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Abstract: This work presents an adaptive control of the process of alternating aeration/non-aeration
cycles for wastewater treatment. It is aimed at improving nitrogen and phosphorous removal
efficiency and reducing energy consumption. It comprises two control levels. The first decides when
to switch on and off aeration by comparing the Dissolved Oxygen (DO) and the Oxidation Reduction
Potential (ORP) with two activation thresholds. The second, a supervisory control, continuously
adapt their values by analyzing the working conditions of the reactor (organic matter and ammonium
loads). These working conditions are described by four parameters obtained from the DO and ORP
curves: Oxygen Uptake Rate (OUR), Oxygen Rise Average Slope (ORAS), ORParrow and Nitrate
and Oxygen Uptake Rate (NOUR). It also adjusts the aeration system power to adapt it to those
conditions. This adaptive control has been implemented in a laboratory scale prototype and its
performance compared with that provided by another control with fixed thresholds and aeration
power implemented in a similar prototype. The adaptive control clearly outperforms that without
adaptation in nitrogen and phosphorous removal efficiency and requires lower energy consumption.
Similar efficiencies were obtained for organic matter removal (higher than 90% in both cases).

Keywords: alternating cycles; organic matter management; nitrogen removal; enhanced biological
phosphorous removal; energy saving

1. Introduction

Water availability for human consumption has become one of the most important problems
to deal with nowadays. Not only an increasing human population needs more and more water
for living but also most of our activities demand an increasing amount of water. But once water
is used it returns polluted into water bodies. Therefore, if it is not treated before released those
water bodies may become unfit for human use because of that pollution. To deal with this problem
governments all over the world have issued more and more restrictive regulations concerning water
treatment, which impose very stringent pollution limits that treated water must comply with before
released into water bodies. In Europe the Urban Waste Water Treatment Directive [1,2] demands the
European Union (EU) members to set up sewer systems and biological wastewater treatment plants
(WWTP) (a list with all acronyms used in the text appear in “Appendix A”) to collect and process
wastewaters. In addition, it also states that a more stringent treatment concerning nutrient removal
(mainly nitrogen and phosphorus) must be carried out in sensitive areas, i.e., those where water suffers
from eutrophication or are to be used for human consumption.
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Spain, as a member of the EU, has issued legal regulations [3,4] to comply with European
directives. They state that, in water released by WWTPs, Chemical Oxygen Demand (COD) must
be lower than 125 mg L−1 (or reduced by at least 75%), Biological Oxygen Demand (BOD) must be
lower than 25 mg L−1 (or reduced by at least 70–90%) and Total Suspended Solids (TSS) must be lower
than 35 mg L−1 (or reduced by at least 90%). In addition, nitrogen concentration must be lower than
15 mg L−1 for urban areas with population between 10,000 and 100,000 inhabitants equivalent (IE)
(10 mg L−1 for those higher than 100,000) or be reduced by at least 70–80%. The limits for phosphorous
concentration are: 2 mg L−1 for urban areas with population between 10,000 and 100,000 IE (1 mg L−1

for those higher than 100,000) or a reduction of at least 80%. For populations lower than 10,000 IE there
is no limit in nitrogen and phosphorous discharges, although government agencies managing river
basins usually extend the aforementioned requirements to those small urban agglomerations and take
into account two nitrogen forms: Total Nitrogen (TN) and Total Ammonia Nitrogen (TAN).

New WWTPs will be designed following those regulations, but existing plants must be modified
to comply with them by upgrading their treatment technologies, when possible, or by implementing
new and more efficient ones. The new pollution limits are going to force most Spanish WWTPs to
improve their performance in order to comply with those regulations, a fact that has boosted interest
among researchers and enterprises in developing more efficient treatment processes and control
strategies. In this way upgrading existing plants to comply with those new requirements should attract
most of their efforts, as it represents the most economical option and also the easiest to implement.

Activated Sludge Process (ASP) [5] is the most widespread technology among plants that need
to be updated. WWTPs performing this process comprise a biological reactor where polluted water
is mixed with a biological sludge made up by bacteria which carry out their metabolic activities by
“eating” pollution. Oxygen is provided by aeration systems to allow bacteria to undertake those
processes. Then, this mixed liquor flows to another vessel, the clarifier, where the biological sludge
settles and the clarified water flows over its top to be released to nearby water bodies (many times a last
chemical process is applied to that effluent water to remove some pollutants that could not be properly
removed in the treatment process). Several configurations have been developed to carry out this
process. Those more widely used in urban wastewater treatment are: the oxidization ditch [6,7],
alternated aeration/non-aeration cycles [8–10], pre-anoxic or anaerobic-anoxic-aerobic [11,12] or
post-anoxic configurations [13]. In addition, efficient control strategies have been also developed
to improve the treatment process performance. They mainly use oxygen [14,15], Oxidation Reduction
Potential (ORP) [16,17] or ammonia and nitrogen profiles [18] to provide the information needed to
carry out those control strategies.

