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ABSTRACT 
 

Activated sludge has been the process of choice over the last 30 years for the treatment of municipal 

wastewater if the receiving environment requires a high standard effluent for discharge. This is due to its 

ability to produce superior effluent over alternative technologies such as biological filtration. While 

biological filter technology still has a place in wastewater treatment, the fact that it cannot remove all 

nutrients, where required, is a serious shortcoming. Phosphate can still be removed by chemical 

precipitation, but nitrate removal is a problem, particularly if the effluent can potentially be re-used as 
potable water. Activated sludge treatment is dependent on cultivating and maintaining a microbial 

biomass which requires the impartation of oxygen, which is generally achieved using mechanical means 

with concomitant energy costs. 
 

With the rising cost of electricity (well above inflation) and advances in aeration technology, there is a 

growing interest in more efficient aeration systems, one of which is fine bubble diffused aeration 

(FBDA). Although this technology is generally more expensive than conventional low speed surface 

aerators in terms of initial capital investment and maintenance costs, operationally it is significantly more 

efficient requiring less energy for an equivalent aeration input.  
 

The main objective of this paper is to show that the designer of a wastewater treatment facility can only 
execute a proper modelled comparison between the two mentioned technologies with representative 
diurnal influent characteristics. It goes on to show how such data was used to do the comparison for a 
medium-sized (24Ml/d) municipal wastewater treatment works i.e. the Boitekong WWTW situated 
approximately 10 kilometres northeast of Rustenburg in the North West Province, South Africa. 

 

CONTEXT 
 

South Africa is regarded as a water-scarce country, therefore the protection of available fresh water 
resources is of the utmost importance. That said, urban wastewater can potentially be a major source of 
fresh water pollution as a result its efficient 
treatment  has been a focus of South African 
research over the last four decades, specifically 
the use of activated sludge processes for optimal 
biological removal of wastewater nutrients. 
Such nutrients, when released into the 
environment in sufficient quantity, result in the 
excessive nutrient enrichment of the receiving 
water body, with associated impacts on the 
aquatic environment and water quality. This is a 
process generally referred to as eutrophication.  
 
Activated sludge treatment is dependent on 
cultivating and maintaining a microbial biomass Figure 1: South African bulk electricity tariffs 
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which requires the impartation of oxygen, which is generally achieved using mechanical means with 
concomitant energy costs. With the recent steep increase in the cost of electricity as shown in figure 1 
(which is expected to continue in the short to medium term) and the fact that aeration as a unit process is 
normally the single biggest user of electricity at an activated sludge treatment works, there is growing 
interest in more efficient aeration systems. Fine bubble diffused aeration (FBDA) is an example of a 
more efficient aeration system inasmuch as the oxygen transfer efficiency is significantly higher for this 
system when compared to conventional surface aeration, which is commonly used in the South African 
context due to the lower initial capital investment, maintenance requirements and simplicity of operation. 
 

INFLUENT CHARACTERISATION 
 

The treatment process is the link between a fixed set of effluent standards and a highly variable influent. 
It is the process designer’s responsibility to configure a suitable treatment train that can produce the 
target effluent quality with the necessary reliability. The effluent standards are normally fixed by 
regulatory agencies, while the influent flow and organic loading characteristics of each wastewater 
treatment plant is determined by the catchment draining to the plant and is therefore unique and normally 
subject to changes as the catchment changes or develops.  
 

The main influent parameters that are generally required for design purposes are, amongst others, the 
expected flow rates (daily average and peak), organic strength reported in terms of chemical or bio-
chemical oxygen demand (COD or BOD), nitrogen, phosphate and suspended solids content as well as 
the fractionation of these constituents as discussed hereafter.  
 

For the design of a new treatment facility, it is theoretically possible to determine the future influent 
characteristics based on land-use in the catchment and applying acceptable wastewater production rates 
and chemical characteristic parameters. This is, however, a cumbersome process. The generally-accepted 
method of planning new treatment plants incorporates the use of general influent characteristics based on 
experience gained at plants servicing catchments deemed similar. In the event of uncertainty, 
conservative assumptions and design parameters are normally applied. 
 

Understanding influent properties with respect to the extension of existing facilities is far less subject to 
assumption, the process designer would normally have access to extensive historical data to characterise 
the influent that must be treated. Unfortunately, in many instances, available influent data represents a 
series of daily, weekly or even monthly grab samples which are normally taken at a specific time (of a 
day or week). It therefore, does not provide any information pertaining to the properties of the influent 
for the balance of the day and week. As wastewater treatment processes are generally designed based on 
daily loading, the lack of proper diurnal flow and organic characteristics (required to estimate daily 
loads) can lead to significant errors with respect to accepted design parameters. For instance, for the 
Boitekong WWTW near Rustenburg (refer to figure 2), results from influent grab samples for the period 

July 2006 to March 2008 taken on a 
weekly (mostly on a Monday) basis 
shows a 50th percentile Chemical Oxygen 
Demand (COD) concentration of 704 
mg/l whereas the 50th percentile COD 
concentration for the 7-day period 6 – 12 
May 2014, based on 2-hourly diurnal 
sampling, would be 436 mg/l.  
Estimating the daily COD load based on 
the historical average obtained from the 
set of weekly grab samples would imply, 
in this instance, an overestimation of 
such loading by as much as 60% with 
resultant impact on the process, civil 
structures and mechanical equipment.  
 
