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A Temperature Driven Control Strategy that combines modifications on DO set-point, external carbon dosage and
Solids Retention Time (SRT) is proposed to address the effect of seasonal and abnormal variations of temperature
in the operation of Wastewater Treatment Plants. The medium-sized municipal WWTP, represented by Bench-
mark Simulation Model No. 2 (BSM2) that includes a Nitrogen Removal Activated Sludge Process (N-Removal
ASP) with Dissolved Oxygen (DO) control has been selected as reference plant. The objective is to formulate a
control strategy that improves the efficiency of the N-Removal ASP despite seasonal and unexpected variations of
temperature of the influent, considering the trade-offs between temperature effects and control action effects on
dynamic behavior. Simulations were carried out to evaluate the temperature and control actions effects on global
average and dynamic behavior over a 30 days operation window, considering the BSM2 range from 10°C to
20 °C. A comprehensive analysis is carried out to look for potential solutions to improve performance at different
temperature scenarios through the proper adjustment of DO set-points, carbon addition and sludge retention
time (SRT). At low temperatures, the control actions are selected to improve N-Removal balance, since nitrifi-
cation and denitrification rates are slowed producing violations of effluent quality limits in the presence of strong
disturbances in influent flowrate. At high temperatures operational goals are to reduce the electricity con-
sumption and the use of chemicals (external carbon), maintaining satisfactory performance. The Temperature
Driven Control Strategy with different settings was tested considering a one year operating period. The proposed
strategy address satisfactorily the seasonal and unexpected changes of temperature modelled by the annual BSM2
influent profile, attaining an appropriated trade-off between effluent quality and electricity consumption. The
violations of required total Nitrogen limits are reduced up to 50 % in frequency and 33 % in length, while vi-
olations of required ammonium limits are reduced up to 36 % in frequency and 40 % in length. Annual average
ammonium levels are reduced up to 19 % and annual average total Nitrogen is reduced up to 11 %. All these
improvements are attained together with a slight decrease on electricity consumption. The proposed strategy is
evaluated in a simulation platform, but it can be the starting point for the formulation of temperature driven
advanced control strategies able to face climate change effects in the operation of for full-scale WWTPs.

1. Introduction changed, since wastewater is considered a source of energy and mate-

rials (Ganora et al., 2019; Guerra-Rodriguez et al., 2020), which moti-

The water treatment sector plays a fundamental role in the attain-
ment of the objectives of the Sustainable Development Strategy (2030
Agenda). Wastewater treatment plants (WWTPs) are essential to address
water scarcity and to improve water quality by reducing the pollution
and hazardous compounds from of influent wastewater before it is dis-
charged back into the environment. Moreover, in the sustainability
context, the conception of the WWTPs as “end of pipe solutions” has
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vates its incorporation into the Circular Economy framework as Water
Resource Recovery facilities (WRRFs), considering the maximization of
resources and energy recovery (Maktabifard et al., 2018). However, the
transformation of WWTPs into WRRFs requires significant economic
investment, to upgrade existing facilities and innovative technologies,
that are still scarce, to recover resources from wastewater (Palatsi et al.,
2021; Ruano et al., 2024). In these circumstances, the implementation of
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optimal operation strategies is a solution for the fulfillment of the strict
standards imposed by the Sustainable Development Strategy in the
transition from existing WWTPs to adapted WRRFs.

The implementation of efficient control systems is a cost saving
strategy to achieve the sustainable operation of the WWTPs addressing
effluent quality, energetic efficiency and Greenhouse Gases (GHG)
emissions (Zaborowska et al., 2021; Palatsi et al., 2021; Ruano et al.,
2024). Nevertheless, the design and implementation of adequate control
strategies involve several difficulties due to the complexity of the bio-
logical and physicochemical processes that take place in the wastewater
treatment, the interactions between the different processes of the plant,
the trade-off between different aspects of the operation and the sensi-
tivity to external disturbances associated with variations of the influent
characteristics (Revollar et al., 2020a, 2020b, 2021).

The efficiency of WWTPs operation is affected by human activities
and the climate conditions given by precipitations and temperature. The
influent of the WWTPs displays a diurnal pattern of pollutants load and
flow variations linked to daily human activities, but also exhibits weekly
and seasonal fluctuations associated with households and industrial
discharges. The influent is also affected by temperature variation and
precipitation levels, that depends on the seasons and regional climate
conditions. The temperature of the influent wastewater can vary widely,
typically falling within the range of local ambient temperatures
(approximately 6-27°C), depending also on the specific characteristics
of the wastewater sources. The biochemical processes within the WWTP
are temperature-sensitive (Zhou et al., 2018; Arnell et al., 2021), then
wastewater temperature plays a pivotal role in the effectiveness of
biological treatment. On the other hand, precipitations affect the
influent flow rate and pollutants concentration.

Recent works have focused on the impact of seasonality of human
activities and climate change on WWTPs performance (Lawrence et al.,
2024; Ranieri et al., 2024). Climate change, primarily induced by human
activities, is a significant and lasting change in the statistical distribution
of weather patterns over periods ranging from decades to millions of
years (Hegerl et al., 2007). The impacts of climate change are global in
scope and unprecedented in scale, affecting weather patterns and
increasing the frequency and intensity of extreme weather events. This
results in more intense storms, longer periods of drought and extreme
environmental events, such as heat waves and floods. Specifically, Spain
has experienced a severe, prolonged drought at the start of the 2020 s
and floods in the present year. Over the preceding three years, the
country saw a significant decrease in rainfall and a rise in temperatures,
which had far-reaching effects on agriculture, water supply, and energy
production, underscoring the urgent need for effective water manage-
ment strategies and climate change mitigation efforts (Toreti et al.,
2024). Regarding water management systems, the atypical temperature
and precipitations patterns produced by climate change affect the bio-
logical processes and the energy balance of WWTPs, which can result in
environmental and public health risk (Lawrence et al., 2024).

