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ABSTRACT

Energy costs in the wastewater industry are increasing due to increasing trends in electricity rates and more stringent requirements for efflu-

ent quality. Wastewater aeration process is typically the largest energy consumer of the treatment plant and the optimization of the aeration

process can offer significant savings for the wastewater treatment plants (WWTPs). Utilization of dynamic models can offer optimization sol-

utions for improving the energy efficiency and process performance. In this work a simplified modelling approach emphasizing the control

valves and the blowers is tested by developing aeration system models for two Finnish WWTPs. The developed model requires calibration of

only a single parameter and the results from the simulations showed that reasonable estimations of the aeration systems energy demand

could be made with a limited knowledge on the details of the physical system. The promising results highlight the strong influence of the

control valve positioning to the whole system and indicate that airflow distribution along the system could be estimated simply from the

positioning of the valves. The presented modelling approach allows the comparison between different blower and control valve alternatives

during operation and for the process upgrades and offers prospect for improving the aeration operation control strategies.

Key words: aeration, dynamic model, energy efficiency, wastewater

HIGHLIGHTS

• An aeration system model based on valve positions was developed.

• The model only requires calibration of one parameter.

• Energy consumption can be estimated with only a limited information about the physical aeration system.

• Valve positions impact the system power consumption and the air distribution between and within aeration grids.

• Including valve positions opens possibilities to improve the aeration control strategies.
INTRODUCTION

Increasing trends in electricity rates together with more stringent requirements for effluent quality are increasing the energy

costs in the wastewater industry (United States Environmental Protection Agency (EPA) 2010). Typically, the aeration is the
largest energy user at the wastewater treatment plants (WWTPs), accounting for 45 to 75% of the plant’s total energy costs
(Rosso et al. 2008). Because of its high energy intensity, optimization of the aeration process can offer significant cost and
energy savings for the WWTPs (Rohrbacher et al. 2014).

The main purpose of the aeration system is to provide the process with a sufficient amount of dissolved oxygen (DO), so
that a healthy bacterial biomass can be maintained (Zuluaga-Bedoya et al. 2018). In the biomass, the aerobic organisms per-
form removal of organic matter and nitrification, processes from both of which require oxygen (Åmand et al. 2013). The
oxygen requirement of the process will be dynamic due to varying influent loading (Gray et al. 2011). The presence or absence
of available oxygen highly influences the biological processes, which makes the control of the DO vital for the optimal treat-
ment process (Rieger et al. 2006). In biological treatment, the conditions can be aerobic (free oxygen present), anoxic (free

oxygen absent but bound oxygen present) or anaerobic (no free or bound oxygen present). In addition to providing the pro-
cess with sufficient amount of oxygen, the aeration should also provide adequate mixing for keeping the biomass in
suspension (Larsson 2011).
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Different approaches exist for aerating the wastewater, the most common strategy being the diffused aeration, a system

which consists of blowers, piping, valves and diffusers (Larsson 2011). The blowers are used for generating the airflow,
while the piping, valves and diffusers form the distribution system for that airflow. In addition to the afore-mentioned com-
ponents, a control system is needed for maintaining the desired DO level (Gray et al. 2011). A schematic of an aeration

system, with an automated DO controls and pressure control is shown in Figure 1.
For large- and medium-sized WWTPs, a typical approach is to maintain a constant pressure at the common rail by mod-

ulating the output from the blowers and to control the DO of individual aerated zones by modulating the control valve
positions (Alex et al. 2002). The most common method for the latter is to maintain a constant DO setpoint and controlling

it by having two control loops in cascade, from which the outer loop calculates the setpoint for the airflow based on the
measured deviation from the DO setpoint and the inner loop will adjust the control valve position based on the airflow set-
point given by the outer loop (Vrečko et al. 2006). The control scheme for the DO controller is shown in Figure 1. This

strategy can further be extended by adjusting the DO setpoint based on the deviation from the desired effluent ammonia con-
centration (ammonia-feedback control) or furthermore by also using the influent ammonia as measurable disturbance for the
ammonia controller (ammonia-feedforward control) (Vrečko et al. 2006). In addition to the actual process control, different

power-minimizing strategies exist for the control of the air supply and distribution, such as direct flow control and the most-
open-valve logic (MOV) (Åmand et al. 2013).