 

Figure 2: Boitekong WWTW: Percentile COD concentrations 

based on weekly grab sampling vs diurnal 2-hourly grab sampling 
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Therefore, the need for proper and representative influent characterisation cannot be over-emphasized. It 
effects most treatment related processes, amongst others aeration, biological nutrient removal and sludge 
production. All of these processes have an associated cost, both capital and operational. To achieve 
efficient operation in terms of targeted treatment objectives, the refinement in input design parameters 
should result in an optimised design. Allowance should also be made for the necessary safety factors to 
account for variability and robustness. 
 
For the upgrading of the mentioned Boitekong WWTW, an extensive 7-day diurnal sampling protocol 
was developed and implemented in May 2014 at a cost of approximately R 80 000. The protocol 
included taking 2-hourly grab samples that were separately analysed to determine the diurnal distribution 
of the major constituents together with flow readings for load calculations. Composite daily samples 
were also taken to determine the relevant fractions related to the major constituents. Some of the results 
of the sampling exercise are shown graphically below (refer to figure 3). 
 
It was interesting to note that the COD load, for example, generally followed a conventional diurnal 
pattern with high concentrations during peak flow periods and low concentrations during night-time 
hours. This was observed in spite of relatively high night-flows that were recorded. Total nitrogen (TN), 
as shown in figure 3, also 
exhibited distinct peak 
concentration linked to peak flows 
but with relatively ‘high’ 
minimum values, especially 
during the night-time hours. 
Although the process design for 
the Boitekong WWTW falls 
outside the ambit of this paper, it 
should be mentioned that the 
results of the influent 
characterization, especially with 
respect to the nitrogen 
distribution, had a significant 
impact on the overall process 
design and again highlights the 
need for such characterization.  
 
Apart from providing deeper insights into the actual characteristics of the influent as discussed earlier, 
diurnal influent characterisation provided the necessary information for conducting a dynamic (time-
variable) simulation of the process design model, which provided insight into the performance of the 
process under varying influent parameters. Although a software-based process model is merely a 
theoretical approximation of an actual system, the use of such models for option analysis is invaluable 
and therefore forms an integral part of the design process. The comparison of surface aeration versus fine 
bubble diffused aeration for the Boitekong WWTW was performed with the Biowin® suite of wastewater 
process modelling software and will be discussed hereafter. 
 

AERATION DESIGN 

 
The design of the activated sludge aeration system is one of the process design deliverables and can only 
be done once the overall process design has been completed. Due to the fact that the treatment process is 
facilitated by live biomass, the impartation of oxygen (and thus aeration) is a necessary part of the overall 
treatment process.  
 
The removal of carbonaceous matter and ammonia to low effluent levels is normally required for 
activated sludge systems. Oxygen is required for the oxidation of carbonaceous matter and the 
conversion of ammonia to nitrite and nitrate. Although the biomass responsible for each of the processes 
is distinctly different, both processes occur under aerobic conditions in the presence of molecular 
oxygen. It can be shown that approximately 0.6 kgO2/kgCOD is required for the removal of 

Figure 3: Total Nitrogen Diurnal pattern for 7-day period 
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carbonaceous matter, while 4.57 kgO2 is required for every 1 kg NH3-N (ammonia) converted to nitrate. 
It can also be shown that 2.86 kgO2 can be recovered for every 1 kgNO3-N (nitrate) converted to nitrogen 
gas through a process of denitrification. Hence the overall oxygen demand and associated energy 
requirement can be reduced significantly by incorporating denitrification into the overall process design. 
In fact, it is the authors’ opinion that no activated sludge plant should be implemented without a 
denitrification step. Apart from the obvious energy benefits, it is also the last opportunity to remove 
nitrate from the effluent in a cost effective way. Once nitrate is released into the environment it requires 
sophisticated processes to remove it, denitrification will render the effluent more amenable for re-use as 
potable water.  
 
For a fixed biomass inventory in the activated sludge reactor, the actual oxygen demand of the biomass 
will vary with the diurnal COD and nitrogen loads routed through the reactor. As a result a peak load will 
induce a peak oxygen demand while a subsequent reduction in load will result in a pro rata reduction in 
oxygen demand. The main objective of the plant operator with respect to aeration management is to 
ensure that just enough oxygen is provided to satisfy the microbial requirement, seeing that oxygen in 
excess of this requirement could be regarded as wasteful. As the oxygen is imparted by external means 
with the use of mechanical equipment, such wasteful aeration will also imply wasted energy and cost. It 
therefore follows that an efficient aeration system is one that is able to effectively track the actual 
process-related oxygen requirement and provide just enough oxygen to meet process requirements.  
 
Two such systems where evaluated for the Boitekong WWTW upgrade. 
 