In practice, the operational parameters of the plant are adjusted
according to the operator’s knowledge to deal with the expected dis-
turbances produced by seasonal variations of the influent and the vari-
ations of the influent load and flowrate associated with meteorological
events and population activities. These disturbances have been already
considered in the design of the plant infrastructure, automation and
operation strategies. Thus, it is possible to find several works focused on
the control of WWTPs under varying influent conditions using classical
and advanced control strategies applied to WWTPs dynamic simulators
(Santin et al., 2016, 2022; Vega et al., 2014; Revollar et al., 2020b;
Revollar et al., 2021) and to full-scale plants (Palatsi et al., 2021; Ruano
et al., 2024). In some works, as Santin et al. (2022) and Revollar et al.
(2020a), (2020b), (2021) the negative effect of temperature on the
performance of Dissolve Oxygen control strategies has been identified
(Revollar et al., 2023a, 2023b).

The main control drivers considered for biological treatment regu-
lation in municipal WWTPs are the DO set-point to reject disturbances in
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flowrate and load, carbon addition to improve elimination of nitro-
genated compounds and solids retention time (SRT) to address seasonal
variations of temperature, and the main objectives of the operation and
control strategies are to improve environmental performance, reducing
emissions to water, and increase energetic efficiency (Hreiz et al., 2015;
Palatsi et al., 2021; Ruano et al., 2024).

Nevertheless, climate change varies these conditions, then increased
rainfall can lead to higher volumes of wastewater, elevating the energy
demand for aeration and pumping, and overwhelming the capacity of
the treatment plant. Prolonged periods of drought affect the composition
of the influent and the balance between biomass and substrate in the
biological processes and produce odor problems. The increase of tem-
perature affects negatively the oxygen solubility and the microbial
consortium in the aerobic biological treatments (Ranieri et al., 2024;
Lawrence et al., 2024) and the increased rates of nitrification may
require adjusted process controls to manage the associated oxygen de-
mand, which increases significantly at higher temperatures.

In the search of adequate control strategies to meet the strict envi-
ronmental regulations with the minimum consumption of resources, this
work studies the effect of control actions on plant performance at
different temperature scenarios under variable load and influent con-
ditions. The different temperature scenarios could be associated with
expected seasonal variations or with abnormal variations due to climate
change. The main objective is the formulation of a Temperature Driven
Control Strategy able to adapt the operation variables to seasonal vari-
ations of temperature and abnormal variations associated with climate
change. Thus, this work contributes to the development of improved
operational strategies to ensure adequate wastewater treatment and
energetic efficiency in the face of variable weather conditions caused by
climate change.

In the current context, where climate change affects influent condi-
tions and stricter regulations are imposed on effluent quality, the
development of control strategies that explicitly take into account
temperature effects, including even long-term actions as SRT regulation
and control actions to reject fast disturbances is necessary.

The study presented here focuses on WWTPs that employ the Ni-
trogen Removal Activated Sludge Process (N-Removal ASP) with Dis-
solved Oxygen (DO) control and external carbon source (chemicals
addition) in the anoxic zone to facilitate denitrification, described by
BSM2 platform. These processes are commonly implemented in me-
dium-sized municipal WWTPs in Europe and the evaluated temperature
range is representative of the wastewater temperature variations
observed throughout the year in a European country. In a previous step,
for the formulation of the Temperature Driven Control Strategy, per-
formance and treatment efficiency indicators are evaluated to determine
the temperature effects on the main operational variables, considering
the dynamic response to influent variations at different temperature
conditions. Then, potential solutions to improve the environmental
performance and reduce consumption of resources through the proper
adjustment of DO set-points, carbon addition and sludge retention time
(SRT) are evaluated. Even though the proposed strategy is implemented
in a simulation platform, it can be the starting point for a control
strategy adapted to full-scale plants, providing a framework to formulate
adequate advanced control solutions considering the temperature de-
pendency of the N-removal process.

The remainder of this paper is organized as follows. Section 2 pro-
vides a detailed description of the reference scenario, and the method-
ology followed for the formulation of the control strategy. Section 3,
presents the results of the preliminary evaluation of temperature effects
on WWTP performance and the evaluation of the Temperature Driven
Control Strategy in a year of operation under variable influent condi-
tions exhibiting seasonal and unexpected variations. Conclusions are
presented in Section 4.
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2. Materials and methods

This section provides a description of the Benchmark Simulation
Model 2 (BSM2) platform, which represents a municipal wastewater
treatment plant (WWTP). It details the configuration and mathematical
modeling of the plant, including the default control strategy applied in
BSM2 and variation of default strategy described in Gernaey et al.
(2014). These strategies are based on the regulation of dissolved oxygen
(DO), sludge age (SA) and carbon dosage to enhance treatment effi-
ciency. Relevant considerations associated with real plant operational
aspects and temperature dependencies are also introduced in the BSM2
plant description. Then, the methodology followed to develop the con-
trol strategy tailored to address seasonal variations and unexpected
variations of temperature, ensuring a balanced approach to treatment
and energy efficiency is presented. Special attention is devoted to the
description of the performance indicators to evaluate emissions to
water, energy consumption and treatment efficiency, emphasizing the
relationship between influent variability and plant performance.

2.1. Description of process represented by BSM2 platform including
insights on temperature effect on process variables

The Benchmark Simulation Model 2 (BSM2) is selected to charac-
terize a conventional urban wastewater treatment plant located in the
Northern Hemisphere (Alex et al., 2021). This benchmark simulation
model has been designed by IWA Task Group on Benchmarking of
Control Strategies for Wastewater treatment Plants (WWTPs). It is the
result of the combination of different sub-models used to represent the
water line and the sludge line of a Municipal Wastewater Treatment
Plant. These mathematical models are internationally accepted and well
established (Gernaey et al., 2014): Activated Sludge Model 1-ASM1
(Henze et al., 2006) represents the N-Removal ASP, (Otterpohl and
Freund, 1992) model is used for primary clarifier, Takacs et al. (1991)
model describes the secondary clarifier and Anaerobic Digestion Model
1 (Batstone et al., 2002) represent the anaerobic digestion. An influent
generation tool (Gernaey et al., 2009) based on a combination of sub--
models represents the typical annual phenomena observed in the
influent of a full-scale WWTP. The BSM2 platform was conceived as a
standard platform to evaluate plant-wide control strategies through
realistic/dynamic computer simulations (Gernaey et al., 2014), how-
ever, it is an approximate modelling tool that cannot represent all the

Process Safety and Environmental Protection 195 (2025) 106792

characteristics of a real plant. The operation and control strategies tested
in the platform cannot be directly applied in a real plant, but they can
provide relevant insights based on the approximated behavior and can
be a starting point for the design of strategies adapted to real plants
considering real instrumentation.