Blowers can be divided into positive displacement and centrifugal blowers based on their principle of producing the air-

flow. For both types, the output of the blower can be modulated by varying the blowers rotational speed and for the
centrifugal blowers it is also possible to control the blower by throttling the airflow at the blower’s inlet, or by altering the
flow conditions at the blower’s inlet and outlet by using inlet guide vanes together with the variable diffuser vanes. Positive
displacement blowers are typically dominant technology in the smaller scale WWTPs, while different types of centrifugal

blowers are utilized in mid-size and large WWTPs (Jenkins 2013). The energy consumption of these machines depends on
the operating point and equipment efficiency, which varies with the operating point, blower speed and operating conditions
(Spellman 2013).
Figure 1 | Schematic of a typical aeration system with automated DO controls and a pressure controller for the blowers (below) and a control
scheme for the DO controller (above). The PI blocks are proportional-integral controllers.
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The valves are used in the aeration systems for modulating the airflow into different parts of the system or for isolating seg-

ments of the system completely (Jenkins 2013). The control of the airflow is necessary as the aeration requirement is not
constant along the treatment lane. For the plug-flow system, the oxygen demand decreases along the aerated reactor and,
for avoiding the over-aeration, the aeration intensity should be controlled separately for each zone (Åmand et al. 2013).
The flow rate and the corresponding pressure drop over the control valve depend on the valve opening and flow character-
istics, three of which are mainly used: linear, quick opening and equal percentage (Seborg et al. 2010). Positions of each zones
control valves define the distribution of the airflow along the treatment lane and with the valve characteristics it is possible to
estimate the redistribution of the airflow as a function of the valve openings (Reifsnyder et al. 2020). Regardless of the control

strategy used, the valves will highly influence the systems performance and energy consumption. For a typical system, when
the blowers maintain a constant pressure at the common rail, the air supply will ultimately be only controlled by the valve
positions (Rieger et al. 2006).

A common issue within the wastewater industry is the oversizing of the blowers due to too conservative design assumptions
(Rauch-Williams et al. 2013). This oversizing of the blowers may lead into situations in which the aeration system cannot be
operated efficiently with the plants actual influent loading, due to limited turndown capabilities of the blowers (Spellman

2013). The limited turndown capabilities can also contribute to the cyclic hunting of the blowers, a problem which is
often observed and causes excess energy consumption and wear of the blower equipment (Henze et al. 2008). Another chal-
lenge for the aeration systems is tuning of the control loops, due to the non-linear relationship between the DO and the

airflow rate (Spellman 2013). The afore-mentioned hunting is also an issue of different control loops responding to each
other’s control actions (Gray et al. 2011).

For the optimization of the aeration process control, dynamic models for the aeration systems are needed. In addition to
optimization solutions for energy efficiency and process performance, utilization of these models can offer a possibility for

troubleshooting analysis and evaluation of the systems performance under different operating scenarios (Juan-García et al.
2018). Accurate models would then enable comparison of different blower technologies and configurations as well as the
design of different control strategies for energy efficiency improvements. Juan-García et al. (2018) highlight the need for

more detailed energy consumption models, as the simplified approaches that do not consider the equipment limitations over-
estimate the energy-saving potential. Amerlinck et al. (2016) also notes the issues of commonly used oversimplified energy
consumption models and developed a dynamic model for predicting the energy costs of a diffused aeration system, based

on the physical characteristics of the system, water depth and the airflow demand imposed by the control system.
Amaral et al. (2017) discussed different components of the aeration system models and reasoned why more complete

models are needed for realistic depictions of the process. Amaral et al. (2017) state that the entire piping network should
be modelled for accurate predictions of the dynamic process, but also state that potential simplifications should be studied.

In contrast to the modelling approaches described in Juan-García et al. (2018), Amerlinck et al. (2016) and Amaral et al.
(2017), Harja et al. (2016) used a very simplified approach for modelling the aeration distribution system, which was
based only on the resistance coefficients of the pipelines and valve positioning to model the pressure system.

