics 

for denitrification.  It consisted of two reactors in series, partially separated from each 

other. The influent was discharged to the first reactor or primary anoxic reactor which 

was maintained in an anoxic state with only mixing and no aeration. The second 

reactor was aerated for nitrification to be achieved.  Ludzack and Ettinger reported 

that their system gave variable denitrification results.  As a result, Barnard proposed 

an improvement to the Ludzack-Ettinger system by completely separating the anoxic 

and aerobic reactors, recycling the underflow from the Secondary Settling Tank (SST) 

to the primary anoxic reactor and introducing a mixed liquor recycle from the aerobic 

to the primary anoxic reactor (Ekama & Wentzel, 2008).  This system became known 

as the Modified Ludzack- Ettinger process and is commonly used as the process 

configuration on WWTPs throughout South Africa where nitrogen removal is required. 
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Figure 1 below illustrates the MLE process configuration. 

 

Figure 1: The MLE Process Configuration. 

2.4.2 Nitrif ication Denitri f ication Biological Excess Phosphorous 

Removal (NDBEPR) Systems 

The first indication of biological phosphate removal occurring in a wastewater 

treatment process was described by Srinath et al. (1959). 

The development of an engineering approach to the biological phosphorous removal 

(BPR) process was however mainly due to work of Barnard (1974, 1975) and Nicholls 

(1975).  They recognised that an essential prerequisite for BPR was the existence of 

a truly anaerobic phase, in which returned sludge and influent wastewater are mixed.  

The presence of an external electron acceptor in this phase limits the capacity of the 

BPR process.  On the basis of this principle many different process configurations for 

biological process configuration have been proposed and constructed. (van 

Loosdrecht, et al., 1997) 

2.4.2.1 University of Cape Town (UCT) Process Configuration 

De-nitrification and biological excess phosphate removal can only take place if 

favourable conditions are created within the biological reactor to facilitate these 

processes, as is established within UCT process configuration.  In the anaerobic zone, 

the readily biodegradable COD is taken up by a group of heterotrophic organisms 

known as polyphosphate accumulation organisms (PAOs), while the slowly 

biodegradable COD is enmeshed within the sludge mass. (Wentzel & Ekama, 1997) 
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Biological Excess Phosphate Removal (BEPR) is facilitated by the PAOs that can 

store phosphate internally as polyphosphate.  When enough PAOs has been 

accumulated within the sludge of the activated sludge system, most of the phosphate 

is taken up in the anoxic and/or aerobic zones and a low effluent phosphate 

concentration can then be achieved.  The stored phosphate is removed via the waste 

sludge stream from the aerobic basin.  The underflow sludge from the secondary 

settling tanks is returned to the anoxic zone, where de-nitrification takes place. 

(Wentzel & Ekama, 1997).   

For the UCT configuration, the nitrification/denitrification process is the same as 

described in section 2.4.1: Biological Nitrogen Removal Systems.  The UCT process 

is commonly used as the process configuration on WWTPs throughout South Africa 

where both nitrogen and phosphate removal are required. 

Figure 2 illustrates the UCT process configuration. 

 

Figure 2: The UCT Process Configuration 

With the correct process configuration chosen, the infrastructure associated with each 

configuration can be designed. 
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2.5 Process Infrastructure Design 

2.5.1 Steady State and Dynamic Models 

Steady state and dynamic models are two different methods of mathematically 

modelling wastewater treatment. Steady state models have constant flows and loads 

while dynamic models include time in their calculations and have varying loads and 

flows (Ekama & Wentzel, 2008)  Steady state models are therefore much simpler and 

easy to understand and can be modelled using explicit equation on a platform like 

Microsoft Excel.  For dynamic models very accurate inflow data is required and it is 

suggested that samples and measurements be taken hourly or bihourly.  To gather 

data this accurately takes a lot of time, is very expensive and is rarely available when 

designing a WWTP.  For this reason, steady state modelling was used for the sizing 

of the process infrastructure in this investigation. 

2.5.2 Balanced MLE Biological Reactor Design 

As explained in section 2.4.1.1, the MLE process is a single sludge nitrification - 

denitrification system and can therefore only facilitate biological nitrogen removal.  For 

this investigation, the design of the MLE biological reactor was done according to the 

design procedure as portrayed in Chapter 5: “Nitrogen Removal’’ of book “Biological 

Wastewater Treatment: Principles, Modelling and Design” and notes presented as 

part of the Water Treatment courses presented at the University of Cape Town in 

2016. 

From this literature the calculation of the main components of MLE biological reactor 

can be summarised as follows: 

Reactor Volume: 

F� = <�,�=>?B��,
������G� e	f ( 2-4 ) 

Where 

F�  = Reactor Volume (m3) 

<�,�=>? = Inflow (ADWF) (m3/d) 

B��,
������ = COD concentration in inflow (mgCOD/ℓ) 

G�  = MLSS concentration in reactor (mgTSS/ℓ) 

	 = g1 − #�i,� − #�+,�j I�@�(1 + ���@�) g1 + #����@� + #�,���j + k#�+,�#�% + GH��B�� l @� 
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#�+,�  = Fraction of total COD which is unbiodegradable particulate 

#�+,�  = Fraction of total COD which is unbiodegradable soluble 

I�  = Biomass Yield of OHO’s 

@�  = Sludge age (for balanced sludge calculation, see below) 

���  = Endogenous respiration rate OHO’s 

#�  = Fraction of endogenous residue in OHO’s 

#�,���  = VSS/TSS ratio of activated sludge 

#�%  = COD/VSS ration of sludge 

GH��  = Concentration of unbiodegradable particulate organics in inflow 

B��  = Total influent COD concentration 

Total oxygen demand: 

09� = 09� + 09) − 09  ( 2-5 ) 

Where: 

09�  = Flux of total oxygen demand (kgO2/day) 

09�  = Flux of carbon oxygen demand (kgO2/day) 

09)  = Flux of nitrification oxygen demand (kgO2/day) 

09   = Flux of denitrification oxygen demand (kgO2/day) 

9C@ = 09� F��� × 24R  ( 2-6 ) 

Where: 

9C@  = Oxygen utilisation rate mgO2/(l/h) 

F���  = Volume of aeration basin (ℓ) 

24  = 24 hours 

As costing of the infrastructure played such a critical part in the investigation, it was 

important that the optimal sizing of the infrastructure be used.  In an MLE configuration 

there is a clearly defined optimum configuration that results in the smallest reactor for 

a given influent flow which is referred to as a balanced MLE system.  In order to 

facilitate a balanced MLE system, the balanced SRT (Sludge Retention Time) or 

sludge age must be calculated.  The SRT governs the maximum unaerated fraction 

and in a balance MLE system, the anoxic fraction is set equal to the maximum 



 

 Page 31  

unaerated fraction.  The size of the anoxic zone, on its part sets the denitrification 

potential of the system.  On their part, the a- and s- recycle returns set the nitrate load 

from the aerobic zone to the anoxic zone.  With the a- and s-recycle flow known (for 

this investigation the a-recycle was set to 6 times the inflow and s-recycle was set 

equal to the inflow) the nitrate load can be determined.  In a balanced MLE system, 

the SRT is chosen so that the denitrification potential is equal to the nitrate load.  This 

SRT is known as the balanced SRT of the MLE system.  From the notes on work done 

by G.A. Ekama: “Calculation procedure for balanced SRT of MLE system’’, the 

following explicit equation was used to calculate the balanced SRT. 

@����2�( = �. `2�( + ! − 	. p + 	. B/3�� I�J�K� − `2�(. #) k	. I� + B�� #�+,�#�%&'�l
	(p. ��� + 3��I�) − 	. B/���3�� I�J�K� − ���(�. `2�( + !) + `2�( . #)��� k	. I�#� + B�� #�+,�#�%&'�l ( 2-7 ) 

Where, 

	 = B��g1 − #�i,� − #�+,�j 

p = #�.+� g1 − #�%,���I�j2.86  

� = 7�� − 7�� 

! = �����9� + A9�2.86  

`2�( = g����� + Ajg����� + A + 1j 

With the optimum mixed liquor suspended solids (MLSS) concentration known from 

section 2.5.5 (see below) and the balanced SRT calculated from equation ( 2-7 ), the 

sizing of the MLE biological reactor was completed. 

2.5.3 Balanced UCT Biological Reactor Design 

The UCT process is a single sludge NDBEPR system and is capable of biological 

removal of nitrogen and phosphorous.  The design of the UCT biological reactor was 

done according to the design procedure as portrayed in the paper by M.C. Wentzel 

and G.A. Ekama “Principles in the design of single-sludge activated-sludge systems 

for biological removal of carbon, nitrogen and phosphorus” (1997) and notes 

presented as part of the Water Treatment courses presented at the University of Cape 

Town in 2016. 
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From this literature the calculation of the main components of UCT biological reactor 

can be summarised as follows: 

Reactor Volume: 

F� = <�,�=>?B��,
������G� e	f ( 2-8 ) 

Where 

<�,�=>? = Inflow (ADWF) (m3/d) 

B��,
������ = COD concentration in inflow (mgCOD/ℓ) 

G�  = MLSS concentration in reactor (mgTSS/ℓ) 

	 = g1 − #�i,� − #�+,�j kr1 − %100 #�.+�u I�@�(1 + ���@�) g1 + #����@� + #�,���j
+ r %100 #�.+�u I�@�(1 + ���@�) (1 + #(����@� + 3.286(#1��' − #1��'�2)
+ #�'���2)l + k#�+,�#�% + GH��B�� l @� 

#�+,�  = Fraction of total COD which is unbiodegradable particulate 

#�+,�  = Fraction of total COD which is unbiodegradable soluble 

#�.+�  = Fraction of biodegradable COD which is readily biodegradable 

                            (soluble) 

I�  = Biomass Yield of OHO’s 

@�  = Sludge age (for balanced sludge calculation, see below) 

���  = Endogenous respiration rate OHO’s 

#�  = Fraction of endogenous residue in OHO’s 

#�,���  = VSS/TSS ratio of activated sludge 

I�  = Biomass Yield of PAO’s 

���  = Endogenous respiration rate PAO’s 

#(�  = Fraction of endogenous residue in PAO’s 

#1��'  = Total PAO phosphorus content 

#1��'�2 = Phosphorus content of PAO biomass 

#�'���2 = ISS content of PAO biomass 
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#�%  = COD/VSS ration of sludge 

GH��  = Concentration of unbiodegradable particulate organics in inflow 

B��  = Total influent COD concentration 

Total oxygen demand: 

Calculation of the total oxygen is similar to the calculation used for the MLE system. 

 

The same as for the MLE process, the UCT process also has an optimum 

configuration giving the smallest reactor for a said inflow, this is referred to as a 

balanced UCT system.  The UCT configuration, however, has added complexity as 

the activated sludge contains both OHOs and PAOs.  Like for an MLE system, a 

balanced sludge age for the UCT system ensures that the denitrification potential of 

the anoxic reactor is equal to the equivalent nitrate load of the recycles (for this 

investigation the a-recycle was set to 6 times the inflow, r-recycle set equal to the 

inflow and s-recycle also set equal to the inflow) to the anoxic zone.  For the UCT 

balanced SRT no explicit equation has been formulated and an iterative process must 

be followed to calculated the balanced SRT. 

Notes on work done by G.A. Ekama: “Calculation procedure for balanced SRT of UCT 

system’’ gives the following equations: 

vLB = !�" = 	 wp r1 − %100u + (1 − 0)3′�� y1 − B/ z��� + 1@�{J�2� − #|�} I�@�1 + ���@�~ ( 2-9 ) 

Where: 

	 = B��(1 − #�`,� − #�`,�) 

p = #�.`� 1 − #�%,���I�2.86  

0 = %100 #�.`� 

@LB = !�" = �����9� + A9�2.86 + g����� + Ajg����� + A + 1j (� − 7�) = !&$� + `&$��&$� ( 2-10 ) 
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Where: 

!&$� = �����9� + A9�2.86  

`&$� = ����� + A����� + A + 1 

� = 7�� − 3)�B/ − 1 − 7�,�� 

�&$� = � − #) �	 �(1 − 0) I�(1 + #����@�)(1 + ���@�) + 0 I�(1 + #����@�)(1 + ���@�) � + #�`,�#�%,&'� B��� 

For the calculation of the balanced SRT, the SRT (Rs in the equations) must be 

chosen as part of an iterative process until LHS = RHS.  With the optimum MLSS 

concentration known from section 2.5.5 (see below) and the balanced SRT calculated 

from the iterative process, the sizing of the UCT biological reactor was completed. 

2.5.4 Secondary Settl ing Tank Design 

As can be seen from Figure 1 and Figure 2 in section 2.4, the SSTs follow the 

biological reactors.  In the SSTs physical separation of the solids from the treated 

effluent occurs and the biomass (underflow) is returned to the biological reactor via 

the Return Activated Sludge (RAS) flow (s-recycle).  It is imperative that the 

separation process happen thoroughly and that the correct underflow rate is chosen 

to ensure as little as possible sludge carryover to the final effluent occurs. 

The design of the SSTs was done according to the One-Dimensional Flux Theory 

(1DFT) as described by G.A. Ekama in the paper “Estimation of Secondary Settling 

Tank Capacity with the One-Dimensional Flux Theory”.  From this literature the 

calculation main components of Secondary Settling Tank can be summarised as 

follows: 

Flux constants �� and �: 

BBF� = !BF� × 0.67 ( 2-11 ) 

Where: 

BBF�  = Stirred sludge volume index (mℓ/g) 

!BF�  = Diluted sludge volume index (mℓ/g) 

F� �R = 67.9 _Z�.�"�(���H) ( 2-12 ) 
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Where: 

F�  = flux constant (m/d) 

�  = flux constant (m3/kg) 

� = 0.88 − 0.393 log zF� �R { ( 2-13 ) 

Maximum up-flow-velocity: 

��K�| = F� _Z)1� ( 2-14 ) 

Where: 

��K�| = maximum up-flow-velocity (m/h) 

G�  = TSS concentration in reactor (kgTSS/m3) 

Calculating SST area: 

	��� = :550/��K�| ( 2-15 ) 

Where: 

	���  = Area of SST (m2) 

:550 = Peak wet weather flow (m3/h 

2.5.5 Reactor/SST Cost Optimisation 

As the biological reactor and SST forms the basis of the process configurations and 

the costing played a critical part in the investigation, it was important that the cost of 

this infrastructure be kept to a minimum.  In order to optimise costing of the Reactor-

SST system, the optimum MLSS concentration was calculated based on the notes 

presented as part of the Water Treatment courses presented at the University of Cape 

Town in 2016 “Optimising Activated Sludge Systems”: 

Biological Reactor 

From the steady state Reactor model, equation ( 2-16 ) can be generated to calculate 

the reactor volume (F�). 

F� = <�,�=>?B��,
������G� e	f ( 2-16 ) 
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Where 

<�,�=>? = Inflow (ADWF) (m3/d) 

B��,
������ = COD concentration in inflow (mgCOD/ℓ) 

G�  = MLSS concentration in reactor (mgTSS/ℓ) 

	 = g1 − #�i,� − #�+,�j I�@�(1 + ���@�) g1 + #����@� + #�,���j + k#�+,�#�% + GH��B�� l @� 

for N removal systems (MLE configuration in this investigation) and 

	 = g1 − #�i,� − #�+,�j kr1 − %100 #�.+�u I�@�(1 + ���@�) g1 + #����@� + #�,���j
+ r %100 #�.+�u I�@�(1 + ���@�) (1 + #(����@� + 3.286(#1��' − #1��'�2)
+ #�'���2)l + k#�+,�#�% + GH��B�� l @� 

for N & P removal systems (UCT configuration in this investigation). 

From equation ( 2-16 ) it is evident that the reactor volume will decrease with an 

increase in MLSS concentration (Xt). 

Secondary Settling Tank 

From the 1DFT, equation ( 2-17 ) can be generated to calculate the SST Area (ASST). 

	��� = 1000#-<�,�=>? 24R0.8F�_�;(−�G�)  ( 2-17 ) 

Where 

#-  = PWWF / ADWF ratio 

<�,�=>? = Inflow (ADWF) (m3/d) 

F�  = flux constant (m/d) 

�  = flux constant (m3/kg) 

G�  = MLSS concentration in reactor (mgTSS/ℓ) 

0.8  = Flux rating. 

From equation ( 2-17 ) it is evident that SST area will increase with an increase in 

MLSS concentration (Xt). 
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The size of the reactor and SST are therefore linked by the MLSS concentration.  The 

optimum MLSS concentration is the concentration at which the combined cost of the 

reactor and SST is a minimum.  This optimum concentration was calculated using the 

above equations and cost functions for the reactor and SST (see section 2.8 below).  

With the optimum MLSS concentration known and from the equation presented in 

section 2.5.2, 2.5.3 and 2.5.4, the design of the Reactors and SSTs were completed. 

2.5.6 Blower House Building 

The purpose of the blower house building is to house the blowers and associated 

equipment, which normally include the electrical equipment such as the motor control 

centers (MCCs), transformers and switchgear. 

For the blower room itself special care must be given to include noise attenuation, 

coarse air filtration, high level extraction fans and a gantry assembly for installation 

and removal of the blowers. 

Blower houses range in size and type depending on type and size of blower 

equipment to be installed as well as geographical location of the WWTP.  The size of 

the blower house building for this investigation will therefore be based on the size and 

type of the blower equipment installed.  The figure below gives the standard sizes of 

the blower equipment to be installed. 

 

Figure 3: Modular Enclosure Datasheet of Blowers 
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In order to do proper maintenance on the blowers, it is common practice to allow for 

an area of at least 2m on all sides of the blowers.  From previous projects it is also 

assumed that the area required to house the electrical equipment will be a similar size 

to that of the area required for the blowers.  The table below gives the estimated areas 

required. 

Blower Type 

Number of 

Units to be 

installed 

Area required for 

Blowers 

Area of Blower 

Building 

GT-B-T10 
2 (1 duty, one 

standby) 

2x (1.25+2+2) x 

(1.80+2+2) = 60.90m2 
2 x 60.90 = ± 120 m2 

GT-B-T20 
2 (1 duty, one 

standby) 

2x (1.25+2+2) x 

(2.00+2+2) = 63.00m2 
2 x 63.00 = ± 130 m2 

GT-B-T30 
3 (2 duty, one 

standby) 

3x (1.90+2+2) x 

(2.80+2+2) = 120.36m2 
2 x 120.36 = ± 240 m2 

GT-B-T40 
3 (2 duty, one 

standby) 

3x (2.10+2+2) x 

(3.20+2+2) = 131.76m2 
2 x 131.76 = ± 260 m2 

Table 3: Blower Building Sizing 

For more information on the blower equipment, see section 2.8.1.6. 
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2.6 Aeration on WWTPs 

2.6.1 Theory of Oxygen Transfer  

As described in section 2.4, oxygen forms an essential part for the biological treatment 

of wastewater.  Several methods exist to introduce oxygen into water, but basically all 

of them rely on the process of diffusion through an air/liquid interface and then 

dispersion throughout the liquid body by diffusion and convection. (Bratby, 1982) 

Oxygen transfer across the interface occurs in three stages: 

1) Oxygen molecules from gas (air or oxygen) are initially transferred to the 

air/liquid interface until a stage is reached where gas molecules dissolving into 

the liquid and gas molecules escaping out of solution reach an equilibrium, 

thus the layer becomes saturated with oxygen; 

2) Oxygen molecules dissolved to saturation at the interface pass through the 

interfacial film by molecular diffusion.  The interfacial film is composed of water 

molecules which, because of the air phase on the other side of the film, are 

orientated with their negative oxygen ends facing the interface (Horne, 1969); 

3) Oxygen is distributed throughout the body of liquid by diffusion and convection. 

(Bratby, 1982) 

2.6.2 Oxygen Transfer rate 

Oxygen transfer rate is defined as the mass of oxygen an aeration device can 

introduce into a body of water per unit of time and unit of power absorbed.  This rate 

can be represented as the following equation: 

 @�� = 3����F��� �5R  ( 2-18 ) 

where 

@��  - Oxygen transfer rate at standard conditions (kgO/kWh); K�� - Mass transfer coefficient; �� - Saturation concentration of oxygen in liquid (mg/ℓ); F��� - Volume of liquid in aeration reactor (m3); �5 - Power absorbed. 

(Bratby, 1982) 
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The figure for @��  is quoted by the manufacturer and will vary according to the specific 

equipment under discussion.  These @��  figures quoted by the manufacturer are 

however only valid under standard conditions.  The following effects must be included 

to allow for non-standard (site) conditions: 

2.6.2.1 Effect of impurities on kLa  

As the mass transfer coefficient (KLa) is based on clean tap water, the effect that 

impurities in the water has on KLa must be calculated.  The factor “α” is incorporated 

into the equation to allow for this effect. (Bratby, 1982).  For accurate determination 

of α values it is suggested that laboratory tests be performed. 

2.6.2.2 Effect of impurities on Cs  

Impurities will not only effect KLa as described in section 2.6.2.1 but also the saturation 

concentration of the oxygen into the liquid (Cs).    The correction factor “β” is used to 

correct the test system oxygen transfer rate for differences in oxygen solubility.  

Values of β vary from about 0.7 to 0.98.  A β value of 0.95 is commonly used for 

wastewater. (Metcalf & Eddy, 2004) 

2.6.2.3 Effect of atmospheric pressure on Cs  

Pressure for Standard Conditions are set at 1 atmosphere (760 mm Hg).  For 

pressures other than that, the saturation concentration in water Cs, is given by: 

�� = ����� r:���� − ;����:�� − ;�� u ( 2-19 ) 

where 

�� - saturation concentration of oxygen at site; ����  - saturation concentration of oxygen at 1 atmosphere; :���� - Pressure (mm Hg) at site; :��  - 1 atmosphere (760mm Hg); ;��  - saturated water vapour pressure at standard temperature; ;���� - saturated water vapour pressure at particular water temperature; 

(Bratby, 1982) 

Adjusting pressure (P) for increase in attitude: 

: = 10�.��""�Z�.�����\M��×���) ( 2-20 ) 
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Adjusting Saturated Water Vapour Pressure for increase in temperature: 

; = 17.51(1.0639)(�Z��) ( 2-21 ) 

2.6.2.4 Effect of temperature on kL a  and Cs  

The temperature effect on KLa is defined by the following relationship (Eckenfeller and 

Ford, 1968): 

(3��)� = (3��)��°$8(�Z��) ( 2-22 ) 

The temperature effect on Cs is given by the following equation: 

(��)� = (��)��°$ 51.6 31.6 + �R  ( 2-23 ) 

Typical θ values are in the range of 1.015 to 1.040.  The θ of 1.024 is typical for both 

diffused and mechanical aeration devices. (Metcalf & Eddy, 2004) 

2.6.2.5 Overall  correction to oxygen transfer rate 

The above effects can be incorporated into one overall correction factor that must be 

applied to the manufacturers quoted @��  figure, given by the following: 

@���@�� = �8(�Z��) �z:���� − ;����:���� − ;�� { z 51.631.6 + �{ 
�� − �����  
( 2-24 ) 

2.6.3 Oxygen Content of Air 

As most aeration devices introduces air into the wastewater but only oxygen is used 

for the biological process, the oxygen content of air must be calculated. 

The mole fraction of air (at sea level) according the book Atkin’s Physical Chemistry 

(1982) is given as: 

N2 = 2.7 moles 

O2 = 0.72 moles 

Ar = 0.032 moles 

CO2 = 0.001 moles 

Total = 3.453 moles 

This means there is 0.72 mol O2 in 3.453 mol air.  These fractions do vary slightly with 

altitude, as the heavier gases decrease with altitude.  The variation is however so 

miniscule that it has no significant effect on the calculations and can therefore be 

ignored. 
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The molar fraction of air is therefore calculated as: 

4���a 0a� ¡¢�� �# 9� = 0.72 £�� 9� 3.453 £�� �¢aR = 0.2085 £�� 9� £�� �¢aR  ( 2-25 ) 

giving 0.2085 x 32g (molar mass of O2) = 6.672g O2 in 1 mol of air. 

From the perfect gas law, the volume of air is calculated: 

:F = �@� ( 2-26 ) 

where: 

: = pressure (N/m2, where 1 kPa = 103 N/m2); F = Volume (m3); � = no. moles; @ = Universal gas constant (8.31441 J/(mol.K)); � = Temperature (K). 

Rearranging equation ( 2-26 ) the volume of air at standard temperature and pressure, 

STP (273.15 K and 1.01325 x 105 N/m2), can be calculated. F �R = @� :R  ( 2-27 ) 

Solving equation ( 2-27 ) gives 1 mol of air occupies 0.0224 m3 @ STP.  As 1 mol of 

air contains 6.672g O2, there is 0.298 kgO in 1Nm3 air @ STP 

Combing the above equations into a single equation, the O2 content of air (ConO2) is 

given by: 

����� = 6��45��:@�1,000  ( 2-28 ) 

Where: 

����� = oxygen content of air (kgO/m3); 6��  = mole fraction of O2 in air; 

  = 0.2085 (mol/mol); 45��  = molecular weight of O2; 

  = 32 (g/mol); 1000  = conversion from g to kg. 

Solving equation ( 2-28 ) gives: 

����� = 0.298 kgO/m3 @ 273.15 K and standard pressure of 1.01325 x 105 N/m2. 

(Wagner & Pöpel, 1998) 
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2.6.4 Peak Flow Factors 

The size of a WWTP is normally measured in Mℓ/d, which refers to the Average Dry 

Weather Flow (ADWF) the plant can treat.  The actual flow to the WWTP can however 

vary considerably throughout the day (see Figure 4 below) and is dependent on 

various factors such as size of catchment area, land use (industrial residential or 

commercial), type of sewage system (gravity vs pumping), ect.  These flow variations 

must be considered when designing a WWTP and for this reason a peaking factor 

known as the Peak Flow Factor must be incorporated.  Various methods exist to 

calculate this factor but the one most commonly used in South Africa is the Harmon 

Factor (see equation ( 2-29 )).  By incorporating this factor, the Peak Dry Weather 

Flow (PDWF) can be calculated. 

:00 = 1 + 144 + √:9: ( 2-29 ) 

Where: 

PFF = Peak Flow Factor 

POP = Population in thousands 

(van Vuuren & van Dijk, 2011) 

Together with these flow variations over the day, the flow variations due to infiltration 

into the sewage system (normally associated with precipitation and rising 

groundwater) also plays a role.  Again, many factors will influence the amount of 

infiltration, such as the amount of precipitation, age of sewage system, type of sewage 

system, ect.  The infiltration ratio is normally measured as a percentage of the PDWF 

and can vary considerably (normally 15% - 50%).  The major influence on the flow to 

WWTP will be when the PDWF and peak infiltration happens simultaneously. This 

flow is known as the Peak Wet Weather Flow (PWWF). 