The plant represented by BMS2 platform is composed of a primary
settler and a nitrogen removal activated sludge process (N-Removal
ASP) for water line. The sludge line includes thickening, anaerobic
digestion with biogas production, and dewatering units, together with a
storage tank. The plant layout is shown in Fig. 1, the plant dimensions
and relevant data are presented in Appendix 1, Table A.1.

Focusing on the N-Removal ASP, the elimination of nitrogenated
compounds takes place through nitrification and denitrification pro-
cesses. During the nitrification process, the microbial biomass trans-
forms ammonium (Syy) to nitrates (Syo) under aerobic conditions
(aerobic reactors). In the denitrification process the nitrates are reduced
to nitrogen gas (N2) under anoxic conditions (anoxic reactors).

Temperature significantly impacts the kinetics of biochemical re-
actions, microbial activity, oxygen transfer during aeration, and heating
requirements for anaerobic digestion, as well as physical water prop-
erties like viscosity and density, which influence treatment efficiency
(Gernaey et al., 2014; Alisawi, 2020). Higher temperatures increase
microbial activity and growth rates, improving treatment efficiency,
while lower temperatures lead to challenges such as reduced biomass
and diminished nitrification and denitrification rates. Nitrification and
denitrification are particularly sensitive to temperature. Low tempera-
tures below 10°C adversely affect these processes, while the optimal
range for biological wastewater treatment lies between 20°C and 35°C.
The rate of growth of nitrifying bacteria increases considerably with
temperature over the range of 8°C to 30 °C (Gerardi, 2002). At tem-
peratures below 15°C, nitrification rates decline and cessation is
observed at 5°C (Gerardi, 2002; Zhou et al., 2018). Denitrification is
similarly affected, with a 55 % decrease in rate when temperatures drop
from 15°C to 3°C. These declines are attributed to reduced microbial
activity and slower reaction kinetics, impacting nitrogen removal
efficiency.

The biological processes and temperature dependencies are
adequately represented by the ASM1 (Henze et al., 1987) that represents
this process in BSM2 plant. The ASM1 takes into account 13 state vari-
ables and 8 biological processes. ASM1 explicitly assumes that all ni-
trogen is accounted for within the system through mass balance
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Fig. 1. Benchmark Simulation Model 2 (BSM2) layout and detail of Activated Sludge Process (ASP) based water line.
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dynamics (Henze et al., 2006), including the processes of ammonifica-
tion, nitrification, denitrification, and potential formation of nitrogen
gases (e.g., N2 and N20). Generally, in the ASP the kinetic parameters are
sensitive to temperature variations, while stoichiometry remains unaf-
fected by temperature changes (Vanrolleghem et al., 2009). A modified
Arrhenius equation in the BSM2 to represent temperature dependency of
the rate coefficients of growth, decay, and hydrolysis for both hetero-
trophs and autotrophs (Vanrolleghem et al., 2009; Gernaey et al., 2014).
A comprehensive description of parameters, biochemical reactions, and
dynamic equations of the ASM1 model, which is utilized to represent the
N-Removal ASP in BSM2, can be found in Alex et al., (2021). This in-
cludes pertinent processes and reactions associated with Nitrogen
removal, the variables considered in ASM1 and their influence in process
rates are presented in Appendix 1, Tables A.2 and A.3.

Regarding the system structure, in the BSM2 plant, the N-Removal
ASP occurs in a sequence of five perfectly mixed bioreactors (Fig. 1). The
first two reactors are anoxic but perfectly mixed, while the subsequent
three reactors constitute the aerobic zone. In these aerobic reactors, the
aeration system maintains the DO concentration required for nitrifica-
tion. The internal recirculation (Q,) transfer the nitrates produced in the
aerobic zone to the anoxic one for denitrification. The output of the
reactor system flows to the secondary clarifier where treated water (Q.)
is separated from the sludge (Gernaey et al., 2014). The external recir-
culation (Q;) and the waste flow (Qy) are used to regulate two relevant
parameters for the operation of the ASP. The external recirculation (Q,)
regulates the Food to Mass ratio (F/M), that measures the relation be-
tween the pollution to be removed and the number of microorganisms
available in the system. The waste flow (Qy,) regulates the Sludge Age
(SA) or Sludge Retention Time (SRT) that is a measure of the length of
time that biomass remains in the reactor system. Then, most of the
sludge is recycled back to the first reactor through Q, to maintain an
adequate F/M and a small amount of sludge is withdrawn from the ASP
to keep a suitable SA.

In the sludge line, the sludge in excess Qyy is thickened and combined
with primary settler underflow (Qpo) to be treated at the Anaerobic
Digestion (AD) unit reducing the amount of sludge for disposal. The
sludge is stabilized while part of the organic matter is transformed into
biogas. In BSM2 plant, biogas is used to increase the temperature of the
sludge fed to the digester and to produce electricity. Biogas is composed
of methane (CH4), carbon dioxide (CO,) and hydrogen (Hz). The gas
line, that includes the equipment for biogas conditioning, it is not
considered in the BSM2 plant.

2.1.1. Influent characteristics and BSM2 representation of influent
variations

In real WWTPs variations in the influent act as disturbances,
particularly affecting the processes in the water line. From a holistic
plant-wide perspective, the propagation of these disturbances through
the various units of the water and sludge line can significantly impact
the overall performance of the plant. Specifically, the wastewater tem-
perature typically ranges between 6°C and 27°C, influenced by local
climate conditions, seasonal variations, and diurnal changes caused by
domestic and industrial discharges (Arnell et al., 2021). Seasonal
changes produce gradual temperature shifts, while diurnal variations
can cause more abrupt changes. Wastewater temperature throughout
the plant is further affected by factors like solar radiation, wind, and
heat exchange between process streams.

The BSM2 plant represents facilities located in the Northern Hemi-
sphere, where the warmer season occurs from April to September, while
the colder season corresponds to the period between October and March.
It is designed to represent a year of operation starting on July 1st. The
BSM2 dynamic influent model represents typical phenomena observed
in a year of operation as seasonal variations of temperature and pre-
cipitations, and variations of flowrate and load associated with domestic
and industrial discharges (Gernaey et al., 2009, 2014).

