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Abstract
The objective of this work is to decrease energy consumption of the aeration system at a mid-size conventional
wastewater treatment plant in the south of Sweden where aeration consumes 44% of the total energy consumption of the plant. By designing an energy optimised aeration system (with aeration grids, blowers, controlling
valves) and then operating it with a new aeration control system (dissolved oxygen cascade control and most
open valve logic) one can save energy. The concept has been tested in full scale by comparing two treatment
lines: a reference line (consisting of old ﬁne bubble tube diffusers, old lobe blowers, simple DO control) with a
test line (consisting of new Sanitaire Silver Series Low Pressure ﬁne bubble diffusers, a new screw blower and
the Flygt aeration control system). Energy savings with the new aeration system measured as Aeration Efﬁciency
was 65%. Furthermore, 13% of the total energy consumption of the whole plant, or 21 000 €/year, could be saved
when the tested line was operated with the new aeration system.
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INTRODUCTION
The conventional activated sludge process with nitriﬁcation and denitriﬁcation is a commonly used
wastewater treatment technology for removal of both organic material (measured as BOD) and nitrogen (present in the form of ammonium). The ﬁrst step in nitrogen removal, nitriﬁcation, is a highly
energy consuming step due to the need for aeration. 4.6 mg of oxygen is needed to oxidise 1 mg of
ammonium, and 1.2 mg of oxygen is needed to oxidise 1 mg of BOD. Blowers that are providing
air to diffusers need to work against high pressure in the air mains (due to static water pressure
above diffusers, pressure losses over the membranes and pressure losses in pipes and valves) and
need to maintain the desired pressure in the common manifold. A higher required pressure for the
blower leads to an increase in consumed energy. Therefore, aeration stands for the largest portion
of the total energy consumption at plants with nitrogen removal.
According to Olsson (2008) and Ingildsen (2002), the biological-secondary treatment is the most
energy demanding treatment step in the whole wastewater treatment plant (WWTP). The main
reason for this is aeration, which depending on the size of the plant can consume between 50 and
80% of the plant’s total energy consumption.
Energy costs in the wastewater industry are rising (EPA 2010). With an increased energy price more
and more treatment plants, both public and private owned, are looking into decreasing their energy
consumption and therefore lowering their energy costs. At the same time many WWTPs are facing
more stringent efﬂuent requirements which require more air but also better optimised processes.
Therefore, an energy efﬁcient aeration system is becoming a frequently used term as a goal for
WWTPs. By using an aeration control system, one can achieve the same or even better treatment
and at the same time save energy.
In literature, a wide range of complexity for aeration control systems is presented, spreading
from simple on/off control (Traoré et al. 2005) to advanced model predictive control (MPC) (Holenda
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et al. 2007). Full scale testing is not very common in the literature and most strategies are evaluated
through simulations. In general, a large part of the aeration control studies made today include some
kind of feedback or feed forward efﬂuent control, often compared with a simple ﬁxed dissolved
oxygen (DO) set point algorithm. Advantages of using feedback or feed forward efﬂuent control
are many, including potential energy savings and tracking of the efﬂuent concentrations. However,
these control algorithms also include an increased probe uncertainty, lag times as well as extra
costs (Nordenborg 2011).
While the strategies presented in literature tend to be more and more advanced, the control used at
WWTPs today are still relatively simple. In a status report of large WWTPs in Europe made 10 years
ago (Jeppson et al. 2002) feedback or feed forward efﬂuent control is stated to be seldom used and the
most common control strategies are said to be different types of PID controllers.
The objective of this work is to decrease energy consumption of the aeration system at one WWTP
in the south of Sweden where aeration stands for 44% of the total energy consumes. This was done by
combining the knowledge of how to design an energy efﬁcient ﬁne bubble aeration system with how
to operate it with a new aeration control system.

Flygt aeration control system

Flygt Aeration Control System (ACS) is a Xylem developed software for advanced monitoring and
control (M&C) of the aeration process within secondary treatment. The control philosophy is to maximize overall energy efﬁciency and maintain the desired level of DO in aerated basins, as well as to
preserve good treatment. The M&C system is based on DO cascade control with two PI controllers
for each control (throttling) valve. The DO cascade control consists of an inner control loop, which
controls the airﬂow, and an outer control loop which controls the DO concentration.
Furthermore, the Flygt ACS is equipped with most open valve logic (MOVL) that decreases
pressure losses in the system by keeping the valves as open as possible (up to desired 95%). Based
on the status of the valves, the MOVL calculates manifold pressure set points (low, average and
high) for blower control. With this it is possible to run blowers at a lower air pressure and therefore
save energy.
In addition, the Flygt aeration control is also equipped with fouling preventive control called air
bumping or simply cleaning, where high airﬂow is induced for 5 min once per week in order to stretch
the membrane and break the built bioﬁlm.