This PWWF influence the sizing of various components of the WWTP, but relevant to 

this investigation, especially that of the SSTs and aeration requirements. 
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2.6.5 Effect of Cycle Flow and Load Conditions on Oxygen Demand 

The flow and load to a WWTP may vary considerably throughout the day and the peak 

flow and pollutant load can be several times higher than the average.  For such cyclic 

flow and load conditions, the mass of sludge produced and plant volume remain 

unchanged from the steady state values, but the oxygen demand fluctuates in 

response to the varying load.  The peak daily oxygen demand can therefore be 

considerably higher than the average daily oxygen demand and needs to be 

accurately determined at design stage in order to provide sufficient aeration capacity 

during peak oxygen demand periods. (Musvoto, et al., 2002) 

The graph below shows typical cycle flow conditions and how it various to ADWF over 

the day: 

 

Figure 4: Typical Cycle Flow over a Day 

There are a number of methods which designers can use to determine the peak 

oxygen demand depending on the data available to them.  If diurnal load variation 

data is available, the method developed by Ekama and Marais (1978) for estimating 

peak oxygen demand in fully aerobic activated sludge systems can be used.  This is 

done empirically from the finding that the amplitude (Peak/Average - 1) of the Oxygen 

Utilization Rate (OUR) under cyclic loading conditions is half that of the total oxygen 

demand (TOD) load wave, i.e. 

�� = ¥���¦�� ( 2-30 ) 
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Where: 

�� = amplitude of the OUR response wave = (Peak OUR/Average OUR) – 1; 

¥���¦ = the damping of the amplitude of peak OUR relative to the amplitude of the 

                  peak TOD load 

�� = amplitude of the TOD load wave = (Peak TOD/Average TOD) – 1 

The average OUR is the oxygen utilisation rate including nitrification and denitrification 

calculated from the steady state activated sludge model.  The Peak and Average TOD 

are determined from the cyclic flow and load variation as follows:  The COD load at 

any time in the day is the product of the flow and COD concentration at that particular 

time.  Similarly, for the TKN load.  Now the TOD load at each time is the COD load 

plus 4.57 times the TKN load, and the Peak TOD is the maximum TOD value of the 

day.  The average TOD load per day is the area under the TOD load versus time of 

day plot.  Hence, the peak OUR is given by:  

:_�� 9C@ = g1 + ¥���¦ × ��j × �§_a�b_ 9C@ ( 2-31 ) 

(Musvoto, et al., 2002) 

From Ekama and Marais (1978), ¥���¦ was calculated as approximately 0.5 for fully 

aerobic activated sludge systems.  From Musvoto, et al. (2002), ¥���¦ was calculated 

as 0.28 at 20°C and 0.32 at 22°C for ND-BEPR systems. (Musvoto, et al., 2002) 

As diurnal flow information was not available for this investigation, the peak oxygen 

demand was calculated on a safety factor basis.  This safety factor will be site specific 

and will depend on factors like factors such as the layout of the sewerage system, the 

type of and intensity of industries, etc.  Metcalf and Eddy (1991) propose a safety 

factor of twice the average biological oxygen demand load is used to design the 

aeration equipment.  This is found to be extremely high if only domestic wastewater 

is treated.  From previous experience on WWTP treating domestic wastewater, the 

peak factor was found to be ± 1.25 the average oxygen requirement.  This safety 

factor (1.25 the average biological oxygen demand load) was therefore used in this 

investigation. 
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2.6.6 Slow Speed Surface Aeration (SSSA) 

The introduction of air into the mixed liquor by surface aerators is based on violent 

surface agitation of the water to form small droplets in order to diffuse oxygen into the 

water.  For the introduction of air by SSSA, surface aerators with a maximum 

rotational speed of 45 rpm was used in this investigation. 

As described in section 2.6.2, oxygen transfer rate (@�� ) is manufacturer specific.  For 

the modeling purposes of this investigation an average @��  figure was used based 

on equipment commonly used in the South African market. 

Taking wastewater characteristics and site-specific conditions (as described in 

section 2.6.2) into account, @��� is given by the following equation: 

@��� = �8(�Z��) �z : − ;760 − ;�� { z 51.631.6 + �{ 
�� − ����� × @��  ( 2-32 ) 

For this investigation the following values were used: 

 �  =  0.80; 

 
  =  0.95; 

 8  =  1.024; 

 @��  =  2.0. 

With @��� calculated, the oxygen utilisation rate (OUR) and volume of the reactor 

known from the biological reactor design, the total power requirement for the plant 

was calculated. 

:� = @��� × OUR × F��� ( 2-33 ) 

Where: 

:�  = Total power requirement (kW); 

9C@  = Oxygen utilisation rate (mgO/(l.h)); 

F���  = Volume of aeration basin (m3). 

With the total power requirement known, the correct size aerators can be chosen.  As 

aerators are only available in standard sizes (see section 2.8.1.5 below), the sizes of 

the aerators were chosen to best suit the power requirement calculated above. 
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2.6.7 Fine Bubble Diffused Aeration 

The typical configuration of a diffused aeration system involves an air compressor 

(blower) that supplies air through tubing to diffusers located at the bottom of the 

reactor basin (aeration zones).  When the air reaches the diffuser, the diffuser breaks 

it up into tiny bubbles that are released into the mixed liquor.  The bubbling action of 

the air rising to the surface causes both mixing and aeration of the mixed liquor. 

From the work done by Wagener and Pöpel (1998), the method for sizing diffused 

aeration equipment are as follow and were used in this investigation: 

 As explained in section 2.6.3 the air supplied by the blowers has a specific oxygen 

content.  The oxygen content is dependent on the temperature and air pressure 

of the specific WWTP site and must be taken into account. 

 The oxygen in the air supplied is transferred to the water via the diffusers which 

have a specific transfer efficiency, which is specified by the manufacturer/supplier, 

and is dependent on water depth, diffuser density and airflow rate. 

 The oxygen transferred to the water must always be able to meet the biological 

demand.  The aeration equipment must therefore be sized to meet maximum 

oxygen demand. 

 As with the SSSA system, the specified oxygen transfer efficiency is for “standard” 

conditions, whereas the oxygen demand is at “site” conditions. An adjustment 

must therefore be made to convert “standard” conditions to “site” conditions.  To 

achieve this, the oxygen transfer rate (OTR) must be adjusted from “standard” 

conditions to “site” conditions. 

 With the oxygen demand, oxygen transfer rate and oxygen content of air known, 

the required airflow rate can be determined. 

 Based on the airflow rate, the number of diffusers can be selected together with 

the diffuser density.  The diffuser density (DD) should not exceed 25%. 

 With the airflow rate known, the air pipe sizes can be calculated. 

 From the airflow rates and pipe sizes, the headloss through the pipes and diffusers 

can be determined. 

 The total headloss is the sum of the above headlosses, the static head created by 

the depth of immersion of the diffusers and the fouling encountered at the 

diffusers. 

 The blowers are sized based on the airflow rate and headloss to overcome 

(pressure). 

(Wagner & Pöpel, 1998) 
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2.6.7.1 Fouling Factor 

Fouling of the diffuser system can be split into two categories i.e. internal fouling and 

external fouling.  Internal fouling is caused by impurities in the compressed air, 

whereas external fouling is caused by the formation of biological slimes and inorganic 

precipitants (Metcalf & Eddy, 2004).  This fouling has an effect on the diffuser mass 

transfer and can materially alter the air volume required and thus power required.  The 

correction factor “F” is used to correct the test system oxygen transfer rate for the 

fouling on the diffuser system.  Values of F vary from about 0.65 to 0.90 depended on 

cleaning regimes and type of diffuser system. 

2.6.7.2 Airflow Calculation 

Applying a similar approach as was used with the SSSA (oxygen transfer rate (@���)) 
calculation (section 3.3.1), the oxygen transfer rate (OTR) for the diffused aeration is 

converted from standard conditions to site conditions with the following equation: 

9�@����9�@�� = y�8�Z�� kz:���� − ;����:�� − ;�� { r:���� + 73.53ℎ# − :����:���� − ;���� u z 51.631.6 + �{ 
���� 0 − ��l�� } = «	¬ ( 2-34 ) 

Where: 9�@���� = Oxygen transfer rate (kgO/h) for site conditions; 9�@��  = Oxygen transfer rate (kgO/h) for standard conditions 

(20°C, 101.325 kPa); �  = (KLa of mixed liquor)/(KLa clean tap water) 

  = 0.5 (for this study); 8�Z��  = effect of temperature on KLa; 8  = 1.024 (for this study); :����  = atmospheric pressure on site (mm Hg); ;����  = saturated vapour pressure at site, for site temperature (mm Hg); :��   = standard pressure; ;��   = standard saturated vapour pressure; 73.53  = conversion factor for m water to mm Hg; ℎ  = submersion depth for diffusers (m); #                  = fraction of submerged depth (from surface) at which pressure 

corresponds to the average saturation concentration 

                   = 0.325 (for this study); �  = temperature in °C; 
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  = effect of impurities on CS (CS mixed liquor / CS of clean tap water) 

  = 0.95 (for this study); ����   = saturated concentration of DO under standard conditions (mgO/l) 

  = 9.07; 

F  = fouling factor 

  = 0.9 (for this study); ��  = Residual dissolved oxygen concentration (2mg/l) 

  = 2.0 (for this study). 

It is also known that: 

9B@�� = �����,�� × <���,�� = 9�@�� B9� �̀� R  ( 2-35 ) 

Where: 

9B@��  = Oxygen supply rate (kgO/h) under standard condition; �����,��  = oxygen content of air (kgO/m3); <���,��  = Air flow rate (m3/h); B9� �̀�  = Standard oxygen transfer efficiency. 

B9� �̀� = 9�` × A­�£_ab_� _ ¥_;¡ℎ ( 2-36 ) 

and 

9�@���� = 	9@ ( 2-37 ) 

therefore, 

	9@���� = 9�@�� «	¬ = �����,�� × <���,�� × B9� �̀� «	¬ ( 2-38 ) 

Where: 

	9@  = Actual oxygen requirement (kgO/h); «	¬  = from equation ( 2-34 ). 

With this, <���,��  can be solved 

<���,�� = 	9@���� g�����,�� × B9� �̀� «	¬j®  ( 2-39 ) 

With <���,��  known, the airflow rate of the air intake to the blower at the actual 

temperature and pressure must be calculated. 
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In the calculations above, the air flow rate calculated is for the conditions within the 

aeration zone.  In effect this would be the volume of air at the blower intake, since this 

air supplies the mass of oxygen required (OSR).  The temperature of the air taken 

into the blower may however be very different from these conditions, and so the 

airflow rate should be calculated for the actual air temperature and pressure at the 

blower.  To compensate for this, the actual temperature and pressure at the blower 

must be taken into account, giving the following equation. 

(Wagner & Pöpel, 1998) 

<���,������ = 	9@���� g�����,������ × B9� �̀� «	¬j®  ( 2-40 ) 

Where: 

�����,������ = oxygen content of air at the Blower (kgO/m3). 

From equation ( 2-40 ) the airflow rate at the Blower can be calculated.  With the 

airflow rate known, the total headloss in the system can be calculated and thus the 

pressure the blower must overcome.  With the airflow rate and the pressure rating for 

the blower known, the correct blower can be chosen. 

2.6.7.2.1  In f l u en c e o f  d i f f u ser  d en s i t y  an d  ai r f l o w  r at e o n  SOTE 

As noted above, the airflow rate and diffuser density influence the SOTE.  Usually the 

supplier will give a graph of the SOTE versus airflow rate / diffuser for different diffuser 

densities, typical to the one in Figure 5 below. 
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Figure 5: Oxygen Transfer efficiency under standard condition (SOTE) (%/m) versus 

airflow rate per diffuser (m3/hr /diffuser) (Wagner & Pöpel, 1998) 

However, if this is not supplied, it needs to be included in the calculations in some 

fashion.  Dold and Fairlamb (1999) have developed a method to do this 

mathematically and can be described as follows: 

9�@�� = 3��,�� ��,�� F ( 2-41 ) 

Where: 3��,��  = mass transfer coefficient. 

B9�` = 9�@�� 9B@�� R × 100 ( 2-42 ) 

This therefore adds another term to equation ( 2-34 ), which then becomes: 

9�@����9�@�� = y�8�Z��3��,�� kz:���� − ;����:�� − ;�� { r:���� + 73.53ℎ# − :����:���� − ;���� u z 51.631.6 + �{ 
���� 0 − ��l�� } ( 2-43 ) 

Knowing the OTRsite must meet the AOR i.e.  

9�@���� = 	9@ 

and OTEsite is given by: 

9� �̀��� = 9�@���� 9B@����R = 9�@���� g�����,���� × <���,����j®  
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KLa,std must therefore be determined to meet the AOR and then the OTEsite can be 

determined.  This means that the influence of the airflow rate and diffuser density on 

the KLa needs to be formulated. 

Dold and Fairlamb note that the KLa is related to the superficial gas velocity given by: 

3��� = � C��     E ( 2-44 ) 

Where: 

�  = constant dependant on the diffuser density; C��     E  = superficial gas velocity (m /m /h) 

  = 
<���,� 	
® ; 

<���,�  = air flow rate @ T °C; 	
  = area of aerated reactor (m2). 

In Equation ( 2-44 ), the constant C is dependent on the diffuser density via the 

following relationship: 

� = �" !!�.�� + �� ( 2-45 ) 

Where: 

!!  = Diffuser Density (%) 

  = area diffusers/area reactor x 100; �", ��  = constants (/d). 

In Equation( 2-45 ), the constants k1 and k2 are specific for the diffuser type. 

Thus, the 3 constants in the equations ( 2-44 ) and ( 2-45 ) above, Y, k1 and k2 need 

to be determined for the particular diffuser being used.  This is done by curve fitting 

to the supplier’s graph of SOTE versus airflow rate for different diffuser densities, 

typical to Figure 5.  Once the constants are determined for the diffuser type, then the 

SOTE for any diffuser density and air flow rate can be calculated and so also the air 

flow rate to match the oxygen supply to the demand at any time over the day. 

Note that once the aeration system has been designed, the diffuser density is fixed, 

and the value for C in equations ( 2-45 ) is also fixed.  Hence, for a fixed diffuser 

density, only the constant C needs to be determined, not the individual k1 and k2. 

  



 

 Page 53  

From equation ( 2-44 ), SOTE is given as: 

B9�` = � k<���,�� 	� lE � ��,��  F�����,�� <���,�� � 100 1000R  ( 2-46 ) 

Where: 

1000  = conversion g to kg (CS,std expressed as g/m3 = mg/ℓ) 100  = converts SOTE to % 

In equation ( 2-46 ) Y and C are unknown, and must be determined.  Y and C are 

determined through curve fitting equation ( 2-45 ) to the manufacturer’s graph of 

SOTE vs Air Flow Rate for the set diffuser density. (Wagner & Pöpel, 1998) 

Although the above method gives a mathematical procedure for calculating SOTE for 

any airflow, it is not commonly used in industry as the graph similar to Figure 5 is 

usually not available.  In industry, manufacturers will supply a graph typical to  

Figure 6 below, unique to the diffuser type chosen.  For this investigation the SSI 

ECD270 Disc Diffuser was chosen. 

 

Figure 6: Airflow vs SOTE% (SSI ECD270 Disc Diffuser) 

From the graph above, it is evident that the lower the airflow rate (sm3/h) the higher 

the SOTE % per meter will be.  For the diffuser chosen the practical air airflow rate 

vary between ± 0.75 and ±4.25 (sm3/h) and SOTE % per meter vary between ±6.3 

and ±8.2 (solid line).  In industry a minimum SOTE % per meter will be chosen (for 

this investigation 7%) to which the manufacturer or designer must adhere.  This will 

correspond to a maximum airflow rate per diffuser (from the graph ±2.5 sm3/h) and 

depended on the total airflow rate required, the diffuser density can be calculated. 
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2.6.7.2.2  Cal cu l at i n g  n u m b er  o f  d i f f u ser s  

The number of the diffusers is based on the diffuser density calculated in section 

2.6.7.2.1.  From this, the number of diffusers can then be calculated as follows: 

7�. �# ¥¢##­A_aA = 	a_���� × !! 	a_� �//®  ( 2-47 ) 

Where: 

	a_���� = Area of reactor aeration basin (m2); 

!!  = Diffuser density (%); 

	a_� �// = Area of diffuser (m2). 

2.6.7.3 Pressure Rating Calculation 

As mentioned previously, in order for the correct blower to be chosen, the blower 

pressure rating must be known.  To calculate the headloss (pressure the blower must 

overcome) through the system, the following must be considered: 

 Headloss through the aeration pipes; 

 Headloss through the diffusers; 

 Submergence of diffusers; 

 Fouling of diffusers. 

2.6.7.3.1  Head l o ss  t h r o u g h  aer at i o n  p i p es  

Aeration piping consist of mains, valves, meters and other fittings that transport 

compressed air from blowers to the air diffusers.  Because pressures are low, 

lightweight piping can normally be used. (Metcalf & Eddy, 2004) 

The piping is sized so that the losses in the air headers and diffuser manifolds are low 

in comparison to losses in the diffuser. 

Friction losses in air piping can be calculated using the Darcy-Weisbach equation: 

ℎ� = k# v! ℎ�l ( 2-48 ) 
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Where: 

ℎ� = friction loss (mm of water); # = dimensionless friction factor obtained from Moody diagram; v = equivalent length of pipe (m); ! = pipe diameter (m); ℎ� = velocity head of air (mm of water). 

(Metcalf & Eddy, 2004) 

The friction factor for steel pipes carrying air can be approximated by the following 

equation (McGhee, 1991) 

# = 0.029(!)�.���<�."M�  ( 2-49 ) 

Where: 

< = airflow (m3/min) under prevailing pressure and temperature conditions; ! = pipe diameter (m). 

The headloss in straight pipes can be computed by substituting equation ( 2-49 ) into 

equation ( 2-48 ), giving: 

ℎ� = 9.82 × 10Z� ¯#v�<�:! ° ( 2-50 ) 

Where: : = air discharge pressure (atm); � = temperature in pipe (K) from following equation. 

� = �� z: :�R {�.��\
 ( 2-51 ) 

Where: �� = ambient air temperature (K), maximum summer air temperature; :� = ambient barometric pressure (atm). 

(Metcalf & Eddy, 2004) 
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Losses in elbows, tees, valves ect., can be computed as a fraction of velocity head 

using headloss coefficient K values or as equivalent lengths of straight pipe with 

equation ( 2-52 ): 

v = 55.4 �!".� ( 2-52 ) 

Where: v = equivalent length of pipe (m); ! = pipe diameter (m); � = resistance factor (table below). 

Fitting C factor 

Long radius ell or run of standard tee 0.33 

Medium radius ell or run of tee reduced by 25 % 0.42 

Standard ell or run of tee reduced by 50 % 0.67 

Tee through side outlet 1.33 

Gate valves 0.25 

Globe valves 2.00 

Angle valves 0.90 

Table 4: Resistance factors for fittings in aeration piping systems. 

Meter losses can be estimated as a fraction of differential velocity head across the 

meter, depending on the type of meter.  Losses in air filters, blower silencers and 

check valves must be obtained from equipment manufacturers but the following table 

can be used as a guide: 

Device Headloss (mm) 

Air filters 13 - 76 

Silencers:  

Centrifugal blower 13 – 38 

Positive-displacement blower 152 – 216 

Check valves 20 - 203 

Table 5: Typical headlosses through air filters, blower silencers and check valves. 

(Metcalf & Eddy, 2004) 
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From the above, it can be seen that calculations of gas (air) flow through pipelines are 

considerably more complicated than for liquid flow, due mainly to pressure-induced 

variations in the gas-stream density and velocity.  For this reason, computer models 

have been developed for accurate calculations of gas flow through pipes. 

If computer models are not available for the calculation, a rule of thumb method can 

be used.  Through this method the pipe diameter is based on a constant pressure loss 

over a certain length of pipe.  The Environmental Dynamic International (Technical 

Bulletin 145) suggest using a standard pressure drop of 3-inch wc / 100 ft (0.75 kPa / 

30.5m) (Environmental Dynamics International, 2011). 

The table below gives a relationship between the pipe diameter and velocities 

proposed to affect a constant pressure drop of approximately 0.75kPa per 30.5m of 

pipe length as well as the airflow rate: 

Pipe Diameter (mm) Velocity (m/s) Airflow Rate (m3/h) 

50 8.0 68 

90 10.5 204 

110 12.8 425 

150 17.3 1274 

200 20.8 2633 

250 24.4 4842 

300 27.3 7646 

350 30.0 10 390 

400 30.0 13 572 

450 30.0 17 177 

500 30.0 21 205 

550 30.0 25 659 

600 30.0 30 536 

700 30.0 41 563 

Table 6: Velocity and airflow rate through aeration pipes. 
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As every WWTP is unique, the aeration pipework layout and associated pressures 

will be unique.  In order to do the analysis for this investigation, the calculation was 

done on a 100m length of pipe (thus pressure drop of 2.46 kPa) and an additional 

pressure drop of 0.5 kPa to allow for all other losses (valves, bends ect.) through the 

pipe system.  The total pressure drop through the pipe system was therefore taken 

as ±3.0 kPa.  For calculation of the pipe size, Table 6 was used together with the 

airflow rates calculated. 

2.6.7.3.2  Head l o ss  t h r o u g h  d i f f u ser s  

For this investigation the SSI AFD270 (1mm) 9’’ Disc Diffuser supplied by SSI 

Aeration was chosen as the diffuser type.  To calculate the headloss through the 

diffusers, the following graph (as supplied by the manufacturer) was used. 

 

Figure 7: Headloss through diffuser (where W.G is water gauge pressure). 

The graph represents the headloss in mmWG (millimeters water gauge i.e. 9.81 Pa) 

vs Airflow rate per diffuser (m3/hr).  In order to ease the calculation process, the 

following equation was calculated (through graph fitting) to represent the graph: 

L_�¥��AA = 33.19(	¢a#��± a�¡_) + 171.81 ( 2-53 ) 

Equation ( 2-53 ) was therefore used to calculate the headloss through the diffusers. 
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2.6.7.3.3  Su b m er g en c e o f  d i f f u s er s  

As the diffusers are submerged beneath the water, the air pressure through the 

diffusers must overcome this water pressure in order to function.  Dependent on the 

depth of submergence of the diffuser, the water pressure can be calculated with the 

following equation: 

L_�¥��AA = 9.81 × ¥_;¡ℎ �# A­�£_ab_� _ ( 2-54 ) 

2.6.7.3.4  Fo u l i n g  o f  d i f f u ser s  

Fouling of diffusers are a common occurrence in FBDA systems.  Fouling is mainly 

due to solids backflow, salt buildup due to evaporation and biological growth on the 

diffusers.  Although newer diffuser membrane technologies have reduced the amount 

of fouling on these systems, the design of the blower must allow for a certain amount 

of fouling to occur.   If membrane pressure increases more than 25% above a clean 

membrane this is considered the upper limit of acceptable membrane performance 

(life). Routine maintenance or cleaning may reduce the membrane pressure and thus 

provide additional economic life. If no improvement in pressure after cleaning or 

maintenance, the economics of replacement should be reviewed. (Environmental 

Dynamics International, 2005).  For this reason, the blower must allow for pressures 

25% above the normal operating pressures of the diffusers.  Looking at Figure 7 and 

an airflow rate of 2.5 sm3/hr, the normal operating pressure of the diffusers is ± 250 

mmWG (2.45 kPa).  The additional pressure the fouling of the diffuser will therefore 

exert on the system is 2.45 x 25% = 0.62 kPa. 

2.6.7.3.5  To t al  h ead lo s s  t h r o u g h  FB DA  sy s t em  

Taking the above into account, the blower’s supplied pressure must therefore 

overcome this total headloss in order for the system to function. 

As mentioned above, with the pressure and the airflow rate known the correct blower 

can be chosen for the system. 
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2.6.7.4 Blower Selection 

With the airflow rate and pressure required known, the size (kW) of the blowers 

required can be calculated.  The same as for the surface aerators, the conversion 

from airflow rate to size of blower will vary dependant on type of blower and 

manufacturer. 

There are essentially three types of blowers commonly used for aeration i.e. 

centrifugal, rotary lobe positive displacement, and inlet guide vane-variable diffuser. 

In WWTPs, the blowers must supply a wide range of airflows with a relatively narrow 

pressure range under varied site conditions.  A blower usually can only meet one 

particular set of operating conditions efficiently.  Due to the wide range of airflow and 

pressures that must be met at WWTPs, provisions have to be included in the blower 

system design to regulate or turn down the blowers.  These methods include: 

1) Flow blow-off or bypassing 

2) Inlet throttling 

3) Adjustable discharge diffusers 

4) Variable speed drives 

5) Parallel operations of multiple units. 

(Metcalf & Eddy, 2004) 

A relatively new blower design, inlet guide vane – variable diffuser, that was 

developed in Europe, mitigates some of the problems and considerations associated 

with standard centrifugal and positive-displacement aeration blowers.  The design is 

based on a single-stage centrifugal operation that incorporates actuators to position 

the inlet guide vane and variable vane diffusers to vary blower airflow rate and 

optimise efficiency.  The blowers are especially well suited to applications with 

medium to high fluctuations in inlet temperature, discharge pressure and flowrates. 

(Metcalf & Eddy, 2004) 

For this reason, and because it is widely used in the South African industry, this single 

stage centrifugal type blowers with inlet guide vane – variable diffuser control was 

chosen for this investigation. 

To calculate the power required for the blower, the performance curve for a centrifugal 

blower resembles the performance curve for a centrifugal pump and can be used.  

The performance curve typically is a falling-head curve where the pressure decrease 

as the inlet volume increases.  Blowers are normally rated for standard conditions, 
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defined as temperature of 20°C, a pressure of 760mm Hg and a relative humidity of 

36%.  Standard air has a specific weight of 1.20 kg/m3.  The density of air affects the 

performance of the centrifugal blower; any change in the inlet air temperature and 

barometric pressure will change the density of the compressed air.  The greater the 

air density, the higher the pressure will rise.  As a result, greater power is needed for 

the compression process.  The blower selected must be of adequate capacity to 

deliver in all weather conditions.  The blower power requirement for adiabatic 

compression is given by the following equation: 

:� = ±@�"29.7 � _ �r;�;"u�.��\ − 1� ( 2-55 ) 

Where: 

:� = power requirement (kW); ± = weight of flow of air (kg/s); @ = universal gas constant for air 

 = 8.314 J/(mol.K); �" = absolute temperature (K); ;" = absolute pressure at inlet (atm); ;� = absolute pressure at outlet (atm); � = (k-1)/k = 0.283 for air; 29.7 = constant for SI units’ conversion; 550 = ft.lb/s per hp; _ = efficiency (usual range for compressors is 0.70 to 0.90) 

 = 0.80 for this investigation. 