Specifically, the influent model represents (Vanrolleghem et al.,
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2009; Gernaey et al., 2014):

— Diurnal variations of load and influent flowrate associated with
population activities, distinguishing normal weekdays from week-
ends and holidays. The plant receives mixed domestic and industrial
wastewater, then flowrate and pollutants decrease during weekends
and holidays.

— Rainy and dry season effects observed in full-scale WWTPs, as
increased infiltration in the rainy periods and “first flush” and dilu-
tion phenomena during rains and storms.

— Annual variations of temperature ranging between 10°C and 20°C,
with an average of 15°C. The variation is modeled using a sinusoidal
function with an average value of 15°C, an amplitude of 5°C and a
period of 364 days.

— Daily variations of temperature are also represented as a sinusoidal
function with an amplitude of 0.5°C.

2.1.2. BSM2 default control strategy including insights on real WWTP
control

The control problem focuses on the regulation of N-Removal ASP
variables that directly affect effluent characteristics. The BSM2 plant
employs a default control strategy that includes a Dissolved Oxygen
(DO) control in the 4th reactor (aerobic zone), a timer control of the
waste flow (Qy) to regulate the sludge age (SA) or Solids Retention Time
(SRT) and an external carbon source (Qcarp) added at a fixed flow rate to
the anoxic zone (Gernaey et al., 2014; Santin et al., 2016). The default
BSM2 control strategy is included in the ASP layout presented in Fig. 1,
and the default control system parameters are shown in Appendix 1,
Table A.4.

As BSM2 platform is designed to test control strategies, several
control handles are available for N-Removal ASP. Some of the available
control actions are commonly applied in real practice such as DO
regulation in the aerobic zone, Q,, adjustment to modify SRT, external
carbon dosage, regulation of internal recirculation (Q,) and external
recirculation (Q,). This work focuses on DO control, SRT regulation and
external carbon dosage. All these actions are interdepended, but they are
also related to wastewater temperature effects as detailed below.

2.1.2.1. DO control. DO control in the aerobic zone ensures the avail-
ability of oxygen for the nitrification process. Aeration control is used to
attain the desired DO set-point. Diffused aeration systems are commonly
used for oxygen transfer in aerobic reactors at municipal Wastewater
Treatment Plants (Reifsnyder et al., 2020). A blower system is used to
provide the air that flows through a valve before it is diffused into the
aeration basin, producing bubbles with diameters ranging from 2 to
5 mm depending on the airflow (Baquero-Rodriguez et al., 2018). In real
plants, the key manipulated variable to the aeration process is the valve
position (Amand et al., 2013b).

IWA Group decided to use Oxygen Transfer Coefficient (Kia) as the
manipulated variable that regulates the aeration intensity in BSM2 plant
although it is not a realistic control handle. Thus, the BSM2 default DO
control strategy considers an anti-windup PI controller and an ion sen-
sitive sensor for DO monitoring to keep the DO concentration in the 4th
reactor (So4) at a set-point value (DOgp) of 2 g Oo/m> by manipulating
the Kpa of the aerobic reactors: Kyas, Kjas and Kjas (where Ky as is set to
half of Ky a3 and Ky a4 values) as shown in Fig. 1. The time constant of the
loop is about 30 min (Ammand et al., 2013b).

Kia encompasses the effects of the airflow rate, the formation of air
bubbles and the air diffusion. In the BSM2 plant a Degrémont aeration
system with DP230 porous disks at an immersion depth of 4 m is
considered for aeration energy estimation from the value of the oxygen
transfer coefficient (Kpa) (Alex et al., 2021).

The Kia depends on air flow rate, aerator immersion depth, reactor
volume, and air properties among other parameters including temper-
ature, viscosity, density, diffusivity, and surface tension that collectively
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determine the efficiency of oxygen transfer in the system (Vanrolleghem
et al., 2009). Details about the temperature dependency of Kia in BSM2
model can be found in Varolleghem et al. (2009). These authors express
that higher Kya is required to achieve a specific oxygen concentration at
low temperatures, that also implies larger energy requirements
compared to conditions at higher temperatures. However, in the Oxygen
Transfer Rate (OTR) described by Eq. (1) the driving force for oxygen
transfer in bioreactors is the difference between oxygen saturation
concentration (S§*) and dissolved oxygen concentration (Sp). S& in-
creases as temperature decreases while Kja increases with temperature,
consequently, temperature produces opposite effects on the variables
that determine the Oxygen Transfer Rate.

OTR =K a e (S§°—So) €8]

Regarding the selection of the DO set-point, this value is given by the
operator with values usually ranging between 1 and 2 g/m3(Amand
etal., 2013b; Amand et al., 2013a). Oxygen consumption depends on the
wastewater load and the effect of temperature. During the periods of
lower load and higher temperature it is possible to attain the desired
ammonium removal efficiency with lower DO levels. However, low DO
concentrations are linked with larger emissions of nitrous oxide and
sludge settleability problems, then a lower limit of DO set-point of
1.5 g/m3 is considered in some cases (Amand et al., 2013b). On the
other hand, higher DO concentrations could be necessary to compensate
the loss on nitrification rate at low temperatures. However, when
elevated DO concentrations are applied in aerobic zone, high levels of
oxygen could be transferred to the anoxic zone, and oxygen is an in-
hibitor of denitrification. Regarding the higher DO limit, it is reported
that DO concentrations above 2 g/m> have a minor effect on the rate of
nitrification while increases energy consumption (Metcalf and Eddy Inc,
2013; Amand et al., 2013b). However, in some works that study real
plant implementation of ammonium control, DO concentrations be-
tween 3.5 and 4 g/m° are allowed for short periods to reject ammonium
peaks, especially during winter season (Amand et al., 2013a; Ruano
et al., 2024).