Field test site

The treatment plant was built in 1997 and is dimensioned for 26,000 population equivalents (PE). In
2010 only 17 800 PE were connected (calculated from the current load as 70 g BOD/p/d). Efﬂuent
requirements are 10 mg/l BOD and 0.5 mg/l tot-P as monthly average, and 12 mg/l tot-N as yearly
average. It is a typical conventional pre-denitriﬁcation activated sludge plant that consists of two treatment lines. Each line has one anaerobic, one anoxic and one aerobic basin. Each aerobic basin
consists of three aerobic zones (see Figure 1). A mixer is installed in the ﬁrst aerobic zone (Zones
11a and 21a in Figure 1) in each line, making it possible to use this zone as a swing zone (aerobic/
anoxic). Furthermore, each aerobic zone has one aeration grid, i.e. in total three grids per line.
Fine bubble tube diffusers were operating since 1997 in both lines, designed with constant diffuser
density (without tapering). The ﬁrst line was used as a test line for implementation of the Flygt ACS
with new Sanitaire Silver Series Low Pressure ﬁne bubble diffusers (with roughly the same diffuser
density as in the reference line) and a new screw type blower. The second line is used as a reference
line, running with a current control system with simple DO control (a DO controller determines the
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Figure 1 | Aeration basins layout at the ﬁeld test site.

valve opening directly from the DO measurement without an inner control loop), old ﬁne bubble tube
diffusers and three old lobe blowers.
In both lines, the ﬁrst two aerobic zones (later called zone 1) were controlled with one control butterﬂy valve and one actuator. The last aerobic zone (later called zone 2) has its own control valve with
actuator (see Figure 1). DO set points were 1.7 mg/l for the zone 1, and 0.7 mg/l for the zone 2. A
lower set point in the last zone was chosen as water is recycled after aeration to anoxic zones for denitriﬁcation, where high DO would disturb the process (see also Figure 2). The swing zones (both 11a
and 21a) were used as aerobic zones if not stated differently.

Figure 2 | Position of on-line measurements in the biological treatment step at the test plant (Larsson 2011).

MATERIAL AND METHODS
The implementation of new equipment and the new control system in the test line was made in several
steps. Based on these installations there are three evaluation periods, as can be seen in Table 1. In
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Table 1 | Evaluation periods with new aeration equipment in the test line
Evaluation period

Time period 2011

New aeration equipment

1

April 6 – April 20

New screw type blower with VSD
Flygt ACS DO cascade control –not tuned

2

July 6 – Sept. 7

Sanitaire SS II LP

3

Sept 7 – Nov. 16

Flygt ACS DO cascade control- ﬁne tuned
DO proﬁle adjusted
MOVL – ﬁne-tuned

April 2011, a new blower and a DO cascade control were implemented in the test line. This DO cascade control was not tuned in April but rather adjusted with the same controller parameters as in the
reference line. Necessary equipment for measuring the airﬂow, DO and ammonium concentrations
(WTW sensors) was installed in both lines in April.
There was a long break between evaluation periods 1 and 2. This was caused by a long installation time
for the new diffusers, which involved emptying the basin, installing the diffusers and also repairing bafﬂe
walls between the aeration zones. During periods 2 and 3 aeration in the swing zones in both lines was
turned off and zones were used as extended anoxic zones. In September 2011, the Flygt DO control was
ﬁne tuned together with the MOVL. The MOVL was adjusted to operate the air pressure so that the
valves were 70 to 95% open (of their controllable range). In addition, the DO proﬁle (set points) was
changed to 0.7 mg DO/l in zone 1 and 1.0 mg DO/l in zone 2, as discussed later.
In both treatment lines (the test line and reference line) water quality measurements were made online, as shown in Figure 2. On a weekly basis samples for BOD7 and NHþ
4 -N concentrations were
taken in the inlet to each line and in the outlet from the secondary sedimentation basins.
In addition, measurements and calculations of the inﬂow distribution to the two treatment lines
have been performed. It was found that the ﬂow fraction to the reference line and test line is 53%
and 47% respectively.