For a complete model of an aeration system, the air supply system including the blowers needs to be modelled together with
the oxygen transfer and demand in the bioreactors (Schraa et al. 2017). This study will focus on the modelling of the physical
supply system. The biological model is outside the scope of this paper, although the future potential of integrating the demand

side to the current model is discussed. The modelling approach presented is based around the dynamics between the control
valve positions, which in our approach are simplified to one single parameter and blower power consumption. A limited
knowledge on the physical system itself is required as the model can be easily calibrated against the measurement data.

The airflow generation model developed in this work will take only the valve positions and the pressure setpoint as inputs
for the simulations and it will calculate the corresponding airflow rates and the total power consumed by the blowers.
The aim is to develop a modelling approach which, by emphasizing the influence of the control valve positioning to the sys-
tems power consumption, could offer prospects for modelling simplifications and possibilities for reducing the complexities of

the existing control systems. The model is developed and validated for two Finnish WWTPs, Hermanninsaari WWTP in
Porvoo and Viikinmäki WWTP in Helsinki and the performance of the model is assessed. The benefits of the modelling
approach presented in this study are discussed in detail and ideas are drawn for further research and adoption of this

approach.
://iwaponline.com/wst/article-pdf/84/12/3941/980207/wst084123941.pdf
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MATERIALS AND METHODS

Two Finnish WWTPs with diffused aeration systems were modelled in this study. Both of them use automated DO controls
and have blower systems which are controlled to maintain a constant pressure setpoint. Hermanninsaari WWTP’s biological
process consists of two parallel treatment lanes which are both divided into eight zones from which the zones 4–7 are

equipped with diffuser grids and the aeration to each zone is controlled with butterfly valves. An ammonia-feedforward con-
troller is used to determine DO-setpoints for the zones 6 and 7 which are constantly aerated and to adjust the aerated volume
by opening and closing the control valves to the zones 4 and 5. Viikinmäki WWTP’s process consists of nine parallel treat-

ment lanes, each divided into six zones, from which zones 2 and 3 are either aerobic or anoxic based on the ammonia
measurement at the end of the treatment lane, while zones 4–6 are constantly aerated. Each aerated zone is equipped
with a DO-measurement and control valve. Initially, the modelling approach was tested on the Hermanninsaari WWTP,

and later the model was verified by implementing it for the Viikinmäki WWTP. The descriptions of the key parameters related
to the aeration systems of these plants are provided in Table 1.

The model constructed using MATLAB and Simulink release R2018b (9.5.0.944444) consists of two parts, the airflow gen-

eration model and the airflow distribution system model. The model acts so that the airflow generation model receives the
feedback signal and the setpoint value for the pressure and then adjusts the airflow rate from the blowers based on the devi-
ation from the pressure setpoint. The model also calculates the power requirement corresponding to the discharge pressure
and airflow rate. The airflow distribution system model receives the positions of different valves and the total airflow rate from

the blowers. Based on these inputs, the model calculates the corresponding pressure that is fed back to the airflow generation
model. The outline of the complete model is shown in Figure 2.
Table 1 | Key parameters of the modelled WWTPs

Hermanninsaari WWTP Viikinmäki WWTP

Population equivalent 46,100 1,000,000

Design airflow rate 4,600 Nm3/h 65,300 Nm3/h

Pressure setpoint 91 kPa 132 kPa

Blowers 3 high-speed turbo blowers 5 integrally-geared centrifugal blower

Blower control method speed control dual-point control

Number of control valves for aeration 8 45

Figure 2 | The outline of the model.

om http://iwaponline.com/wst/article-pdf/84/12/3941/980207/wst084123941.pdf
VERSITY user
er 2021



Water Science & Technology Vol 84 No 12, 3945

Downloaded from http
by AALTO UNIVERSIT
on 28 December 2021
Airflow generation model

The airflow generation model consists of the blowers and their control system. The blower system of Hermanninsaari WWTP
was modelled based on the manufacturer’s data and by using polynomial approximation and affinity laws for generating the

blower curves. For reducing the complexity of the model, only the relationship between the pressure (p [bar]), airflow rate (Q
[Nm3/h]) and power (P [kW]) was defined. The blower power is first defined as a function of the airflow rate under a constant
discharge pressure (P(Q,p) in Figure 3). This curve is then shifted by using affinity laws according to the changing discharge
pressure. Description for more detailed model including the blowers rotational speed can be found in the first author’s Master