2.1.2.2. SA-SRT control. Sludge Age (SA) or Solids Retention Time
(SRT) controlled through sludge wasting (waste flow Qy,) is the single
most important design and operating parameter affecting the perfor-
mance of ASP (Metcalf and Eddy Inc, 2013; Smith et al., 2014). The SRT
is the average time that any particle remains in bioreactors, that it is also
the time available for microorganisms to reproduce. An SRT longer than
microorganisms’ regeneration time allows its proliferation, but shorter
SRT produces sludge wash out. The SA or SRT is computed as the ratio
between the total suspended solids in bioreactors (TSS) and the amount
of solids coming out the bioreactors each day (Eq. 2).

ZS: TSSl (] ‘/1
1
T = 5@ T TssmQy @

Regarding the relation between nitrification efficiency, temperature
and minimum SRT, at a temperature of 20 C, at least four days are
required for nitrifiers to regenerate at a faster rate than they are wasted
from the system. The minimum SRT at low temperatures (10°C) is ten
days (Smith et al., 2013), since microorganisms’ activity and biochem-
ical reactions decelerate and larger residence time in the reactor system
is necessary to remove pollutants. However, long SRT can produce poor
settleability of the sludge, then recommended SRT ranges between 4 and
35 days (Hreiz et al., 2015).

In BSM2 plant, the timer control of waste flow (Qy) adjusts the SRT
according to seasonal variations of temperature that affect biomass ac-
tivity (Gernaey et al., 2014). In BSM2, Qy, is set to 450 m°®/d the warmer
period, but in the colder period Q,, is reduced to 300 m>/d to increase
SRT (Sludge Age) in order to compensate the deterioration of microbial
activity.
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2.1.2.3. Carbon dosage. Denitrification requires a sufficient supply of
organic matter to serve as an electron donor, otherwise, the denitrifying
bacteria are unable to perform this reduction process efficiently, leading
to incomplete nitrogen removal. Denitrification is often carried out after
most of the organic matter in wastewater has been consumed aerobi-
cally, then an external carbon source is needed (Sanjrani et al., 2022).
Low temperatures also produces a deterioration of the denitrification
process, and the addition of external carbon have a positive effect on
denitrification rate. Thus, the addition of an external carbon source
(Qcarb) plays a critical role in ensuring effective denitrification by sup-
porting microbial activity and facilitating the conversion of nitrate (Sxo)
to nitrogen gas (N3).

In BSM2, the external carbon source is fed to the first anoxic reactor
at a constant flow rate of 2m3/day and COD concentration of
400,000 g/m3 (Gernaey et al., 2014; Santin et al., 2016). This strategy
provides organic matter in the form of a readily biodegradable carbon
source to be used as substrate in the denitrification process.

2.1.3. Alternative control strategies proposed for BSM2 model

An alternative control strategy, named CL1, modifies the BSM2
default strategy, controlling the DOgp in the 4th reactor at 2 g O5/m® by
manipulating Kias and Kpas, while another PI loop regulates DO in
reactor 5-1 g Oo/m® by manipulating Kias (Gernaey et al., 2014). The
Sludge Age control and external carbon dosage remain as in the default
strategy.

2.2. Procedure for the formulation of the temperature driven control
strategy

The objective of the study is the formulation of a control strategy for
the N-Removal WWTP to address seasonal and unexpected changes of
temperature while faces moderated disturbances in the influent flow and
load. The default control strategy implemented in BSM2 plant combines
control actions commonly applied in real practice such as DO control in
the aerobic zone, SRT control, external carbon dosage, regulation of
internal and external recirculation. This work focuses on the first three
actions, thus the proposed General Control strategy for Temperature
Variation (GCTV) result from the combination of actions on DO set-
point, SRT and carbon dosage.

For the formulation of the control strategy to address seasonal and
abnormal variations of temperature, employing the BSM2 as reference
WWTP, the next steps were followed:

1. Definition of default control strategy, temperature scenarios
and operation window

Default BSM2 control strategy: The default BSM2 control strat-
egy was described in the previous subsection, but it is necessary to
specify the definition to avoid ambiguousness.

The BSM2 default control strategy consists on the combination of
DO control in the 4th reactor, timer control of Q,, to regulate SRT to
the warm and the cold season, and an external carbon source (Qcarb)
added at a fixed flow rate to the anoxic zone, with fixed Q, and Q;
(see Table A.1).

The default conditions for BSM2 default control strategy in this
work are: DO set point in the 4th reactor (DOgp) set at 2 g/m3, Qw set
at 300 m%/d (SRT is 17 days) and Qcarp, set at 2 m®/day.

Temperature scenarios: BSM2 influent temperature ranges
between 10°C and 20°C. Then:

— The lower limit (10°C) is the worst-case scenario.

— The upper limit (20 °C) is the best-case scenario.

— The middle point (15°C) is the reference scenario. It is assumed
that acceptable performance is attained in BSM2 plant at 15°C
employing default control strategy. It can be corroborated in
previous works that have used BSM2 platform (Revollar at al.,
2023a, 2023b).



S. Revollar et al.

— Intermediate scenarios between 10°C and 20°C are considered for
the evaluation of global performance. Variations of + 0.2°C are
observed on each scenario, due to the sinusoidal representation of
temperature variations along the day in BSM2 influent model.

Operation window: An operation period of 30 days is selected
for the evaluation of dynamic and global performance, even
simulations are carried out for a full year of operation at each
temperature scenario. This operation window is selected from the
examination of the annual influent profile of BSM2, it corresponds
to the month of January, from the 226-256 simulation days.

The BSM2 influent includes seasonal variations of temperature,
influent flowrate and load, but the aim of this work is to study the
temperature effects. To concentrate on the effect of temperature,
large variations on load and precipitations are avoided. Then, the
annual influent profile was examined to identify an operation
period where influent pollution load per m® of incoming waste-
water (Qj,) exhibits variations close to the annual mean value that
is 3.62 kg/ m®. The influent pollution load is described by Influent

Quality Index (IQI), the average influent flowrate in the selected

operation period is denoted as Qjnayvj, SO the influent pollution

load per m? of incoming wastewater is IQI/ QinavJ-

The characteristics of the selected operation window are:

— Length = 30 days.

— Simulation period: January, between the 226-256 simulation
days.

— Qinavs = 22066 m®/d. 1Q1/Qinayj = 3.59 kg/m°.

2. Evaluation of the influence of temperature on global and dy-
namic plant performance employing default BSM2 control
strategy.