Activated Sludge Processes are ideal candidates to be upgraded to comply with the new legal
requirements, as their performance may be improved by only implementing new control strategies,
which efficiently fix the length of the aeration and non-aeration cycles. Those strategies may be easily
programmed in the automata or computers used in the plants instead of the old control laws without
further modifications in the vessel. Those old laws were usually based on the definition of fixed
length aeration/non-aeration cycles, so that the process always received the same amount of oxygen
regardless the total pollution that the plant received. The lengths of those cycles were fixed to values
that could ensure that organic matter was efficiently removed. In this way, those plants used to provide
very good organic matter removal rates, although those related to nitrogen and phosphorous were
very poor and far from complying with legal regulations. Energy consumption efficiency was also low
because aeration was excessive and unnecessary when waters with low pollution levels were processed
by the plant. New control strategies that look for optimizing the length of the aeration/non-aeration
cycles could improve the process performance, so that it could comply with the new legal requirements.

In this work a new multilevel adaptive control is proposed with the aim of improving the removal
efficiency of the alternating aeration/non-aeration process in WWTPs. The first level represents an
improvement of a control already installed in an actual plant [19,20], that of La Albuera, a small village
in the southwest of Spain, which may be considered as typical in that area. It allowed the process to
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comply with regulations concerning organic matter removal, although those concerning phosphorous
and nitrogen removal were not reached. Therefore a second level control has been defined with
the aim of improving removal efficiency of those chemicals by adapting the length of the aeration
and non-aeration cycles to the working conditions of the plant. A significant reduction of energy
consumption was also expected. This new control strategy has been tested in a laboratory scale plant
and its treatment performance studied.

2. Materials and Methods

2.1. Control Parameters Description

The control proposed in this work is organized in a two levels structure: an aeration control, which
switches on and off aeration and a supervisory control, which decides which must be the references
used to carry out those two actions.

The aeration control uses the values of the Oxidation Reduction Potential (ORP), the Dissolved
Oxygen (DO) and an estimation of the nitrates concentration trend (to increase or decrease) to decide when
to switch on and off aeration. Therefore three thresholds should be provided to make those decisions.

The supervisory control will estimate the values of those thresholds that could optimize the length
of the aeration and non-aeration cycles. They will be calculated taking into account the values and
evolution of DO and ORP to adapt them to the working conditions of the process.

DO and ORP have been selected to characterize the process state and as control variables because
probes providing their values are installed in all ASP plants. They provide reliable values and are
relatively cheap and easy to maintain. pH and other variables usually measured in that kind of plants,
such as Total Ammonia Nitrogen (TAN) or Sludge Retention Time (SRT), were discarded because their
evolution provided little information or were really difficult to analyze. pH variations appeared in the
second or third decimal place, TAN probes had problems with their accuracy and management, and,
finally, SRT in this kind of processes was really difficult to measure, as specific probes were needed to
monitor the suspended solids in the vessel and in the waste sludge line of the WWTP.

The DO and ORP evolution may be studied by means of some parameters, obtained from
their time evolution curves, that identify and define the states of the treatment process. In [20]
three parameters were proposed to characterize the aeration/non-aeration process: Oxygen Rise
Average Slope (ORAS), which provides information about the oxygen concentration raise in the
aeration cycle, ORParrow, as it provides information about the availability of organic matter for the
denitrification process carried out in the non-aeration cycle and Oxygen Uptake Rate (OUR), which
provides information about oxygen consumption in that non-aeration cycle.

In this work a new parameter, Nitrate and Oxygen Uptake Rate (NOUR), will be defined, not to
adapt the aforementioned thresholds, but to refine the aeration control, as it will provide information
about the nitrates trend (to increase or decrease) when the non-aeration cycle starts. The meaning of
these parameters and how they are obtained are described below.

2.1.1. ORAS

It represents the slope of the linear approximation to the DO curve during the aeration cycle, that
is to say:

ORAS =
DOh − DOon

th − ton
(1)

where DOh represents the highest value DO reaches and DOon its value when aeration starts. th and ton

represent the time at those values. The DO curve provides information regarding the balance between
the rate at which oxygen is transferred to the vessel by blowers and the rate at which bacteria consume
it [19].
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2.1.2. ORParrow

It is defined as the maximum distance between the decreasing curve of ORP (it is measured in the
non-aeration cycle) and its linear approximation between the point where DO is 0 mg L−1 and the
ORP “knee” (i.e., the point where the ORP curve suffers a sudden decrease that points out the end of
the denitrification process) [19].

This parameter provides information about the kind of organic matter present in the vessel after
switching off aeration. When the readily biodegradable organic matter has been completely consumed
in the previous aeration cycle only that slowly biodegradable will remain in the vessel. Thus the
denitrification process slows down and ORP experiences a steep decrease, so that its profile will
separate from its linear approximation. Therefore, high values of ORParrow will be obtained. On the
other hand if some readily biodegradable organic matter remains in the vessel after aeration was
switched off the denitrification process will be faster and the curve shape will be close to its linear
approximation, providing low values of ORParrow. This parameter is obtained from:

ORParrow = max(ORParrow(ti)) (2)

ORParrow(ti) =

[(
tα − tp

)(
ORPp − ORPi

)
+
(
ti − tp

)(
ORPα − ORPp

)]√(
ORPα − ORPp

)2
+
(
tα − tp

)2
(3)

where ORPp is the ORP value when DO is 0 mgL−1, ORPα the value where the ORP “knee” appears and
ORPi the ORP values between these two limits. tp, tα and ti represent their corresponding time instants.