thesis (Pöyry 2020). For increasing the accuracy of the blower model, the model was defined for 20 kPa pressure range, as the
actual pressure can be assumed to fluctuate within a narrow range around the setpoint value (p_ref in Figure 3). This range is
also adequate for assessing the effects of reasonable changes in the pressure setpoint. If the model would be defined for the

full pressure range of the blower, the accuracy of the model would deteriorate when using the affinity laws for generating the
additional blower curves. The control system for the blowers was defined based on the actual control parameters, which
determine when the additional blower is started and when it is stopped (power limit and surge limit in Figure 3). The airflow

rate of a single blower is controlled with a PI controller (PI(s) in Figure 3), which adjusts the blower’s output to maintain the
pressure at its setpoint. The physical limitations of the centrifugal blowers were accounted for by defining the surge line and
maximum power limit based on the manufacturer’s data. These limits are implemented so that, for a specific pressure con-
dition, there is a limit for the maximum and minimum airflow rate, which are given as inputs for a dynamic saturation

block. The layout of the blower model is shown in Figure 3.
For the blower system in Viikinmäki, the model was developed based on the measured power and airflow rate, as the man-

ufacturer’s data were not available. Also, the capacity of the blowers in Viikinmäki is controlled by using a dual-point control,

which defines quite different behavior than with blowers that are speed controlled. As the data were available for each indi-
vidual blower, a relation between the power and airflow rate could be defined. Because each blower showed similar
characteristics, the blower system model could be simplified by generating a single curve for the whole system. The drawback

of this approach is that it does not allow assessing the effects of reduced backpressure on the power requirement.

Airflow distribution model

For the airflow distribution system, a model for the system curve needs to be defined. The system curve describes the relation
between the airflow rate and pressure which is developed due to the dynamic losses across the system and the static pressure

due to the diffuser submergence. The static portion of the pressure depends on the water level in the tanks and it can be
assumed to remain constant. The dynamic pressure is caused by the resistance to the airflow in the pipes, control valves
and diffusers, and it will be proportional to the square of the airflow rate (Jenkins 2013). Many factors affect the resistance
causing the pressure losses along the distribution system, such as properties of the air and characteristics of the pipeline, the
Figure 3 | The blower model for the Hermanninsaari WWTP. The start signal for the secondary blower is determined by the blower power
and while the secondary blower is running, the outputs from this subsystem (airflow rate and power) are doubled, as it can be assumed that
the loading is distributed equally between the blowers.
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control valves and the diffusers (Amerlinck et al. 2016). Most of these characteristics will not remain constant and, for

example, the changes in the control valve positions will alter the system curve. There are multiple different ways of approach-
ing the modelling of the system pressure and for this study a simple pressure model by Harja et al. (2016) is used as a
reference. The model uses the following equation for calculating the pressure:

dp(t)
dt

¼ p(t)
V

(Qin(t)�Qout(t))

where p [bar] is the total system pressure, V [m3] is the volume of the pipeline Qin [Nm3/h] is the airflow into the system from

the blowers and the Qout [Nm3/h] is the airflow rate at the pipelines discharge. The Qout [Nm3/h] will be defined as:

Qout(t) ¼ k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p(t) � ( p(t)� pstat)

p Xj

i¼1

Kvi(t)

where pstat [bar] is the static pressure, Kvi [Nm3/h/bar] is the flow coefficient and the k is a dimensionless factor defining the
resistance of a specific piping segment. In the model by Harja et al. (2016) a single control valve was modelled as a multiplier

for the factor k, but in this study a group of essentially parallel control valves (V1.4 to V_pre_aer in Figure 4) is modelled as a
single valve yielding a total flow factor which will be scaled by adjusting the factor k during the calibration of the model. For
individual control valves, the flow characteristics based on the manufacturer’s data are used and they are modelled as lookup

tables, which yield the flow factors based on the valve position. It should be noted that the valve characteristics provided by
the manufacturer are the inherent valve characteristics and the installed characteristics may differ from the manufacturer’s
values (Seborg et al. 2010). The model will only take the valve positions as an input to the model and adjusts the blower

output, so that the system pressure will remain constant. The model of the air distribution system is shown in Figure 4.
In the Hermanninsaari WWTP, the aeration system consists of eight control valves, which all are butterfly valves. Four of

the eight zones are constantly aerated while the rest are only aerated during higher influent loadings. The airflow from the

blowers is also used for the pre-aeration, which also uses a control valve to modulate the airflow. The data on the pre-aeration
control valve were not available, so a constant setpoint for valve position during high and low influent loadings was used.