(Metcalf & Eddy, 2004) 

To calculate the absolute pressure at the inlet of the blower (;"), the altitude and 

temperature at the blower must be taken into account.  The following equation 

represents this relationship: 

;" = ;� exp r− 4b@� ℎu ( 2-56 ) 

Where: 

;� = pressure at sea level (kPa); £ = molar mass of air 

 = 0.2896 kg/mol; b = gravitational acceleration; 
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@ = universal gas constant for air 

 = 8.314 J/(mol.K); �" = temperature at blower (K); ℎ = altitude (m). 

To calculate the weight of flow of air (±) the following equation can be used: 

± = <���,������ × µ ( 2-57 ) 

Where: 

<���,������ = Air flow rate required by blower (m3/s); 

µ  = Air density (kg/m3). 

As the specific weight of air (w) in equation ( 2-55 ) is for standard conditions, the air 

density must be adjusted to allow for site conditions (at blower). 

To calculate the density of air at other temperatures the following relationship can be 

used: 

µ� = :4@�� ( 2-58 ) 

Where: 

: = atmospheric pressure 

 = 1.01325 x 105 N/m2; 

4 = mole of air 

 = 28.97 kg/kg-mole; 

@ = universal gas constant; 

� = temperature, K 

 = 273.15 + °C. 

(Metcalf & Eddy, 2004) 

The following relationship can be used to compute the air density with a change in 

atmospheric pressure with elevation: 

:. = :�_�; �− b4(¶. − ¶�)@�. � ( 2-59 ) 

Where: 

:� = atmospheric pressure 

 = 1.01325 x 105 N/m2; :. = pressure to be calculated; 
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b = gravitational acceleration; 4 = mole of air 

 = 28.97 kg/kg-mole; @ = universal gas constant; ¶ = elevation (m). 

(Metcalf & Eddy, 2004) 

Combing equations ( 2-58 ) and ( 2-59 ) gives: 

µ. = :�_�; k− b4(¶. − ¶�)@�� l 4@�.  
( 2-60 ) 

With equation ( 2-60 ) the air density can be calculated at any temperature and 

elevation. 

To compensate for humidity, the density of humid air can be calculated by treating it 

as a mixture of ideal gasses.  The following equations can be used to calculate the 

density of humid air: 

µ·,K�  ��� = 1 §R = z; @��R { (1 + �) z1 + � @� @�R {¸  ( 2-61 ) 

Where: 

§ = specific volume of moist air per mass unit of dry air and water  

vapor (m3/kg); @� = 286.9 – Individual gas constant for air (J/kg K); @� = 461.5 – Individual gas constant for water vapour (J/kg K); � = humidity ratio (kg water/kg air); ; = pressure in the humid air (Pa). 

The density of dry air can be expressed as: 

µ �¹ ��� = ; @��R  ( 2-62 ) 

Where: 

ρdry air  = density of dry air (m3/kg) 

Combining equations ( 2-61 ) and ( 2-62 ): 

µ·,K�  ��� = µ �¹ ���(1 + �) z1 + � @� @�R {¸  ( 2-63 ) 
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The gas constant ratio between water vapor and air is: 

@� @�R = r461.5 º�b 3u 286.9 º�b 3¸ = 1.609 

Inserting this into equation ( 2-63 ) gives: 

µ·,K�  ��� = µ �¹ ���(1 + �) (1 + 1.609�)®  ( 2-64 ) 

(The Engineering Toolbox, 2019) 

From equation ( 2-64 ) above, it can be seen that density of humid air will be less than 

dry air.  The humidity ratio (x) is also relatively small (see table attached as Appendix 

B).  For example, at a temperature of 35°C it is equal to 0.036756.  The result is that 

the density of humid air is 97.9% as dense as dry air at 35°C, making it negligible to 

the calculation.  The influence of humid air on air density was therefore ignored in this 

investigation. 

With the air density converted from standard condition to site conditions, equation  

( 2-55 ) can used to calculate the power requirement of the blower.  With the total 

power requirement known, the correct size blowers can be chosen.  As blower are 

only available in standard sizes (see section 2.8.1.8 below), the sizes of the blowers 

were chosen to best suit the power requirement calculated above. 

With the correct aeration equipment chosen, it is important that the system is 

controlled with the correct control processes and devices in order to minimise the 

energy requirement. 
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2.7 Process and Aeration Control 

Advanced process control and automation is becoming ever more important on 

WWTPs in order to better control plants and cut down wastage of energy.  Various 

case studies have shown significant savings in operating cost when these systems 

have been employed.  The ultimate purpose of any wastewater treatment plant is to 

satisfy the effluent requirement at the minimal possible cost. (Olsson, 2008) 

As mentioned previously, the aeration system accounts for between 45 and 60% of 

the energy usage of an activated sludge plant.  The control of the aeration system to 

ensure dissolved oxygen (DO) concentration remain at an optimum, therefore 

becomes very important when looking at energy optimisation.  From section 2.6.4 it 

is evident that the cycle flow and load conditions will influence the biological oxygen 

requirement.  The oxygen supply equipment must therefore adjust to these conditions 

in order to optimise energy usage.  For this reason, aeration control systems were 

investigated during this study. 

2.7.1 Aeration Control Systems 

As dissolved oxygen is the most important variable in the activated sludge process 

from a biological treatment and energy consumption point of view, the set point and 

control of the DO concentration is crucial.  It has been found that low DO 

concentrations produce MLSS with poor settling characteristics, known as bulking 

sludge, which can cause high concentrations of suspended solids in the final effluent 

and poor treatment performance.  On the other hand, too high DO concentrations will 

constitute wastage of energy.  Experience have shown that a DO concentration of  

± 2 mg/ℓ is the optimum concentration.  To satisfy the effluent requirement remains 

the main priority of any WWTP and the DO concentration set point must therefore be 

altered to satisfy this requirement but with the minimal energy input. 

As DO concentrations can these days be measured very accurately with Dissolved 

Oxygen Probes, control systems can use the information to maintain the optimum DO 

concentrations in the aeration zones.  As the DO probes play such an important role 

in the control of the aeration system, the accuracy of the information retrieved are 

very important.  These probes must therefore be maintained and calibrated regularly.  

Another important property of the probe is the geographical position in the aeration 

zone itself, as DO levels in the aeration basin may vary significantly.  Figure 8 below 

gives a typical presentation of the DO concentration variance that can be expected in 

a SSSA and FBDA system. 
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Slow Speed Surface Aeration Diffused Aeration 

 

 

 

 

Figure 8: Typical DO Concentrations – SSSA vs FBDA 

From the figure above it is evident that the DO concentration for SSSA systems vary 

significantly depending on the relative location to the aeration device.  On the other 

hand, FBDA systems give a more uniform DO concentration throughout aeration 

basin.  Controlling SSSA system via DO is therefore difficult and for this reason timer 

control and variable speed drive (VSD) systems are mostly implemented with SSSA 

systems.  Although these control systems yield positive energy saving results, more 

operator input is required to keep the system functioning optimally.  A complete 

automatic DO control system for SSSA systems is therefore difficult to implement. 

Automatic DO control for FBDA systems have however proved to be very successful 

and various DO control systems have been developed in the past couple of years.  

Systems like the BioActive Response System (BARS) and the Bioprocess Intelligent 

Optimization System (BIOS) has been implemented with great success worldwide. 

2.7.1.1 BioActive Response System (BARS) 

2.7.1.1.1  Desc r i p t i o n  

BARS is an aeration control system with the aim to keep DO concentrations in the 

aerobic basin at a certain set point by consuming the least possible energy.  BARS 

aim to maintain the oxygen level needed for the biological processes, unaffected by 

increase of flow, temperature and depth of tanks.  This happens automatically with 

BARS adjusting valves and the blower pressure set point to suit the required needs.  

With BARS it is possible to keep an almost linear DO level by measuring the airflow 

to each zone.  This ensures that any pressure change in the system is not affecting 

the DO level in that zone. (Howden, 2017) 
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Figure 9 below gives a presentation of the BARS control philosophy. 

 

Figure 9: BARS Process Flow Diagram (Howden, 2017) 

2.7.1.1.2  Co n t r o l  Ph i l o s o p h y  

BARS is an automatic control system based on cascading DO Airflow Control Loop 

in each aeration basin.  The basin modulating valves adjust in response to the oxygen 

demand, indicated by the DO probes, and cascade calculated flow set points. 

(Howden, 2017) 

2.7.1.1.3  DO Co n t r o l  L o o p  

The DO Control Loop forms the heart of successfully controlling the process.  The DO 

sensors continuously measure the dissolved oxygen level in each aeration zone. The 

DO controller output is then used to calculate the Airflow Set Point of the Airflow 

Control Loop. (Howden, 2017) 

2.7.1.1.4  A i r f l o w  Co n t r o l  L o o p  

The Airflow Control Loop is the next step in the control process.  By using a thermal 

mass flow transmitter, the flow controller ensures that the control valves are always 

in the correct position to maintain an optimal calculated Airflow Set Point through the 

air diffusers. 

The flow meter continuously measures the amount of air through the air diffusers in 

the basin and adjust the modulating valve using a proportional-integral-derivative 

(PID) regulator.  This ensures the air flow is dictated by the Flow Set Point (calculated 

from DO Loop) and therefore optimising and minimising the power consumption of 

the blowers. (Howden, 2017) 
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2.7.1.1.5  Mo s t  Op en  Val v e (MOV) Co n t r o l  

BARS also monitor the valve positions in order to adjust the pressure set point to a 

level that ensures that all valves are kept as open as possible. This allows the blowers 

to produce only the airflow required by the process with minimal energy consumption 

in losses. 

An integrated MOV Step/Wait Control regulator ensures the optimal and most efficient 

header pressure by continuously reading the “Average Valve Positions” of all the 

basins. Based on the Average Valve Position of the most open basin the MOV 

Step/Wait controller will adjust the Pressure Setpoint accordingly, optimising and 

minimising the power consumption. (Howden, 2017) 

2.7.1.1.6  Pr ess u r e Co n t r o l  L o o p  

The Pressure Controller is fourth loop which controls the air flow discharged from the 

on-line blowers, keeping a constant main header pressure. By using the main header 

pressure transmitter, the controller ensures that the blower inlet guide vane (IGV) 

positions are always in the correct position to maintain an optimal header pressure 

set point, which is calculated by the MOV Control loop. 

The Pressure Transmitter continuously measure the main header pressure and adjust 

the modulating IGV positions on the blowers using a PID regulator.  This ensures the 

pressure load, dictated by the MOV Pressure Set Point, is equally shared on all the 

duty blowers. (Howden, 2017) 

2.7.1.1.7  A m m o n i a Co n t r o l  

BARS also offer the option to control the dissolved oxygen level based on the load 

and speed of nitrification. The ammonium level is carefully monitored (by ammonia 

probes) and depending on the allowed value of ammonium level, the oxygen Set Point 

is adjusted to deliver the most cost-beneficial performance while remaining within the 

allowed limits.  Typically, the oxygen level may stay within 0.5mg/ℓ to 2.5mg/ℓ when 

using this control which can result in major power savings. (Howden, 2017) 
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2.7.1.2 Bioprocess Intell igent Optimization System (BIOS) 

2.7.1.2.1  Desc r i p t i o n  

BIOS is a proprietary control algorithm, on‐line process simulation program originally 

developed by Biochem Technology, Inc. to optimise the operation of the MLE process 

configuration.  Since the nitrification / de‐nitrification sections of the MLE process 

configuration are an integral part of many other biological nutrient removal processes, 

the BIOS control system can be applied to other processes having the MLE 

component. (BioChem Technology Inc., 2010) 

Figure 10 below gives a presentation of the BIOS control philosophy. 

 

Figure 10: BIOS Process Flow Diagram (BioChem Technology Inc., 2010) 

2.7.1.2.2  Co n t r o l  Ph i l o s o p h y  

BIOS is a feed‐forward optimisation system that conducts simulation calculations 

based upon on‐line measurement of temperature, ammonia, nitrate and influent 

wastewater flow rate.  The system uses integrating process measurements with 

laboratory analytical results from the MLSS and use these as inputs to the algorithm.  

The BIOS simulation provides a continuous output of DO setpoints for the biological 

treatment process according to the load entering the bioreactor.  Additionally, the 

internal recirculation flow rate (IRQ) from the aerobic zone to the upstream anoxic 

zone in the MLE process or multi‐zone biological nutrient removal (BNR) process is 

controlled to achieve optimal total nitrogen removal.  Using BIOS to control the 

biological nitrogen removal process produces low effluent total nitrogen concentration 

while minimising aeration energy consumption. (BioChem Technology Inc., 2010) 
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2.7.1.2.3  DO Co n t r o l  Th eo r y  

The BIOS DO Set-Point Controller calculates the optimal DO set-point(s) to treat the 

COD and ammonia loading.  Optimising the DO set-point(s) decreases the aeration 

requirements and increases the oxygen transfer efficiency, ultimately resulting in 

energy savings. 

An ammonia analyser located in the last anoxic zone provides the control system with 

the ammonia concentration entering the aerobic zones.  Utilising the measured 

ammonia concentration along with other measured parameters such as flow rates, 

DO, and MLSS, the BIOS DO Set-Point Controller conducts biological and hydraulic 

simulations to predict how the DO concentration will affect the final effluent quality.  

The optimum DO set point(s) is the minimum DO concentration required to meet the 

effluent quality goals.  An effluent ammonia analyser is used to confirm the simulation 

results and automatically adjust the model parameters if necessary. (BioChem 

Technology Inc., 2010) 

2.7.1.2.4  IRQ Co n t r o l  Th eo r y  

The BIOS IRQ Set-Point Controller calculates the IRQ set-point required to maximise 

denitrification performance.  Optimising the IRQ set-point results in several benefits 

including: 1) minimising effluent total nitrogen, 2) maximising oxygen credits 

generated in the anoxic zone(s) to reduce aeration requirements and 3) minimising 

IRQ pumping energy. 

A nitrate analyser located at the IRQ pump inlet provides the control system with the 

nitrate concentration in the IR stream.  The controller conducts iterated biological and 

hydraulic simulations that predict the effluent ammonia and nitrate concentrations 

under different IRQ rates.  The optimum IRQ set-point is the value that results in the 

lowest effluent ammonia and nitrate concentration. (BioChem Technology Inc., 2010) 

2.7.1.3 Aeration Control System Choice and Typical Energy Savings 

Although both aeration control systems explained above has been proven to yield 

positive energy saving results, for this study the BARS was incorporated due to its 

simplicity and frequent use in the South African market.  As energy savings with this 

system is difficult to predict, as it is dependent on the WWTP conditions, a percentage 

saving was incorporated.  From case studies, one could conservatively expect a 15% 

saving on life cycle costs by installing DO basin control (Mynhardt, 2017) such as 

BARS.  For this reason, an energy saving of 15% was assumed for this investigation.  
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This energy saving was incorporated into the operational cost of the cost modeling 

done for the FBDA system. 
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2.8 Cost Modelling 

With the design and sizing of the infrastructure and equipment associated with the 

different aeration technologies (SSSA vs FBDA) completed, it was possible to 

complete the costing for each system.  For the cost modelling, the capital, operational 

and maintenance costs were considered. 

2.8.1 Capital Cost 

Capital costs are fixed, one-time expenses incurred with the purchase and/or 

construction of equipment and infrastructure.  Due to the vast range of equipment and 

infrastructure associated with the construction of a WWTP, estimating capital cost for 

plants can be a very time-consuming exercise.  For this reason, cost functions 

(mathematical formulas used to represent how expenses will change with different 

input parameters) were used to calculate the capital cost. 

By implementing cost functions for different types of infrastructure and equipment, the 

capital cost of any size infrastructure or equipment (within constraints) can be 

estimated.  To calculate the cost functions, historical costing data on implemented 

projects (2010 to 2018) with different size infrastructure was gathered and escalated 

to 2019.  This data was entered into Microsoft Excel and graphs were plotted 

portraying capital cost vs size of infrastructure or equipment.  By applying the least-

squares regression method to this data, the cost functions for the different 

infrastructure and equipment were calculated as detailed below. 

2.8.1.1 Biological Reactors (SSSA) 

The capital cost of biological reactors for slow speed surface aeration were based on 

the following: 

 Rectangular, steel reinforced concrete structure with a water depth of 4.50m and 

freeboard of 800mm (total wall height 5.30m).  Structure semi-submerged below 

ground level. 

 Structure includes steel reinforced concrete walkways and platforms to support 

mixers and surface aerators. 

 Sizing constraints enforced on reactors due to practicality of construction - volume 

between 1 000 and 16 000m3. 

From the graph below the following cost function for the Biological Reactor (SSSA) 

can be obtained. 

Cost Function: ��A¡ = 30.08F�.��� × 1000 
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Figure 11: Reactor Cost Function – SSSA graph 

2.8.1.2 Biological Reactors (FBDA) 

The capital cost of biological reactors where fine bubble diffused aeration will be 

implemented were based on the following: 

 Rectangular, steel reinforced concrete structure with a water depth of 4.50m and 

freeboard of 500mm (total wall height 5.00m).  Structure semi-submerged below 

ground level. 

 Structure includes steel reinforced concrete walkways and platforms to support 

mixers (no aerator platforms required). 

 Sizing constraints enforced on reactors due to practicality of construction - volume 

between 1 000 and 16 000m3. 

From the graph below the following cost function for the Biological Reactor (FBDA) 

can be obtained. 

Cost Function: ��A¡ = 26.35F0.663 × 1000 

y = 30,078x0,6558
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Figure 12: Reactor Cost Function – FBDA graph 

2.8.1.3 Secondary Settl ing Tanks 

The secondary settling tank cost is based on the following: 

 Circular, steel reinforced concrete structure with a minimum water depth of 4.00m 

and freeboard of 800mm.  Structure semi-submerged below ground level. 

 Sloped floor bottom type with scraper mechanism and sludge hopper. 

 Sizing constraints enforced on tanks due to practicality of construction - diameter 

between 15m and 35m. 

From the graph below the following cost function for the Secondary Settling Tank can 

be obtained. 
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Figure 13: Secondary Settling Tank Cost Function graph 

2.8.1.4 Blower House Building 

As described in section 2.5.6, the costing of the blower house building is based on 

the size and type of the blower equipment installed.  The cost of the building was 

based on the following: 

 Steel reinforced concrete frame building with masonry infill walls. 

 Roof covering – corrugated iron roof sheets 

 Area of building dependent on number and size of blowers. 

Sizing constraints enforced on building due to practicality and workspace – minimum 

area of 75m2. 

From the graph below the following cost function for the Blower House Building can 

be obtained. 
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Figure 14: Blower House Building Cost Function graph 

2.8.1.5 Slow Speed Surface Aeration – Surface Aerators 

The slow speed surface aeration equipment is based on the size of the surface aerator 

equipment required and typically used in the South African market.  Slow Speed 

Surface Aerators with a maximum rotational speed of 45 rpm was chosen.  Sizing 

constraints for the aerators are between 10 kW and 110kW. 

From the graph below the following cost function for the Slow Speed Surface Aeration 

can be obtained. 

Cost Function: ��A¡ = 31.89(�5)�.��� × 1000 

 

Figure 15: Slow Speed Surface Aeration Cost Function graph 
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As mentioned in section 2.6.6, aerators are only available in standard sizes.  Table 7 

below gives a list of the standard aerator sizes available. 

Standard Aerator Sizes 

10 kW 55 kW 

15 kW 65 kW 

22 kW 80 kW 

30 kW 95 kW 

45 kW 110 kW 

Table 7: Standard aerator sizes 

With reference to the table above, the capital cost of the surface aeration equipment 

was based on the aerator sizes chosen and is slightly more than the total power 

requirement calculated from equation ( 2-33 ).  The power requirement calculated 

from equation ( 2-33 ) was however used for the calculation of the operational cost, 

as it is assumed that the aeration control system will regulate the system and only the 

energy required will be consumed. 
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2.8.1.6 Fine Bubble Diffused Aeration – Blower System 

The costing of the blower system is based on the GTB type Turbo Compressor as 

supplied by Next Turbo Technologies.  Figure 16 below is a photo of a typical GTB 

Turbo Compressor. 

 

Figure 16: Typical detail GTB Turbo Compressor. 

The costing of the blower system includes the compressors (blowers), electric-drive-

motor, inlet silencer, discharge diffuser, blow-off valve and local control panel. 

From the graph below the following cost function for the Fine Bubble Diffused Aeration 

– Blower System can be obtained. 

Cost Function: ��A¡ =  886.53(�5)�.\M� × 1000 
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Figure 17: Fine Bubble Diffused Aeration – Blower System Cost Function graph 

As mentioned in section 2.6.7.4 blowers are only available in standard sizes.   

Table 8 below gives a list of the standard blower sizes available. 

Standard Blower Sizes 

Type Power Output 

GT-B-T10 50 kW, 75 kW, 90 kW 

GT-B-T20 110 kW, 160 kW 

GT-B-T30  200 kW, 250 kW, 315 

kW 

GT-B-T40 400kW, 450 kW 

Table 8: Standard Blower Sizes 

As a result, the capital cost of the blower system equipment was based on the blower 

size chosen.  As the blower system must also make allowance for equipment failure, 

a duty/standby blower configuration is required.  For this investigation it was decided 

that for systems with a power requirement of less than 160 kW, a one (1) duty – one 

(1) standby configuration will be installed.  For systems with power requirements of 

more than 160 kW, a two (2) duty – one (1) standby configuration will be installed. 
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The capital cost for the system was therefore based on the equipment installed and 

is more than the total power requirement calculated from equation ( 2-55 ).  The power 

requirement calculated from equation ( 2-55 ) was however used for the calculation 

of the operational cost, as it is assumed that the aeration control system will regulate 

the system and only the energy required will be consumed. 

2.8.1.7 Main Aeration Header 

As mentioned previously, the air pressure required for aeration by diffusers are quite 

low and therefore lightweight materials can be used.  However, as it is good practice 

for aeration pipework to be installed above ground, for easy leak detection, stainless 

steel piping is normally the material of choice.  As mentioned in section 2.6.7.3.1, 

every WWTP is unique and therefore the aeration header length will be different to 

each site.  Therefore, in order to do a cost calculation, it was decided to allow for a 

100m aeration header length for each plant.  The cost function below is therefore 

based on this assumption with ranging pipe diameters. 

��A¡ =  2322.5(!¢�)�.��� 

 

Figure 18: Main Aeration Header Cost Function graph 
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2.8.1.8 Fine Bubble Diffused Aeration – Diffuser System 

The costing of the diffuser system is based on the SSI AFD270 (1mm) 9’’ Disc 

Diffuser.  Figure 19 below is a datasheet of this diffuser as supplied by the 

manufacturer. 

 

Figure 19: SSI AFD270 (1mm) 9’’ Disc Diffuser datasheet. 

The costing of the diffuser system includes all diffusers, uPVC piping inside the 

aeration basin, diffuser accessories to connect diffusers to pipes, stainless steel 

support stands and moisture purge system. 
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From the graph below the following cost function for the Fine Bubble Diffused Aeration 

– Diffuser System can be obtained. 

Cost Function: ��A¡ = 1173.8(B9@) + 260769 

 

Figure 20: Fine Bubble Diffused Aeration – Diffuser System Cost Function graph 

2.8.1.9 Electrical Equipment 

The above-mentioned cost functions do not include the electrical and control 

equipment infrastructure.  As the electrical and control equipment is unique to each 

plant layout, it was decided to calculate the electrical equipment cost based on a 

percentage of the cost of the other infrastructure.  Based on similar completed projects 
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2.8.1.10 Cost Functions 

Table 9 below shows a summary of the cost functions for the infrastructure and 

equipment described above. 

Unit Operation 
Parameter (units) 

Range of validity 
Cost function (R) 

Biological Reactor (SSSA) 
Volume per m3 

1 000 – 16 000m3 
30.08F�.��� × 1000 

Biological Reactor (FBDA) 
Volume per m3 

1 000 – 16 000m3 
26.35F�.��\ × 1000 

Secondary Settling Tanks 
Diameter per m 

15 – 35m 
137.67∅�.½�� × 1000 

Blower House Building 
Area per m2 

Min = 100m2 
85.12(	a_�)�.�"M × 1000 

Slow Speed Surface Aeration – 

Surface Aerators 

Power per kW 

10 – 110kW 
31.89(�5)�.��� × 1000 

Blower System Power per kW 886.53(�5)�.\M� × 1000  
Main Aeration Header Pipe per 100m 2322.5(!¢�)�.��� 

Diffuser System SOR in kgO/hr 1173.8(B9@) + 260769 

Table 9: Cost functions 

With the cost functions known, it was possible to calculate the capital cost associated 

with the different infrastructure components and equipment. 

2.8.2 Operational Cost 

When looking at the operation cost of a WWTP, the electrical cost is by far the biggest 

contributor.  The energy consumption between the different aeration technologies 

(SSSA vs FBDA) therefore played a major role in the outcome of the cost viability 

between the two technologies. 

For the calculation of the electrical cost, the “2019/20 Schedule of Standard Prices for 

Eskom Tariffs” as produced by Eskom was used.  The “Megaflex – Local Authority 

(Transmission zone ≤ 300km) costing template was used, see Appendix C. 

In order to incorporate the “Peak”, “Standard” and “Off peak” tariffs the following graph 

as supplied by Eskom was used: 
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Figure 21: Low and high demand season time-of-use periods (Eskom, 2019) 

With the “Megaflex” data and using the information in Figure 21 above, it was possible 

to calculate the total electrical cost.  The electrical cost is essentially broken down into 

four (4) categories i.e. Active energy charge, Transmission network charge, Service 

charge and Administration charge.  The Active energy charge is subject to “high and 

low demand season” as well as “Peak, Standard and Off-peak” times.  Therefore, to 

calculate the Active energy charge, a yearly average of the hours and charges were 

calculated for the high and low demand season.  The following table gives a summary 

of the charges used: 

Description  Charge 

Energy charge / kW / year (high demand) R2 353.50 

Energy charge / kW / year (low demand) R4 407.34 

Transmission network charge R 11.20 / kVA / month 

Service charge R220.24 / day 

Admin charge R 99.28 / day 

Table 10: Electricity Charges 

Based on this information the total electrical cost for both aeration technologies were 

calculated. 
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2.8.3 Maintenance Cost 

For the calculation of the total maintenance cost, the typical maintenance cost of civil 

and mechanical infrastructure as well as the lifespan for each piece of equipment was 

evaluated.  Based on previous experience on similar completed projects, the following 

table gives the maintenance cost and lifespan of the equipment and this was used for 

this investigation. 