SURFACE AERATION 

 
The use of low speed vertical shaft aerators is by far the most prevalent in the South African context, 
mainly due to lower maintenance requirements and ease of operation. This type of aerator is generally 
mounted on a platform and aerates the liquid medium by creating small droplets that is propelled through 
the air to create the necessary liquid/gas contact area. In order not to interfere with the aerator’s natural 
splash pattern (which is crucial for efficient aeration), a 
minimum freeboard between top water level and soffit of the 
platform of at least 1.2m must be maintained. The splash area 
normally varies between 8 and 12m in diameter. 
 
The conventional low speed surface aerator comprises an 
electrical motor, flexible coupling connecting the motor to a 
step-down gearbox, foundation plate bolted to the platform, 
rigid coupling between gearbox and aerator shaft, aerator shaft 
and impeller. The tip speed of the aerator is normally limited to 
6.5 m/s, which implies a rotational speed in the region of 40 – 
60 rpms. This further implies a multi-step gearbox arrangement 
to reduce the speed from 1450 rpm (for a 4-pole motor) to the 
target speed mentioned above. 
 
In order to adjust aeration input in terms of actual oxygen 
demand required by the process, there are three possible ways 
to adjust the power input and oxygen transfer of the aerator, 
these include; changing aerator submergence, reversing 
rotation or changing speed. 
 

The variation in submergence can be attained by changing the height of the aerator unit or by changing 
the water level. The latter is normally the cheapest to implement, but also takes the longest time to 
achieve the required adjustment and is susceptible to hunting i.e. the inability to achieve stability due to a 
constantly changing operating environment.  
 

The submergence range of a surface aerator is limited to a certain maximum and minimum, exceeding 
these extremes will result in a dramatic loss of efficiency. The extreme limits are normally linked to the 

Figure 4: Typical platform mounted 

vertical shaft low speed mechanical 

surface aerator  

(Courtesy: Spaans Babcock) 
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impeller diameter and the range for adjusting submergence is generally between ± 5% of the impeller 
diameter i.e. for a 2.0m diameter impeller, submergence can be adjusted between 100mm below 
optimum (normally where water level is flush with top of blade) to 100m above the optimum i.e. total 
range of 200mm. The power input at minimum submergence is normally approximately 50% of that at 
maximum submergence.  
 

Some suppliers claim that aeration input can also be adjusted to some lower value, typically 80% of 
maximum, by merely changing the direction of rotation. 
 

The most popular way to regulate power input of a surface aerator is by changing the motor speed. 
Again, there are certain minimum and maximum limits beyond which the efficiency of the unit will be 
compromised.  
 

The maximum speed is linked to the maximum specified tip speed which, as mentioned earlier, is 
normally set at a maximum of 6.5 m/s for low speed units. The Standard Oxygen Transfer Rate or SOTR 
of mechanical aerators (typically 1.70 – 2.0 kgO2/kWhr) is normally stated for maximum speed and is 
measured in clean water at sea level and 20˚C.  
 

The determination of the minimum allowable speed and therefore the maximum ‘turn-down’ ratio is not 
an easy matter – the efficiency of low speed surface aerators is directly linked to their pumping action 
(i.e. tank turnover rate and contact area renewal), splash height and area. All of these decreases as the 
speed of rotation decreases, with a significant decrease in oxygen transfer efficiency. The question really 
is at which point is the speed of rotation too low for efficient aeration, i.e. the point at which the aerator 
effectively becomes a mixer, albeit a very expensive one? A further consideration is the cooling of the 
electrical motor which needs to operate at a certain minimum speed for cooling purposes (in the absence 
of an additional cooling facility). Based on literature and discussions with a number of suppliers of 
aeration equipment, the general consensus is that surface aerators should not be operated below 30 - 35 
Hz (60 - 70% of maximum) due to the fact that oxygen transfer rates at speeds below this  is very low 
and running the unit would constitute a waste of energy. Sufficient power input should also be 
maintained to keep the reactor contents in suspension and typical minimum values for mixing by means 
of a surface aerator would be in the range of 20 – 30 W/m3 (Metcalf & Eddy). 
 

There are generally two methods of changing aerator speed; via the application of a dual-speed motor or 
use of variable frequency drives (VFD’s). With dual speed motors, the power input can be altered 
between 2 set points, i.e. full or 100% speed or approximately 70% of full speed. With respect to variable 
frequency drives, the speed can theoretically be adjusted from 100% to 0%, although there are other 
factors mentioned earlier which would make this turn-down ration impossible. A practical turn-down 
ratio for VFD controlled aerators is probably up to 60% of full speed, although it is the authors’ belief 
that the SOTR at these reduced speeds will be significantly lower than that reported at maximum speed.  
 