2.1.3. OUR

It represents the oxygen consumption rate in the non-aeration cycle. Its value can be obtained from:

OUR =
0.8 × DOh − 0.4 × DOh

t0.4 − t0.8
(4)

where DOh is the highest value DO reaches when aeration is switched off. DO is measured at 80%
and 40% of that maximum value (with t0.4 and t0.8 representing their corresponding times) to avoid
nonlinearities that appear when its value begins to decrease and when it approaches 0 mg L−1,
as established in Monod Kinetics. OUR represents a very precise approximation to the value of the DO
curve slope in that time interval.

2.1.4. NOUR

It provides information about the evolution of nitrates once aeration is switched off. At that
moment DO must begin to decrease, but ORP may have two possible options: to keep growing
(although at a lower rate) or to begin to decrease.

This last state appears when a significant amount of readily biodegradable organic matter remains in
the vessel after aerations was switched off. As there is not enough oxygen to oxidize it, nitrates generated
in the previous aeration cycle by oxidation of incoming ammonium begin to act as oxidizers, forcing ORP
to decrease.

ORP keeps growing when the readily biodegradable organic matter was almost entirely oxidized
in the previous aeration cycle and the remaining oxygen is able to oxidize that small amount, avoiding
nitrates becoming oxidizers.

NOUR is defined in the ORP curve as:

NOUR =
ORPt0.8 − ORPt0.4

t0.8 − t0.4
(5)
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where t0.4 and t0.8 represent the same time points used to define OUR and ORPt0.4 and ORPt0.8

their corresponding ORP values. This parameter provides valuable information about the process
trend to accumulate or consume nitrates, which may be used to decide whether or not to extend the
non-aeration stage in order to improve Biological Nitrogen Removal (BNR) [13].

2.2. Control Structure

As it has been previously stated, the control proposed in this work comprises two action levels: the
first, the aeration control, decides when to switch on and off aeration, while the second, a supervisory
control, adjust the thresholds the first one uses to make those decisions. They both work in parallel so that
the second constantly calculates the values of the thresholds that better adapt to the treatment needs.

2.2.1. Aeration Control

The aeration control (Figure 1) starts by switching on aerators, which remain in this state until DO
reaches a certain threshold, whose value must be such as to ensure the transformation of ammonium
into nitrate and to allow the accumulation of a fraction of organic matter inside the vessel [21,22].
When this happens aeration is switched off and a non-aeration cycle starts. Then the algorithm
calculates OUR and compares it with another threshold.
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Figure 1. Description of the aeration control where DO, ORP, OUR and NOUR are used to manage the
organic matter in the vessel.

A value lower than this threshold points to a low oxygen consumption rate, which means that there
is a low organic matter concentration in the reactor. In that case the non-aeration cycle should continue to
allow the denitrification process to start, where nitrates will be reduced by using the remaining organic
matter (which is mainly slowly biodegradable). This non-aeration cycle will last until ORP becomes lower
than a certain threshold and aeration is switched on again. This threshold must be low enough to ensure
that as much nitrates as possible are reduced and, therefore, nitrogen is removed from the reactor.

The non-aeration cycle must be long enough to allow the process to enter into an anaerobic stage which
promotes Enhance Biological Phosphorous Removal (EBPR) [23,24], in which Polyphosphate Accumulating
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Organisms (PAO) consume organic matter by transforming it into polyhidroxyalcalanoates (PHA) and
release phosphorous into the reactor. It will be subsequently absorbed by PAOs beyond their metabolic
needs in the following aeration cycle by degrading PHA [25]. Phosphorous may be removed from the
plant when a fraction of the biological sludge is removed to maintain the sludge age.

It is worth noting that the ORP threshold must not be too low since, in that case, the non-aeration
cycle will last too much and the incoming organic matter will accumulate in the reactor and will not be
oxidized because of the lack of oxygen. Thus an undesired reduction in the organic matter removing
performance would be obtained.

An OUR higher than the threshold will mean that oxygen is quickly consumed, a fact that shows
that a significant amount of organic matter (both readily and slowly biodegradable) and ammonium
still remains in the vessel. They must be treated by providing more oxygen to the process (aeration
should be switched on). Nevertheless, prior to switching on aeration, NOUR must be checked to find
out whether the process is still oxidizing or has started to reduce nitrates. A positive value means that
the system is still oxidizing an excess of organic matter. So the controller will allow this process to
continue and will wait until DO reaches 0 mg L−1 (actually this value was fixed to 0.1 mg L−1 because
of the difficult of the DO probes to reach 0 mg L−1 in actual plants) to switch aeration on. A negative
value means that the system has started to reduce nitrates and it should remain in the non-aeration
cycle to allow this process to be completed. So the control keeps aeration off until the aforementioned
ORP threshold is reached. Then the algorithm is repeated again.

This control only needs two thresholds to be fixed: one for ORP and another for DO.
The OUR threshold needs not be adjusted because of the nature of the processes it measures:

the oxygen consumption rate in the non-aeration cycle. So, when the readily biodegradable organic
matter was completely consumed in the previous aeration cycle, only the oxidation of that slowly
biodegradable and endogenous bacterial respiration consume oxygen. These processes should give a
more or less constant value of OUR. Values higher than it point to the presence of readily biodegradable
organic matter, which was not consumed in the previous aeration cycle. Therefore, this threshold was
defined as the OUR value for which oxygen is consumed only by the slowly biodegradable organic
matter oxidation and endogenous respiration increased by 20% or 30% to ensure the presence of the
readily biodegradable organic matter to promote BNR and EBPR. That value was obtained by means
of respirometric tests [26]. It was fixed to 10 mg L−1 h−1 for the prototypes developed in this work.