Description 
Maintenance Cost 

(% of capital cost) 

Lifespan before 

replacement 

Biological Reactors (Civil) 1% 50 years 

Biological Reactors 

(Mechanical and Electrical) 
4% 20 years 

Secondary Settling Tanks 

(Civil) 
1% 50 years 

Secondary Settling Tanks 

(Mechanical and Electrical) 
4% 20 years 

Blower House 1% 50 years 

Surface Aerators 4% 20 years 

Blower System 4% 20 years 

Diffuser System 4% 7 years 

Table 11: Estimated maintenance cost and lifespan of equipment. 

2.8.4 Comparison of Total Cost 

From the information presented in Table 11 above, it was decided that a 20-year life 

cycle cost comparison between the different aeration technologies will be done.  The 

following will be taken into account: 

 Interest and redemption on total capital cost.  For this investigation it was assumed 

the money required will be loaned at the prime lending rate (10.25% p.a.) and 

must be paid back over 20 years. 

 Maintenance cost (civil, mechanical and electrical) over 20 years with an 

escalation rate of 7.00% p.a. 

 Electrical operating cost over 20 years with an escalation rate of 10.00% p.a. 
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 Replacement cost of diffuser system.  As it is assumed in this investigation that 

the diffuser system has a lifespan of 7 years, the cost of replacing the diffuser 

system two times over the 20-year period (including 7.00% escalation p.a. on the 

cost). 

In order to eliminate the time value of money, the Net Present Value (NPV) method 

was implemented based on the following equation and parameters: 

7:F = ¾ ��(1 + a)� − ��
�

�¿"  ( 2-65 ) 

Where, 

�� ∶ Net cash inflow during the period 

�� ∶ Total initial investments 

a ∶ Discount rate 

¡ ∶ Number of time periods 

(Investopedia, 2019) 

Prime Lending Rate (June 2019) : 10.25% p.a. 

Escalation rate  : 7.00% p.a. 

Power Operating Cost Escalation : 10.00% p.a. 

Number of time periods : 20 years 

The NPV was used to compare the different aeration technologies and the results and 

analysis of this can be found in section 4: RESULTS AND DISCUSSION. 

2.9 Conclusion 

With the ever-increasing cost of electricity in South Africa and the power utility, 

Eskom, at the brink of collapsing, it is of utmost importance that everything possible 

should be done to lower electrical consumption on WWTPs.  As aeration is by far the 

largest consumer of electricity on WWTPs, choosing the correct aeration technology 

will not only decrease electrical cost but also ease the load on a struggling electrical 

grid.  
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3. METHODOLOGY 

3.1 Influent and Site Data 

The inflow volume (normally measured in Mℓ/d) to the WWTP as well as the 

characteristics of this influent (as described in section 2.3) is the starting point for any 

WWTP design.  The more accurately these inputs can be measured or estimated, the 

more accurate the design of the WWTP will be.  For upgrading of existing plants, it is 

recommended that sampling campaigns be conducted to measure these inputs and 

the necessary adjustment be made for the upgraded inflow.  For new plants, data 

from surrounding plants can be gathered and / or calculated assumptions can be 

made to establish the type and inflow of wastewater to the new plant. 

For this investigation, the upgrading of “Kelvin Jones Wastewater Treatment Works” 

was chosen as a sample project.  The Kelvin Jones Wastewater Treatment Works is 

situated near Uitenhage in the Nelson Mandela Bay Metro, Eastern Cape Province, 

South Africa.  The plant currently has a capacity of 24 Mℓ/d and is operated in a UCT 

process configuration.  The plant is divided in two trains, a 10 Mℓ/d and 14 Mℓ/d 

respectively.  Currently the flow to the plant is ± 16 Mℓ/d. 

The design process for the upgrading of the plant is currently underway and it is 

proposed that it be done in two phases.  Phase 1 of the upgrade will increase the 

plant’s capacity to 30 Mℓ/d (17.5 Mℓ/d for train no. 1 and 12.5 Mℓ/d for train no. 2), 

treating raw wastewater.  Phase 2 of the upgrade will increase the plant’s capacity to 

50 Mℓ/d (30 Mℓ/d for train no. 1 and 20 Mℓ/d for train no. 2), treating settled wastewater.  

Upgrading of the aeration system is one of the main systems that will form part of the 

upgrade.  The current aeration system makes use of slow speed surface aeration but 

it is proposed to change this to a fine bubble diffused aeration system.  The viable of 

this change is a critical element of the design and must be investigated. 

As part of the design, a composite sampling campaign was conducted over a seven-

day period from the 12th - 19th of February 2017. The results are summarised in  

Table 12 below.  Due to a limited budget and time constraints, not all constituents 

could be measured during the sampling campaign and certain assumption had to 

made to complete the dataset.  The legend underneath Table 12 gives an indication 

of the data used and assumptions made. 
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INFLUENT 

PARAMETER UNIT RAW WW SETTLED WW 

Current Flow Mℓ/d 16.000 15.872 

Future Flow (Phase 1) Mℓ/d 30.000 29.760 

Estimated Population 
(Future Flow) 

persons 250 000 248 000 

COD (Sti) mgCOD/ℓ 672.000 398.000 

COD Filtrate mgCOD/ℓ 178.080 178.080 

VFA mg/ℓ 26.208 25.790 

TOC mgC/ℓ 224.000 133.000 

TKN (Nti) mgN/ℓ 53.760 46.105 

FSA mgN/ℓ 40.430 50.470 

TP (Pti) mgP/ℓ 12.800 10.880 

OP mgP/ℓ 8.100 8.100 

TSS mgTSS/ℓ 343.000 89.180 

ISS mgISS/ℓ 47.700 9.500 

Influent pH  7.330 7.330 

Influent alkalinity mg/ℓ as CaCO3 387.000 387.000 

EFFLUENT 

COD mgCOD/ℓ 47.040 47.040 

VFA  mg/ℓ 0.000 0.000 

TOC mgC/ℓ 15.680 15.680 

TKN mgN/ℓ 1.838 2.135 

FSA mgN/ℓ 0.423 0.376 

TP mgP/ℓ 0.218 0.218 

OP mgP/ℓ 0.218 0.218 

TSS mgTSS/ℓ 0.000 0.000 

ISS mgISS/ℓ 0.000 0.000 

    

PST underflow  % 0.800 0.800 

FRACTIONS 

fS’us mgCOD / mgCOD 0.070 0.117 

fS’up mgCOD / mgCOD 0.150 0.040 

fS’bs mgCOD / mgCOD 0.195 0.324 

fSb’s mgCOD / mgCOD 0.250 0.385 

fSbs’a mgCOD / mgCOD 0.200 0.200 

fSbs’f mgCOD / mgCOD 0.800 0.800 

fcv mgCOD / mgVSS 1.481 1.481 

FSR’S % 40  
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fN’a mgN / mgN 0.750 0.880 

fN’ous mgN / mgN 0.030 0.041 

fSus’N mgN / mgCOD 0.034 0.034 

fSup’N mgN / mgCOD 0.068 0.068 

fSb’N mgN / mgCOD 0.009 0.008 

FSR’N % 15  

    

fP’s mgP / mgP 0.750 0.880 

fP’ous mgP / mgP 0.017 0.020 

fSus’P mgP / mgCOD 0.005 0.005 

fSup’P mgP / mgCOD 0.020 0.020 

FSR’P % 15  

    

UPO    

fcv mgCOD / mgVSS 1.481 1.481 

fn mgN/mgVSS 0.100 0.100 

fc mgC/mgVSS 0.518 0.518 

fp mgP/mgVSS 0.025 0.025 

USO    

fcv mgCOD / mgVSS 1.493 1.493 

fp mgP/mgVSS 0.000 0.000 

FBSO    

fcv mgCOD / mgVSS 1.420 1.420 

SOLIDS 

TSS mgTSS/ℓ 343 89.180 

VSS mgVSS/ℓ   

ISS mgISS/ℓ 47.7 9.5 

OTHERS 

µA20 /d 0.45 0.45 

Alk mg/ℓ as CaCO3 200 200 

Nitrification safety factor  1.250 1.250 

Maximum polyphosphate 
P Content 

mgP/mgPAOVSS 0.355 0.355 

Anaerobic reactor mass 
fraction 

 0.120 0.120 

Number of anaerobic 
compartments 

No. 3 3 

DSVI mℓ/g 120.0 120.0 
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PDWF Factor relative to 
ADWF 

 1.707 1.709 

PWWF Factor relative to 
PDWF 

 1.500 1.500 

Peak OUR factor  1.250 1.250 

Dissolved Oxygen in 
Reactor 

mg/ℓ 2.000 2.000 

SITE CONDITIONS 

Tmin °C 14 

Tmax °C 22 

Altitude m 40.0 

α (SSSA)  0.80 

β (SSSA)  0.95 

θ (SSSA)  1.024 

R (oxygen transfer rate, 
SSSA) 

kgO/kWh 2.00 

   

α (FBDA)  0.50 

β (FBDA)  0.95 

θ (FBDA)  1.024 

Minimum OTE %/m 7.00 

Diffuser height m 0.25 

Diffuser diameter m 0.23 

Maximum airflow per 
diffuser (from graph)  

m3/h 2.5 

Max temperature at 
Blower 

°C 36 

Reactor depth (water 
level) 

m 4.50 

Table 12: Constitutes of influent as determined by sampling campaign. 

Legend    

Measured  ------ ------ 

Typical values from literature 
(Table 3.2 of Characterization 
of Municipal Wastewater, 
(Wentzel & Ekama, 2003)) 

 ------ ------ 

Typical values from literature 
and assumptions 

 ------ ------ 

As a sample viability calculation, the Kelvin Jones Raw wastewater inflow 

characteristics were used together with an inflow of 30 Mℓ/d to mimic phase 1 of the 

upgrade proposed at the Kelvin Jones WWTP.  In order to see the difference between 

the different process configurations, both UCT and MLE process configurations were 

calculated.  The calculation example is detailed below. 
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3.2 Kelvin Jones Process Infrastructure Design 

With the Kelvin Jones input data portrayed in section 3.1 above, each infrastructure 

component of the WWTP was sized. 

3.2.1 Balanced MLE Biological Reactor Design 

Calculating volume of biological reactor from equation ( 2-4 ): 

F� = <�,�=>?B��,
������G� e	f 
Parameters Value (MLE) <�,�=>? 30.00 4ℓ/¥ 

B��,
������ 672 £b/ℓ 

G� 5.20 �b�BB/£\ 

e	f 4.12  
@� 12.15 ¥�cA 

 

Results Value (MLE) F� (��¡��) 15 961 £\ 

Number of units 1 

F� (C�¢¡) 15 961 £� 

 

Calculating total oxygen demand from equation ( 2-5 ): 

09� = 09� + 09) − 09  

Parameters Value (MLE) 09� 11 203 �b9�/¥�c 

09) 4 605 �b9�/¥�c 

09  2 522 �b9�/¥�c 

 

Results Value (MLE) 09� 13 286 �b9�/¥�c 
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and equation ( 2-6 ): 

9C@ = 09� F��� × 24R  

Parameters Value (MLE) 09� 13 286 �b9�/¥�c 

F��� (¡�¡��) 10 318 £\ 

 

Results Value (MLE) 9C@ 53.65 £b9�/(ℓ. ℎ) 

 

Calculating balanced sludge age from equation ( 2-7 ): 

@����2�( = �. `2�( + ! − 	. p + 	. B/3�� I�J�K� − `2�( . #) k	. I� + B�� #�+,�#�%&'�l
	(p. ��� + 3��I�) − 	. B/���3�� I�J�K� − ���(�. `2�( + !) + `2�(. #)��� k	. I�#� + B�� #�+,�#�%&'�l 

Parameters Value (MLE) 	 524.160 

p 0.029 

� 50.576 

! 4.545 

`2�( 0.875 

 

Results Value (MLE) @����2�( 12.15 ¥�cA 
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3.2.2 Balanced UCT Biological Reactor Design 

Calculating volume of biological reactor from equation ( 2-8 ): 

F� = <�,�=>?B��,
������G� e	f 
Parameters Value (UCT) <�,�=>? 30.00 4ℓ/¥ 

B��,
������ 672 £b/ℓ 

G� 4.30 �b�BB/£\ 

e	f 5.99 

@� 13.43 ¥�cA 

 

Results Value (UCT) F� (��¡��) 27 872 £\ 
Number of units 2 
F� (C�¢¡) 13 936 £� 

 

Calculating total oxygen demand from equation ( 2-5 ): 

09� = 09� + 09) − 09  

Parameters Value (UCT) 09� 10 611 �b9�/¥�c 

09) 4 423 �b9�/¥�c 

09  2 422 �b9�/¥�c 

 

Results Value (UCT) 09� 12 612 �b9�/¥�c 

 

and equation ( 2-6 ): 

9C@ = 09� F��� × 24R  
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Parameters Value (UCT) 09� 12 612 �b9�/¥�c 

F��� (¡�¡��) 14 999 £\ 

 

Results Value (UCT) 9C@ 35.04 £b9�/(ℓ. ℎ) 

 

Calculating balanced sludge age from equation ( 2-9 ) and ( 2-10 ): 

vLB = !�" = 	 wp r1 − %100u + (1 − 0)3′�� y1 − B/ z��� + 1@�{J�2� − #|�} I�@�1 + ���@�~ 

Parameters Value (UCT) 	 524.160 

p 0.029 

0 0.207 

@� 13.43 days 

 

Results Value (UCT) vLB 32.773 

 

@LB = !�" = �����9� + A9�2.86 + g����� + Ajg����� + A + 1j (� − 7�) = !&$� + `&$��&$� 

Parameters Value (UCT) � 50.576 

!&$� 4.545 

`&$� 0.875 

�&$� 32.260 

@� 13.43 days 

 

Results Value (UCT) @LB 32.773 
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3.2.3 Secondary Settl ing Tank Design 

Calculating flux constants F� and � from equations ( 2-11 ),( 2-12 ) and ( 2-13 ): 

BBF� = !BF� × 0.67 

F� �R = 67.9 _Z�.�"�(���H) 
� = 0.88 − 0.393 log zF� �R { 

Parameters Value (MLE) Value (UCT) !BF� 120 £ℓ/b 120 £ℓ/b 

 

Results Value (MLE) Value (UCT) � 0.380 £\/�b�BB 0.380 £\/�b�BB 

F� 7.12 £/ℎ 7.12 £/ℎ 

Calculating maximum up-flow-velocity from equation ( 2-14 ): 

��K�| = F� _Z)1� 
Parameters Value (MLE) Value (UCT) G� 5.20 �b�BB/£\ 4.30 �b�BB/£\ 

 

Results Value (MLE) Value (UCT) ��K�| 0.989 £/ℎ 1.392 £/ℎ 

 

Calculating SST area from equation ( 2-15 ): 

	��� = :550/��K�| 

Parameters Value (MLE) Value (UCT) :550 3200 £\/ℎ 3200 £\/ℎ 
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Results Value (MLE) Value (UCT) 	���  (��¡��) 4 045 £� 2874 £� 
Number of units 5 3 
	���  (C�¢¡) 809 £� 958 £� 
∅��� (C�¢¡) 32.10 £ 34.92 £ 

3.2.4 Reactor/SST Cost Optimisation 

Biological Reactor 

Calculating volume of biological reactor from equation ( 2-16 ): 

F� = <�,�=>?B��,
������G� e	f 
Parameters Value (MLE) Value (UCT) <�,�=>? 30 4ℓ/¥ 30 4ℓ/¥ 

B��,
������ 672 £b/ℓ 672 £b/ℓ 

e	f 4.12  5.99 

@� 12.15 ¥�cA 13.43 ¥�cA 

 

Secondary Settling Tank 

Calculating SST Area (AST) from equation ( 2-17 ): 

	�� = 1000#-<�,�=>? 24R0.8F�_�;(−�G�)  

Parameters Value (MLE) Value (UCT) #- 2.56 2.56 

<�,�=>? 30 4ℓ/¥ 30 4ℓ/¥ 

� 0.380 £\/�b�BB 0.380 £\/�b�BB 

F� 7.12 £/ℎ 7.12 £/ℎ 
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To calculate the optimum MLSS concentration, a graph was plotted with the combined 

cost of the biological reactors and SSTs to find the minimum cost as can be seen in 

the graph below.  The MLSS concentration as which the minimum combined cost is 

obtained is the optimum MLSS concentration. 

 

Figure 22: Reactor/SST Cost Optimisation – MLE Process Configuration 

 

Figure 23: Reactor/SST Cost Optimisation – UCT Process Configuration 
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3.2.5 Blower House Building 

From Table 3 the sizing of the blower house building is as follows: 

Results Value (MLE) Value (UCT) Area 240 £� 130 £� 
3.3 Aeration Equipment 

3.3.1 Slow Speed Surface Aeration (SSSA) 

Calculating @��� from equation ( 2-32 ): 

@��� = �8(�Z��) �z:���� − ;����:�� − ;�� { z 51.631.6 + �{ 
�� − ����� × @��  

Parameters Value (MLE) Value (UCT) @��  2.00 �b9/�5ℎ 2.00 �b9/�5ℎ 

� 0.80 0.80 


 0.95 0.95 

8 1.024 1.024 

�� 9.07 £b9/ℓ 9.07 £b9/ℓ 

�� 2.00 £b9/ℓ 2.00 £b9/ℓ 

	�¡¢¡­¥_ 40 £ 40 £ 

� 22°� 22°� 

 

Adjusting pressure (P) for increase in attitude (equation ( 2-20 )): 

: = 10�.��""�Z�.�����\M��×���) 
: = 756.892 ££Lb 

Adjusting Saturated Water Vapour Pressure for increase in temperature (equation  

( 2-21 )): 

; = 17.51(1.0639)(�Z��) 
; = 19.819 
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Results Value (MLE) Value (UCT) @��� 1.153 �b9/�5ℎ 1.153 �b9/�5ℎ 

 

From equation ( 2-33 ) the power requirement can be calculated: 

:� = @��� × OUR × F��� 

Results Value (MLE) Value (UCT) :� 481.00 �5 456.00 �5 

 

This power requirement is used for the calculation of the operational cost. 

The aerator equipment sizes chosen is as follows: 

Aerator size Value (MLE) Value (UCT) 80 kW 2 2 
65 kW 2 2 
55 kW 4 4 
Total power 510 kW 510 kW 

 

This power requirement is used for the calculation of the capital cost. 
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3.3.2 Fine Bubble Diffused Aeration 

3.3.2.1 Airflow Calculation 

Calculating 
��
�Ï�Ð��
���  from equation ( 2-34 ): 

9�@����9�@�� = y�8�Z�� kz:���� − ;����:�� − ;�� { r:���� + 73.53ℎ# − :����:���� − ;���� u z 51.631.6 + �{ 
���� 0 − ��l�� } = «	¬ 
Parameters Value (MLE) Value (UCT) � 0.80 0.80 


 0.95 0.95 

8 1.024 1.024 

F 0.90 0.90 

# 0.325 0.325 

�� 9.07 £b9/ℓ 9.07 £b9/ℓ 

�� 2.00 £b9/ℓ 2.00 £b9/ℓ 

	�¡¢¡­¥_ 40 £ 40 £ 

����� 22°� 22°� 

������� 36°� 36°� 

 

Adjusting pressure (P) for increase in attitude (equation ( 2-20 )): 

: = 10�.��""�Z�.�����\M��×���) 
: = 756.892 ££Lb 

Adjusting Saturated Water Vapour Pressure for increase in temperature (equation 

( 2-21 )): 

; = 17.51(1.0639)(�Z��) 
; = 19.819 9�@����9�@�� = 0.372 = «	¬ 
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From equation ( 2-35 ) 

9B@�� = �����,�� × <���,�� = 9�@�� B9� �̀� R  

and equation ( 2-37 ) 

9�@���� = 	9@ 

Parameters Value (MLE) Value (UCT) �����,��  0.298 �b9/£\ 0.298 �b9/£\ 

9�` % / £ 7.00 % 7.00 % Submergence depth 4.25 £ 4.25 £ 

	9@���� 6 256 �b9/ℎ 5939 �b9/ℎ 
 

Calculate B9� �̀�  from equation ( 2-36 ) 

B9� �̀� = 9�` × A­�£_ab_� _ ¥_;¡ℎ 

B9� �̀� = 0.2975 

From equation ( 2-38 ) 

	9@���� = 9�@�� «	¬ = �����,�� × <���,�� × B9� �̀� «	¬ 
With this, <���,��  can be solved (equation ( 2-39 )) 

<���,�� = 	9@���� g�����,�� × B9� �̀� «	¬j®  

Results Value (MLE) Value (UCT) <���,��  18 043 £\/ℎ 17 127 £\/ℎ 

 

Calculate <���,������ at blower temperature from equation ( 2-40 ): 

<���,������ = 	9@���� g�����,������ × B9� �̀� «	¬j®  

Results Value (MLE) Value (UCT) <���,������  19 112 £\/ℎ 18 142 £\/ℎ 

 

Calculate the number of the diffusers from the equation ( 2-47 ): 

7�. �# ¥¢##­A_aA = 	a_���� × !! 	a_� �//®  
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Parameters Value (MLE) Value (UCT) 	a_���� 2 293 £� 3 333 £� 

!! 13.85 % 9.05 % 

	a_� �// 0.0415 £� 0.0415 £� 

 

Results Value (MLE) Value (UCT) 

No. of diffusers  7 645 7 257 

3.3.2.2 Pressure Rating Calculation 

Calculating the pressure rating of Blower. 

Headloss through aeration pipes: 

Parameters Value (MLE) Value (UCT) Pipe length 100 £ 100 £ 

Pressure drop 0.75 �:�/30.5£ 0.75 �:�/30.5£ 

 L_�¥��AA (;¢;_A) = 2.46 + 0.5 = 2.96 �:� 

Aeration pipe size: 

Parameters Value (MLE) Value (UCT) Airflow 19 112 £\/ℎ 18 142 £\/ℎ 

 

From Table 6: 

Results Value (MLE) Value (UCT) Pipe size 500 ££ 500 ££ 

 

Headloss through diffusers: 

Parameters Value (MLE) Value (UCT) Diffuser type SSI ECD270 Disc Diffuser SSI ECD270 Disc Diffuser 
Airflow / diffuser 2.50 £\/ℎ 2.50 £\/ℎ 
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From equation ( 2-53 ): 

L_�¥��AA = 33.19(	¢a#��± a�¡_) + 171.81 

Results Value (MLE) Value (UCT) Headloss (diffusers) 2.50 �:� 2.50 �:� 

 

Submergence of diffusers: 

Parameters Value (MLE) Value (UCT) Submergence depth 4.25 £ 4.25 £ 

 

From equation ( 2-54 ): 

L_�¥ = 9.81 × ¥_;¡ℎ �# A­�£_ab_� _ 

Results Value (MLE) Value (UCT) Head 41.69 �:� 41.69 �:� 

 

Fouling of diffusers: 

L_�¥��AA (#�­�¢�b) = 0.62 �:� 

Total headloss through FBDA system: 

Results Value (MLE) Value (UCT) Headloss (total) 47.78 �:� = 0.47 �¡£ 47.78 �:� = 0.47 �¡£ 

3.3.2.3 Blower Selection 

Calculating blower power requirements (:�) from equation ( 2-55 ): 

:� = ±@�"29.7 � _ �r;�;"u�.��\ − 1� 
Parameters Value (MLE) Value (UCT) @ 8.314 º/(£��. 3) 8.314 º/(£��. 3) 

�" 319.15 3 319.15 3 

� 0.283 0.283 

_ 0.80 0.80 
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Calculating pressure at inlet of blower (;") for increase in attitude and temperature 

(equation ( 2-56 )): 

;" = ;� exp r− 4b@� ℎu 

;" = 100 878.15 :� = 0.9956 �¡£ 

To calculate the outlet pressure of blower (;�) the headlosses calculated above must 

be added to the inlet pressure. 

Parameters Value (MLE) Value (UCT) Headloss (total) 0.47 �¡£ 0.47 �¡£ 

 

Results Value (MLE) Value (UCT) ;� 1.47 �¡£ 1.47 �¡£ 

 

Calculating the weight flow of air from equation ( 2-57 ): 

± = <���,������ × µ 

Parameters Value (MLE) Value (UCT) <���,������ 19 112 £\/ℎ 18 142 £\/ℎ 

 

To density of air for increase in altitude and temperature (equation ( 2-60 )) 

µ. = :�_�; k− b4(¶. − ¶�)@�� l 4@�.  

Parameters Value (MLE) Value (UCT) :� 101 325 :� 101 325 :� 

b 9.8107 9.8107 

4 28.97 28.97 

¶. − ¶� 40 £ 40 £ 

@ 8.314 º/(£��. 3) 8.314 º/(£��. 3) 

�� 273.15 3 273.15 3 

�. 319.15 3 319.15 3 
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Results Value (MLE) Value (UCT) µ. 1.101 �b/£\ 1.101 �b/£\ 

 

Results Value (MLE) Value (UCT) ± 5.84 £\/A 5.55 £\/A 

 

Results Value (MLE) Value (UCT) :� 268 �5 254 �5 

 

Incorporating the 15% energy saving of the aeration control system: 

:�,��� = :� × (100% − 15%) 

Results Value (MLE) Value (UCT) :�,��� 228 �5 216 �5 

This power requirement is used for the calculation of the operational cost. 