FINE BUBBLE DIFFUSED AERATION 
 

In its most basic form, a FBDA system comprises a blower(s), series of air headers and a submerged 
array of lateral pipework onto which perforated air injectors 
or diffusers are fitted. Air, containing approximately 22% 
molecular oxygen by weight, is forced through the diffusers 
from where the air is injected in the form of micro-bubbles 
created by the perforations in the diffuser membrane. As the 
bubbles rise to the surface, oxygen transfer takes place from 
the gas to the liquid phase while at the same time keeping 
the activated sludge in suspension. In terms of the oxygen 
requirement of the process, also referred to as the Oxygen 
Uptake Rate (OUR), there is no difference between an 
aeration system comprising surface aeration and FBDA. 
The oxygen transfer rate on the other hand, will be dictated 
by the residual oxygen set-point (determined by the 
designer) and the characteristics of the specific aeration 

Figure 5: Fine bubble diffusers  

(Courtesy: Google Images) 
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system. When a FBDA system is considered, cognisance must be taken of the following factors: 
 

� One of the most important design parameters associated with aearation systems is the so-called 
alpha factor which accounts for nearly all of the difference in oxygen mass transfer in process water 
versus clean water and must be defined based on process-related considerations, often with advice 
from diffuser manufacturers.  Alpha-F is sometimes used in literature and is merely the alpha factor 
plus an allowance for fouled diffusers. 
 

The alpha factor for surface aeration is normally assumed as 0.85 – 0.90, while the alpha factor for 
FBDA is normally in the range of 0.60 – 0.70 for conventional activated sludge plants. The alpha 
factor for Membrane Biological Reactor (MBR) plants, where the mixed liquor suspended solids 
concentration can be as high as 8,000 – 12,000 mg/l, is normally much lower and values of 0.40 – 
0.50 are typically used for these installations. 
 

� The choice of diffuser will be the first step in the FBDA design process. The choice will generally 
be between ceramic versus membrane type diffusers as well as coarse versus fine bubble diffusers. 
Without going into too much detail, generally fine bubble diffusers are preferred due to its 
significantly better oxygen transfer efficiency (typical 4.0 kgO2/kWhr at STD with an α-factor of 
0.60 – 0.65) compared to coarse bubble diffusers (typical 1.8 kgO2/kWhr at STD with an α-factor of 
0.70 – 0.75), which makes the latter comparable with surface aeration. 

 

� The Standard Oxygen Transfer Efficiency (SOTE) is directly linked to the type of diffuser, diffuser 
spacing and the depth of submergence and this parameter can be determined based on the basin 
dimensions and diffuser configuration. As a rule of thumb, transfer efficiency increases by 
approximately 6% for every 1.0m submergence under standard conditions. Therefore,  the oxygen 
transfer efficiency at a submergence of 4.0m will be in the region of 24% (at sea level and 20˚C), 
which is typical for retrofitted installations. For new plants, deeper basins at approximately 5.0 – 
6.0m water depth have been found to be optimal.  

 

� The next important design consideration is diffuser density defined as the active diffuser area per 
floor area:- lower densities implies fewer diffusers and lower capital cost, but higher air flow rates 
resulting in reduced transfer efficiency and hence larger blowers and vice versa. The reason for this 
is that higher diffuser density means lower air flux per diffuser, which results in smaller bubbles 
with lower rise rates and thus longer retention time. Generally, diffuser densities between 8 – 15% 
have been found to be optimal. 

 

� The efficient operation of a FBDA system is heavily dependent on the installation and maintenance 
of control instrumentation in the form of multiple Dissolved Oxygen (DO) sensors, pressure and gas 
flow sensors.  

 

� The process data recorded by such instrumentation is normally used to determine the optimum 
blower speed and hence the power consumption via a feedback based control system utilizing a 
Proportional-Integral-Derivative (PID) algorithm (Considine, 1985). Other feedforward based 
algorithms, such as continuous offgas measurement to determine the actual OUR, oxygen transfer 
rate (OTR) and associated alpha-F thereby controlling aeration input, claims up to a 20% reduction 
in energy consumption over conventional DO-based feedback control systems (Trillo et al, 2004).  

 

The final design of any FBDA system should ideally be based on a life-cycle costing analysis to 
determine optimal diffuser types, densities, submergence and blower size. For the purpose of this life-
cycle costing comparison between FBDA and surface aeration for the Boitekong installation, a standard 
FBDA system was modelled and will be subject to optimization prior to construction. 
 

POWER CONSUMPTION MODELLING 

 
The extension of the Boitekong WWTW will include, amongst others, the construction of a new aeration 
basin with the existing biological reactor being modified and used for the anaerobic and anoxic process 
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zones. This has resulted in a custom-design aeration basin for FBDA with the facility to isolate and take 
certain sections of the basin out of operation for maintenance purposes.  
 

As mentioned earlier, Biowin® together with its in-application Biowin Controller®, was used to model 
the overall process, including the modelling of the two aeration system options.  
 
The following model-related information is provided for illustrative purposes: 
 

• For the FBDA system: the aeration basin comprises a 7 000 m3 process unit that is operated at a 5m 
water depth and was divided into 4 sub-zones for modelling purposes. Each zone has an effective 
surface area of approximately 350 m2. The system was set-up for 9” disc diffusers with densities of 
12, 10, 8 and 6% for the respective zones. The alpha-F factor was tapered along the flow path 
starting at 0.50 in the first zone gradually increasing to 0.70 in the last zone. The reason for this is 
that it has been shown that the alpha-F factor is not constant throughout the aeration zone and 
normally increases the further one moves along the flow path. 
 