Oxygen transfer calculations

In order to evaluate energy savings potential in terms of aeration efﬁciency (AE) several calculations
were performed as shown in Table 2.

Economic analysis- LCC

The weekly economical savings were calculated based on the weekly energy savings in (1):
Eweekly savings ¼ energy price †Eweekly savings

(1)

where,
€weekly savings ¼ economical savings per week [€/week]
Energy price ¼ energy price for the plant [€/kWh]
Eweekly savings ¼ energy savings per week [kWh/week]
Furthermore the economical evaluation also considers the return period. In order to calculate the
return period the annual savings ﬁrst need to be calculated, as shown in (2):
Annual savings ¼ Energy consumption†
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Table 2 | Calculations of oxygen / aeration parameters (modiﬁed from ACSE-18–96 1996)
Parameter deﬁnition

Unit

Formula / value

OTRﬁ -Oxygen Transfer Rate in ﬁeld
conditions

kg/day

OTRﬁ ¼ [X•BOD5,r þ Y•NH4-N,r]•[β•C*∞/ (β• C*∞-DOﬁ)] þ
Q•DOﬁ

where: X ¼ oxidation coefﬁcient for BOD5

kg O2/kg BOD5

1.2 (EPA 1989)

Y ¼ oxidation coefﬁcient for NH4

kg O2/kg NH4

4.57 (Metcalf & Eddy 2003)

BOD5,r ¼ removal of oxygen demand

kg/day

BOD5 ¼ BOD7/1.15 (Norrström 1976)

NH4-N,r ¼ removal of ammonium

kg/day

β ¼ process water C*∞ / clean water C*∞

0.95 (ACSE-18-96 1996)

C*∞ ¼ DO saturation concentration at T

mg/l

DOﬁ ¼ DO in ﬁeld conditions

mg/l

Q ¼ the ﬂow through the line

m3/day

¼Qtot • Flow fraction

AEﬁ – Aeration Efﬁciency in ﬁeld conditions

kg O2/kwh

AEﬁ ¼ OTRﬁ/ PWRﬁ

PWRﬁ ¼ power consumed

kwh/day

Denitriﬁcation credit ¼ 0

where,
Energy consumption ¼ total energy consumption for the plant [kWh/ year]
Energy savings ¼ total energy savings for the plant due to improved aeration [%]
Energy price ¼ energy price for the plant [€ /kWh]
The average energy price for the period January 2011 to October 2011 (1.120 SEK/kWh ¼ 0.12 €/
kWh) was used for the energy price. This period was used since it is a recent time period and includes
the energy price difference of winter and summer.
Return period ¼

Total price
Annual savings

(3)

where,
Return period ¼ time it takes before the investment is retuned [year]
Total price ¼ total price of the investment [€]
Annual savings ¼ savings per year [€ /year]
The total price of the investment includes direct capital expenses (CAPEX) for blower, diffusers, online measurements, equipment and control system, as well as installation costs. Operational expenses
(OPEX) were not included in this study.
Control strategy and Tuning

In Figure 3, a visualisation of the overall control strategy in the test line is shown. Two butterﬂy control
valves were used, each controlled with a DO cascade loop with two PI controllers (DO and air ﬂow).
When using non-linear valves, such as butterﬂy valves, together with DO cascade control, the non-linear
characteristic of the valve is counteracted. This is possible since the control is made in two steps where
the airﬂow controller keeps track of the airﬂow, while the DO controller keeps track of DO. DO cascade
control also corrects for disturbances faster than simple DO control, since the two controllers can work
more stable when the additional measurement of airﬂow is included compared to the simple DO control.
The performance of a PI controller is highly dependent on the tuning of the controller gain and integral time. Fine tuning of PI cascade controllers was performed at the plant using the Lambda tuning
method described by Carlsson & Hallin (2010). Parameters for the DO controller and the air ﬂow
controller are given in Table 3.
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Figure 3 | Visualisation of the overall control of the test line. DOC is the DO PI-controller and AFC is the airﬂow PI-controller.
The circles with DO and AF represent online measurements of DO and airﬂow (modiﬁed from Larsson 2011).

Table 3 | Parameters of PI controllers for a test line consisting of zone 1 (two aeration grids) and zone 2 (one aeration grid)
Zone 1 ¼ Grid 1 and Grid 2

Zone 2 ¼ Grid 3

Parameters:

DO controller

Air ﬂow controller

DO controller

Air ﬂow controller

K

0.57

0.45

0.62

0.50

Ti (sec)

335

17

270

13

Where K ¼ proportional gain; Ti ¼ integral time.