The blower sizes chosen is as follows: 

Blower size Value (MLE) Value (UCT) 200 kW  3 (2 duty / 1 standby) 3 (2 duty / 1 standby) 
Total power 600 kW 480 kW 

This power requirement is used for the calculation of the capital cost. 
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3.4 Cost Modelling 

3.4.1 Capital Cost 

3.4.1.1 Biological Reactors (SSSA and FBDA) 

Parameters used: 

Infrastructure Cost Function Cost (MLE) Cost (UCT) Biological Reactor (SSSA) 30.08F�.��� × 1000 @ 1 638 2364 @ 31 467 184 Biological Reactor (FBDA) 26.35F�.��\ × 1000 @ 16 121 807 @ 29 469 284 Secondary Settling Tanks (SSSA) 137.67∅�.½�� × 1000 @ 20 471 296 @ 12 383 777 

Secondary Settling Tanks (FBDA) 137.67∅�.½�� × 1000 @ 19 032 560 @ 12 383 777 

Blower House Building 85.12(	a_�)�.�"M × 1000 @ 1 483 638 @ 1 038 959 Slow Speed Surface Aeration–Surface Aerators 31.89(�5)�.��� × 1000 @ 2 310 762  @ 2 310 762 

SSSA–Electrical Equipment  @ 346 614 @ 346 614 

Fine Bubble Diffused Aeration–Blower System 886.53(�5)�.\M� × 1000 @ 8 422 878 @ 7 825 912 

Main Aeration Header 2322.5(!¢�)�.��� @ 366 207 @ 366 207 

Fine Bubble Diffused Aeration–Diffuser System 1173.8(B9@) + 260769 @ 2 445 362 @ 2 334 494 

FBDA– Electrical Equipment  @ 631 716 @ 586 943 

3.4.1.2 Total Capital Cost 

Results Value (MLE) Value (UCT) Slow Speed Surface Aeration R 39 511 028 R 46 508 337 
Fine Bubble Diffused Aeration R 48 078 160 R 53 639 370 
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3.4.2 Operational Cost 

Calculating the electricity cost based on section 2.8.2 and power requirement 

calculated in section 3.3 above: 

3.4.2.1 Slow Speed Surface Aeration 

Parameters used: 

Parameters Value (MLE) Value (UCT) Power 481 kW 456 kW 
Running time / year 365 days 365 days 
Energy charge / kW / year  (high demand) R2 353.50 R2 353.50 
Energy charge / kW / year (low demand) R4 407.34 R4 407.34 
Transmission network charge R 11.20 / kVA / month R 11.20 / kVA / month 
Service charge R220.24 / day R220.24 / day 
Admin charge R 99.28 / day R 99.28 / day 

3.4.2.2 Fine Bubble Diffused Aeration 

Parameters used: 

Parameter Value (MLE) Value (UCT) Power kW 228 kW 216 kW 
Running time / year 365 days 365 days 
Energy charge / kW / year  (high demand) R2 353.50 R2 353.50 
Energy charge / kW / year (low demand) R4 407.34 R4 407.34 
Transmission network charge R 11.20 / kVA / month R 11.20 / kVA / month 
Service charge R220.24 / day R220.24 / day 
Admin charge R 99.28 / day R 99.28 / day 
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3.4.2.3 Total Operational Cost 

Results Value (MLE) Value (UCT) Slow Speed Surface Aeration R 3 332 773 R 3 159 552 
Fine Bubble Diffused Aeration R 1 574 952 R 1 495 023 

3.4.3 Maintenance Cost 

Calculating maintenance cost from Table 11: 

3.4.3.1 Slow Speed Surface Aeration 

 Value (MLE) Value (UCT) 

Results Civil Mech & Elec Civil Mech & Elec Biological Reactors R 163 824  R 314 672  
Secondary Settling Tanks R 204 713  R 123 838  
Surface Aerators  R 106 295  R 106 295 

 

3.4.3.2 Fine Bubble Diffused Aeration 

 Value (MLE) Value (UCT) 

Results Civil Mech & Elec Civil Mech & Elec Biological Reactors R 161 218  R 294 693  
Secondary Settling Tanks R 190 326  R 123 838  
Blower House Building R 14 836  R 10 390  
Blower System  R 362 184  R 336 514 
Diffuser System  R 97 815  R 93 380 
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3.4.3.3 Total Maintenance Cost 

Results Value (MLE) Value (UCT) Slow Speed Surface Aeration R 474 832 R 544 805 
Fine Bubble Diffused Aeration R 825 780 R 858 814 
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3.4.4 Comparison of Total Cost 

3.4.4.1 Slow Speed Surface Aeration 

Results Value (MLE) Value (UCT) Capital Cost R 39 511 028 R 46 508 337 

Operational Cost per year R 3 332 773 R 3 159 552 
Maintenance Cost per year R 474 832 R 544 805 

Calculating Net Present Value from equation ( 2-65 ): 

7:F = ¾ ��(1 + a)� − ��
�

�¿"  

  



 

  Page 111  

MLE Process Configuration: 

Year 
Interest and 

redemption on 
Capital Cost 

Maintenance 
(civil) escalated 

at 7.00% p.a. 

Maintenance (mech 
& elec) escalated at 

7.00% p.a. 

Electrical Operating 
escalated at  
10.00% p.a. 

 Total: 
De-escalation at % 

7.00 p.a. 1 R 4 800 324 R 368 537 R 106 295 R 3 666 051     R 84 101 295R 84 101 295R 84 101 295R 84 101 295    2 R 4 800 324 R 394 334 R 113 736 R 4 032 656     R 89 988 386R 89 988 386R 89 988 386R 89 988 386    3 R 4 800 324 R 421 937 R 121 697 R 4 435 921     R 96 287 573R 96 287 573R 96 287 573R 96 287 573    4 R 4 800 324 R 451 473 R 130 216 R 4 879 513     R 103 027 703R 103 027 703R 103 027 703R 103 027 703    5 R 4 800 324 R 483 076 R 139 331 R 5 367 465     R 110 239 642R 110 239 642R 110 239 642R 110 239 642    6 R 4 800 324 R 516 892 R 149 084 R 5 904 211     R 117 956 417R 117 956 417R 117 956 417R 117 956 417    7 R 4 800 324 R 553 074 R 159 520 R 6 494 632     R 126 213 366R 126 213 366R 126 213 366R 126 213 366    8 R 4 800 324 R 591 789 R 170 687 R 7 144 095     R 135 048 302R 135 048 302R 135 048 302R 135 048 302    9 R 4 800 324 R 633 214 R 182 635 R 7 858 505     R R R R 144 501 683144 501 683144 501 683144 501 683    10 R 4 800 324 R 677 539 R 195 419 R 8 644 356     R 154 616 801R 154 616 801R 154 616 801R 154 616 801    11 R 4 800 324 R 724 967 R 209 098 R 9 508 791     R 165 439 977R 165 439 977R 165 439 977R 165 439 977    12 R 4 800 324 R 775 715 R 223 735 R 10 459 670     R 177 020 775R 177 020 775R 177 020 775R 177 020 775    13 R 4 800 324 R 830 015 R 239 397 R 11 505 637     R R R R 189 412 229189 412 229189 412 229189 412 229    14 R 4 800 324 R 888 116 R 256 155 R 12 656 201     R 202 671 085R 202 671 085R 202 671 085R 202 671 085    15 R 4 800 324 R 950 284 R 274 085 R 13 921 821     R 216 858 061R 216 858 061R 216 858 061R 216 858 061    16 R 4 800 324 R 1 016 804 R 293 271 R 15 314 003     R 232 038 126R 232 038 126R 232 038 126R 232 038 126    17 R 4 800 324 R 1 087 980 R 313 800 R 16 845 403     R 248 280 795R 248 280 795R 248 280 795R 248 280 795    18 R 4 800 324 R 1 164 139 R 335 766 R 18 529 944     R 265 660 450R 265 660 450R 265 660 450R 265 660 450    19 R 4 800 324 R 1 245 628 R 359 270 R 20 382 938     R 284 256 682R 284 256 682R 284 256 682R 284 256 682    20 R 4 800 324 R 1 332 822 R 384 419 R 22 421 232     R 304 154 649R 304 154 649R 304 154 649R 304 154 649    TotTotTotTot    R 96 006 475R 96 006 475R 96 006 475R 96 006 475    R 15 108 336R 15 108 336R 15 108 336R 15 108 336    R 4 R 4 R 4 R 4 357 618357 618357 618357 618    R 209 973 046R 209 973 046R 209 973 046R 209 973 046        R 325 445 475R 325 445 475R 325 445 475R 325 445 475    
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UCT Process Configuration: 

Year 
Interest and 

redemption on 
Capital Cost 

Maintenance 
(civil) escalated 

at 7.00% p.a. 

Maintenance (mech 
& elec) escalated at 

7.00% p.a. 

Electrical Operating 
escalated at  
10.00% p.a. 

 Total: 
De-escalation at % 

7.00 p.a. 1 R 5 650 450 R 438 510 R 106 295 R 3 475 507     R 86 416 146R 86 416 146R 86 416 146R 86 416 146    2 R 5 650 450 R 469 205 R 113 736 R 3 823 058     R 92 465 276R 92 465 276R 92 465 276R 92 465 276    3 R 5 650 450 R 502 050 R 121 697 R 4 205 364     RRRR    98 937 84598 937 84598 937 84598 937 845    4 R 5 650 450 R 537 193 R 130 216 R 4 625 900     R 105 863 494R 105 863 494R 105 863 494R 105 863 494    5 R 5 650 450 R 574 797 R 139 331 R 5 088 490     R 113 273 939R 113 273 939R 113 273 939R 113 273 939    6 R 5 650 450 R 615 032 R 149 084 R 5 597 339     R 121 203 115R 121 203 115R 121 203 115R 121 203 115    7 R 5 650 450 R 658 085 R 159 520 R 6 157 073     R 129 R 129 R 129 R 129 687 333687 333687 333687 333    8 R 5 650 450 R 704 151 R 170 687 R 6 772 781     R 138 765 446R 138 765 446R 138 765 446R 138 765 446    9 R 5 650 450 R 753 441 R 182 635 R 7 450 059     R 148 479 027R 148 479 027R 148 479 027R 148 479 027    10 R 5 650 450 R 806 182 R 195 419 R 8 195 065     R 158 872 559R 158 872 559R 158 872 559R 158 872 559    11 R 5 650 450 R 862 615 R 209 098 R 9 014 571     R 169 993 R 169 993 R 169 993 R 169 993 638638638638    12 R 5 650 450 R 922 998 R 223 735 R 9 916 028     R 181 893 193R 181 893 193R 181 893 193R 181 893 193    13 R 5 650 450 R 987 608 R 239 397 R 10 907 631     R 194 625 717R 194 625 717R 194 625 717R 194 625 717    14 R 5 650 450 R 1 056 740 R 256 155 R 11 998 394     R 208 249 517R 208 249 517R 208 249 517R 208 249 517    15 R 5 650 450 R 1 130 712 R 274 085 R 13 198 234     R R R R 222 826 983222 826 983222 826 983222 826 983    16 R 5 650 450 R 1 209 862 R 293 271 R 14 518 057     R 238 424 872R 238 424 872R 238 424 872R 238 424 872    17 R 5 650 450 R 1 294 552 R 313 800 R 15 969 863     R 255 114 613R 255 114 613R 255 114 613R 255 114 613    18 R 5 650 450 R 1 385 171 R 335 766 R 17 566 849     R 272 972 636R 272 972 636R 272 972 636R 272 972 636    19 R 5 650 450 R 1 482 133 R 359 270 R 19 323 534     R 292 080 720R 292 080 720R 292 080 720R 292 080 720    20 R 5 650 450 R 1 585 882 R 384 419 R 21 255 887     R 312 526 371R 312 526 371R 312 526 371R 312 526 371    TotTotTotTot    R 113 008 995R 113 008 995R 113 008 995R 113 008 995    R 17 976 917R 17 976 917R 17 976 917R 17 976 917    R 4 357 618R 4 357 618R 4 357 618R 4 357 618    R 199 059 686R 199 059 686R 199 059 686R 199 059 686        R 334 403 217R 334 403 217R 334 403 217R 334 403 217    
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3.4.4.2 Fine Bubble Diffused Aeration 

Results Value (MLE) Value (UCT) Capital Cost R 48 078 160 R 53 639 370 
Operational Cost per year R 1 574 952 R 1 495 023 
Maintenance Cost per year R 825 780 R 858 814 

Calculating Net Present Value from equation ( 2-65 ): 

7:F = ¾ ��(1 + a)� − ��
�

�¿"  
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MLE Process Configuration: 

Year 
Interest and 

redemption on 
Capital Cost 

Maintenance 
(civil) 

escalated at 
7.00% p.a. 

Maintenance 
(mech & elec) 
escalated at 
7.00% p.a. 

Electrical 
Operating 

escalated at  
10.00% p.a. 

Replacement of 
diffusers 

escalated at 
7.00% p.a. 

 
Total: 

De-escalation at % 
7.00 p.a. 1 R 5 841 173 R 365 782 R 459 998 R 1 732 447      R 65 548 054R 65 548 054R 65 548 054R 65 548 054    2 R 5 841 173 R 391 387 R 492 198 R 1 905 692      R 70 136 417R 70 136 417R 70 136 417R 70 136 417    3 R 5 841 173 R 395 301 R 526 652 R 2 096 261      R 75 045 967R 75 045 967R 75 045 967R 75 045 967    4 R 5 841 173 R 399 254 R 563 518 R 2 305 887      R 80 299 184R 80 299 184R 80 299 184R 80 299 184    5 R 5 841 173 R 403 246 R 602 964 R 2 536 476      R 85 920 127R 85 920 127R 85 920 127R 85 920 127    6 R 5 841 173 R 407 279 R 645 171 R 2 790 124      R 91 R 91 R 91 R 91 934 536934 536934 536934 536    7 R 5 841 173 R 411 351 R 690 333 R 3 069 136 R 3 926 718     R 98 369 954R 98 369 954R 98 369 954R 98 369 954    8 R 5 841 173 R 415 465 R 738 657 R 3 376 050      R 105 255 850R 105 255 850R 105 255 850R 105 255 850    9 R 5 841 173 R 419 620 R 790 363 R 3 713 655      R 112 623 760R 112 623 760R 112 623 760R 112 623 760    10 R 5 841 173 R 423 816 R 845 688 R 4 085 020      R 120 507 423R 120 507 423R 120 507 423R 120 507 423    11 R 5 841 173 R 428 054 R 904 886 R 4 493 522      R 128 942 943R 128 942 943R 128 942 943R 128 942 943    12 R 5 841 173 R 432 335 R 968 228 R 4 942 874      R 137 968 949R 137 968 949R 137 968 949R 137 968 949    13 R 5 841 173 R 436 658 R 1 036 004 R 5 437 162      R 147 626 775R 147 626 775R 147 626 775R 147 626 775    14 R 5 841 173 R 441 024 R 1 108 524 R 5 980 878 R 6 305 450     R 157 960 649R 157 960 649R 157 960 649R 157 960 649    15 R 5 841 173 R 445 435 R 1 186 121 R 6 578 966      R 169 017 895R 169 017 895R 169 017 895R 169 017 895    16 R 5 841 173 R 449 889 R 1 269 150 R 7 236 862      R 180 849 147R 180 849 147R 180 849 147R 180 849 147    17 R 5 841 173 R 454 388 R 1 357 990 R 7 960 548      R 193 508 588R 193 508 588R 193 508 588R 193 508 588    18 R 5 841 173 R 458 932 R 1 453 049 R 8 756 603      R 207 054 189R 207 054 189R 207 054 189R 207 054 189    19 R 5 841 173 R 463 521 R 1 554 763 R 9 632 264      R 221 547 982R 221 547 982R 221 547 982R 221 547 982    20 R 5 841 173 R 468 156 R 1 663 596 R 10 595 490      R 237 056 341R 237 056 341R 237 056 341R 237 056 341    TotTotTotTot    R 116 823 453R 116 823 453R 116 823 453R 116 823 453    R 8 510 891R 8 510 891R 8 510 891R 8 510 891    R 18 857 854R 18 857 854R 18 857 854R 18 857 854    R 99 225 917R 99 225 917R 99 225 917R 99 225 917    R 10 232 168R 10 232 168R 10 232 168R 10 232 168        R R R R 253 650 284253 650 284253 650 284253 650 284    
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UCT Process Configuration: 

Year 
Interest and 

redemption on 
Capital Cost 

Maintenance 
(civil) 

escalated at 
7.00% p.a. 

Maintenance 
(mech & elec) 
escalated at 
7.00% p.a. 

Electrical 
Operating 

escalated at  
10.00% p.a. 

Replacement of 
diffusers 

escalated at 
7.00% p.a. 

 
Total: 

De-escalation at % 
7.00 p.a. 1 R 6 516 822 R 428 920 R 429 894 R 1 644 525      R 67 679 571R 67 679 571R 67 679 571R 67 679 571    2 R 6 516 822 R 458 945 R 459 987 R 1 808 978      R 72 417 141R 72 417 141R 72 417 141R 72 417 141    3 R 6 516 822 R 463 534 R 492 186 R 1 989 876      R 77 486 R 77 486 R 77 486 R 77 486 341341341341    4 R 6 516 822 R 468 169 R 526 639 R 2 188 863      R 82 910 385R 82 910 385R 82 910 385R 82 910 385    5 R 6 516 822 R 472 851 R 563 503 R 2 407 750      R 88 714 112R 88 714 112R 88 714 112R 88 714 112    6 R 6 516 822 R 477 580 R 602 949 R 2 648 525      R 94 924 100R 94 924 100R 94 924 100R 94 924 100    7 R 6 516 822 R 482 355 R 645 155 R 2 913 377 R 3 748 687     R R R R 101 568 787101 568 787101 568 787101 568 787    8 R 6 516 822 R 487 179 R 690 316 R 3 204 715      R 108 678 602R 108 678 602R 108 678 602R 108 678 602    9 R 6 516 822 R 492 051 R 738 638 R 3 525 186      R 116 286 104R 116 286 104R 116 286 104R 116 286 104    10 R 6 516 822 R 496 971 R 790 343 R 3 877 705      R 124 426 131R 124 426 131R 124 426 131R 124 426 131    11 R 6 516 822 R 501 941 R 845 667 R 4 265 476      R R R R 133 135 960133 135 960133 135 960133 135 960    12 R 6 516 822 R 506 960 R 904 863 R 4 692 023      R 142 455 478R 142 455 478R 142 455 478R 142 455 478    13 R 6 516 822 R 512 030 R 968 204 R 5 161 225      R 152 427 361R 152 427 361R 152 427 361R 152 427 361    14 R 6 516 822 R 517 150 R 1 035 978 R 5 677 348 R 6 019 573     R 163 097 276R 163 097 276R 163 097 276R 163 097 276    15 R 6 516 822 R 522 322 R 1 108 496 R 6 245 083      R 174 514 086R 174 514 086R 174 514 086R 174 514 086    16 R 6 516 822 R 527 545 R 1 186 091 R 6 869 591      R 186 730 072R 186 730 072R 186 730 072R 186 730 072    17 R 6 516 822 R 532 820 R 1 269 117 R 7 556 550      R 199 801 177R 199 801 177R 199 801 177R 199 801 177    18 R 6 516 822 R 538 149 R 1 357 956 R 8 312 205      R 213 787 259R 213 787 259R 213 787 259R 213 787 259    19 R 6 516 822 R 543 530 R 1 453 013 R 9 143 426      R 228 752 367R 228 752 367R 228 752 367R 228 752 367    20 R 6 516 822 R 548 965 R 1 554 723 R 10 057 768      R 244 765 033R 244 765 033R 244 765 033R 244 765 033    TotTotTotTot    R 130 336 444R 130 336 444R 130 336 444R 130 336 444    R 9 979 968R 9 979 968R 9 979 968R 9 979 968    R 17 623 716R 17 623 716R 17 623 716R 17 623 716    R 94 190 196R 94 190 196R 94 190 196R 94 190 196    R 9 768 260R 9 768 260R 9 768 260R 9 768 260        R 261 898 585R 261 898 585R 261 898 585R 261 898 585    

 

Net Present Valuse Value (MLE) Value (UCT) Slow Speed Surface Aeration R 84 101 295 R 86 416 146 
Fine Bubble Diffused Aeration R 65 548 054 R 67 679 571 
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For the analysis and discussions of the Kelvin Jones data and results refer to section 

4.4 below. 

3.5 Generalised Model 

As explained and calculated above, the Kelvin Jones data was chosen as the sample 

project for this investigation.  However, in order for the design model to be used for 

varies inflows and wastewater characteristics, a more generalised model with varying 

data groups were set up.  As the proposed upgraded modules for the Kelvin Jones 

WWTP will have a maximum capacity of 30 Mℓ/d and it is unlikely that a new or 

upgraded plant will exceed this capacity without phasing the project, the inflow rate 

for the data groups were capped at 30 Mℓ/d.  As the main objective of the study is to 

find the VTP, the inflow rate was increased in increments of 2.5 Mℓ/d, starting at 2.5 

Mℓ/d and ending at 30 Mℓ/d.  For the benchmark data group, constant inflow 

wastewater characteristics were used and only the flow was varied.  For this data 

group the inflow COD concentration were chosen as 750 mg/ℓ and the other inflow 

characteristics were calculated to represent typical values based on this COD 

concentration. 

In order to see the effect different COD concentrations will have on the outcome, 

similar data groups were also created with different COD concentrations.  Details of 

the generalised inflow data groups that were used, are presented in Appendix A. 

To test the financial viability between the slow speed surface aeration and the fine 

bubble diffused aeration technology, the capital, operational and maintenance costs 

between these two systems were calculated (similar to the calculation example 

above) using the different inflow data groups. 
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4. RESULTS AND DISCUSSION 

The design methodology and cost modelling as explained in section 2 was used to 

set up a excel based plant design model.  The generalised data (as represented in 

Appendix A) was used as the input for the model.  As mentioned, the MLE and UCT 

process configurations were used and both raw and settled wastewater were 

investigated. 

As the main objective of the study is to test the financial viability between slow speed 

surface aeration (SSSA) and fine bubble diffused aeration (FBDA) i.e. find the VTP, 

the capital, operational and maintenance costs between these two systems were 

calculated. 

4.1 Benchmark Results 

As mentioned in section 3.5, to create a benchmark data group, an inflow COD 

concentration of 750 mg/ℓ were chosen and the other inflow characteristics were 

calculated to represent typical values based on this COD concentration.  Based on 

these inflow characteristics, incorporating the varying inflow rate (2.5 Mℓ/d to 30 Mℓ/d) 

and taking into account different process configurations (MLE and UCT), the total cost 

of the two different aeration technologies were calculated. 

From these benchmark results it was concluded that the VTP is reached at much 

lower flow rate than originally estimated.  For this reason, the varying inflow rates 

were lowered to focus on a smaller area, i.e. 1.0 Mℓ/d to 12.0 Mℓ/d, to improve the 

accuracy of the results. 
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4.1.1 MLE Process Configuration 

The graph below represents the Total Cost vs Inflow Rate (Mℓ/d) for both aeration 

technologies using the MLE process configuration for the Raw Wastewater. 

 

Figure 24: Total Cost vs Inflow Rate – MLE process configuration – Raw wastewater 

From the graph it is evident that the VTP is reached at an inflow rate of 5.30 Mℓ/d.  

For this reason, when designing a WWTP based on the MLE process configuration 

and similar inflow characteristics, designers and investors should start to consider the 

FBDA aeration option for any plant with an inflow rate of more than 5.30 Mℓ/d. 
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A similar graph, representing Total Cost vs Inflow Rate (Mℓ/d), was plotted for the 

Settled Wastewater (MLE process configuration) and is presented below. 

 

Figure 25: Total Cost vs Inflow Rate – MLE process configuration – Settled wastewater 

For the Settled wastewater the VTP is reached at an inflow rate of 6.60 Mℓ/d.  The 

FBDA aeration option will therefore be the more viable option for any plant with an 

inflow rate of more than 6.60 Mℓ/d. 

It is interesting to note is that the FBDA aeration option becomes the more viable 

option at a higher inflow rate for Settled Wastewater than for Raw Wastewater.  The 

main reason for this is that less oxygen (or energy) is required to treat Settled 

Wastewater, as the concentration of certain constituents (mainly COD) are lowered 

during primary sedimentation.  The effect of the more energy efficient FBDA system 

are therefore less profound for Settled Wastewater. 

  

R0,00

R10 000,00

R20 000,00

R30 000,00

R40 000,00

0
,0

0

1
,0

0

2
,0

0

3
,0

0

4
,0

0

5
,0

0

6
,0

0

7
,0

0

8
,0

0

9
,0

0

1
0

,0
0

1
1

,0
0

1
2

,0
0

1
3

,0
0

N
E

T 
P

R
E

SE
N

T 
V

A
LU

E
 (

x 
R

1
,0

0
0

)

FLOW (ML/D)

MLE PROCESS CONFIGURATION - SETTLED WASTEWATER

SSSA FBDA



 

 Page 120  

4.1.2 UCT Process Configuration 

Similar to the graphs done for the MLE process configuration, the Total Cost vs Inflow 

Rate (Mℓ/d) graphs were also completed for the UCT process configuration. 

 

Figure 26: Total Cost vs Inflow Rate – UCT process configuration – Raw wastewater 

 

Figure 27: Total Cost vs Inflow Rate – UCT process configuration – Settled wastewater 
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From these graphs it is evident that the VTP is reached at an inflow rate of 5.80 Mℓ/d, 

when looking at Raw Wastewater and at an inflow rate of 7.60 Mℓ/d when looking at 

Settled Wastewater. 

Again, it can be noted that the VTP is at a higher inflow rate for Settled Wastewater 

than for Raw Wastewater (same reasoning as for the MLE process configuration).  It 

is also interesting to note that the VTP of both the Raw and Settled Wastewater are 

slightly higher in the UCT process configuration than for the MLE process 

configuration.  The reason for this is that the UCT process configuration can treat 

slightly less wastewater with the same size infrastructure as the MLE process 

configuration can.  As the inflow rates and wastewater characteristics remained the 

same for both the UCT and MLE process configurations, it means the UCT process 

configuration has a slightly longer balanced sludge age and therefore slightly larger 

infrastructure and equipment is required.  This means the capital cost is slightly higher 

and this moves the VTP to the right. 

It can therefore be concluded that incorporating the MLE process configuration will be 

cheaper than the UCT process configuration.  The MLE process configuration is 

however not capable of biological removal of phosphorous and should phosphorous 

removal be required as part of the effluent standard, the UCT process configuration 

should be chosen.  Chemical phosphorous removal by means of Ferric Chloride (or a 

similar chemical) is however an option when the MLE process configuration is chosen.  

The chemicals are however extremely expensive and therefore chemical 

phosphorous removal is only a viable option for small WWTPs. 
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4.2 Effect of COD Concentration 

To incorporate the effect that a higher or lower COD concentration (and the other 

inflow characteristics calculated to represent typical values based on the COD 

concentration) will have on the VTP, data groups with different COD concentrations 

were introduced as summarised below (for more detail see Appendix A): 

Dataset 
Raw Wastewater 

COD Concentration 

Settled Wastewater 

COD Concentration 

Data Group 1 600 360 

Data Group (Benchmark) 750 450 

Data Group 3 900 540 

Data Group 4 1050 630 

Data Group 5 1200 720 

Table 13: COD Concentrations of Data Groups 

As with the benchmark results, the total cost of the two different aeration technologies 

for each data group were calculated.  For each data group the VTP was calculated 

for both process configuration and for Raw and Settled Wastewater. 

4.2.1 MLE Process Configuration 

The graphs below represent the VTP for varying COD concentrations, based on the 

MLE process configuration for Raw Wastewater and Settled Wastewater. 



 

 Page 123  

 

Figure 28:Viability Threshold Points for varying COD concentrations - MLE process 

configuration – Raw wastewater 

 

Figure 29: Viability Threshold Points for varying COD concentrations - MLE process 

configuration – Settled wastewater 
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From the graphs it is evident that an increase in COD concentration, will decrease the 

inflow rate at which the VTP is reached.  The reason is that an increase in COD will 

increase the energy demand of the aeration and therefore make the effect of the more 

energy efficient FBDA system more profound.  It can therefore be concluded that for 

WWTPs receiving influent with a high COD concentration, the more efficient FBDA 

technology will almost certainly be the most viable option.  Therefore, when designing 

WWTP’s with a high industrial influent component, designers should definitely 

consider the FDBA technology. 