2.2.2. Supervisory Control

The adjustment of the two aforementioned thresholds will be carried out based on the estimation
of the incoming pollution the bacterial population must deal with. Values of OUR, ORAS and ORParrow

obtained from the DO and ORP curves will be taken into account to do that. Several working conditions
will be defined and each one will provide a proper value to the corresponding threshold.

The adjustment of the DO threshold should be carried out based on the oxygen requirements of
the treatment process. So only the parameters related to oxygen concentration should be considered:
OUR and ORAS. Four states are defined, Figure 2a:

• Standard working conditions: 6 mg L−1 h−1< OUR < 12 mg L−1 h−1. This relatively high value
of OUR points to a moderate load of organic matter and ammonium, which was efficiently
oxidized in the aeration cycle, although a small amount of that organic matter (mainly slowly
biodegradable) remains in the non-aeration cycle promoting BNR and EBPR. The DO threshold is
hold to the standard value of 2 mg L−1 [21,22].

• Low organic matter load and high ammonium load: OUR < 6 mg L−1 h−1 and ORAS < 0.2 mg L−1

h−1. The low value of OUR points to organic matter scarcity after aeration was switched off.
Nevertheless, the low value of ORAS points to high oxygen demand, a fact that can only be
explained by the presence of a high amount of ammonium in the input, which demands oxygen
to be properly oxidized to nitrates. They should be reduced in the following non-aeration cycle.
The DO threshold is only slightly decreased to a value of 1.5 mg L−1 to allow that process to be
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carried out. This is an abnormal state in standard low/medium WWTPs as that used as reference
in this work.

• Very low organic matter and ammonium load: OUR < 6 mg L−1 h−1 and ORAS > 0.2 mg L−1 h−1.
The low value of OUR shows a low load of organic matter and ammonium, a fact that is further
supported by the high value of ORAS (DO quickly rises because of the low oxygen demand).
The threshold is decreased to 1 mg L−1 to avoid an unnecessary supply of oxygen.

• Organic matter stress: OUR > 12 mg L−1 h−1. This very high value of OUR points to a very high
load of organic matter or ammonium in the incoming water which was not completely oxidized in
the aeration cycle and remains in the following non-aeration one. Therefore, the DO threshold is
increased to a value of 2.5 mg L−1 to provide enough oxygen to properly process all the incoming
organic matter.

Water 2019, 11, x FOR PEER REVIEW  7 of 17 

 

carried out. This is an abnormal state in standard low/medium WWTPs as that used as 
reference in this work. 

• Very low organic matter and ammonium load: OUR < 6 mg L−1 h−1 and ORAS > 0.2 mg L−1 h−1. The low 
value of OUR shows a low load of organic matter and ammonium, a fact that is further 
supported by the high value of ORAS (DO quickly rises because of the low oxygen demand). 
The threshold is decreased to 1 mg L−1 to avoid an unnecessary supply of oxygen. 

• Organic matter stress: OUR > 12 mg L−1 h−1. This very high value of OUR points to a very high load 
of organic matter or ammonium in the incoming water which was not completely oxidized in 
the aeration cycle and remains in the following non-aeration one. Therefore, the DO threshold is 
increased to a value of 2.5 mg L−1 to provide enough oxygen to properly process all the 
incoming organic matter. 

 
(a) 

 
(b) 

Figure 2. Cont.



Water 2019, 11, 60 8 of 17Water 2019, 11, x FOR PEER REVIEW  8 of 17 

 

 
(c) 

Figure 2. Description of the supervisory control. (a) DO threshold. (b) ORP threshold. (c) Power 
levels of the aeration systems. 

The adjustment of the ORP threshold also needs the definition of four working conditions, 
which will provide four different values for this parameter. They are related to the presence of 
organic matter in the reactor during the non-aeration stage, which is needed to carry out BNR. 
Therefore ORParrow will be used instead of ORAS to adjust the threshold (Figure 2b): 

• Standard organic matter concentration: 6 mg L−1 h−1 < OUR < 12 mg L−1 h−1. This is the standard 
working conditions previously described in the algorithm adjusting DO. A threshold of −30 mV 
will ensure that organic matter is removed and denitrification is carried out. 

• Low organic matter concentration: OUR < 6 mg L−1 h−1 and ORParrow < 30. The low value of OUR 
shows that the reactor has received a low amount of organic matter. Nevertheless, the low value 
of ORParrow points to the presence of readily biodegradable organic matter, along with that 
slowly biodegradable, in the non-aeration cycle. A too long non-aeration stage will make 
nitrates to be completely consumed and some organic matter will remain in the vessel, which 
will be released with the effluent. To avoid this effect the non-aeration length must be shortened 
(but not too much to allow BNR and EBPR to be carried out). Then the OUR threshold is 
decreased to −50 mV. 