RESULTS AND DISCUSSION
Comparisons of the aeration and control systems in the test and reference line in terms of aeration
efﬁciency in ﬁeld conditions, airﬂow and energy savings are presented in Table 4. In this table an average value is given for each period. The results for period 1 are based on 2 weeks of data, for period 2
on 8 weeks of data and for period 3 on 10 weeks of data.

Table 4 | Summary of results from the three periods: P1 ¼ new blower and new DO control system was in place, P2 ¼ P1 þ new
diffusers, P3 ¼ P2 þ ﬁne tuning of controllers, new DO proﬁle and MOVL
AEﬁ [kg O2/kWh]
Evaluation period 2011

Test Line

Ref.Line

P1 (April)

2.1

1.4

P2 (July-Aug)

1.9

0.8

P3 (Sept-Nov)

2.2

0.8

Airﬂow savings

Energy save

Energy save

Actual save L1

[%]

[%]

[kWh/week]

[€/week]

34

1,565

184

20

57

4,302

506

30

65

3,989

469

During period 1, the test line consumed 34% less energy than the reference line. This evaluation
period contains the new blower and the new DO cascade control with a DO proﬁle of 1.7 mg/l for
zone 1 and 0.7 mg/l for zone 2. Most of the energy savings comes from exchanging the blower.
The second evaluation period involved new Sanitaire diffusers which were installed between
periods 1 and 2. After changing diffusers in the test line the pressure in the aeration system decreased
by 10 kPa and was ranging between 57 and 60 kPa during periods 2 and 3. The pressure in the reference line was 70 kPa during all periods. Lower operating pressure in the test line decreased energy
consumption of the blower for the same air ﬂow.
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During this period, the energy savings increased from 34% up to 57%. This additional 23 percentage
points of the saved energy for the period 2 was accomplished by a higher oxygen transfer efﬁciency of
new diffusers and lower pressure losses compared to the tube aeration system in the reference line.
Since the plant is under loaded and the temperature of the water during summer was high which
promoted nitriﬁcation process, more efﬁcient diffusers created problems to keep the DO concentration in the last zone at 0.7 mg/l that could inﬂuence the denitriﬁcation process negatively. In
this zone air ﬂow was already at the lowest allowed level determined by the mixing criteria. In this
period (period 2) the swing zone was used as an anoxic zone.
The third evaluation period involved ﬁne-tuning of the DO cascade control, a new DO proﬁle and
activation of the MOVL. During this period the DO proﬁle (DO set-point in zone 1/zone 2) in the test
line was changed from 1.7/0.7 to 0.7/1.0 mg/l due to the problems with too high DO concentration
(above 1.8 mg/l) in the last zone (zone 2). The idea was to decrease the oxidation of organic constituents and ammonium in zone 1 and therefore save some load to zone 2 in order to distribute the
removal process more evenly over the total aeration volume, thus using the aeration capacity in a
more energy efﬁcient way.
After the ﬁne tuning of DO controllers and ﬁnding a proper DO proﬁle totally 65% of energy was
saved in the period 3 (Table 4). This additional 8 percentage points of savings comes also from the
implementation of MOVL, which allowed the blower to work at a lower air pressure and valves
were being operated to be open at least 70%, which decreased pressure losses over the valves.
The total energy savings of 65% corresponds to an airﬂow reduction of 30% with equally efﬁcient
treatment efﬁciency in both lines.
Comparing periods 2 and 3 it can be seen that the highest weekly energy savings as kWh/week were
accomplished during the evaluation period 2 due a couple of peak load weeks. During this period
(July – August 2011) ammonium load decreased due to summer ﬂuctuations but BOD load was
equally high as in April 2011 due to problems with primary sedimentation.
Despite the low oxygen level in the test line, settling properties of the sludge were kept in the same
level as in the reference line. During the whole testing period ﬁlamentous bacteria were not found in
the sludge and sludge settled very well.
One of the main goals for implementing the aeration control system was to decrease energy consumption and in the same time preserve the treatment efﬁciency. The reduction of BOD7 and NH4
for the three evaluation periods is shown in Table 5. It can be seen that the BOD7 removal efﬁciency
is almost the same (96 to 97%) for both treatment lines for all periods. The NH4 reduction was very
good in both treatment lines (99%) for the evaluation periods 2 and 3. During the ﬁrst evaluation
period, that has only two weeks of data, the NH4 reduction was lower comparing to other periods
(71% in the test line and 88% in the reference line).
Table 5 | Average reduction of BOD7 and NH4.
Inﬂuent BOD7 [mg/l]