4.2.2 UCT Process Configuration 

Similar to the graphs done for the MLE process configuration, the VTP for varying 

COD concentrations graphs were also completed for the UCT process configuration. 

 

Figure 30: Viability Threshold Points for varying COD concentrations - UCT process 

configuration – Raw wastewater 
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Figure 31: Viability Threshold Points for varying COD concentrations - UCT process 

configuration – Settled wastewater 

Similar to the MLE results, the graphs above also show that with an increase in COD 

concentration, the inflow rate at which the VTP is reached will decrease.   

From these graphs, designers and investors can therefore get the inflow rate at which 

the viability threshold point is reached for multiple COD concentration when the MLE 

and UCT process configurations are chosen. 
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4.3 Results Summary 

In order to make it easier for designers to interpret the results above, Table 14 below 

gives a summary of the Viability Threshold Points for the different input data: 

 Viability Threshold Points (Mℓ/d) 

 MLE Process Configuration UCT Process Configuration 

Data Group Raw WW Settled WW Raw WW Settled WW 

Data Group 1 5.70 7.80 7.40 9.60 

Data Group 2 

(Benchmark) 
5.30 6.60 5.80 7.60 

Data Group 3 4.40 6.30 4.80 6.50 

Data Group 4 4.00 5.30 4.40 5.60 

Data Group 5 3.40 4.90 3.80 4.90 

Table 14: Summary of Viability Threshold Points for different input data 

With the information in the table above, together with the input data represented in 

Appendix A, it is possible guide designers and investors to choose the correct aeration 

technology given specific inflow data. 
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4.4 Kelvin Jones WWTP 

From the Kelvin Jones WWTP results represented in section 3 it is evident that the 

FBDA technology would be the most viable option for upgrade of the Kelvin Jones 

WWTP.  It is also possible to predict at what flow the VTP will be reached for the 

Kelvin Jones WWTP. As the Kelvin Jones WWTP is operated in a UCT process 

configuration, only the UCT results are applicable.  With the inflow COD concentration 

of the Kelvin Jones WWTP measured at 672 mg/ℓ for Raw wastewater and 398 mg/ℓ 

for Settled wastewater, the Kelvin Jones data falls about halfway between Data Group 

1 and Data Group 2.  Averaging the VTPs between Data Group 1 and Data Group 2 

gives a VTP of 5.50 Mℓ/d for Raw wastewater and 6.60 Mℓ/d for Settled wastewater.  

The Kelvin Jones WWTP is however a special case as it is an existing plant that will 

be upgraded and the existing plant already utilises slow speed surface aeration.  The 

capital cost to convert the existing plant to a FBDA system will therefore be more 

expensive than keeping the plant on the SSSA system and the VTP predicted by the 

results above might need adjustment.  The designed flow is however so much higher 

than the VTP predicted that it can still be safely assumed that the FBDA technology 

would be the most viable option. 

4.5 Sensitivity Analysis of Key Technical Design Parameters 

In order to portray the dependence and sensitivity of the chosen or stipulated values 

of the key technical design parameters, a sensitivity analysis was done on these 

parameters.  The following parameters were investigated: 

 Conversion factor alpha (�); 

 Conversion factor beta (β); 

 Surface aeration standard oxygen transfer rate (Rstd); 

 Dissolved oxygen control point; 

 Standard oxygen transfer efficiency (SOTE); 

 Maximum water temperature; 
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The “Benchmark” data group (Raw Wastewater) was chosen, and the value of each 

parameter was decreased by 10% and the effect on the VTP’s were calculated.  The 

following table give the results of this sensitivity analysis in descending order. 

Parameter Percentage change on VTP’s 

 MLE UCT 

Maximum water temperature < 1% < 1% 

Dissolved oxygen control point 1.89% 1.72% 

Conversion factor alpha (�) 5.66% 5.17% 

Conversion factor beta (β) 9.43% 12.07% 

Standard oxygen transfer efficiency (SOTE) 13.21% 18.86% 

Surface aeration standard oxygen transfer 

rate (Rstd) 

20.75% 20.69% 

Table 15: Sensitivity analysis results 

From the table above it is evident which parameters has the biggest impact on the 

VTP;’s.  It is evident that the “Standard oxygen transfer efficiency (SOTE)” and 

“Surface aeration standard oxygen transfer rate (Rstd)” parameters have a major effect 

on the VTP’s (thus sensitive parameters) while the “Maximum water temperature” and 

“Dissolved oxygen control point” is much less sensitive.  Special care should therefore 

be given when choosing or stipulating the values of the most sensitive parameters. 
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5. CONCLUSION 

The main focus of this investigation was to give designers and investors a guide to 

select the correct aeration technology (SSSA vs FBDA) based on the overall viability 

of the project.  By comparing the cost of these two different aeration technologies with 

varying input data, it was possible to calculate the Viability Threshold Points (VTPs) 

for these systems.  With the VTPs known, it is possible designers and investors to 

make calculated decisions on the aeration technology to be used. 

From discussions with clients and contractors during this investigation, it would seem 

there is a reluctance from clients to implement technologies with higher initial capital 

expenditure, such as the FBDA technology.  Especially in smaller municipalities or 

working with non-technical clients, the capital cost of projects plays such a major role 

that operational cost is neglected from the overall costing calculations.  Convincing 

clients without actual overall costing figures are difficult and this is where the 

information represented in this thesis can hopefully help. 

It is however important to remember that the results in this thesis is based on typical 

inflow data and designers should give special care when using this information.  

Designers should therefore carefully study the inflow data used in this investigation 

and establish where their design inflow data slots in and decide if any adjustments 

are required.  Typical parameters used and assumptions made, like cost functions for 

specific infrastructure and equipment, design models used, and operating procedures 

of the plants must be taken into account when using the information.  The following 

disclaimers must be incorporated when using the information: 

 Typical key technical design parameters were used for the wastewater 

characterisation.  Should these parameters change considerably, the VTP’s will 

also change.  The sensitivity analysis done on the key technical design 

parameters (section 4.5) should give the designers and investors an indication of 

the sensitivity of each parameter. 

 Although special care has been taken to calculate the costing of associated 

infrastructure and equipment of the aeration technology as accurately as possible, 

the costing was done by using cost functions based on historical data and specific 

infrastructure and equipment.  Should the infrastructure and equipment chosen by 

the designer change considerably, the VTPs will also change.  It is therefore 

recommended that future investigations focus on gathering more cost data of 

previous projects and thereby increase the accuracy of the cost functions that can 

be used. 
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 As explained in the thesis, the design of the infrastructure and equipment was 

based on Steady State models.  Although the Steady State models gives accurate 

sizing of the most infrastructure, the sizing of the aeration equipment might be 

slightly skew depending on the variation in inflow rates and wastewater 

characteristics encountered on the specific WWTP.  It is therefore recommended 

that for future investigations, a dynamic model simulation be performed on the 

same data so that a comparison can be made and the results adjusted where 

required. 

 For the calculation of the electrical operating cost (electricity used), it was 

assumed that the plant will be operated continuously on a 24-hour, 365 day a year 

basis, running at the average energy consumption calculating.  In reality this will 

not be the case, as a variation in inflow and load will also vary the energy 

requirements on site.  As explained in section 2.7.1, the aeration control system 

will automatically adjust to keep the dissolved oxygen levels at an optimum level.  

In this thesis a reduction of 15% was allowed for on the FBDA technology to 

account for this adjustment.  With more accurate inflow information available and 

incorporating dynamic models into the calculation, it would be possible to calculate 

a more accurate electrical operating cost for a specific WWTP.  It is therefore 

encouraged that future investigations focus on gathering more accurate inflow 

data and electrical consumption data from actual WWTPs in order to get a better 

relationship between these parameters. 

Looking at the disclaimers above it is evident that the results and information must be 

used with special care and that it will not be applicable in all design situations.  The 

results do however give the designer a benchmark to work from.  With the benchmark 

established, the designer can decide if more accurate cost calculations are required 

to make the final decision. 

What is interesting to note from the results are the low flows at which the VTPs occurs.  

Although the VTPs might not be 100% accurate in all situations, it does raise the issue 

that FBDA technology does become viable for much smaller WWTPs than originally 

estimated.  This realisation, backed with the figures in this thesis, will hopefully give 

designers the evidence to convince investors and clients to look at more efficient 

aeration technologies even for smaller plants. 
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With more and more emphasis being exerted worldwide on reducing humanity’s 

carbon footprint, it is the responsibility of each engineer, investor and client to reduce 

energy consumption in the design and implementation of projects.  The information 

represented in this thesis can hopefully assist in this quest and ensure that the correct 

aeration technology be chosen for each WWTP.  This will not only be more financially 

viable for the client but might also go a long way in reducing our carbon footprint and 

leave a better future for the next generations to enjoy. 
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Appendix A:  
Input Data 

  



INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT

RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW

Flow (ML/d) 1.000 0.992 2.000 1.984 3.000 2.976 4.000 3.968 5.000 4.960 6.000 5.952 7.000 6.944 8.000 7.936 9.000 8.928 10.000 9.920 11.000 10.912 12.000 11.904

COD (mgCOD/l) 600.000 360.000 600.000 360.000 600.000 360.000 600.000 360.000 600.000 360.000 600.000 360.000 600.000 360.000 600.000 360.000 600.000 360.000 600.000 360.000 600.000 360.000 600.000 360.000

COD FILTRATE (mgCOD/l) 159.000 158.960 159.000 158.960 159.000 158.960 159.000 158.960 159.000 158.960 159.000 158.960 159.000 158.960 159.000 158.960 159.000 158.960 159.000 158.960 159.000 158.960 159.000 158.960

VFA (mg/l) 23.400 23.368 23.400 23.368 23.400 23.368 23.400 23.368 23.400 23.368 23.400 23.368 23.400 23.368 23.400 23.368 23.400 23.368 23.400 23.368 23.400 23.368 23.400 23.368

TOC (mgC/l) 199.800 119.880 199.800 119.880 199.800 119.880 199.800 119.880 199.800 119.880 199.800 119.880 199.800 119.880 199.800 119.880 199.800 119.880 199.800 119.880 199.800 119.880 199.800 119.880

TOC FILTRATE (mgC/l) 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945 54.945

TKN (mgN/l) 48.000 40.799 48.000 40.799 48.000 40.799 48.000 40.799 48.000 40.799 48.000 40.799 48.000 40.799 48.000 40.799 48.000 40.799 48.000 40.799 48.000 40.799 48.000 40.799

TKN FILTRATE (mgN/l) 38.400 38.351 38.400 38.351 38.400 38.351 38.400 38.351 38.400 38.351 38.400 38.351 38.400 38.351 38.400 38.351 38.400 38.351 38.400 38.351 38.400 38.351 38.400 38.351

FSA (mgN/l) 36.000 35.903 36.000 35.903 36.000 35.903 36.000 35.903 36.000 35.903 36.000 35.903 36.000 35.903 36.000 35.903 36.000 35.903 36.000 35.903 36.000 35.903 36.000 35.903

TP (mgP/l) 12.000 10.080 12.000 10.080 12.000 10.080 12.000 10.080 12.000 10.080 12.000 10.080 12.000 10.080 12.000 10.080 12.000 10.080 12.000 10.080 12.000 10.080 12.000 10.080

OP (mgP/l) 9.000 8.870 9.000 8.870 9.000 8.870 9.000 8.870 9.000 8.870 9.000 8.870 9.000 8.870 9.000 8.870 9.000 8.870 9.000 8.870 9.000 8.870 9.000 8.870

TP FILTRATE (mgP/l) 9.600 9.576 9.600 9.576 9.600 9.576 9.600 9.576 9.600 9.576 9.600 9.576 9.600 9.576 9.600 9.576 9.600 9.576 9.600 9.576 9.600 9.576 9.600 9.576

TSS (mgTSS/l) 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000

ISS (mgISS/l) 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500

EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT

COD (mgCOD/l) 42.00 42.12 42.00 42.12 42.00 42.12 42.00 42.12 42.00 42.12 42.00 42.12 42.00 42.12 42.00 42.12 42.00 42.12 42.00 42.12 42.00 42.12 42.00 42.12

VFA (mg/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TOC (mgC/l) 13.99 14.03 13.99 14.03 13.99 14.03 13.99 14.03 13.99 14.03 13.99 14.03 13.99 14.03 13.99 14.03 13.99 14.03 13.99 14.03 13.99 14.03 13.99 14.03

TKN (mgN/l) 1.44 1.67 1.44 1.67 1.44 1.67 1.44 1.67 1.44 1.67 1.44 1.67 1.44 1.67 1.44 1.67 1.44 1.67 1.44 1.67 1.44 1.67 1.44 1.67

FSA (mgN/l) 0.38 0.34 0.38 0.34 0.38 0.34 0.38 0.34 0.38 0.34 0.38 0.34 0.38 0.34 0.38 0.34 0.38 0.34 0.38 0.34 0.38 0.34 0.38 0.34

TP (mgP/l) 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

OP (mgP/l) 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

TSS (mgTSS/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

ISS (mgISS/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

fS'us (mgCOD/mgCOD) 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117

fS'up (mgCOD/mgCOD) 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040

fS'bs (mgCOD/mgCOD) 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325

fSb's (mgCOD/mgCOD) 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385

fSbs'a (mgCOD/mgCOD) 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

fSbs'f (mgCOD/mgCOD) 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

PST underflow % 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800

Tmin°C 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0

Tmax°C 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0

Influent pH 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000

Influent alkalinity 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0

Safety factor 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250

PAOs Biomass, fp 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025

Maximum polyphosphate P Content 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355

Anaerbic reactor mass fraction 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120

Sludge age (Days) 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0

MLSS concentration (g/l) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Number of Anaerobic Compartments 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

DSVI 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00

PDWF Factor relative to ADWF 3.033 3.036 2.732 2.736 2.556 2.559 2.432 2.436 2.339 2.342 2.265 2.268 2.203 2.206 2.151 2.154 2.106 2.109 2.066 2.069 2.031 2.034 2.000 2.003

PWWF Factor relative to PDWF 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50

Altitude (m) 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00

Peak factor for oxygen demand 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25

Dissolved Oxygen in Reactor (mg/l) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Alpha: Surface Aeration 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

Beta: Surface Aeration 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Theta: Surface Aeration 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024

Oxygenation rate 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

OTE %/m 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00%

Alpha: Diffused Aeration 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Beta: Diffused Aeration 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Theta: Diffused Aeration 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024

Reactor Water Depth (m) 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500

Diffuser Height (m) 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250

Airflow per diffuser (from graph) (m
3
/h) 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500

Diffuser Diameter (m) 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230

Ambient Temperature at blower 36.000 36.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000

Fouling Factor 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900

Estimated Population 8 333.00              8 267.00              16 667.00           16 533.00           25 000.00           24 800.00           33 333.00           33 067.00           41 667.00           41 333.00           50 000.00           49 600.00           58 333.00           57 867.00           66 667.00           66 133.00           75 000.00           74 400.00           83 333.00           82 667.00           91 667.00           90 933.00           100 000.00         99 200.00           

Data Set 12Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5 Data Set 6 Data Set 7 Data Set 8 Data Set 9 Data Set 10 Data Set 11



INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT

RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW

Flow (ML/d) 1.000 0.992 2.000 1.984 3.000 2.976 4.000 3.968 5.000 4.960 6.000 5.952 7.000 6.944 8.000 7.936 9.000 8.928 10.000 9.920 11.000 10.912 12.000 11.904

COD (mgCOD/l) 750.000 450.000 750.000 450.000 750.000 450.000 750.000 450.000 750.000 450.000 750.000 450.000 750.000 450.000 750.000 450.000 750.000 450.000 750.000 450.000 750.000 450.000 750.000 450.000

COD FILTRATE (mgCOD/l) 198.750 198.700 198.750 198.700 198.750 198.700 198.750 198.700 198.750 198.700 198.750 198.700 198.750 198.700 198.750 198.700 198.750 198.700 198.750 198.700 198.750 198.700 198.750 198.700

VFA (mg/l) 29.250 29.210 29.250 29.210 29.250 29.210 29.250 29.210 29.250 29.210 29.250 29.210 29.250 29.210 29.250 29.210 29.250 29.210 29.250 29.210 29.250 29.210 29.250 29.210

TOC (mgC/l) 249.750 149.850 249.750 149.850 249.750 149.850 249.750 149.850 249.750 149.850 249.750 149.850 249.750 149.850 249.750 149.850 249.750 149.850 249.750 149.850 249.750 149.850 249.750 149.850

TOC FILTRATE (mgC/l) 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681 68.681

TKN (mgN/l) 60.000 50.999 60.000 50.999 60.000 50.999 60.000 50.999 60.000 50.999 60.000 50.999 60.000 50.999 60.000 50.999 60.000 50.999 60.000 50.999 60.000 50.999 60.000 50.999

TKN FILTRATE (mgN/l) 48.000 47.939 48.000 47.939 48.000 47.939 48.000 47.939 48.000 47.939 48.000 47.939 48.000 47.939 48.000 47.939 48.000 47.939 48.000 47.939 48.000 47.939 48.000 47.939

FSA (mgN/l) 45.000 44.879 45.000 44.879 45.000 44.879 45.000 44.879 45.000 44.879 45.000 44.879 45.000 44.879 45.000 44.879 45.000 44.879 45.000 44.879 45.000 44.879 45.000 44.879

TP (mgP/l) 15.000 12.600 15.000 12.600 15.000 12.600 15.000 12.600 15.000 12.600 15.000 12.600 15.000 12.600 15.000 12.600 15.000 12.600 15.000 12.600 15.000 12.600 15.000 12.600

OP (mgP/l) 11.250 11.088 11.250 11.088 11.250 11.088 11.250 11.088 11.250 11.088 11.250 11.088 11.250 11.088 11.250 11.088 11.250 11.088 11.250 11.088 11.250 11.088 11.250 11.088

TP FILTRATE (mgP/l) 12.000 11.970 12.000 11.970 12.000 11.970 12.000 11.970 12.000 11.970 12.000 11.970 12.000 11.970 12.000 11.970 12.000 11.970 12.000 11.970 12.000 11.970 12.000 11.970

TSS (mgTSS/l) 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000

ISS (mgISS/l) 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500

EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT

COD (mgCOD/l) 52.50 52.65 52.50 52.65 52.50 52.65 52.50 52.65 52.50 52.65 52.50 52.65 52.50 52.65 52.50 52.65 52.50 52.65 52.50 52.65 52.50 52.65 52.50 52.65

VFA (mg/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TOC (mgC/l) 17.48 17.53 17.48 17.53 17.48 17.53 17.48 17.53 17.48 17.53 17.48 17.53 17.48 17.53 17.48 17.53 17.48 17.53 17.48 17.53 17.48 17.53 17.48 17.53

TKN (mgN/l) 1.80 2.09 1.80 2.09 1.80 2.09 1.80 2.09 1.80 2.09 1.80 2.09 1.80 2.09 1.80 2.09 1.80 2.09 1.80 2.09 1.80 2.09 1.80 2.09

FSA (mgN/l) 0.47 0.42 0.47 0.42 0.47 0.42 0.47 0.42 0.47 0.42 0.47 0.42 0.47 0.42 0.47 0.42 0.47 0.42 0.47 0.42 0.47 0.42 0.47 0.42

TP (mgP/l) 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25

OP (mgP/l) 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25 0.26 0.25

TSS (mgTSS/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

ISS (mgISS/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

fS'us (mgCOD/mgCOD) 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117

fS'up (mgCOD/mgCOD) 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040

fS'bs (mgCOD/mgCOD) 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325

fSb's (mgCOD/mgCOD) 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385

fSbs'a (mgCOD/mgCOD) 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

fSbs'f (mgCOD/mgCOD) 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

PST underflow % 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800

Tmin°C 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0

Tmax°C 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0

Influent pH 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000

Influent alkalinity 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0

Safety factor 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250

PAOs Biomass, fp 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025

Maximum polyphosphate P Content 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355

Anaerbic reactor mass fraction 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120

Sludge age (Days) 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0

MLSS concentration (g/l) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Number of Anaerobic Compartments 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

DSVI 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00

PDWF Factor relative to ADWF 3.033 3.036 2.732 2.736 2.556 2.559 2.432 2.436 2.339 2.342 2.265 2.268 2.203 2.206 2.151 2.154 2.106 2.109 2.066 2.069 2.031 2.034 2.000 2.003

PWWF Factor relative to PDWF 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50

Altitude (m) 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00

Peak factor for oxygen demand 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25

Dissolved Oxygen in Reactor (mg/l) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Alpha: Surface Aeration 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

Beta: Surface Aeration 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Theta: Surface Aeration 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024

Oxygenation rate 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

OTE %/m 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00%

Alpha: Diffused Aeration 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Beta: Diffused Aeration 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Theta: Diffused Aeration 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024

Reactor Water Depth (m) 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500

Diffuser Height (m) 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250

Airflow per diffuser (from graph) (m
3
/h) 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500

Diffuser Diameter (m) 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230

Ambient Temperature at blower 36.000 36.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000

Fouling Factor 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900

Estimated Population 8 333.00              8 267.00              16 667.00           16 533.00           25 000.00           24 800.00           33 333.00           33 067.00           41 667.00           41 333.00           50 000.00           49 600.00           58 333.00           57 867.00           66 667.00           66 133.00           75 000.00           74 400.00           83 333.00           82 667.00           91 667.00           90 933.00           100 000.00         99 200.00           

Data Set 12Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5 Data Set 6 Data Set 7 Data Set 8 Data Set 9 Data Set 10 Data Set 11



INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT

RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW

Flow (ML/d) 1.000 0.992 2.000 1.984 3.000 2.976 4.000 3.968 5.000 4.960 6.000 5.952 7.000 6.944 8.000 7.936 9.000 8.928 10.000 9.920 11.000 10.912 12.000 11.904

COD (mgCOD/l) 900.000 540.000 900.000 540.000 900.000 540.000 900.000 540.000 900.000 540.000 900.000 540.000 900.000 540.000 900.000 540.000 900.000 540.000 900.000 540.000 900.000 540.000 900.000 540.000

COD FILTRATE (mgCOD/l) 238.500 238.440 238.500 238.440 238.500 238.440 238.500 238.440 238.500 238.440 238.500 238.440 238.500 238.440 238.500 238.440 238.500 238.440 238.500 238.440 238.500 238.440 238.500 238.440

VFA (mg/l) 35.100 35.052 35.100 35.052 35.100 35.052 35.100 35.052 35.100 35.052 35.100 35.052 35.100 35.052 35.100 35.052 35.100 35.052 35.100 35.052 35.100 35.052 35.100 35.052

TOC (mgC/l) 299.700 179.820 299.700 179.820 299.700 179.820 299.700 179.820 299.700 179.820 299.700 179.820 299.700 179.820 299.700 179.820 299.700 179.820 299.700 179.820 299.700 179.820 299.700 179.820

TOC FILTRATE (mgC/l) 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418 82.418

TKN (mgN/l) 72.000 61.198 72.000 61.198 72.000 61.198 72.000 61.198 72.000 61.198 72.000 61.198 72.000 61.198 72.000 61.198 72.000 61.198 72.000 61.198 72.000 61.198 72.000 61.198

TKN FILTRATE (mgN/l) 57.600 57.526 57.600 57.526 57.600 57.526 57.600 57.526 57.600 57.526 57.600 57.526 57.600 57.526 57.600 57.526 57.600 57.526 57.600 57.526 57.600 57.526 57.600 57.526

FSA (mgN/l) 54.000 53.854 54.000 53.854 54.000 53.854 54.000 53.854 54.000 53.854 54.000 53.854 54.000 53.854 54.000 53.854 54.000 53.854 54.000 53.854 54.000 53.854 54.000 53.854

TP (mgP/l) 18.000 15.120 18.000 15.120 18.000 15.120 18.000 15.120 18.000 15.120 18.000 15.120 18.000 15.120 18.000 15.120 18.000 15.120 18.000 15.120 18.000 15.120 18.000 15.120

OP (mgP/l) 13.500 13.306 13.500 13.306 13.500 13.306 13.500 13.306 13.500 13.306 13.500 13.306 13.500 13.306 13.500 13.306 13.500 13.306 13.500 13.306 13.500 13.306 13.500 13.306

TP FILTRATE (mgP/l) 14.400 14.364 14.400 14.364 14.400 14.364 14.400 14.364 14.400 14.364 14.400 14.364 14.400 14.364 14.400 14.364 14.400 14.364 14.400 14.364 14.400 14.364 14.400 14.364

TSS (mgTSS/l) 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000

ISS (mgISS/l) 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500

EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT

COD (mgCOD/l) 63.00 63.18 63.00 63.18 63.00 63.18 63.00 63.18 63.00 63.18 63.00 63.18 63.00 63.18 63.00 63.18 63.00 63.18 63.00 63.18 63.00 63.18 63.00 63.18

VFA (mg/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TOC (mgC/l) 20.98 21.04 20.98 21.04 20.98 21.04 20.98 21.04 20.98 21.04 20.98 21.04 20.98 21.04 20.98 21.04 20.98 21.04 20.98 21.04 20.98 21.04 20.98 21.04

TKN (mgN/l) 2.16 2.51 2.16 2.51 2.16 2.51 2.16 2.51 2.16 2.51 2.16 2.51 2.16 2.51 2.16 2.51 2.16 2.51 2.16 2.51 2.16 2.51 2.16 2.51

FSA (mgN/l) 0.57 0.51 0.57 0.51 0.57 0.51 0.57 0.51 0.57 0.51 0.57 0.51 0.57 0.51 0.57 0.51 0.57 0.51 0.57 0.51 0.57 0.51 0.57 0.51

TP (mgP/l) 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30

OP (mgP/l) 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30 0.31 0.30

TSS (mgTSS/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

ISS (mgISS/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

fS'us (mgCOD/mgCOD) 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117

fS'up (mgCOD/mgCOD) 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040

fS'bs (mgCOD/mgCOD) 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325

fSb's (mgCOD/mgCOD) 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385

fSbs'a (mgCOD/mgCOD) 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

fSbs'f (mgCOD/mgCOD) 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

PST underflow % 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800

Tmin°C 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0

Tmax°C 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0

Influent pH 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000

Influent alkalinity 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0

Safety factor 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250

PAOs Biomass, fp 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025

Maximum polyphosphate P Content 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355

Anaerbic reactor mass fraction 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120

Sludge age (Days) 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0

MLSS concentration (g/l) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Number of Anaerobic Compartments 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

DSVI 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00

PDWF Factor relative to ADWF 3.033 3.036 2.732 2.736 2.556 2.559 2.432 2.436 2.339 2.342 2.265 2.268 2.203 2.206 2.151 2.154 2.106 2.109 2.066 2.069 2.031 2.034 2.000 2.003