• Lack of organic matter: OUR < 6 mg L−1 h−1 and ORParrow > 30. The low value of OUR points to a low 
load of organic matter and the high value of ORParrow shows that only that slowly biodegradable 
remains in the vessel after aeration was switched off. Therefore the ORP thresholds must be 
decreased to −70 mV to allow it to be oxidized by nitrates. 

• Excessive organic matter concentration: OUR > 12 mg L−1 h−1. This value points to a very high load of 
organic matter in the affluent. The non-aeration stage will be reduced as much as possible by 
increasing the OUR threshold to 0 mV to avoid accumulation of organic matter in the effluent. 

In actual plants of small towns aerators usually work at fixed power for the sake of simplicity of 
control algorithms. Their aeration systems are usually over-dimensioned to ensure the oxidation of 
organic matter and ammonium when the plants receive pollution peaks. Therefore, when the reactor 
receives a low organic load this high aeration provides an excess of oxygen which cannot be used 
and is therefore lost. To avoid this energy waste a third stage has been included in the supervisory 
control, which adjusts the aeration system power with the aim of reducing energy consumption. As 

Figure 2. Description of the supervisory control. (a) DO threshold. (b) ORP threshold. (c) Power levels
of the aeration systems.

The adjustment of the ORP threshold also needs the definition of four working conditions, which
will provide four different values for this parameter. They are related to the presence of organic matter
in the reactor during the non-aeration stage, which is needed to carry out BNR. Therefore ORParrow

will be used instead of ORAS to adjust the threshold (Figure 2b):

• Standard organic matter concentration: 6 mg L−1 h−1 < OUR < 12 mg L−1 h−1. This is the standard
working conditions previously described in the algorithm adjusting DO. A threshold of −30 mV
will ensure that organic matter is removed and denitrification is carried out.

• Low organic matter concentration: OUR < 6 mg L−1 h−1 and ORParrow < 30. The low value of OUR
shows that the reactor has received a low amount of organic matter. Nevertheless, the low value
of ORParrow points to the presence of readily biodegradable organic matter, along with that slowly
biodegradable, in the non-aeration cycle. A too long non-aeration stage will make nitrates to be
completely consumed and some organic matter will remain in the vessel, which will be released
with the effluent. To avoid this effect the non-aeration length must be shortened (but not too much
to allow BNR and EBPR to be carried out). Then the OUR threshold is decreased to −50 mV.

• Lack of organic matter: OUR < 6 mg L−1 h−1 and ORParrow > 30. The low value of OUR points to a low
load of organic matter and the high value of ORParrow shows that only that slowly biodegradable
remains in the vessel after aeration was switched off. Therefore the ORP thresholds must be
decreased to −70 mV to allow it to be oxidized by nitrates.

• Excessive organic matter concentration: OUR > 12 mg L−1 h−1. This value points to a very high load
of organic matter in the affluent. The non-aeration stage will be reduced as much as possible by
increasing the OUR threshold to 0 mV to avoid accumulation of organic matter in the effluent.

In actual plants of small towns aerators usually work at fixed power for the sake of simplicity of
control algorithms. Their aeration systems are usually over-dimensioned to ensure the oxidation of
organic matter and ammonium when the plants receive pollution peaks. Therefore, when the reactor
receives a low organic load this high aeration provides an excess of oxygen which cannot be used and
is therefore lost. To avoid this energy waste a third stage has been included in the supervisory control,
which adjusts the aeration system power with the aim of reducing energy consumption. As oxygen
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demand directly depends on the amount of incoming pollution, its control will only depend on the
parameter providing an estimation of that variable: ORAS. Three power levels have been defined,
Figure 2c:

• Low: ORAS > 0.2 mg L−1 h−1. A high value of ORAS points to a low pollution load, which does
not consume much oxygen to be oxidized. So DO quickly rises, providing a high value of ORAS.
Therefore, the aeration power is fixed to a low value.

• Standard: 0.1 mg L−1 h−1 < ORAS < 0.2 mg L−1 h−1. This is assumed as the standard working
condition. The aeration power is fixed to a medium value.

• High: ORAS < 0.1 mg L−1 h−1. This value points to a high amount of organic matter in the reactor
caused by periodic or specific increments in the pollutant load. Therefore, the aeration is switched
to its highest value to properly deal with this high amount of organic matter.

Only three aeration powers have been defined because small and medium WWTPs of the type
studied in this work usually have very few power levels (two or three). They have been fixed in this
work at 75%, 50% and 30% of the maximum power. The maximum value has been avoided for security
issues of the aeration pumps.

2.3. Laboratory Scale Plant

The multilevel adaptive control proposed in this work has been tested in a laboratory prototype
(Figure 3) designed to reproduce the behavior of an actual WWTP. It is a 3 L cylindrical vessel
(manufactured by the authors) with two probes, one for DO (VISIFERM DO ARC 120 from Hamilton)
and the other for ORP (EASYFERM PLUS ARC 120, also from Hamilton), one stirrer and one aeration
system with an air flow probe. Two valves were added to the vessel: one at the bottom, to allow
sludge to be removed from the process, and the other at the top, to allow treated water to flow out
to compensate for the incoming polluted water. Two peristaltic pumps were also included: one to
feed the vessel with polluted water and the other to extract the excess sludge. A pH probe was also
included, although it was not used to control or monitor the process because, as pointed out in “2.1.
Control parameters description”, variations in the values measured were too small (they appeared in
the second or third decimal place) to take this variable into account.
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A second prototype has been also set up, although only with the aeration control with fixed
thresholds. It has been used as a reference to check the performance improvement provided by the
adaptive control.