The Viikinmäki aeration system consists in total of 45 control valves of varying types, most of which are either butterfly or
ball segment valves; 27 of the zones are constantly aerated, while the rest 18 are aerated only during higher loadings. The
Figure 4 | Model of the aeration distribution system of the Hermanninsaari WWTP.
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airflow from the blowers is also used for backwashing of tertiary denitrifying filters, for which the airflow is also measured, but

the portion of this airflow from the total is only on average 0.15% for both calibration and validation periods.

Calibration and validation of the model

For both the modelled WWTPs, five-day periods were used for both calibrating and validating the models. For Hermannin-
saari WWTP, the calibration period was from 6 April to 10 April 2019 and the validation was from 13 April to 17 April 2019.
Both of these periods were quite close to each other as the amount of available blower operating data was limited. Neverthe-

less, the calibration and validation periods showed a different operating pattern of the blowers, as during the validation period
the airflow requirement was higher than during the calibration. This higher airflow requirement led to continuous parallel
operation of the blowers, rather than cyclic starting and stopping of the secondary blower. For Viikinmäki WWTP the cali-

bration period was from 2 November to 6 November 2019 and the validation from 4 August to 8 August 2019. These periods
were selected so that they would be representative of the normal operation of the plant.

The assessment of the performance of the models was made based on the modelled and measured power of the blowers.
During the model calibration, the factor k was adjusted so that the system pressure would remain constant and the blower

output would match the measured values. The match between the modelled and measured power was assessed based on
the relative error. For assessing the performance of the models more comprehensively, other metrics such root mean
square error (RMSE) and the comparison of the mean values of the measured and modelled values is used. The reason

for using both relative error and RMSE is to enable the comparison between the models of systems with varying sizes. By
giving the RMSE and relative error as they are, also allows other studies to easily draw comparisons with this modelling
approach. The mean values are compared so that performance of the models could be estimated for a longer time frame,

which is important for evaluating the possibility of using the model for estimating the feasibility of different energy conserva-
tion methods.

RESULTS

For the calibration period of the Hermanninsaari model, the RMSE and the relative error are 4.2 kW and 4.2% and for the
validation period 9.4 kW and 7.8%. For the Viikinmäki model, the errors for the calibration are 92.1 kW and 4.1% and for the
validation 66.2 kW and 3.4%. It should be noted, that for the Hermanninsaari model, the starting and stopping of the blowers

highly influence the systems power consumption and modelling the dynamics between the blowers is a major source of error.
Furthermore, the model of the blower system of the Viikinmäki WWTP was based on the measured airflow and power, rather
than being an estimation from the manufacturer’s data, which may contribute to the better accuracy. The measured and mod-
elled power for both calibration and validation periods are shown for Hermanninsaari model and for the Viikinmäki model in

Figure 5.
In terms of the mean values of the observed periods, the Hermanninsaari model under estimated the power during the cali-

bration period by 2.7 kW and over estimated during the validation by 6.2 kW. These values correspond to the 3.2% and 6.9%

errors relative to the measured mean values. For the Viikinmäki model, the mean values for both calibration and validation
were below the measured mean, the error being 16.3 kW for calibration and 3.7 kW for validation. Considering the scale of
the Viikinmäki system, the predicted mean values for both periods are exceptionally good, only 1% and 0.3% relative to the

measured mean values.
By the visual inspection of the model’s output, it can be seen from Figure 5 that the Hermanninsaari model struggles during

the daily peak airflow demands, periods which may lead to cyclic starting and stopping of the secondary blower. This cyclic

starting and stopping of an additional blower makes the model prone to error during these periods, as the wrongly timed start-
ing or stopping of the additional blower increases the total error of the model. For the Viikinmäki model, it can be seen from
Figure 5 that the model under predicts the sharper peak values, especially during the calibration period. Overall for the both
of the modelled plants, the results are quite promising, considering the increased complexity of the Viikinmäki aeration dis-

tribution system and the modelled dynamics between the blowers in the Hermanninsaari WWTP.
As the data on the airflow measurements of individual aeration zones were available for the Viikinmäki plant, the distri-

bution of the airflow rate and the valve flow factors could be assessed. Comparison of the distributions is shown in Figure 6.