PWWF Factor relative to PDWF 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50

Altitude (m) 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00

Peak factor for oxygen demand 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25

Dissolved Oxygen in Reactor (mg/l) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Alpha: Surface Aeration 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

Beta: Surface Aeration 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Theta: Surface Aeration 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024

Oxygenation rate 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

OTE %/m 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00%

Alpha: Diffused Aeration 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Beta: Diffused Aeration 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Theta: Diffused Aeration 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024

Reactor Water Depth (m) 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500

Diffuser Height (m) 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250

Airflow per diffuser (from graph) (m
3
/h) 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500

Diffuser Diameter (m) 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230

Ambient Temperature at blower 36.000 36.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000

Fouling Factor 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900

Estimated Population 8 333.00              8 267.00              16 667.00           16 533.00           25 000.00           24 800.00           33 333.00           33 067.00           41 667.00           41 333.00           50 000.00           49 600.00           58 333.00           57 867.00           66 667.00           66 133.00           75 000.00           74 400.00           83 333.00           82 667.00           91 667.00           90 933.00           100 000.00         99 200.00           
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INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT

RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW

Flow (ML/d) 1.000 0.992 2.000 1.984 3.000 2.976 4.000 3.968 5.000 4.960 6.000 5.952 7.000 6.944 8.000 7.936 9.000 8.928 10.000 9.920 11.000 10.912 12.000 11.904

COD (mgCOD/l) 1050.000 630.000 1050.000 630.000 1050.000 630.000 1050.000 630.000 1050.000 630.000 1050.000 630.000 1050.000 630.000 1050.000 630.000 1050.000 630.000 1050.000 630.000 1050.000 630.000 1050.000 630.000

COD FILTRATE (mgCOD/l) 278.250 278.180 278.250 278.180 278.250 278.180 278.250 278.180 278.250 278.180 278.250 278.180 278.250 278.180 278.250 278.180 278.250 278.180 278.250 278.180 278.250 278.180 278.250 278.180

VFA (mg/l) 40.950 40.894 40.950 40.894 40.950 40.894 40.950 40.894 40.950 40.894 40.950 40.894 40.950 40.894 40.950 40.894 40.950 40.894 40.950 40.894 40.950 40.894 40.950 40.894

TOC (mgC/l) 349.650 209.790 349.650 209.790 349.650 209.790 349.650 209.790 349.650 209.790 349.650 209.790 349.650 209.790 349.650 209.790 349.650 209.790 349.650 209.790 349.650 209.790 349.650 209.790

TOC FILTRATE (mgC/l) 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154 96.154

TKN (mgN/l) 84.000 71.398 84.000 71.398 84.000 71.398 84.000 71.398 84.000 71.398 84.000 71.398 84.000 71.398 84.000 71.398 84.000 71.398 84.000 71.398 84.000 71.398 84.000 71.398

TKN FILTRATE (mgN/l) 67.200 67.114 67.200 67.114 67.200 67.114 67.200 67.114 67.200 67.114 67.200 67.114 67.200 67.114 67.200 67.114 67.200 67.114 67.200 67.114 67.200 67.114 67.200 67.114

FSA (mgN/l) 63.000 62.830 63.000 62.830 63.000 62.830 63.000 62.830 63.000 62.830 63.000 62.830 63.000 62.830 63.000 62.830 63.000 62.830 63.000 62.830 63.000 62.830 63.000 62.830

TP (mgP/l) 21.000 17.640 21.000 17.640 21.000 17.640 21.000 17.640 21.000 17.640 21.000 17.640 21.000 17.640 21.000 17.640 21.000 17.640 21.000 17.640 21.000 17.640 21.000 17.640

OP (mgP/l) 15.750 15.523 15.750 15.523 15.750 15.523 15.750 15.523 15.750 15.523 15.750 15.523 15.750 15.523 15.750 15.523 15.750 15.523 15.750 15.523 15.750 15.523 15.750 15.523

TP FILTRATE (mgP/l) 16.800 16.758 16.800 16.758 16.800 16.758 16.800 16.758 16.800 16.758 16.800 16.758 16.800 16.758 16.800 16.758 16.800 16.758 16.800 16.758 16.800 16.758 16.800 16.758

TSS (mgTSS/l) 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000

ISS (mgISS/l) 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500

EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT

COD (mgCOD/l) 73.50 73.71 73.50 73.71 73.50 73.71 73.50 73.71 73.50 73.71 73.50 73.71 73.50 73.71 73.50 73.71 73.50 73.71 73.50 73.71 73.50 73.71 73.50 73.71

VFA (mg/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TOC (mgC/l) 24.48 24.55 24.48 24.55 24.48 24.55 24.48 24.55 24.48 24.55 24.48 24.55 24.48 24.55 24.48 24.55 24.48 24.55 24.48 24.55 24.48 24.55 24.48 24.55

TKN (mgN/l) 2.52 2.93 2.52 2.93 2.52 2.93 2.52 2.93 2.52 2.93 2.52 2.93 2.52 2.93 2.52 2.93 2.52 2.93 2.52 2.93 2.52 2.93 2.52 2.93

FSA (mgN/l) 0.66 0.59 0.66 0.59 0.66 0.59 0.66 0.59 0.66 0.59 0.66 0.59 0.66 0.59 0.66 0.59 0.66 0.59 0.66 0.59 0.66 0.59 0.66 0.59

TP (mgP/l) 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35

OP (mgP/l) 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35 0.36 0.35

TSS (mgTSS/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

ISS (mgISS/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

fS'us (mgCOD/mgCOD) 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117

fS'up (mgCOD/mgCOD) 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040

fS'bs (mgCOD/mgCOD) 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325

fSb's (mgCOD/mgCOD) 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385

fSbs'a (mgCOD/mgCOD) 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

fSbs'f (mgCOD/mgCOD) 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

PST underflow % 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800

Tmin°C 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0

Tmax°C 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0

Influent pH 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000

Influent alkalinity 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0

Safety factor 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250

PAOs Biomass, fp 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025

Maximum polyphosphate P Content 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355

Anaerbic reactor mass fraction 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120

Sludge age (Days) 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0

MLSS concentration (g/l) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Number of Anaerobic Compartments 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

DSVI 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00

PDWF Factor relative to ADWF 3.033 3.036 2.732 2.736 2.556 2.559 2.432 2.436 2.339 2.342 2.265 2.268 2.203 2.206 2.151 2.154 2.106 2.109 2.066 2.069 2.031 2.034 2.000 2.003

PWWF Factor relative to PDWF 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50

Altitude (m) 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00

Peak factor for oxygen demand 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25

Dissolved Oxygen in Reactor (mg/l) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Alpha: Surface Aeration 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

Beta: Surface Aeration 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Theta: Surface Aeration 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024

Oxygenation rate 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

OTE %/m 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00%

Alpha: Diffused Aeration 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Beta: Diffused Aeration 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Theta: Diffused Aeration 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024

Reactor Water Depth (m) 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500

Diffuser Height (m) 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250

Airflow per diffuser (from graph) (m
3
/h) 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500

Diffuser Diameter (m) 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230

Ambient Temperature at blower 36.000 36.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000

Fouling Factor 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900

Estimated Population 8 333.00              8 267.00              16 667.00           16 533.00           25 000.00           24 800.00           33 333.00           33 067.00           41 667.00           41 333.00           50 000.00           49 600.00           58 333.00           57 867.00           66 667.00           66 133.00           75 000.00           74 400.00           83 333.00           82 667.00           91 667.00           90 933.00           100 000.00         99 200.00           
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INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT INFLUENT

RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW RAW WW SETTLED WW

Flow (ML/d) 1.000 0.992 2.000 1.984 3.000 2.976 4.000 3.968 5.000 4.960 6.000 5.952 7.000 6.944 8.000 7.936 9.000 8.928 10.000 9.920 11.000 10.912 12.000 11.904

COD (mgCOD/l) 1200.000 720.000 1200.000 720.000 1200.000 720.000 1200.000 720.000 1200.000 720.000 1200.000 720.000 1200.000 720.000 1200.000 720.000 1200.000 720.000 1200.000 720.000 1200.000 720.000 1200.000 720.000

COD FILTRATE (mgCOD/l) 318.000 317.920 318.000 317.920 318.000 317.920 318.000 317.920 318.000 317.920 318.000 317.920 318.000 317.920 318.000 317.920 318.000 317.920 318.000 317.920 318.000 317.920 318.000 317.920

VFA (mg/l) 46.800 46.736 46.800 46.736 46.800 46.736 46.800 46.736 46.800 46.736 46.800 46.736 46.800 46.736 46.800 46.736 46.800 46.736 46.800 46.736 46.800 46.736 46.800 46.736

TOC (mgC/l) 399.600 239.760 399.600 239.760 399.600 239.760 399.600 239.760 399.600 239.760 399.600 239.760 399.600 239.760 399.600 239.760 399.600 239.760 399.600 239.760 399.600 239.760 399.600 239.760

TOC FILTRATE (mgC/l) 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890 109.890

TKN (mgN/l) 96.000 81.598 96.000 81.598 96.000 81.598 96.000 81.598 96.000 81.598 96.000 81.598 96.000 81.598 96.000 81.598 96.000 81.598 96.000 81.598 96.000 81.598 96.000 81.598

TKN FILTRATE (mgN/l) 76.800 76.702 76.800 76.702 76.800 76.702 76.800 76.702 76.800 76.702 76.800 76.702 76.800 76.702 76.800 76.702 76.800 76.702 76.800 76.702 76.800 76.702 76.800 76.702

FSA (mgN/l) 72.000 71.806 72.000 71.806 72.000 71.806 72.000 71.806 72.000 71.806 72.000 71.806 72.000 71.806 72.000 71.806 72.000 71.806 72.000 71.806 72.000 71.806 72.000 71.806

TP (mgP/l) 24.000 20.160 24.000 20.160 24.000 20.160 24.000 20.160 24.000 20.160 24.000 20.160 24.000 20.160 24.000 20.160 24.000 20.160 24.000 20.160 24.000 20.160 24.000 20.160

OP (mgP/l) 18.000 17.741 18.000 17.741 18.000 17.741 18.000 17.741 18.000 17.741 18.000 17.741 18.000 17.741 18.000 17.741 18.000 17.741 18.000 17.741 18.000 17.741 18.000 17.741

TP FILTRATE (mgP/l) 19.200 19.152 19.200 19.152 19.200 19.152 19.200 19.152 19.200 19.152 19.200 19.152 19.200 19.152 19.200 19.152 19.200 19.152 19.200 19.152 19.200 19.152 19.200 19.152

TSS (mgTSS/l) 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000 300.000 78.000

ISS (mgISS/l) 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500 47.700 9.500

EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT EFFLUENT

COD (mgCOD/l) 84.00 84.24 84.00 84.24 84.00 84.24 84.00 84.24 84.00 84.24 84.00 84.24 84.00 84.24 84.00 84.24 84.00 84.24 84.00 84.24 84.00 84.24 84.00 84.24

VFA (mg/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TOC (mgC/l) 27.97 28.05 27.97 28.05 27.97 28.05 27.97 28.05 27.97 28.05 27.97 28.05 27.97 28.05 27.97 28.05 27.97 28.05 27.97 28.05 27.97 28.05 27.97 28.05

TKN (mgN/l) 2.88 3.35 2.88 3.35 2.88 3.35 2.88 3.35 2.88 3.35 2.88 3.35 2.88 3.35 2.88 3.35 2.88 3.35 2.88 3.35 2.88 3.35 2.88 3.35

FSA (mgN/l) 0.76 0.67 0.76 0.67 0.76 0.67 0.76 0.67 0.76 0.67 0.76 0.67 0.76 0.67 0.76 0.67 0.76 0.67 0.76 0.67 0.76 0.67 0.76 0.67

TP (mgP/l) 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40

OP (mgP/l) 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40 0.41 0.40

TSS (mgTSS/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

ISS (mgISS/l) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

fS'us (mgCOD/mgCOD) 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117 0.070 0.117

fS'up (mgCOD/mgCOD) 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040 0.150 0.040

fS'bs (mgCOD/mgCOD) 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325 0.195 0.325

fSb's (mgCOD/mgCOD) 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385 0.250 0.385

fSbs'a (mgCOD/mgCOD) 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20

fSbs'f (mgCOD/mgCOD) 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

PST underflow % 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800

Tmin°C 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0 14.0

Tmax°C 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0 22.0

Influent pH 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000 7.000

Influent alkalinity 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0

Safety factor 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250 1.250

PAOs Biomass, fp 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025

Maximum polyphosphate P Content 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355 0.355

Anaerbic reactor mass fraction 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120

Sludge age (Days) 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0 15.0

MLSS concentration (g/l) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Number of Anaerobic Compartments 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

DSVI 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00 120.00

PDWF Factor relative to ADWF 3.033 3.036 2.732 2.736 2.556 2.559 2.432 2.436 2.339 2.342 2.265 2.268 2.203 2.206 2.151 2.154 2.106 2.109 2.066 2.069 2.031 2.034 2.000 2.003

PWWF Factor relative to PDWF 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50

Altitude (m) 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00 40.00

Peak factor for oxygen demand 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25

Dissolved Oxygen in Reactor (mg/l) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Alpha: Surface Aeration 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

Beta: Surface Aeration 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Theta: Surface Aeration 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024

Oxygenation rate 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

OTE %/m 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00% 7.00%

Alpha: Diffused Aeration 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Beta: Diffused Aeration 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Theta: Diffused Aeration 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024 1.024

Reactor Water Depth (m) 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500 4.500

Diffuser Height (m) 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250

Airflow per diffuser (from graph) (m
3
/h) 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500 2.500

Diffuser Diameter (m) 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230 0.230

Ambient Temperature at blower 36.000 36.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000 35.000

Fouling Factor 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900 0.900

Estimated Population 8 333.00              8 267.00              16 667.00           16 533.00           25 000.00           24 800.00           33 333.00           33 067.00           41 667.00           41 333.00           50 000.00           49 600.00           58 333.00           57 867.00           66 667.00           66 133.00           75 000.00           74 400.00           83 333.00           82 667.00           91 667.00           90 933.00           100 000.00         99 200.00           

Data Set 12Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5 Data Set 6 Data Set 7 Data Set 8 Data Set 9 Data Set 10 Data Set 11
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Appendix B: 
Thermodynamic Properties of Moist Air at 

Standard Atmospheric Pressure 



Psychrometrics 6.3
Table 2 Thermodynamic Properties of Moist Air at Standard Atmospheric Pressure, 101.325 kPa

Temp.,
°C
í

Humidity 
Ratio, 

kg(w)/kg(da) 
të

Specific Volume,
m3/kg (dry air)

Specific Enthalpy,
kJ/kg (dry air)

Specific Entropy,
kJ/(kg · K) (dry air)

Condensed Water

Temp.,
°C
í

Specific

Enthalpy, 
kJ/kg
Üï

Specific

Entropy, 
kJ/(kg·K)

ëï

Vapor 
Pressure, 

kPa
éëîÇ~ î~ë îë ÜÇ~ Ü~ë Üë ëÇ~ ë~ë ëë

−SM MKMMMMMST MKSMOT MKMMMM MKSMOT −SMKPRN MKMNT −SMKPPQ −MKOQVR MKMMMN −MKOQVQ −QQSKOV −NKSURQ MKMMNMU −SM
−RV MKMMMMMTS MKSMRS MKMMMM MKSMRS −RVKPQQ MKMNU −RVKPOS −MKOQQU MKMMMN −MKOQQT −QQQKSP −NKSTTS MKMMNOQ −RV
−RU MKMMMMMUT MKSMUQ MKMMMM MKSMUQ −RUKPPU MKMON −RUKPNT −MKOQMN MKMMMN −MKOQMM −QQOKVR −NKSSVU MKMMNQN −RU
−RT MKMMMMNMM MKSNNP MKMMMM MKSNNP −RTKPPO MKMOQ −RTKPMU −MKOPRQ MKMMMN −MKOPRP −QQNKOT −NKSSOM MKMMNSN −RT
−RS MKMMMMNNQ MKSNQN MKMMMM MKSNQN −RSKPOS MKMOU −RSKOVU −MKOPMU MKMMMN −MKOPMS −QPVKRU −NKSRQO MKMMNUQ −RS
−RR MKMMMMNOV MKSNTM MKMMMM MKSNTM −RRKPNV MKMPN −RRKOUU −MKOOSN MKMMMO −MKOOSM −QPTKUV −NKSQSQ MKMMOMV −RR
−RQ MKMMMMNQT MKSNVU MKMMMM MKSNVU −RQKPNP MKMPS −RQKOTU −MKOONR MKMMMO −MKOONQ −QPSKNV −NKSPUS MKMMOPU −RQ
−RP MKMMMMNST MKSOOS MKMMMM MKSOOT −RPKPMT MKMQN −RPKOST −MKONTM MKMMMO −MKONSU −QPQKQU −NKSPMU MKMMOTN −RP
−RO MKMMMMNVM MKSORR MKMMMM MKSORR −ROKPMN MKMQS −ROKORR −MKONOQ MKMMMO −MKONOO −QPOKTS −NKSOPM MKMMPMT −RO
−RN MKMMMMONR MKSOUP MKMMMM MKSOUQ −RNKOVR MKMRO −RNKOQP −MKOMTV MKMMMO −MKOMTS −QPNKMP −NKSNRP MKMMPQU −RN

−RM MKMMMMOQP MKSPNO MKMMMM MKSPNO −RMKOUV MKMRV −RMKOPM −MKOMPP MKMMMP −MKOMPN −QOVKPM −NKSMTR MKMMPVQ −RM
−QV MKMMMMOTR MKSPQM MKMMMM MKSPQN −QVKOUP MKMST −QVKONS −MKNVUU MKMMMP −MKNVUR −QOTKRS −NKRVVT MKMMQQR −QV
−QU MKMMMMPNN MKSPSV MKMMMM MKSPSV −QUKOTT MKMTR −QUKOMO −MKNVQQ MKMMMQ −MKNVQM −QORKUO −NKRVNV MKMMRMP −QU
−QT MKMMMMPRM MKSPVT MKMMMM MKSPVU −QTKOTN MKMUR −QTKNUS −MKNUVV MKMMMQ −MKNUVR −QOQKMS −NKRUQO MKMMRSU −QT
−QS MKMMMMPVR MKSQOS MKMMMM MKSQOS −QSKOSR MKMVR −QSKNTM −MKNURR MKMMMQ −MKNURM −QOOKPM −NKRTSQ MKMMSQM −QS
−QR MKMMMMQQR MKSQRQ MKMMMM MKSQRR −QRKORV MKNMU −QRKNRN −MKNUNN MKMMMR −MKNUMR −QOMKRQ −NKRSUS MKMMTON −QR
−QQ MKMMMMRMM MKSQUP MKMMMN MKSQUP −QQKORP MKNON −QQKNPO −MKNTST MKMMMS −MKNTSN −QNUKTS −NKRSMV MKMMUNN −QQ
−QP MKMMMMRSO MKSRNN MKMMMN MKSRNO −QPKOQT MKNPT −QPKNNN −MKNTOP MKMMMS −MKNTNS −QNSKVU −NKRRPN MKMMVNN −QP
−QO MKMMMMSPN MKSRQM MKMMMN MKSRQM −QOKOQN MKNRP −QOKMUU −MKNSTV MKMMMT −MKNSTO −QNRKNV −NKRQRP MKMNMOO −QO
−QN MKMMMMTMU MKSRSU MKMMMN MKSRSV −QNKOPR MKNTO −QNKMSP −MKNSPS MKMMMU −MKNSOU −QNPKPV −NKRPTS MKMNNQT −QN

−QM MKMMMMTVP MKSRVT MKMMMN MKSRVT −QMKOOV MKNVO −QMKMPT −MKNRVO MKMMMV −MKNRUQ −QNNKRV −NKROVU MKMNOUR −QM
−PV MKMMMMUUT MKSSOR MKMMMN MKSSOS −PVKOOQ MKONS −PVKMMT −MKNRQV MKMMNM −MKNRQM −QMVKTT −NKROON MKMNQPU −PV
−PU MKMMMMVVO MKSSRP MKMMMN MKSSRQ −PUKONU MKOQN −PTKVTS −MKNRMT MKMMNN −MKNQVS −QMTKVS −NKRNQP MKMNSMU −PU
−PT MKMMMNNMU MKSSUO MKMMMN MKSSUP −PTKONO MKOTM −PSKVQO −MKNQSQ MKMMNO −MKNQRO −QMSKNP −NKRMSS MKMNTVS −PT
−PS MKMMMNOPT MKSTNM MKMMMN MKSTNO −PSKOMS MKPMO −PRKVMR −MKNQON MKMMNQ −MKNQMU −QMQKOV −NKQVUU MKMOMMR −PS
−PR MKMMMNPTV MKSTPV MKMMMN MKSTQM −PRKOMM MKPPS −PQKUSQ −MKNPTV MKMMNR −MKNPSQ −QMOKQR −NKQVNN MKMOOPR −PR
−PQ MKMMMNRPS MKSTST MKMMMO MKSTSV −PQKNVR MKPTR −PPKUOM −MKNPPT MKMMNT −MKNPOM −QMMKSM −NKQUPP MKMOQVM −PQ
−PP MKMMMNTNM MKSTVS MKMMMO MKSTVU −PPKNUV MKQNT −POKTTO −MKNOVR MKMMNU −MKNOTS −PVUKTR −NKQTRS MKMOTTO −PP
−PO MKMMMNVMO MKSUOQ MKMMMO MKSUOS −POKNUP MKQSQ −PNKTNU −MKNORP MKMMOM −MKNOPP −PVSKUV −NKQSTU MKMPMUO −PO
−PN MKMMMONNP MKSURP MKMMMO MKSURR −PNKNTU MKRNT −PMKSSN −MKNONO MKMMOP −MKNNUV −PVRKMN −NKQSMN MKMPQOR −PN

−PM MKMMMOPQS MKSUUN MKMMMP MKSUUQ −PMKNTN MKRTQ −OVKRVT −MKNNTM MKMMOR −MKNNQR −PVPKNQ −NKQROQ MKMPUMO −PM
−OV MKMMMOSMO MKSVMV MKMMMP MKSVNO −OVKNSS MKSPS −OUKROV −MKNNOV MKMMOU −MKNNMN −PVNKOR −NKQQQS MKMQONT −OV
−OU MKMMMOUUP MKSVPU MKMMMP MKSVQN −OUKNSM MKTMT −OTKQRQ −MKNMUU MKMMPN −MKNMRT −PUVKPS −NKQPSV MKMQSTP −OU
−OT MKMMMPNVP MKSVSS MKMMMQ MKSVTM −OTKNRQ MKTUO −OSKPTO −MKNMQT MKMMPQ −MKNMNP −PUTKQS −NKQOVN MKMRNTR −OT
−OS MKMMMPRPP MKSVVR MKMMMQ MKSVVV −OSKNQV MKUST −ORKOUO −MKNMMS MKMMPT −MKMVSV −PURKRR −NKQONQ MKMRTOR −OS
−OR MKMMMPVMR MKTMOP MKMMMQ MKTMOU −ORKNQP MKVRV −OQKNUQ −MKMVSR MKMMQN −MKMVOQ −PUPKSP −NKQNPT MKMSPOV −OR
−OQ MKMMMQPNQ MKTMRO MKMMMR MKTMRT −OQKNPT NKMRV −OPKMTU −MKMVOR MKMMQR −MKMUUM −PUNKTN −NKQMRV MKMSVVN −OQ
−OP MKMMMQTSO MKTMUM MKMMMR MKTMUS −OPKNPO NKNTN −ONKVSN −MKMUUR MKMMRM −MKMUPR −PTVKTU −NKPVUO MKMTTNS −OP
−OO MKMMMRORN MKTNMV MKMMMS MKTNNR −OOKNOS NKOVO −OMKUPQ −MKMUQR MKMMRQ −MKMTVM −PTTKUQ −NKPVMR MKMURNM −OO
−ON MKMMMRTUT MKTNPT MKMMMT MKTNQQ −ONKNOM NKQOR −NVKSVR −MKMUMR MKMMSM −MKMTQR −PTRKVM −NKPUOU MKMVPTU −ON

−OM MKMMMSPTP MKTNSR MKMMMT MKTNTP −OMKNNR NKRTM −NUKRQR −MKMTSR MKMMSS −MKMSVV −PTPKVR −NKPTRM MKNMPOS −OM
−NV MKMMMTMNP MKTNVQ MKMMMU MKTOMO −NVKNMV NKTOV −NTKPUM −MKMTOR MKMMTO −MKMSRP −PTNKVV −NKPSTP MKNNPSO −NV
−NU MKMMMTTNN MKTOOO MKMMMV MKTOPN −NUKNMP NKVMO −NSKOMN −MKMSUS MKMMTV −MKMSMT −PTMKMO −NKPRVS MKNOQVO −NU
−NT MKMMMUQTP MKTORN MKMMNM MKTOSN −NTKMVU OKMVO −NRKMMS −MKMSQS MKMMUS −MKMRSM −PSUKMQ −NKPRNU MKNPTOR −NT
−NS MKMMMVPMP MKTOTV MKMMNN MKTOVM −NSKMVO OKOVV −NPKTVP −MKMSMT MKMMVQ −MKMRNP −PSSKMS −NKPQQN MKNRMSU −NS
−NR MKMMNMOMT MKTPMU MKMMNO MKTPOM −NRKMUS OKROQ −NOKRSO −MKMRSU MKMNMP −MKMQSR −PSQKMT −NKPPSQ MKNSRPM −NR
−NQ MKMMNNNVN MKTPPS MKMMNP MKTPQV −NQKMUM OKTSV −NNKPNN −MKMROV MKMNNP −MKMQNS −PSOKMT −NKPOUT MKNUNOO −NQ
−NP MKMMNOOSO MKTPSQ MKMMNQ MKTPTV −NPKMTR PKMPS −NMKMPV −MKMQVM MKMNOP −MKMPST −PSMKMT −NKPONM MKNVURO −NP
−NO MKMMNPQOR MKTPVP MKMMNS MKTQMV −NOKMSV PKPOT −UKTQO −MKMQRO MKMNPQ −MKMPNU −PRUKMS −NKPNPO MKONTPO −NO
−NN MKMMNQSVM MKTQON MKMMNT MKTQPV −NNKMSP PKSQO −TKQON −MKMQNP MKMNQS −MKMOST −PRSKMQ −NKPMRR MKOPTTR −NN