Simulations of BSM2 plant behavior in a given operation period
are carried out to observe the effect of disturbances on influent load
and flowrate at different temperature scenarios.

Objective: Evaluation of global performance of the plant in the
selected operation window allows to quantify the magnitude of the
temperature effects on the different performance indicators. The
observation of dynamic behavior allows detecting the trade-offs
between temperature variations and disturbances in the influent
flowrate and load.

3. Evaluation of control actions to improve WWTP efficiency

The following control actions are applied to observe the effect on
global performance and dynamic behavior of the plant.

— Modification of Q,, to vary SRT

— Modification of DO set point in the 4th reactor (DOgp).

— Modification of carbon dosage (Qcarb)-

— Incorporate regulation of DO in the 5th reactor, that is applying
CL1 alternative strategy described in the previous subsection.

Objective: Analyze the benefits, drawbacks and possible trade-
offs with temperature effects of the individual control actions
based on their impact on global and dynamic performance in-
dicators. Propose individual and combined actions that improve

performance at the different temperature scenarios to formulate a

more elaborate temperature dependent control strategy.

The problem is divided into:

a) Find individual or combined actions to improve treatment
efficiency at low temperature scenarios (below 14°C)

b) Find solutions to take advantage of the outstanding perfor-
mance at high temperature scenarios (above 16°C).

4. Formulation of the Temperature Driven Control Strategy to
address seasonal and abnormal variations of temperature for
whole range of temperature variation

The optimal actions that improve performance according with the
low temperature requirements and the high temperature opportu-
nities are combined to obtain a Temperature Driven Control Strategy
able to address seasonal variations of temperature and abnormal
variations associated with climate change in long operation periods.
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The strategy is evaluated considering the full BSM2 influent profile
for a year of operation.

2.3. Performance assessment

Performance indicators are evaluated in different stages for the
formulation of the Temperature Driven Control Strategy. The perfor-
mance assessment of N-Removal BSM2 plant involves evaluating envi-
ronmental and economic performance indicators, which often conflict
with each other.

The BSM2 platform provides a systematic protocol to evaluate plant
performance under various operating conditions and control strategies.
The evaluation period in BSM2 plant is one year of operation between,
245 and 609 simulation days, however, the evaluation tool allows
shorter operation windows. In this work an operation period of 30 days
is considered between 226 and 256 simulation days.

For the evaluation of the different temperature scenarios, this study
modifies the correspondence between the temperature profile and the
other influent variables defined in BSM2 for benchmarking purposes.
However, the performance assessment method proposed in BSM2 and
some of the performance indicators are considered to evaluate the effi-
ciency of the proposed control actions at different temperature
scenarios.

2.3.1. Computing method

The data obtained from BSM2 simulations is generated at 15 min
interval along the 30 days selected operation window. This data is used
to compute:

— The average values of operation variables and performance in-
dicators in the evaluation period as a measure of global performance
under disturbances presented in that operation window.

The BSM2 performance assessment method computes the average
indicators based on the rectangular integrals of flow rates Q and con-
centrations Zg for the evaluation of the simulation results on a given
evaluation period (tops) (Gernaey et al., 2014):

tf

_ d

Q(m?/d) = =0-=—— ?Et) : ®)
tf

— Zg.Q(t)dt

Zy (kg/m?) = 0~ —— 4

— The dynamic evolution of operation variables and performance in-
dicators to get insight into process behavior regarding the effect of
influent load and flowrate variations at different temperature sce-
narios. Even instantaneous values are obtained with a sampling time
of 15 min, for the observation of dynamic performance hourly and
daily average values, computed as shown in Egs. (3) and (4) are
considered. Annual average indicators are computed for the evalu-
ation of the final Temperature Driven Control strategy.

2.3.2. Performance indicators

The performance assessment provides relevant metrics to quantify
influent and effluent quality, emissions to water, violations of effluent
quality limits, nitrification and denitrification efficiency and operational
cost index (OCI) that contemplates energy costs, external carbon addi-
tion, biogas production and sludge production.

2.3.2.1. Effluent and influent quality indicators. Effluent Quality Index,
EQI (kg/d): it is a measure of the total pollution load of the plant
discharge for a given operation period (i.e. one year). It includes the
following measurements of pollutants in the effluent: total Nitrogen
(Ntote), ammonium (Snye), hitrates (Syoe), total Chemical Oxygen
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Demand (CODy), total Suspended Solids (TSS,) and Biological Oxygen
Demand (BODse).

Influent Quality Index, IQI (kg/d): it is a measure of the total pollution
load of the influent for a given operation period (i.e.one year). It in-
cludes Niotin, SNHin, SNOin, CODin, TSSi, and BODs;, load in the influent.

The volume of incoming wastewater (m3) is used as a functional unit
for the analysis to express some of the performance indicators relative to
an average Qjj, in the evaluation period (Qinavs), then IQ1/Qjnay and EQL/
Qinavy are also computed.

Emissions to water: it is measured in terms of the concentration of
nitrogenated compounds (g/m3) in the effluent (Syte, Niote, SNOe)-

Violations of effluent requirements: Deviation of the levels of
pollutants in the effluent from desired limits are quantified in terms of
number of events, extension of time of the infringements (absolute and
relative), and magnitude of the violation.

The limits of pollutants in the effluent given in the BSM2 platform,
that are considered in this work are:

— Total nitrogen Ny < 18 gN/rn3
— Ammonium concentration Syge < 4 gN/m3
— Total Chemical Oxygen Demand (COD) CODe < 100 gCOD/m°>

These values were arbitrarily chosen, then they are not in concor-
dance with current effluent requirements in any known location. These
limits are compared with the instantaneous values of the effluent vari-
ables generated by simulations with a 15 min interval, so they are not
related to daily, monthly or yearly average considered in real regula-
tions (Gernaey et al., 2014). The European Wastewater Directive
(90/271/EC) imposes a 10 mg/L TN limit over a 12-month average. The
annual average is considered for compliance purposes, however, shorter
time periods, such as days or weeks, are subject to higher variability due
to operational fluctuations, particularly during periods of cold temper-
ature or transient conditions.