For the calibration period, the difference between the distribution of the airflow and the valve flow coefficient in the individ-
ual zones is on average 3.4%. When the distributions are compared between the lanes, the difference was on average 0.98%.
The values for the validation period are respectively 2.7% and 0.91%. These results show that the distribution of the airflow
://iwaponline.com/wst/article-pdf/84/12/3941/980207/wst084123941.pdf
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Figure 5 | Hourly average values for the calibration (left) and validation (right) periods for the Hermanninsaari WWTP model (above) and of the
Viikinmäki WWTP model (below).

Figure 6 | Distribution of the modelled airflow based on the valve flow coefficient Kv and the measured airflow at the Viikinmäki WWTP.
Comparison of a single zone to the lanes total (left) and a lane to the systems total (right).
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can be estimated quite well directly from the valve positions. This also supports the idea that the control valves of each lane
can essentially be modelled as a single valve, because the piping network does not seem to have that large effect on the dis-

tribution of the airflow between the aeration lanes and individual zones.
DISCUSSION

For the model presented in this study, it is possible to estimate the effects of changing the aeration systems equipment such as
control valves and the blowers. For example, the model could be used as it is for the comparison of different blower technol-
ogies, as this would not cause any changes to the demand side of the process. The major driving force for the consumption
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side is the biological process. This model could be extended with a biological model of the aeration process and different con-

trol strategies for the whole aeration system, valves and the group of blowers could be assessed. With the biological portion of
the model, the effects of the changes in the plants influent loading could be estimated, enabling the improved planning of the
aeration system upgrades.

The model shows promising results for possible simplifications in the aeration system modelling. Although the previous
studies by Juan-García et al. (2018), Amerlinck et al. (2016) and Amaral et al. (2017) emphasize that the aeration systems
should be modelled more comprehensively, the results from the modelling approach presented in this study show that
there might be potential in giving more weight directly for the valve positions and characteristics than focusing on the detailed

modelling of the piping network itself. Juan-García et al. (2018) noted that the simplified models overestimate the energy-
saving potential because the equipment constraints are not incorporated in these models. For the model developed in this
study, the equipment constraints can easily be accounted for by including the limitations in the operating range on the

blowers within the blower system model and by using the valve characteristic curves. The opportunity to assess the plants
status and to optimize the process by using more detailed distribution system models is noted by Amaral et al. (2017), as
the data on the DO profile are usually limited and as over- or under aeration is a typical issue of the treatment plants. The

data on the Viikinmäki WWTP showed that there is a close relation between the valve positioning and the distribution of
the airflow between the individual zones and aeration lanes, which would further validate the strength of using the valve pos-
itions and characteristics in the modelling. When compared to the model by Amerlinck et al. (2016), the simplified modelling

approach assumes that the air temperature does not significantly vary with the airflow rate and neglects the fouling of the
diffusers over the simulated period. Basically, apart from the valves flow factors, the variables for the distribution system
model are reduced to a single constant which is defined by calibrating the model against the measurement data. It should
be noted that the calibration of this type of model that does not take the diffuser fouling into account, has an expiration

date, and the model should be re-calibrated if the conditions of the diffusers significantly change over time.
The model developed in this study relied heavily on the assumption that the valve characteristics and positions dominate the

dynamics of the distribution systems airflow rate and pressure. The promising results from the model’s performance also indi-

cate that there might be prospects for incorporating the feedback from the valve positions more directly in the control system. As
there are inconsistencies associated with the airflow measurements, the valve position together with the characteristic curve or
even an estimation of the valve characteristics could provide a possibility to omit the zone-specific airflow measurements that

are used in DO-control loops of individual aerated zones. This approach could also make it possible to test the automated DO
controls in WWTPs which do not currently have the airflow measurement for the automated DO control.