−NM MKMMNSMSO MKTQRM MKMMNV MKTQSV −NMKMRT PKVUS −SKMTO −MKMPTR MKMNSM −MKMONR −PRQKMN −NKOVTU MKORVVN −NM
−V MKMMNTRRN MKTQTU MKMMON MKTQVV −VKMRO QKPRU −QKSVP −MKMPPT MKMNTQ −MKMNSP −PRNKVT −NKOVMN MKOUPVR −V
−U MKMMNVNSS MKTRMT MKMMOP MKTRPM −UKMQS QKTSQ −PKOUP −MKMOVV MKMNUV −MKMNNM −PQVKVP −NKOUOQ MKPMVVV −U
−T MKMMOMVNS MKTRPR MKMMOR MKTRSM −TKMQM RKOMO −NKUPU −MKMOSN MKMOMS −MKMMRR −PQTKUU −NKOTQS MKPPUON −T
−S MKMMOOUNN MKTRSP MKMMOU MKTRVN −SKMPR RKSTT −MKPRT −MKMOOP MKMOOQ −MKMMMM −PQRKUO −NKOSSV MKPSUTQ −S
−R MKMMOQUSO MKTRVO MKMMPM MKTSOO −RKMOV SKNVO NKNSQ −MKMNUS MKMOQP −MKMMRT −PQPKTS −NKORVO MKQMNTU −R
−Q MKMMOTMUN MKTSOM MKMMPP MKTSRP −QKMOP SKTRN OKTOU −MKMNQU MKMOSQ −MKMNNR −PQNKSV −NKORNR MKQPTQU −Q
−P MKMMOVQUM MKTSQV MKMMPS MKTSUR −PKMNT TKPRP QKPPS −MKMNNN MKMOUS −MKMNTR −PPVKSN −NKOQPU MKQTSMS −P
−O MKMMPOMTQ MKTSTT MKMMPV MKTTNT −OKMNN UKMMT RKVVR −MKMMTQ MKMPNM −MKMOPS −PPTKRO −NKOPSN MKRNTTP −O
−N MKMMPQUTQ MKTTMR MKMMQP MKTTQV −NKMMS UKTNO TKTMS −MKMMPT MKMPPS −MKMOVV −PPRKQO −NKOOUQ MKRSOSU −N
M MKMMPTUVR MKTTPQ MKMMQT MKTTUN MKMMM VKQTP VKQTP MKMMMM MKMPSQ MKMPSQ −PPPKPO −NKOOMS MKSNNNT M

MG MKMMPTUV MKTTPQ MKMMQT MKTTUN MKMMM VKQTP VKQTP MKMMMM MKMPSQ MKMPSQ MKMS −MKMMMN MKSNNO M
N MKMMQMTS MKTTSO MKMMRN MKTUNP NKMMS NMKNVT NNKOMP MKMMPT MKMPVN MKMQOT QKOU MKMNRP MKSRTN N
O MKMMQPUN MKTTVN MKMMRR MKTUQR OKMNO NMKVTM NOKVUO MKMMTP MKMQNV MKMQVO UKQV MKMPMS MKTMSM O
P MKMMQTMT MKTUNV MKMMRV MKTUTU PKMNU NNKTVP NQKUNN MKMNNM MKMQQV MKMRRV NOKTM MKMQRV MKTRUN P
Q MKMMRMRQ MKTUQU MKMMSQ MKTVNN QKMOQ NOKSTO NSKSVS MKMNQS MKMQUM MKMSOT NSKVN MKMSNN MKUNPR Q
R MKMMRQOQ MKTUTS MKMMSU MKTVQQ RKMOV NPKSNM NUKSPV MKMNUO MKMRNQ MKMSVT ONKNO MKMTSO MKUTOR R
S MKMMRUNU MKTVMQ MKMMTQ MKTVTU SKMPS NQKSMU OMKSQQ MKMONV MKMRRM MKMTSV ORKPO MKMVNP MKVPRP S
T MKMMSOPT MKTVPP MKMMTV MKUMNO TKMQN NRKSTN OOKTNP MKMORR MKMRUU MKMUQP OVKRO MKNMSQ NKMMOM T
U MKMMSSUP MKTVSN MKMMUR MKUMQS UKMQT NSKUMR OQKURO MKMOVM MKMSOU MKMVNV PPKTO MKNONP NKMTOV U
V MKMMTNRT MKTVVM MKMMVO MKUMUN VKMRP NUKMNM OTKMSQ MKMPOS MKMSTN MKMVVT PTKVO MKNPSO NKNQUN V

NM MKMMTSSN MKUMNU MKMMVU MKUNNS NMKMRV NVKOVP OVKPRO MKMPSO MKMTNT MKNMTU QOKNN MKNRNN NKOOUM NM
NN MKMMUNVT MKUMQS MKMNMS MKUNRO NNKMSR OMKSRU PNKTOQ MKMPVT MKMTSR MKNNSO QSKPN MKNSRV NKPNOU NN
NO MKMMUTSS MKUMTR MKMNNP MKUNUU NOKMTN OOKNMU PQKNTV MKMQPP MKMUNS MKNOQU RMKRM MKNUMS NKQMOS NO
NP MKMMVPTM MKUNMP MKMNOO MKUOOR NPKMTT OPKSQV PSKTOS MKMQSU MKMUTM MKNPPT RQKSV MKNVRP NKQVTV NP
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6.4 2001 ASHRAE Fundamentals Handbook (SI)
NQ MKMNMMNO MKUNPO MKMNPN MKUOSO NQKMUQ ORKOUS PVKPTM MKMRMP MKMVOT MKNQPM RUKUU MKOMVV NKRVUT NQ
NR MKMNMSVO MKUNSM MKMNQM MKUPMM NRKMVM OTKMOP QOKNNP MKMRPU MKMVUT MKNROR SPKMT MKOOQQ NKTMRR NR
NS MKMNNQNP MKUNUU MKMNRM MKUPPU NSKMVS OUKUST QQKVSP MKMRTP MKNMRN MKNSOQ STKOS MKOPUV NKUNUR NS
NT MKMNONTU MKUONT MKMNSM MKUPTT NTKNMO PMKUOQ QTKVOS MKMSMT MKNNNV MKNTOS TNKQQ MKORPQ NKVPUM NT
NU MKMNOVUV MKUOQR MKMNTO MKUQNT NUKNMU POKVMM RNKMMU MKMSQO MKNNVM MKNUPO TRKSP MKOSTU OKMSQP NU
NV MKMNPUQU MKUOTQ MKMNUQ MKUQRT NVKNNQ PRKNMN RQKONS MKMSTT MKNOSS MKNVQO TVKUN MKOUON OKNVTV NV

OM MKMNQTRU MKUPMO MKMNVS MKUQVU OMKNON PTKQPQ RTKRRR MKMTNN MKNPQS MKOMRT UQKMM MKOVSR OKPPUV OM
ON MKMNRTON MKUPPM MKMONM MKURQM ONKNOT PVKVMU SNKMPR MKMTQR MKNQPM MKONTR UUKNU MKPNMT OKQUTU ON
OO MKMNSTQN MKUPRV MKMOOQ MKURUP OOKNPP QOKROT SQKSSM MKMTTV MKNRNV MKOOVU VOKPS MKPOQV OKSQQU OO
OP MKMNTUON MKUPUT MKMOQM MKUSOT OPKNQM QRKPMN SUKQQM MKMUNP MKNSNP MKOQOS VSKRR MKPPVM OKUNMR OP
OQ MKMNUVSP MKUQNS MKMORS MKUSTN OQKNQS QUKOPV TOKPUR MKMUQT MKNTNO MKORRV NMMKTP MKPRPN OKVURO OQ
OR MKMOMNTM MKUQQQ MKMOTP MKUTNT ORKNRP RNKPQT TSKRMM MKMUUN MKNUNT MKOSVU NMQKVN MKPSTO PKNSVP OR
OS MKMONQQU MKUQTO MKMOVN MKUTSQ OSKNRV RQKSPU UMKTVU MKMVNR MKNVOT MKOUQO NMVKMV MKPUNO PKPSPP OS
OT MKMOOTVU MKURMN MKMPNN MKUUNN OTKNSR RUKNOM URKOUR MKMVQU MKOMQQ MKOVVO NNPKOT MKPVRN PKRSTQ OT
OU MKMOQOOS MKUROV MKMPPN MKUUSM OUKNTO SNKUMQ UVKVTS MKMVUO MKONSS MKPNQU NNTKQR MKQMVM PKTUOP OU
OV MKMORTPR MKURRU MKMPRP MKUVNM OVKNTV SRKSVV VQKUTU MKNMNR MKOOVS MKPPNN NONKSP MKQOOV QKMMUQ OV

PM MKMOTPOV MKURUS MKMPTS MKUVSO PMKNUR SVKUOM NMMKMMS MKNMQU MKOQPO MKPQUN NORKUN MKQPST QKOQSO PM
PN MKMOVMNQ MKUSNQ MKMQMM MKVMNR PNKNVO TQKNTT NMRKPSV MKNMUO MKORTS MKPSRU NOVKVV MKQRMR QKQVSN PN
PO MKMPMTVP MKUSQP MKMQOS MKVMSV POKNVU TUKTUM NNMKVTV MKNNNR MKOTOU MKPUQO NPQKNT MKQSQO QKTRUS PO
PP MKMPOSTQ MKUSTN MKMQRQ MKVNOR PPKOMR UPKSRO NNSKURT MKNNQU MKOUUT MKQMPR NPUKPR MKQTTV RKMPQR PP
PQ MKMPQSSM MKUTMM MKMQUP MKVNUP PQKONO UUKTVV NOPKMNN MKNNUM MKPMRS MKQOPS NQOKRP MKQVNR RKPOQO PQ
PR MKMPSTRS MKUTOU MKMRNQ MKVOQO PRKONV VQKOPS NOVKQRR MKNONP MKPOPP MKQQQS NQSKTN MKRMRN RKSOUM PR
PS MKMPUVTN MKUTRS MKMRQS MKVPMP PSKOOS VVKVUP NPSKOMV MKNOQS MKPQOM MKQSSS NRMKUV MKRNUS RKVQSU PS
PT MKMQNPMV MKUTUR MKMRUN MKVPSS PTKOPP NMSKMRU NQPKOVM MKNOTU MKPSNT MKQUVR NRRKMT MKRPON SKOUNO PT
PU MKMQPTTU MKUUNP MKMSNU MKVQPN PUKOPV NNOKQTQ NRMKTNP MKNPNN MKPUOQ MKRNPR NRVKOR MKRQRS SKSPNR PU
PV MKMQSPUS MKUUQO MKMSRT MKVQVU PVKOQS NNVKORU NRUKRMQ MKNPQP MKQMQP MKRPUS NSPKQP MKRRVM SKVVUU PV

QM MKMQVNQN MKUUTM MKMSVU MKVRSU QMKORP NOSKQPM NSSKSUP MKNPTR MKQOTP MKRSQV NSTKSN MKRTOQ TKPUPU QM
QN MKMROMQV MKUUVU MKMTQN MKVSQM QNKOSN NPQKMMR NTRKOSR MKNQMT MKQRNS MKRVOP NTNKTV MKRURT TKTUSS QN
QO MKMRRNNV MKUVOT MKMTUU MKVTNQ QOKOSU NQOKMMT NUQKOTR MKNQPV MKQTTN MKSONN NTRKVT MKRVVM UKOMUN QO
QP MKMRUPSR MKUVRR MKMUPT MKVTVO QPKOTR NRMKQTR NVPKTQV MKNQTN MKRMQN MKSRNO NUMKNR MKSNOO UKSQVR QP
QQ MKMSNTVN MKUVUP MKMUUU MKVUTO QQKOUO NRVKQNT OMPKSVV MKNRMP MKRPOR MKSUOU NUQKPP MKSORQ VKNNNM QQ
QR MKMSRQNN MKVMNO MKMVQP MKVVRR QRKOUV NSUKUTQ ONQKNSQ MKNRPR MKRSOQ MKTNRV NUUKRN MKSPUS VKRVPR QR
QS MKMSVOPV MKVMQM MKNMMO NKMMQO QSKOVS NTUKUUO OORKNTV MKNRSS MKRVQM MKTRMT NVOKSV MKSRNT NMKMVUO QS
QT MKMTPOUO MKVMSV MKNMSP NKMNPO QTKPMQ NUVKQRR OPSKTRV MKNRVU MKSOTP MKTUTN NVSKUU MKSSQU NMKSORM QT
QU MKMTTRRS MKVMVT MKNNOV NKMOOS QUKPNN OMMKSQQ OQUKVRR MKNSOV MKSSOQ MKUORP OMNKMS MKSTTU NNKNTRQ QU
QV MKMUOMTT MKVNOR MKNNVU NKMPOP QVKPNV ONOKQUR OSNKUMP MKNSSN MKSVVQ MKUSRR OMRKOQ MKSVMU NNKTRMO QV

RM MKMUSURU MKVNRQ MKNOTO NKMQOR RMKPOS OORKMNV OTRKPQR MKNSVO MKTPUR MKVMTT OMVKQO MKTMPU NOKPRMP RM
RN MKMVNVNU MKVNUO MKNPRM NKMRPO RNKPPQ OPUKOVM OUVKSOQ MKNTOP MKTTVU MKVRON ONPKSM MKTNST NOKVTSQ RN
RO MKMVTOTO MKVONN MKNQPP NKMSQP ROKPQN OROKPQM PMQKSUO MKNTRQ MKUOPQ MKVVUU ONTKTU MKTOVS NPKSOVP RO
RP MKNMOVQU MKVOPV MKNRON NKMTSM RPKPQV OSTKOQT POMKRVS MKNTUR MKUSVR NKMQUM OONKVT MKTQOQ NQKPNMU RP
RQ MKNMUVRQ MKVOST MKNSNQ NKMUUO RQKPRT OUPKMPN PPTKPUU MKNUNS MKVNUO NKMVVU OOSKNR MKTRRO NRKMOMR RQ
RR MKNNRPON MKVOVS MKNTNP NKNMMV RRKPSR OVVKTTO PRRKNPT MKNUQT MKVSVU NKNRQQ OPMKPP MKTSUM NRKTSMN RR
RS MKNOOMTT MKVPOQ MKNUNV NKNNQP RSKPTP PNTKRQV PTPKVOO MKNUTT NKMOQP NKONOM OPQKRO MKTUMT NSKRPNN RS
RT MKNOVOQP MKVPRP MKNVPO NKNOUQ RTKPUN PPSKQNT PVPKTVU MKNVMU NKMUOM NKOTOU OPUKTM MKTVPQ NTKPPPT RT
RU MKNPSURN MKVPUN MKOMRN NKNQPO RUKPUV PRSKQSN QNQKURM MKNVPU NKNQPO NKPPTM OQOKUU MKUMSN NUKNSVN RU
RV MKNQQVQO MKVQMV MKONTV NKNRUU RVKPVT PTTKTUU QPTKNUR MKNVSV NKOMUN NKQMRM OQTKMT MKUNUT NVKMPVP RV

SM MKNRPRQ MKVQPU MKOPNR NKNTRO SMKQMR QMMKQRU QSMKUSP MKNVVV NKOTSV NKQTSU ORNKOR MKUPNP NVKVQPV SM
SN MKNSOSV MKVQSS MKOQSM NKNVOS SNKQNP QOQKSOQ QUSKMPS MKOMOV NKPRMM NKRRPM ORRKQQ MKUQPU OMKUURU SN
SO MKNTOQQ MKVQVQ MKOSNQ NKONMV SOKQON QRMKPTT RNOKTVU MKOMRV NKQOTU NKSPPT ORVKSO MKURSP ONKUSRN SO
SP MKNUOUQ MKVROP MKOTUM NKOPMP SPKQOV QTTKUPT RQNKOSS MKOMUV NKRNMQ NKTNVQ OSPKUN MKUSUU OOKUUOS SP
SQ MKNVPVP MKVRRN MKOVRT NKORMU SQKQPU RMTKNTT RTNKSNR MKONNV NKRVUR NKUNMR OSUKMM MKUUNO OPKVQMR SQ
SR MKOMRTV MKVRUM MKPNQT NKOTOS SRKQQS RPUKRQU SMPKVVR MKONQV NKSVOR NKVMTQ OTOKNU MKUVPS ORKMPVT SR
SS MKONUQU MKVSMU MKPPRM NKOVRU SSKQRR RTOKNNS SPUKRTN MKONTV NKTVOT OKMNMS OTSKPT MKVMSM OSKNUNM SS
ST MKOPOMT MKVSPS MKPRSU NKPOMQ STKQSP SMUKNMP STRKRSS MKOOMV NKUVVV OKNOMU OUMKRS MKVNUP OTKPSSQ ST
SU MKOQSSQ MKVSSR MKPUMP NKPQST SUKQTO SQSKTOQ TNRKNVS MKOOPU OKMNQT OKOPUR OUQKTR MKVPMS OUKRVST SU
SV MKOSOPN MKVSVP MKQMRR NKPTQV SVKQUN SUUKOSN TRTKTQO MKOOSU OKNPTU OKPSQS OUUKVQ MKVQOV OVKUTQN SV

TM MKOTVNS MKVTON MKQPOU NKQMQV TMKQUV TPOKVRV UMPKQQU MKOOVT OKOSVV OKQVVS OVPKNP MKVRRN PNKNVUS TM
TN MKOVTPQ MKVTRM MKQSOO NKQPTO TNKQVU TUNKOMU UROKTMS MKOPOT OKQNOO OKSQQU OVTKPO MKVSTP POKRTPQ TN
TO MKPNSVU MKVTTU MKQVQN NKQTNV TOKRMT UPPKPPR VMRKUQO MKOPRS OKRSRR OKUMNM PMNKRN MKVTVQ PPKVVUP TO
TP MKPPUOQ MKVUMT MKROUT NKRMVP TPKRNS UUVKUMT VSPKPOP MKOPUR OKTPNN OKVSVS PMRKTM MKVVNS PRKQTRV TP
TQ MKPSNPM MKVUPR MKRSSO NKRQVT TQKROR VRNKMTT NMORKSMP MKOQNQ OKVNMQ PKNRNU PMVKUV NKMMPT PTKMMSP TQ
TR MKPUSQN MKVUSP MKSMTO NKRVPR TRKRPR NMNTKUQN NMVPKPTR MKOQQP PKNMRO PKPQVS PNQKMU NKMNRT PUKRVQM TR
TS MKQNPTT MKVUVO MKSRNV NKSQNN TSKRQP NMVMKSOU NNSTKNTO MKOQTO PKPNTN PKRSQQ PNUKOU NKMOTU QMKOPSV TS
TT MKQQPTO MKVVOM MKTMNM NKSVPM TTKRRP NNTMKPOU NOQTKUUN MKORMN PKRQUS PKTVUT POOKQT NKMPVU QNKVPUU TT
TU MKQTSSP MKVVQU MKTRRM NKTQVU TUKRSO NORTKVON NPPSKQUP MKORPM PKUMOP QKMRRP POSKST NKMRNT QPKTMOM TU
TV MKRNOUQ MKVVTT MKUNQR NKUNON TVKRTO NPRQKPQT NQPPKVNU MKORRV QKMUNM QKPPSU PPMKUS NKMSPS QRKROQU TV

UM MKRROVR NKMMMR MKUUMR NKUUNM UMKRUN NQSNKOMM NRQNKTUN MKORUT QKPUVM QKSQTT PPRKMS NKMTRR QTKQNPR UM
UN MKRVTRN NKMMPQ MKVRPV NKVRTO UNKRVN NRTVKVSN NSSNKRRO MKOSNS QKTPMR QKVVON PPVKOR NKMUTQ QVKPSTM UN
UO MKSQTOQ NKMMSO NKMPSM OKMQOO UOKSMM NTNOKRQT NTVRKNQU MKOSQQ RKNNMU RKPTRP PQPKQR NKMVVP RNKPUSM UO
UP MKTMPNN NKMMVM NKNOUP OKNPTP UPKSNM NUSNKRQU NVQRKNRU MKOSTP RKRPTO RKUMQR PQTKSR NKNNNN RPKQTQS UP
UQ MKTSSOQ NKMNNV NKOPOU OKOQQS UQKSOM OMOVKVUP ONNQKSMP MKOTMN SKMNUN SKOUUO PRNKUR NKNOOU RRKSPPT UQ
UR MKUPUNO NKMNQT NKPRNU OKPSSS URKSPM OOONKUMS OPMTKQPS MKOTOV SKRSQQ SKUPTP PRSKMR NKNPQS RTKUSRU UR
US MKVOMSO NKMNTR NKQUUT OKRMSO USKSQM OQQOKMPS OROUKSTT MKOTRT TKNVMN TKQSRU PSMKOR NKNQSP SMKNTOT US
UT NKMNSNN NKMOMQ NKSQTP OKSSTS UTKSRM OSVTKMNS OTUQKSSS MKOTUR TKVNOU UKNVNQ PSQKQR NKNRUM SOKRRQQ UT
UU NKNOUMM NKMOPO NKUPPP OKURSR UUKSSN OVVRKUVM PMUQKRRN MKOUNP UKTRUM VKMPVP PSUKSR NKNSVS SRKMNSS UU
UV NKOSMSQ NKMOSN OKMRQM PKMUMM UVKSTN PPRMKORQ PQPVKVOR MKOUQN VKTRTT NMKMQNV PTOKUS NKNUNO STKRRUN UV
VM NKQOMPN NKMOUV OKPNVV PKPQUU VMKSUN PTTSKVNU PUSTKRVV MKOUSV NMKVRUS NNKOQRR PTTKMS NKNVOU TMKNUNT VM

Table 2 Thermodynamic Properties of Moist Air at Standard Atmospheric Pressure, 101.325 kPa (Continued)

Temp.,
°C
í

Humidity 
Ratio, 

kg(w)/kg(da) 
të

Specific Volume,
m3/kg (dry air)

Specific Enthalpy,
kJ/kg (dry air)

Specific Entropy,
kJ/(kg · K) (dry air)

Condensed Water

Temp.,
°C
í

Specific

Enthalpy, 
kJ/kg
Üï

Specific

Entropy, 
kJ/(kg·K)

ëï

Vapor 
Pressure, 

kPa
éëîÇ~ î~ë îë ÜÇ~ Ü~ë Üë ëÇ~ ë~ë ëë
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Appendix C: 
2019/20 Schedule of Standard Prices for Eskom 

Tariffs – Megaflex – Local Authority



#REF!

Voltage
VAT incl VAT incl VAT incl VAT incl VAT incl VAT incl VAT incl

< 500V 347.10 399.17 105.62 121.46 57.63 66.27 113.64 130.69 78.43 90.19 49.99 57.49 R 9.67 R 11.12

≥ 500V & < 66kV 341.63 392.87 103.51 119.04 56.21 64.64 111.44 128.16 76.70 88.21 48.67 55.97 R 8.82 R 10.14

≥ 66kV & ≤ 132kV 330.85 380.48 100.22 115.25 54.43 62.59 107.93 124.12 74.29 85.43 47.12 54.19 R 8.59 R 9.88

> 132kV* 311.81 358.58 94.46 108.63 51.29 58.98 101.71 116.97 70.00 80.50 44.41 51.07 R 10.87 R 12.50

< 500V 349.93 402.42 106.01 121.91 57.56 66.19 114.15 131.27 78.59 90.38 49.85 57.33 R 9.71 R 11.17

≥ 500V & < 66kV 345.04 396.80 104.53 120.21 56.76 65.27 112.57 129.46 77.47 89.09 49.14 56.51 R 8.92 R 10.26

≥ 66kV & ≤ 132kV 334.09 384.20 101.20 116.38 54.95 63.19 108.98 125.33 75.00 86.25 47.57 54.71 R 8.65 R 9.95

> 132kV* 314.92 362.16 95.42 109.73 51.80 59.57 102.71 118.12 70.71 81.32 44.85 51.58 R 10.97 R 12.62

< 500V 353.42 406.43 107.07 123.13 58.13 66.85 115.28 132.57 79.36 91.26 50.35 57.90 R 9.84 R 11.32

≥ 500V & < 66kV 348.52 400.80 105.57 121.41 57.33 65.93 113.71 130.77 78.21 89.94 49.64 57.09 R 8.98 R 10.33

≥ 66kV & ≤ 132kV 337.49 388.11 102.22 117.55 55.50 63.83 110.06 126.57 75.75 87.11 48.04 55.25 R 8.72 R 10.03

> 132kV* 318.07 365.78 96.37 110.83 52.32 60.17 103.77 119.34 71.41 82.12 45.30 52.10 R 11.12 R 12.79

< 500V 356.97 410.52 108.15 124.37 58.73 67.54 116.45 133.92 80.14 92.16 50.85 58.48 R 9.89 R 11.37

≥ 500V & < 66kV 352.00 404.80 106.62 122.61 57.91 66.60 114.81 132.03 79.02 90.87 50.11 57.63 R 9.08 R 10.44

≥ 66kV & ≤ 132kV 340.89 392.02 103.27 118.76 56.08 64.49 111.19 127.87 76.51 87.99 48.54 55.82 R 8.79 R 10.11

> 132kV* 321.21 369.39 97.35 111.95 52.90 60.84 104.83 120.55 72.16 82.98 45.80 52.67 R 11.20 R 12.88

* 132 kV or Transmission connected

VAT incl VAT incl VAT incl VAT incl

R 19.29 R 22.18 R 36.55 R 42.03 R 0.00 R 0.00 0.45 0.52

R 17.68 R 20.33 R 33.52 R 38.55 R 0.00 R 0.00 0.44 0.51

R 6.32 R 7.27 R 11.69 R 13.44 R 15.48 R 17.80 0.40 0.46

R 0.00 R 0.00 R 0.00 R 0.00 R 15.48 R 17.80 0.38 0.44

* 132 kV or Transmission connected * 132 kV or Transmission connected

VAT incl VAT incl VAT incl VAT incl

R 220.24 R 253.28 R 99.28 R 114.17 15.49 17.81 0.00 0.00

R 4 315.89 R 4 963.27 R 137.83 R 158.50

VAT incl

8.58 9.87

Megaflex – Local Authority

> 1 MVA
Key customers

Electrification and rural network 

subsidy charge  [c/kWh]

> 132kV* > 132kV*

Customer categories
Service charge  

[R/account/day]

Administration 

charge  [R/POD/day]

Reactive energy charge  [c/kVArh]

High season Low season

Ancillary service 

charge [c/kWh]

< 500V < 500V
≥ 500V & < 66kV ≥ 500V & < 66kV
≥ 66kV & ≤ 132kV ≥ 66kV & ≤ 132kV

Distribution network charges

Network capacity 

charge 

[R/kVA/m]

Network demand 

charge 

[R/kVA/m]

Urban low voltage 

subsidy charge 

[R/kVA/m]
Voltage Voltage

> 900km

Active energy charge [c/kWh] Transmission 

network charges 

[R/kVA/m]
Transmission 

zone

High demand season [Jun - Aug] Low demand season [Sep - May]

Peak Standard Off Peak Peak Standard Off Peak

≤ 300km

> 300km and 

≤ 600km

> 600km and 

≤ 900km