• For the Surface Aeration system: the aeration basin comprises a 7 200 m3 process unit that is 
operated at a 4m water depth and was divided into 6 sub-zones for modelling purposes. The alpha 

factor was set at constant at 0.85, while the SOTR for the surface aerators was defined at a constant 
of 1.85 kgO2/kWhr. The model unfortunately does not allow the definition of different SOTRs to 
account for losses of efficiency, as a result a fixed value was assumed to apply over the full range of 
operating values, even though the authors believe that this will not be the case in actual operation if 
the rotational speed of the aerators is reduced. 

 

• Both systems were simulated at site conditions (±1 090 mamsl) with temperatures varying between 
14 and 27˚C to assess the impact of temperature variations on the oxygen transfer rate. The target 
residual dissolved oxygen concentration was set at 2.0 mg/l. 

 

• Both systems were subjected to exactly the same input and process-related parameters. The model 
was simulated for 9-days, 7 days as per the diurnal sampling results plus two random days selected 
from the same 7. 

 

• The average flow rate was gradually increased from an expected initial flow (14 Ml/d) to the 
ultimate design flow (24 Ml/d) over a 20 year period with a resultant increase in oxygen demands. 
This was done to allow fair comparative modelling of the ramp-up over the life of the plant. 

 

• Biowin® calculates the required air flow (in m3/hr at STD) to satisfy the oxygen demand and does 
not calculate the power consumption of 
a blower(s) associated with the air 
flow. However, the process designer 
can easily determine power 
consumption by simple mathematical 
manipulation if the relationship 
between the air flow and power 
consumption is known for a specific 
blower or series of blowers. The power 
consumption equation for a typical 
blower was determined by applying a 
linear best-fit for various sets of air 
flow versus power set points as shown 
in figure 6. 

 

An accurate fit was achieved for this specific blower and the equation defined as P (x10W) = 2.2163 

x (Air flow in m
3
/hr at STD). 

 

Figure 6: Blower power consumption vs air flow 
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• At an average daily flow rate matching the ultimate design capacity (24 Ml/d), the peak net 
absorbed power required to maintain a ‘forced’ 2.0mg/l DO residual for surface aeration was 
modelled at 680 kW. Assuming that the combined efficiency of the electrical motor and step-down 
gearbox is 90%, and allowing for a 15% margin of safety with respect to the sizing of the motor, 
implies that the installed power associated with this maximum aeration requirement will be at least 
850 kW. For the same influent flow and a target DO residual of 2.0mg/l, the maximum air flow 
modelled was approximately 23 000 Nm3/hr with an associated net power absorbed of 520 kW. 
Applying the same rationale with respect to motor sizing, the installed power for the FBDA blowers 
will be 650 kW. It therefore follows that the installed power for the FBDA system required to meet 
the maximum oxygen demand is approximately 75% of that required for a surface aeration system. 

 

• Whereas the maximum power requirement was previously determined by setting the residual DO 
concentration to 2.0 mg/l, a further analysis was performed to control and optimize oxygen transfer 
and thus energy consumption. The add-on application Biowin Controller® was used to adjust 
aeration in response to modelled changes in DO concentration, thereby providing an optimized 
aeration control system.  

 

• A proportional integral derivative (PID) controller was defined for the FBDA system with 4 DO 
probes, one in each sub-zone. Airflow would be adjustable over a 100 – 40% adjustment ratio with 
minimum and maximum airflows of approximately 3 000 Nm3/hr (76 kW net power demand) and 
23 500 Nm3/hr (530 kW net power demand) respectively. This corresponds to the maximum airflow 
requirement over the 20-year design horizon and would require the installation of 3 x 200 kW single 
stage integrally geared turbo-compressors.  

 

• The performance data used for the model and subsequent equipment pricing was based on data 
obtained for the compressor model GTX T30 XZ, fitted with adjustable discharge diffuser vanes and 
VFD, manufactured by Next Turbo Technologies. 

 

• A multi-step controller was defined for the surface aeration system where the aerator power would 
be increased or decreased in a step-wise fashion, in response to the modelled DO value with 6 DO 
probes provided, one in each sub-zone. Aerator speed and associated power would be adjustable 
over a 100 – 70% adjustment ratio. Nine aerators (4 x 110 kW, 2 x 90 kW and 3 x 37 kW installed 
power) were included in the model with a maximum total net aerator input capacity of 560 kW, 
which, albeit slightly lower than the maximum theoretical new aerator input capacity of 680 kW as 
mentioned above, is comparable to the net aeration capacity of the above blower system. 
Cognisance must be taken of the fact that the model will calculate the total aeration input required to 
maintain a 2 mg/l DO residual in all zones of the reactor, whereas under field conditions, achieving 
such residual in the initial zones is normally impractical and will require unnecessary large aerators. 
As can be seen from figure 8 and 9 hereafter, the overall modelled aeration input for both the FBDA 
and surface aeration system never ‘levelled out’ i.e. operated at maximum capacity, the chosen 
aerator sizing was therefore deemed reasonable and practical. 