Efﬂuent BOD7 [mg/l]

Inﬂuent NH4 [mg/l]

Efﬂuent NH4 [mg/l]

Period

Test Line

Ref Line

Test Line

Ref Line

Test Line

Ref Line

Test Line

Ref Line

P1

100.0

134.8

3.9

4.0

20.0

16.5

5.9

2.3

P2

104.3

104.0

3.0

3.0

12.5

12.7

0.1

0.1

P3

78.3

79.0

2.9

2.7

11.9

12.2

0.1

0.1

The total energy savings of 65% achieved in this study is a combination of different contributions:
new aeration equipment (23 percentage points), new blower (34 percentage points), new Flygt aeration control system (8 percentage points), new and reliable online instrumentation, but also
combining the equipment with the knowledge of how to operate and optimise the process.
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It has been reported in the literature that the implementation of the aeration control in certain
WWTPs has attained energy savings of 10–20% (Carlsson & Hallin 2010). Åfeldt (2011) tested
zone-individual DO cascade control and compared it with the old aeration control (DO cascade control where the airﬂow was evenly spread out to all aerated zones). Results from this study showed that
energy consumption could be decreased with 10% with the zone-individual DO cascade control compared to the old aeration control.
The energy consumption per quantity of treated water for the tested plant was 0.1 kwh/m3 as an
average for all three periods. The energy consumption per nutrient mass was 7.9 kwh/kg NH4
removed and 1.1 kwh/kg BOD removed. According to the literature (Kjellén and Andersson 2002)
energy consumption of the aeration step within the secondary treatment for the 100 000 PE
WWTP is reported to be 0.153 kwh/m3 of treated wastewater. Lingsten et al. (2011) conducted a mapping of energy use of Swedish water and wastewater plants in 2008. It was shown that bigger plants
(.10,000 PE) are more energy efﬁcient per m3 of treated water than smaller plants (,10,000 PE).
By changing the aeration system in the test line the total energy consumption of the plant decreased
with 13% (see in the Figure 4). With this energy saving for the whole plant, around 21,000 € could be
saved per year. That leads to a payback time of 4.5 years. The payback time can also be calculated for
the different equipment by comparing investment and installation costs with the percentage of energy
savings per chosen equipment. The shortest time was found for the new diffusers, which had a payback time of only 1.5 years. In addition, if both lines were upgraded, the payback time would be
3.3 years (based on projections of how much energy could be saved). The total price of upgrading
both treatment lines is not the double price for upgrading only one treatment line since some equipment, for example control system, can be used for both treatment lines.

Figure 4 | Total energy consumption of the tested plant: before and after upgrade (Larsson 2011).

The future work will focus on improving the energy efﬁciency further by implementing an
ammonium feedback control loop in the test line as well as upgrading the reference line with new
Sanitaire Silver Series ﬁne bubble diffusers with new tapered design.

CONCLUSIONS
Comparisons of two different aeration and control systems in terms of aeration efﬁciency, airﬂow and
energy savings are presented. Full scale trials showed that the energy consumption for the aeration
could be reduced by 34% by exchanging blower from lobe to screw type, and M&C system from
simple DO control to Flygt cascade DO control. The energy consumption could be reduced by
additional 23 percentage points by changing diffusers from old tube diffusers to Sanitaire Silver
Series II LP in the test line. After ﬁne tuning of DO controllers, ﬁnding a proper DO proﬁle (set
points for zone 1/zone 2 were set to 0.7/1.0 mg/l) and implementing most open valve logic, a total
energy reduction of 65% was achieved. The energy savings corresponds to an airﬂow reduction of
30% with equally efﬁcient treatment (97% of BOD reduction and 99% of NH4 reduction).
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The total energy savings of 65% achieved in this full scale study is a combination of different contributions: new aeration equipment (23 percentage points), new blower (34 percentage points), new
Flygt aeration control system (8 percentage points), new and reliable online instrumentation, but
also combining the equipment with the knowledge of how to operate and optimise the process.
The payback period for the implemented aeration system (based on capital costs) was calculated to
4.5 years. The energy savings of the new aeration equipment decreased the total energy consumption
of the whole plant with 13% which corresponds to annual savings of 21,000 €. If both lines were
upgraded with the new aeration system the payback period would decrease to 3.3 years with
annual savings of 46 000 €.
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