The whole control structure has been programmed in Matlab R2012b (The MathWorks, Inc., Natick,
MA, USA) and runned in a PC. The prototype was connected to this computer by means of a set of
electronic boards which gather the information provided by probes and control stirrer, aerators and valves.

Both prototypes were working throughout ten months processing both actual and synthetic
samples of polluted water.

2.4. Polution Patterns

150 different samples of polluted water were presented to both reactors to test the performance of
the proposed control. They were intended to comprise all possible scenarios that small and medium
WWTPs may face: variations in the influent load related to wet and dry weather, agricultural and food
industry discharges and anaerobic digestion supernatants.

Each sample fed both prototypes throughout two days, as this was the maximum Hydraulic
Retention Time of the actual WWTP used as reference. The process state was hourly recorded
throughout those two days.

The whole set of samples have been grouped into 6 pollution patterns to allow an easier
comparison of the performances of both controllers. They were intended to describe a possible
common origin of the samples comprising each one (Table 1).

Each sample was characterized by taking into account their physical properties regarding
particle size and solubility as defined in [27] (colloidal (big), particulate (medium) and soluble
(small)) (Figure 4a) and pollutant concentration (COD, ammonium (NH4

+), nitrates (NO3
−), total

nitrogen (TN), organic nitrogen (NORG) and phosphates (PO4
-)) as defined in [28] (Figure 4b). Table 2

shows the number of samples in each pattern and mean values and standard deviation of each
representative variable.

Table 1. Description of the six pollution patterns used to test the performance of the controllers.

Pattern Description Origin Challenge

1 High concentration of
biodegradable organic matter

Urban wastewater with food
industry discharges.

Nitrogen and Phosphorous
removal

2 High concentration of
colloidal organic matter

Urban wastewater in dry
season

Balanced treatment of organic
matter and nutrients

3 High concentration of
particulate organic matter

Urban wastewater with sand
infiltration in the sewer
systems

Removing of particulate
organic matter

4 Low concentration of organic
matter

Urban wastewater in wet
season Prevent an excess of aeration

5 High concentration of
nutrients and organic matter

Urban wastewater with
agricultural industry
discharges

Aeration and non-aeration
cycles should be long enough

6
High concentration of
nutrients, low concentration of
organic matter

Urban wastewater with
anaerobic treatment
supernatants

Efficient removal of nutrients
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The processed water was also analyzed in order to find out the treatment performance. So COD,
total nitrogen, total phosphorous, nitrified ammonium and denitrified nitrate were measured in the
effluent water [29]. They were obtained as integrated daily samples made up of 24 subsamples of
30 mL obtained every hour. They were analyzed with a spectrophotometer HACH DR3900 (from
Hach Company, Loveland, CO, USA). Variables measured were COD, TN-N, NH4

+-N, NO3
−-N and

PO4
3−-P. Norg was obtained by subtracting NH4

+-N and NO3
−-N from TN.

Energy consumed in the treatment of each sample was also recorded.

Table 2. Characterization of the six pollution patterns related to organic matter and nutrient content.

Pat. Samples COD (mg L−1) NH4
+ (mg L−1) NO3

− (mg L−1) TN (mg L−1) NORG (mg L−1) PO4
3− (mg L−1)

1 25 800 ± 50 34.2 ± 9.6 0.193 ± 0.045 38.9 ± 12.4 4.406 ± 1.345 12.3 ± 2.1
2 40 600 ± 35 33.5 ± 8.9 0.158 ± 0.089 42.3 ± 19.1 8.441 ± 2.724 11.9 ± 2.5
3 30 550 ± 32 26.7 ± 3.4 0.334 ± 0.123 44.5 ± 23.6 17.287 ± 4.965 9.8 ± 1.4
4 25 150 ± 56 20.5 ± 5.8 2.310 ± 1.506 31.2 ± 15.7 7.708 ± 3.214 7.9 ± 1.1
5 25 850 ± 39 66.0 ± 7.2 0.897 ± 0.067 81.0 ± 36.8 13.762 ± 4.256 22.0 ± 4.2
6 5 300 ± 23 70.0 ± 10.9 0.567 ± 0.021 83.0 ± 12.4 12.099 ± 2.569 25.0 ± 2.8
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2.5. Calculation of Removal Efficiency and Energy Savings

The efficiency of the treatment process was calculated by comparing input and output pollution
concentrations. It was obtained from:

R =
CSi − CSo

CSi
× 100%. (6)

where Csi represents the input concentration of a certain parameter and Cso its output concentration.
The denitrified nitrate percentage was also calculated to show the performance of the organic matter

management carried out by each control. It was calculated by taking into account the influent ammonium,
the total effluent nitrogen (which comprises the non-denitrified nitrate, the non-removed organic nitrogen
and the non-oxidized ammonium) and the influent ammonium used to produce new cellular material,
which, according to [30], may be obtained as 2.5% of the influent COD. Its value was obtained from:

CNO−
3 −Nden

= CNH+
4 −Ni

− CTNe − 0.025 × CCODi

% denitrification =
CNO−

3 −Nden
−CNO−

3 −Ne
CNO−

3 −Nden

× 100%
(7)

Energy savings were calculated from the data provided by the flow probe included in each prototype.
They measured the oxygen supplied to the process (measured as kg/h). Energy consumption savings were
obtained by comparing the values recorded in each prototype (as saving measures the ratio between both
values, they needed not be converted into electric energy consumption).