 

MODEL RESULTS 
 

The graph below (figure 7) shows the difference between a ‘forced’ 2.0 mg/l DO concentration residual 
in the respective aerobic zones (first half of graph) versus controlled aeration with the objective to 
maintain the target DO residual.  

Figure 7: DO control results 
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The graph is applicable to FBDA in this instance and the regular over- and undershooting of actual DO is 
typical to a feedback-control type system. 
 
Figures 8 and 9 show the results of running the FBDA and surface aeration models for 18 days at 
ultimate design flow with respect to the modelled air flow requirements and calculated blower power 
consumption in figure 8 and surface aerator power requirements in figure 9. During the first 9 days 
(period A), the DO residual is ‘forced’ at 2.0 mg/l, while for the subsequent period (period B), the 
aeration system adjusts with the objective of maintaining a pre-determined DO residual, again being 2.0 
mg/l. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The diurnal pattern of aeration is evident as the blower (figure 8) or series of surface aerators (figure 9) 
aim to maintain the required oxygen residual with varying influent loading and thus oxygen demand. The 
ability of any aeration system to accurately track the actual oxygen demand and inject ‘just enough’ to 
maintain the required residual is where the biggest opportunity for energy savings are. 
 

ENERGY SAVINGS 
 
Figure 10 shows the modelled annual power consumption for the surface aeration and FBDA systems as 
well as annual average daily flow rates over a 20-year period. The surface aeration system will consume 
approximately 2.14 million kWhr/annum in the year of commissioning (2017) increasing to 3.29 million 
kWhr/annum by 2037 associated with a flow rate of approximately 24 Ml/d. Under the same 
circumstances, the FBDA system would consume 1.41 million kWhr/annum at commissioning increasing 
to 2.52 million kWhr/annum by 2037 or once the flow reaches 24 Ml/d.  
 
The cumulative total energy ‘savings’ that will theoretically be realised when opting for a FBDA system 
as opposed to a surface aeration system is shown in figure 11. Implementing a FBDA system will save 
just over 4 million kWhr by the end of year 5 increasing to 5.7 million and 8.0 million kWhr by the end 
of years 7 and 10, respectively.  

Figure 8: FBDA air flow and power consumption.  

Note that the power scale must be multiplied by 10 to give Watt or divided by 100 to give kW. 

A B 

Figure 9: Surface aeration power consumption.  

A B 
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The big unknown is obviously related to the future cost of electricity. If recent historical trends persist, as 
shown in figure 1, where the cost of electricity is shown to increase from 20c/kWhr in 2002 to 88c/kWhr 
in 2017 ( an increase of nearly 440% in just 15 years or approximately 10% year on year) then the 
electricity tariff will be 592c/kWhr by 2037.  
 
This is deemed an overly conservative assumption and two probable scenarios were used to calculate the 
Rand value associated with the electricity saving: 
 
� Scenario 1 assumes that the bulk tariff for electricity (currently approximately 90c/kWh including 

for maximum demand costs) will be approximately 100c/kWh at the time that the new plant is 
commissioned, which is expected by May 2017. This tariff is subsequently escalated by 6% year on 
year up to 2037. 
 

� Scenario 2 assumes relatively high increases in the short term and starts with a tariff of 110c/kWh 
once the new plant is commissioned. This tariff is subsequently escalated by 10% year on year for 4 
years after which it is escalated by 5% year on year up to 2037. 

 
The impact of the mentioned scenarios on the monetary value of the cumulative electricity saving is 
shown in figure 11. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

 

 

 

 

 

 

 

Figure 10: Annual power consumption increase versus flow 

Figure 11: Cumulative power and Rand savings 
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CAPITAL COSTS 

 
For the purposes of the Boitekong project, civil designs were produced to cater for both aeration systems 
under discussion and issued to civil contractors for tendering purposes.  
 
The aeration tank for the FBDA system included four isolatable zones, which is necessary when 
maintenance or the replacement of diffusers is required. In order to achieve this sub-division of zones, 
large wall-mounted sluices were included in the design with the associated cost implication.  
 
The aeration tank for the surface aeration system was designed to operate at a water depth of 4m, as 
opposed to the 5m used for the design of the FBDA system. The civil structure included floor mounted 
platforms for the installation of the surface aerators and 1.3m freeboard between the soffit of the 
platforms and the top water level. The freeboard allowance for the FBDA system is significantly less, at 
500mm.  
 
Contrary to what is normally promoted in the market with respect to the difference in civil costs 
associated with two aeration systems, the total civil cost for a properly-designed FBDA system (that 
allows for compartmentalization for maintenance purposes) is more expensive than an equivalent 
aeration tank and ancillaries to accommodate surface aeration. Although many suppliers of FBDA 
promote the notion that the civil costs for FBDA is significantly cheaper due to the fact that there is no 
need for aerator platforms and the structure’s freeboard can be reduced, this was found to be untrue. The 
authors consider it essential to have facilities to isolate no more than 25% of the aeration volume to 
undertake periodic maintenance on the submerged diffusers. 
 