If it is assumed that the valve positions give us reasonable accuracy on the airflow distribution throughout the system, the
airflow could be measured at a single point in the beginning of the distribution system and from there on be estimated by

the valve positions. This, in combination of the biological model, could offer the possibility for model predictive control of
the DO profile that, instead of using multiple individual control loops, could establish optimal set of valve positions which
minimize the aeration, while maintaining the treatment performance. This approach could also be valid for WWTPs that

use manually controlled valves and the model could be used for multi-objective optimization as was done in the study by
Reifsnyder et al. (2020).

The direct flow control is often mentioned as an example of an energy-minimizing method for the aeration systems, but its

implementation depends on the quality of the airflow feedback. Valve flow coefficients could be used for the verification of
the airflow measurement and work as a sanity check for the feedback. For a direct flow control system, the implementation of
the MOV logic is a bit more straightforward than for the pressure-controlled systems and from the energy efficiency perspec-

tive, the maximum benefit could be gained through combining these two power-minimizing strategies.
Typically, with the automated control of the aeration process, it is attempted to minimize the aeration by optimizing the DO

setpoint to the influent loading. From the energy efficiency perspective, the pressure setpoint should also be included in the
optimization for gaining the maximum benefits. A simulation with our model using the Hermanninsaari WWTP data revealed

that a feasible 2.2% drop in the backpressure setpoint resulted in a 15% decrease in energy consumption. With the pressure-
controlled aeration systems, the blower’s discharge pressure will remain within a narrow range, apart from possible transient
increases and decreases during starting and stopping of the additional blowers. While assessing the system’s energy efficiency,

these transients should not play a large role in the big picture and a constant pressure can be assumed for rough estimations of
the blower systems energy consumption under different pressure setpoints. The blower system model presented in this study
can therefore be used for estimating the effects of reduced discharge pressure on the energy consumption, by giving the
://iwaponline.com/wst/article-pdf/84/12/3941/980207/wst084123941.pdf
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airflow demand and the desired pressure setpoint as model inputs. For more accurate testing, the aeration system model pres-

ented here should be extended with controllers for the individual valves and a model for calculating each zones oxygen
demand. This would give a more realistic idea of what kind of pressure reduction may be feasible without altering the equip-
ment itself.

Apart from using the model as a basis for testing different control strategies and finding solutions for process optimization,
the model could offer interesting insights on a system level. As the valve flow factors would be checked against the measured
airflow rate, it could be possible to detect abnormalities in operation of an aeration system. For example, as it can be assumed
that the airflow is divided between the zones proportionally to the flow coefficients of the control valves, if the measured air-

flow to a zone with a relatively high flow coefficient is significantly less than would be estimated, there might be something
wrong with the zones diffuser (excess fouling etc.). Based on the previous assumptions of the proportionality of the flow
between the zones, the flow coefficients of different zones can be directly used to estimate the distribution of the airflow

within a single aeration lane and between the lanes. This would then enable further analysis of the aeration process as a
whole, if there are significant differences between the lanes estimated and measured airflows or if the aeration demand is
actually higher within some of the lanes.

The modelling approach suggested in this study is fairly simple and does not require detailed knowledge of the aeration
system at hand. The resulting models are also light and would allow running longer simulations, given that the input data
are available. For truly comparing this approach to the more detailed models, the assessment should be done by modelling

the same plant with alternative methods and simulating for the same time period with the same input data. Comparing just
the RMSE of the models of different plants with varying sizes and configurations does not give a clear indication which mod-
elling approach is better than the other. The time and data required for building the model should also be considered together
with the required accuracy from the model. A clear weakness of the modelling approach used in this study, is that it can only

be used for modelling existing systems, as the calibration relies on the measurement data. It also does not allow evaluation of
the changes in the piping network or the diffusers, which would be the case when extending the aeration system with
additional lanes.

CONCLUSION

In this study, an aeration system model was developed for two Finnish WWTPs with a promising result for possible modelling

simplifications. The model developed only takes the valve positions as inputs for the simulations and requires the calibration
of only one parameter. Results showed that reasonable estimations of the blower’s power requirement can be obtained, with
only a limited knowledge on the details of the physical system, apart from the characteristics of the blowers and the control

valves. The modelling approach emphasized the influence of the control valve positions to the system’s power consumption
and a relation between the valve positioning and the airflow distribution between the treatment lanes and within the lanes
was observed. This could offer prospects for utilizing the valve positions more directly in the control systems or for the pre-

dictive control of the DO profile.
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