3. Results and Discussion

3.1. Removal Efficiency

A comparison between the removal efficiency of both controls is showed in Table 3. The first thing that
comes to attention is the high organic matter removal rate achieved by the reference control. The adaptive
control maintains that efficiency providing a slight improvement in some of the patterns (those with a
removal efficiency lower than 90% or close to this value: patterns 2, 3 and 4). So it may be stated that the
new adaptive control keeps the good performance in organic matter removal already obtained with the
aeration control with fixed thresholds (which, in fact, represents an improvement of an actual control, that
in the WWTP of La Albuera, as pointed out in “1. Introduction”), which complied with current Spanish
legal regulations concerning the wastewater treatment efficiency, which require a removal rate of COD of
almost 75%.

Table 3. Removal efficiencies, related to the each pattern, comparing the control with fixed thresholds
(Fixed) and the multilevel adaptive control (Adaptive). Removal rates (in %): COD (RCOD), Total
Nitrogen (RTN), Total Phosphorous (RTP), ammonium (RNH4) and denitrified nitrates (%DEN)).

Pattern Control RCOD RTN RTP RNH4 %DEN

1
Fixed 93 78 56 99 57

Adaptive 93 85 67 99 71

2
Fixed 89 75 66 93 58

Adaptive 90 86 71 93 78

3
Fixed 91 80 68 94 60

Adaptive 92 88 73 96 84

4
Fixed 81 62 34 92 48

Adaptive 84 85 58 93 78

5
Fixed 93 71 52 89 56

Adaptive 93 86 66 90 81

6
Fixed 92 53 41 88 38

Adaptive 92 69 61 90 64
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In the same way, it may be seen that ammonium removal rates are also very good for both
controllers. They were higher than 90% in all cases, except for patterns 5 and 6 of the control with fixed
thresholds (which, in any case, are very close to that value). The performance provided by the adaptive
controller was slightly better than that of the reference control for several patterns (3, 4, 5 and 6).
This good performance is hardly surprising because ammonium is oxidized along with organic matter
in the aeration cycles. Thus, as the main goal of the aeration control is to efficiently remove organic
matter by providing enough oxygen to the process, ammonium should also be efficiently oxidized.

The nitrogen removal efficiency presents a different landscape. The reference control provided
worse removing rates. Those of patterns 1, 2, 3 and 5 complied with legal requirements (removal rates
higher than 70%) although those of patterns 4 and 6 did not. These last ones define scenarios with low
organic matter load that was efficiently removed. Nevertheless, the system was not able to remove
nitrogen because no organic matter was available in the following non-aeration cycle. The adaptive
control proposed in this work was able to provide better performances with all patterns, as it extends
the non-aeration cycle length to allow the slowly biodegradable organic matter to be transformed into
readily biodegradable, which will be then used to reduce nitrates. These nitrates were obtained in the
previous aeration cycle from the efficient oxidation of ammonium, as the high values of ammonium
removal rates show. So nitrogen removal rates higher than 80% were achieved with patterns 1 to 5 and
very close to 70% for the sixth one, so that legal requirements were achieved. It is worth noting that the
lower the removal efficiency achieved by the reference control the higher the improvement provided
by the adaptive control developed in this work. This improvement in nitrogen removal efficiency
was provided by the intelligent management of organic matter carried out by the supervisory control.
This is further supported by the significant improvement provided by the adaptive control in the
denitrified nitrate percentage for all patterns.

Phosphorous removal was not so good. As previously stated, phosphorous is removed from the vessel
by extracting a fraction of the biological sludge, which contains PAOs that accumulate it. So, although
the EBPR process may be efficiently carried out by properly adjusting the aeration/non-aeration cycles
length, the physical extraction of phosphorous from the reactor is not so efficient because only a part of the
bacterial population may be extracted from the reactor. In other words, phosphorous removal efficiency
not only depends on efficiently adjusting the non-aeration cycle length to ensure that EBPR is properly
carried out, but also on removing a fraction of the biological sludge containing PAOs. In those plants
where that fraction is fixed to accomplish with the SRT stated in the plant design, such as that used in this
work as a reference, the biological phosphorous removal efficiency is limited.

The adaptive control proposed in this work was not able to provide a removal efficiency that fulfills
Spanish legal requirements (80%), nevertheless it provided very good results. Patters 1, 2, 3 and 5 (those
providing better nitrogen removal rates) achieved removal efficiencies close to 70%. The control was able
to meet legal requirements in 65% of the samples of pattern 2 and in 75% of those of pattern 3 (those
providing better performance). In all cases, the adaptive control provided better removal rates than that
with fixed thresholds. As with nitrogen, the improvement achieved was higher for those patterns where
the efficiency provided by the aeration control with fixed thresholds was smaller.