It was found that although the concrete works alone were comparable for both aeration systems, the 
provision of the various wall and channel sluices increased the cost of the FBDA system making the 
latter more expensive than an equivalent surface aeration system. A breakdown of the respective civil 
costs is given in table 1 below. 
 

Civil works item description FBDA system Surface Aeration system 

Earthworks R  1 550 000.00 R  1 550 000.00 

Concrete works R  8 037 000.00 R  7 765 000.00 

Steel & metalwork R     400 000.00 R     400 000.00 

Pipe items and Sluices R  1 043 000.00 R     105 000.00 

Blower Room, including MCC R     600 000.00  

MCC for aerator starter panels  R      400 000.00 

Total for civil works (excl VAT) R 11 630 000.00 R 10 220 000.00 

Table 1: Civil cost comparison 
 

The mechanical and electrical installation with respect to a surface aeration system will entail the 
surface aerators (9off in total), motor starter panels, electrical cabling as well as instrumentation. It must 
be kept in mind that 6 DO probes were included in the process model to control the surface aerators and 
to achieve the required level of control and energy efficiency, a sufficient number of such sensors must 
be included in this cost comparison. In terms of motor control, variable frequency drives have been 
provided for in the cost comparison even though it is slightly more expensive than the provision of dual 
speed motors. The main reason for this is that the provision of VFDs requires lower starting currents and 
impacts on the sizing of the relevant standby generator which will be installed to drive certain critical 
components of the works, including a portion of the aeration system.  
 

With respect to fine bubble diffused aeration the mechanical and electrical installation will include the 
blowers (3off in total), air headers and droplegs, pipe laterals fixed to the aeration tank floor, diffusers, 
instrumentation as well as a suitable control system.  
 

The FBDA model was based on the installation of 9” membrane-type disc diffusers with tapered diffuser 
density, which will require the installation of at least 3 425 EPDM-type membrane disc diffusers at a 
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current cost price of approximately R 200 per diffuser. Once the droplegs, laterals, fixing material and 
installation is including, the total cost for the diffuser arrays is estimated at R 1.70 million or 
approximately R 500/diffuser fully installed. 
 

In terms of blowers, allowance was made for the installation of 3 x 200kW (600 kW installed power) 
single stage centrifugal blowers with variable discharge diffusers and VFD. Two blowers running 
simultaneously will be suitable for the medium-term air requirement with the third unit as a normal 
standby facility. However, if and when required, the standby unit may be operated as a third duty blower. 
 

The cost comparison in terms of mechanical and electrical equipment is shown in table 2 below. 
 

Mechanical/electrical cost item description FBDA system 
Surface aeration 

system 

Surface aerators (4x110kW, 2x90kW, 3x37kW) incl VFDs N/A R 5 600 000.00 

Centrifugal blowers R 6 000 000.00 N/A 

Air header pipework and valves R 2 000 000.00 N/A 

Diffuser arrays R 1 700 000.00 N/A 

Instrumentation R   500 000.00 R 350 000.00 

Control system & MCCs R 1 200 000.00 R 550 000.00 

Electrical cabling R   250 000.00 R 400 000.00 

Total for Mechanical/Electrical works (excl VAT) R 11 650 000.00 R 6 900 000.00 

Table 2: Mechanical & electrical cost comparison 
 

The difference in cost between the FBDA and surface aeration system for the Boitekong WWTW is 
estimated at approximately R 6.2 million (excl VAT).  
 

OPERATION AND MAINTENANCE 
 

There is no doubt that a FBDA system is more complex than an equivalent aeration system comprising a 
series of surface aerators, which is one of the main reasons why the latter has been favoured at many 
plants to date. However, due to the rapidly increasing cost of electricity in South Africa and advances in 
membrane and blower technology during the last 10 to 15 years, there is rightfully a renewed interest in 
FBDA as a more energy efficient means of aeration. 
 

A conventional FBDA system comprises various integrated components, many of which will attract 
regular maintenance to ensure efficient operation. These include the blowers, valves, instrumentation as 
well as the diffusers. For the purposes of an all-inclusive cost comparison, the following assumptions 
were made with respect to the maintenance requirements for FBDA over a 20-year time frame with 
associated costs: 
 

� Annual blower service, including oil change and oil filter replacement at R 25,000 per blower per 
year increasing at 4% year on year; 

� Replacement of the blower’s dust filters at R 10,000 per blower per year, increasing at 5% year on 
year; 

� Full replacement of all membranes (membranes only, 3 425 off) after 10 years and again after 20 
years of operation at R 120 per membrane (current cost), increasing 4% year on year; 

� Replacement of 3 x 200 kW 2-pole blower motors after 15 years of operation at R 180,000 per 
motor (current cost) increasing 5% per annum. 

 

The main components of a surface aerator that will be subjected to wear and tear are the electrical motor 
and step-down gearbox and the following assumptions were made with respect to the maintenance 
requirements surface aerators over a 20-year time frame with associated costs: 
 

� Annual services, including oil change, at R 10,000 per aerator per year, increasing at 4% year on 
year; 

� Replacement of 9 aerator motors after 15 years of operation at R 550,000 (current cost) increasing 
5% year on year; 
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With regular servicing, complete failure of gearboxes should not occur as a rule, and minor 
refurbishment may be required over the period of operation. This applies to both the FBDA blowers as 
well as the surface aerators. Therefore costs related to the maintenance or the gearboxes were omitted 
from this cost comparison.  
 