2.3.2.2. N-Removal efficiency indicators. Some other indicators are
computed as nitrification, denitrification and ammonium removal effi-
ciency, named N-Removal efficiency indicators. These indicators are not
considered in the BSM2 evaluation protocol, but the same methodology
is used to obtain their values.

NO-production: It indicates nitrification effectiveness. The amount of
nitrates produced in the aerobic zone (Syos) of the ASP is computed with
respect to concentration of nitrates in the second anoxic reactor (Syoz):

SNOs — SNO,

SNO, x100 5)

NO — production =

Nitrification trend with temperature is as follows (Gerardi, 2002): at
16 °C nitrification decreases approximately 50 % respect to nitrification
rate at 30 °C, at 10°C the nitrification rate is approximately 20 % of rate
at 30°C, and nitrification ceases below 5°C.

NO-removal: It is an indication of the effectiveness of denitrification
process. It is a measure of the amount of nitrates incoming to ASP bio-
reactors that are converted to Nj. SNoaspin represents the incoming ni-
trates measured after recirculation and influent mixing point (Fig. 1),
while Syog2 is the nitrates concentration in the second anoxic reactor.
NO — removal(NO toN,) = SNOssen = SNO2 (6)

SNOASPin

NH4-removal: It is an indication of the effectiveness of the ammo-
nium elimination in ASP. Measures the amount of ammonium that is
removed from ASP reactor system, starting from Snpaspin, that is the
ammonium concentration measured after recirculation mixing point
(Fig. 1). Sngs is the ammonium concentration in the fifth reactor.
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SNHspin — SNHs

NH, — Removal =
! SNHspin

x100 7

2.3.2.3. Operational costs indicators. The indicators associated with
operating costs, that include electricity consumption as a fundamental
issue.

Operational Cost Index (OCI): it is defined in BSM2 as the weighted
sum of different costs:

OCI = AE + PE + 3SP + 3EC — 6MET 104 + HEpet 8

Electricity consumption indicator: The Electricity consumption of the
ASP, Ejsp (kWh/d) includes the aeration energy (AE), the pumping en-
ergy (PE) and the mixing energy (ME). Electricity consumption per m° of
incoming wastewater in the evaluation period; Eagp/Qinavy is also
computed.

Easp = PEasp + AE + MEasp ©

While a brief description is presented here, and a general overview of
the indicators is presented in Appendix 1, a more detailed description,
including equations, can be found in the works of Jeppsson et al. (2007)
and Alex et al. (2021).

3. Results

3.1. Evaluation of the influence of temperature on global and dynamic
plant performance employing default BSM2 control strategy

Simulations are performed for each temperature scenario to obtain
the operation variables and compute the performance indicators
throughout the selected operation period (30 days between 226 and 256
simulation days) following the methods presented in the previous sec-
tion. The same variation patterns of influent load and flowrate are
applied for each temperature scenario and the default control strategy at
default conditions is employed.

To determine a general trend regarding the temperature effect on
plant operation variables and performance on each scenario, the
following data is observed and analyzed:

— Average performance indicators in the selected operation window
(30 days average) as a measure of global performance under the
variable influent conditions (Table 1 and Fig. 2).

— Dynamic evolution of control variables and N-Removal efficiency in
the selected operation window. Daily average values of relevant in-
puts (influent variables), outputs (control variables) and removal
efficiency indicators are used to simplify the representation (simu-
lations produce data for each 15 min). In some cases, hourly aver-
ages are presented to highlight interesting events (Fig. 3).

— Dynamic evolution of emissions to water and electricity consumption
indicators in the selected operation window, also considering daily
and hourly averages (Fig. 4).

Table 1 shows the performance indicators for the different temper-
ature scenarios from 10°C to 20°C with an interval of 2°C. A color code is
used to illustrate the quality of performance: black is used for 15°C,
where satisfactory performance is assumed, red is used for the worst
performance, green is used for the best performance, and intermediate
colors are used to represent the transitions. In the last column, the metric
“Z—dTe" ("C’l) is used to quantify the effect of the temperature span vari-
ation on each performance indicator, it is computed as:

Alndex

("C’l) _ Index(10°C) — Index(20°C) 1
AT o

Index(20°C) sap AT=10¢ QA9
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Table 1
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Temperature effect on selected performance indicators. Average values in the selected operation period.

IQ1/Qjnayy (kg/m>): 3.59 kg/m> 10°C 12°C 14°C 15°C 16°C 18°C 20°C Alndex /AT (°C™Y)
EQI/Qinavs (kg/m>) 0.28 0.27 0.26 0.25 0.25 0.24 0.23 0.021
SNHe (gN/mg) 0.73 0.43 0.27 0.22 0.19 0.15 0.12 0.511
Snoe (gN/m) 11.3 11.0 10.5 10.3 10.0 9.44 9.00 0.025
Niote (gN/m?) 14.0 13.4 12.8 125 12.1 11.6 11.1 0.027
Easp/Qinavs (kWh/ms) 0.23 0.24 0.24 0.24 0.25 0.25 0.25 —0.008
(Sno5-Sno2)/Snos% 62.6 64.5 67.2 68.8 70.4 73.7 76.8 -1.42
(SnoRin-SN02)/SNORin % 53.3 55.6 59.0 61.0 62.8 67.1 70.9 -1.75
(SnHRin-SnH5)/SNHRin % 91.3 94.7 96.6 97.1 97.5 98.1 98.4 —0.67
Niote Violation (% operation time) 0.10 0 0 0 0 0 0
Niote Violation (events) 1.00 0 0 0 0 0 0
Niote Violation (time d) 0.03 0 0 0 0 0 0
Snue Violation (% operation time) 0.87 0.31 0 0 0 0 0
SnHe Violation (events) 2.00 1 0 0 0 0 0
Snue Violation (time d) 0.26 0.09 0 0 0 0 0
COD, violation (% operation time) 0 0 0 0 0 0 0
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Fig. 2. Operational performance indicators (normalized values) and N-Removal efficiency measures trend with temperature.

Alndex (et = Index(10°C) — Index(20°C)
AT B AT

Positive values of 211dex (°C™1) indicates deterioration of performance
with temperature descend for EQIL/Qinavj, SNHes SNoes Niote- Negative
values of Aldex (°C1) indicates deterioration of performance with tem-
perature descend in the case of N-Removal efficiency indicators NO-
production, NO-removal, and NH4-removal. In the case of electricity
consumption (Easp/Qinavj) Negative 204X (1) indicates improvement
with temperature descend.