It is worth noting that, although legal requirements regarding phosphorous removal have been
met in only a few cases, the removal rate improvement achieved by the new adaptive control may
provide a significant reduction of the chemicals used at the plant exit to reduce the amount of
phosphorus released to water bodies. This will result in a reduction of the operating costs of the plant.

It is difficult to compare the performance improvement provided by the adaptive multilevel
control proposed in this work with those achieved by other authors, as different pollution patterns
are treated or different prototypes or actual plants are used. Therefore comparisons must be assumed
only as approximated. In this way it may be stated that the adaptive model proposed in this work
was able provide better performance than those achieved with the same configuration of WWTP
in [9,10] for RTN, in which a maximum of 70% was reached. In [10] a value close to 50% was also
obtained for RTP. On the other hand, wastewater treatment processes for small and medium urban
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agglomerations different from ASP have been also applied to remove organic matter and nutrients.
Artificial wetlands and ponds are the most widespread because of their low operation costs [28,31].
Nevertheless, their removal efficiencies were lower than those provided in this work. So, in [28]
the best removal efficiencies achieved were: 70.8% for COD, 79.2% for NH4

+-N and 64.7% for Total
Phosphorous TP. They are lower than those achieved in our work, except for two patterns with TP.

3.2. Energy Consumption Savings

As the goal of the control proposed in this work was to improve nitrogen and phosphorous
removal efficiency, the non-aeration cycles should be properly extended to ensure that nitrates are
efficiently reduced and the process can enter into an anaerobic state to allow EBPR to be carried out.
In this way, a significant reduction of the time aeration is on will be obtained, and, therefore, of electric
energy consumption. It was provided by the reduction of the oxygen supplied to the treatment
process. They may be seen in Table 4, where a significant reduction of the energy consumption
provided by the adaptive control when compared with that with fixed thresholds may be seen in the
six patterns. The “worst” result was obtained with pattern 1, in which an improvement lower that
10% (8.3%) was obtained, a hardly surprising result if one bears in mind that it was characterized by
a high concentration of organic matter, a state that demands high consumption of oxygen and, thus,
the non-aeration cycle must be significantly reduced. Nevertheless, energy saving was obtained.

Table 4. Energy savings provided by the multilevel adaptive control when compared with the control
with fixed thresholds.

Pattern 1 2 3 4 5 6

Saving (%) 8.3 12.7 15.6 21.9 16.9 22.7

Savings between 10% and 20% were achieved for patterns 2, 3 and 5. They are characterized by
the presence of slowly biodegradable organic matter or by a high concentration of nutrients (nitrogen
and phosphorous), which needed the non-aeration cycle to be extended to properly process those
nutrients. The non-aeration cycle was efficiently managed by the adaptive control, providing a good
reduction of nitrates and facilitating the system to enter into the anaerobic state to allow EBPR to be
properly carried out.

Finally, a reduction higher that 20% was achieved with patterns 4 and 6. The saving obtained with
pattern 6 is easy to explain, as it defines a kind of water that is reach in nutrients and poor in organic
matter and, therefore, demands large non-aeration cycles to reduce those nutrients. The reduction
in patter 4 is particularly meaningful because it defines the typical urban wastewater in wet seasons.
It may also appear in some moments of the dry season when people consume high quantities of water.

There are few works where energy savings are studied because they can be obtained only when
different processes are compared. In [8] three WWTPs were updated to the alternating cycles process
and energy saving of 8%, 13% and 26% were achieved. Improvements obtained in our work are
provided by the efficient modification of the length of those cycles.

4. Conclusions

The efficiency of the wastewater treatment process has been improved by means of an adaptive
control which decides the length of both the aeration and non-aeration cycles by adapting them to the
working conditions of the plant. It adjusts the DO and ORP thresholds used as references to switch on
and off the aeration pumps. The working power of those pumps was also adjusted. So the nitrogen
and phosphorous removal efficiency have been improved when compared with those provided by
a control with fixed values of the thresholds used as reference. In addition, it has also provided a
significant reduction of energy consumption. This adaptive control was designed with a two-level
structure: the first one decides when to switch aeration on and off to efficiently remove organic matter,
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while the second, or supervisory level, was designed to adaptabily adjust the length of the aeration
and non-aeration cycles with the aim of allowing the BNR process to be efficiency carried out and to
obtain energy savings. This control is easy to implement and is suited for all Activated Sludge Process
configurations, which is the most widespread process used to remove organic matter and nutrients in
small and medium urban agglomerations.
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Appendix A

Table A1. Meaning of the acronyms used in the text.

Acronym Meaning

WWTP Wastewater Treatment Plants
DO Dissolved Oxygen
ORP Oxidation Reduction Potential
OUR Oxygen Uptake Rate
ORAS Oxygen Rise Average Slope
NOUR Nitrate and Oxygen Uptake Rate
COD Chemical Oxygen Demand
BOD Biological Oxygen Demand
TSS Total Suspended Solids
IE Inhabitants Equivalent
TN Total Nitrogen
TAN Total Ammonia Nitrogen
ASP Activated Sludge Process
SRT Sludge Retention Time
BNR Biological Nitrogen Removal
EBPR Enhance Biological Phosphorous Removal
PAO Polyphosphate Accumulating Organisms
PHA Polyhidroxyalcalanoates
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