The total cost, inclusive of initial capex, energy and maintenance, for a 20-year life span is given in 
figure 12 below. Energy and maintenance costs were escalated from present day values as mentioned 
previously. 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 
 
The following conclusions are hereby recorded: 
 

1) An in-depth diurnal influent analysis and characterisation is deemed critical for the process design 
of extensions and/or upgrading of existing wastewater treatment facilities in order to gain a better 
understanding of the actual influent properties as input parameters to the process design. Access to 
such information will enable the process designer to, amongst others, compare the feasibility of 
different aerations systems with the use of modelling software. The overall benefits associated with 
the availability of the information from this sampling exercise far outweighs the cost to execute it, 
estimated at below R 100 000 for a 7-day sampling protocol.  
 

2) In terms of capital investment, a surface aeration system was less expensive than an equivalent 
FBDA system by approximately R 6.2 million.  

 

3) In terms of energy consumption, FBDA was found to be significantly more efficient than surface 
aeration with associated operational cost savings. Although such savings will be site and situation 
specific, in the Boitekong case, the savings in electricity costs over a 20-year time frame was 
estimated at R 47 million Rand (refer to figure 11) based on forecasted future electricity tariffs.   

 

4) The main reason for the energy efficiency associated with FBDA relates to its ability to effectively 
track the actual oxygen demand of the activated sludge process and new generation blowers are able 
to operate within a wide performance envelope without losing operational efficiency. Surface 
aerators, if fitted with variable frequency drives, are also able to adjust within a narrower 
performance envelope and operating outside this envelope will result in a significant loss of 

Figure 12: Total cost comparison   
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efficiency due to the inherent mechanisms associated with the functionality of surface aerators. As 
stated before in the paper, a surface aerator becomes an expensive mixer if rotating too slowly.  

 

5) Efficient aeration, irrespective of which system is implemented, is highly dependent on the aeration 
system’s ability to adjust power input in terms of actual oxygen demand and hence the provision and 
maintenance of adequate process monitoring and control instrumentation is of critical importance. 

 

6) The maintenance cost for the surface aerators was estimated at R 3.8m over a 20-year period and 
includes the replacement of 9 electrical motors during this time. The total energy cost over this same 
period was estimated at approximately R 122m. The total maintenance allowance over a 20-year 
period is approximately 2.7% per annum based on the capital value of the mechanical and electrical 
equipment. 

 

7) The maintenance cost for the FBDA system was estimated at R 5.2m over a 20-year period and 
includes the replacement of 3 electrical motors, as well as two complete replacements of the 
membranes during this time. The total energy costs over this same period were estimated at 
approximately R 88m and FBDA is therefore, approximately 28% more efficient than surface 
aeration with respect energy consumption. The total maintenance allowance over a 20-year period is 
approximately 2.2% per annum based on the capital value of the mechanical and electrical 
equipment. 

 

8) FBDA was found to be financially viable for the upgrading of the Boitekong WWTW with the 
capital pay-back period from future energy savings determined at approximately 5.5 years. It is the 
authors’ opinion that FBDA should be financially viable for new plants with capacities above 15 
Ml/d. Financial viability should, as a minimum requirement, be assessed for new plants of 10 Ml/d 
and higher. This needs to be confirmed with proper influent characterization on a case-by-case basis. 
In the unlikely hypothetical case that the flow and COD values are absolutely constant (i.e. no 
variation in oxygen demands), surface aerators will probably be the logical answer. The larger the 
variation, the more attractive FBDA becomes. 

 

9) The financial viability of retrofitting existing plants should be assessed on a case-by-case basis 
keeping in mind that the majority of existing basins are relatively shallow (3 – 4m water depth) with 
associated impact on oxygen transfer efficiencies while the cost of retrievable diffuser arrays can be 
as much as three times that associated with fixed arrays installed under dry conditions. If there is a 
possibility to empty a basin in order to fit the diffusers, retrievable units will probably still be 
required in order to access the diffusers in future without emptying the basin again. 

 

10) New generation blowers incorporating variable discharge diffusers and inlet guide vanes or variable 
frequency drives are expensive and installation will only be justified for bigger plants. For smaller 
plants, less efficient blowers will be cost efficient, however, these blowers typically do not have a 
wide performance envelope or is subject to significant loss in efficiency outside a narrow operating 
range. The use of inefficient blowers without a wide performance range will significantly impact the 
system’s ability to realise any noteworthy energy savings. 

 

11) For new plants where FBDA is considered, the aeration basin should be custom-designed for this 
system with the ability to isolate certain sections to facilitate easy access to the diffusers for 
maintenance or replacement thereof. 

 

12) FBDA is not an energy Panacea, but should be fully evaluated for any new plant in the 10 Ml/d plus 
range. Factors such as operator capacity and location et cetera still need to be accounted for when 
making final decisions. 
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