Low temperatures effects. As expected, all the performance indicators
shown in Table 1, except electricity consumption per m® of incoming
wastewater (Easp/Qinavj), attain their worst value at 10°C. Among the
indicators of emissions to water, the ammonium concentration (Syge) is
the most affected by low temperatures changing from 0.12gN/m® at
20°C to 0. 73gN/m3 at 10°C. The change of Syye with temperature Alidex
is 0.511°C~! while EQI/Qinavj, SNoe> Niote exhibits a Aldex ranging be—
tween 0.027 and 0.021°C™".

The NO-production and NO-removal indicators exhibit the larger
variation for the studied temperature span with Aldex of 1.42°C"! and
1.75 °C7!, respectively. The temperature effect on NH4-removal is

smaller with a 218<€X A‘“de" = 0.67°C"}, but produces a deterioration close to

for treatment efficiency metrics

8 % on ammonium removal efficiency. The severe deterioration of NO-
production and NO-removal indicators reported for low temperatures
reflects the decrease of nitrification and denitrification rates. This is a
relevant operational problem to be addressed by control strategies since
the actions to improve nitrification produce an increase of nitrates levels
(Sno) that could not be effectively eliminated by denitrification, since it
is also slowed by low temperatures. This situation could increase the
levels of total Nitrogen in the effluent (Note), producing violations of the
Ntote limits.

Table 1 shows that violation of total Nitrogen limits (Nt violation)
occurs at 10°C for a brief period of time, while short violations of
ammonium levels in the effluent (Syge violation) occurs at 10°C and
12°C. These negative events are a consequence of the deterioration of the
N-Removal processes low temperatures, reducing the ability of the
system to reject influent disturbances.

High temperature effects. Except for Easp/Qinayj indicator, a
outstanding performance above 16°C is observed in all indicators of
performance shown in Table 1, attaining the best values at 20°C. The
electricity consumption per m? of incoming wastewater (Easp/Qjnavj), iS
the only performance indicator affected favorably by temperature
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Fig. 3. Impact of dynamic variation of inputs on control variables and N-Removal efficiency indicators at different temperature scenarios. Controlled variable: So4.

descend, but this effect
Alndex_ .0,008°C™".

Fig. 2 presents the variation of the indicators with respect to tem-
perature. The indicators EQI/Qinavj, SNHe, SNOe; Ntote and Easp/Qinavj are
normalized, with respect to the maximum values observed in the tem-
perature range to facilitate visualization. The normalized indicators are
denoted EQI/Qinayj, SNHes SNOes Niote and Easp/Qinayj. Normalization was
not necessary for the N-Removal efficiency indicators as they are
expressed as percentages.

Snge and N-Removal efficiency indicators (NO-production, NO-
removal and NH4-removal) exhibit changes of different magnitudes be-
tween the different temperature scenarios, these changes are larger as
temperature decreases. This nonlinearity can be observed in Fig. 2 and
can be also deduced from Table 1 information:

is also the less significant with a

SnHe Varies 0.30 gN/m3 between 10°C and 12°C.
SnHe Varies 0.04 gN/m3 between 16°C and 18 °C.
NH4-removal varies —3.4 % between 10°C and 12°C.
NH4-removal varies —0.6 % between 16°C and 18 °C.

Fig. 2.a it is possible to notice the nonlinear variation of Syy, with
temperature: Sy, decreases abruptly as temperature increases between
10°C and 14°C, this trend is moderated between 14°C and 16°C, and
minor above 16°C. A slight nonlinear tendency is observed in EQI/Qjnayj
and Syoe, while the relation Ny, vs T is almost linear. The indicators
Easp/Qinavj, exhibits an exponential increase from 10°C to 20°C.

Regarding N-Removal efficiency, in Fig. 2.b ammonium elimination,
described by NH4-removal indicator, exhibits an exponential increase
with temperature, starting from 91.3 % at 10°C until saturation around
98 % above 16°C. On the other hand, nitrates production in the aerobic
zone (NO-production) and elimination in the anoxic zone (NO-removal),
start from 62 % and 53 %, respectively, at 10°C, and increase with
temperature. At 14°C the efficiency is 68 % and 60 % for NO-production
and NO-removal, respectively, and change in the slope is observed. At
16°C, efficiencies are 70 % NO-production and 63 % for NO-removal.

Below 14°C nonlinear trend is observed and efficiency changes are
greater as temperature decreases, but above 14°C minor changes are
appreciated and trend approximates to linearity. This tendency can be
associated with nonlinear relation between nitrification and tempera-
ture, that exhibits a larger variations below 14°C and smaller variations
at higher temperatures.

The dynamic evolution of relevant variables and performance in-
dicators at different temperature scenarios, namely reference scenario
(15°C), worst-case scenario (10 °C) and best-case scenario (20°C) is
presented in Figs. 3 and 4. For the observation of dynamic performance,
hourly and daily average values are computed for the selected operation
window. The hourly profile shows the real frequency and magnitude of
the disturbances throughout the day, which makes possible to detect
extraordinary events, as peaks on influent variables with strong impact
on N-Removal performance.

Fig. 3 shows:

— Variation of the influent variables (Qjn, IQI/QinavJy, SNHin)-

— The system states, in this case Sp4 and Sps. SO4 is the DO concen-
tration in the 4th reactor, that is the controlled variable.

— Oxygen Transfer Rates in reactors 4 and 5 (OTR4 and OTRs)

The first row of Fig. 3 shows relevant influent variations in the
selected evaluation horizon. The daily and the hourly average profiles of
Qin, IQL/Qinavy, Snmin are presented in subfigures (a), (b) and (c),
respectively. The specific days when these events occur are pointed out
in the subfigures. The events detected are summarized in Table 3.

The second row of Fig. 3 shows the relevant variables for DO control,
for the three temperature scenarios. The DO concentration in reactors 4
and 5 (So4 and Sps) is presented in subfigure (d), including the hourly
profile of Sp4 at 15°C. Daily average Sp4 response exhibits an accurate
tracking of the desired DO set-point (DOgp=2 g/m°>) independently of
the temperature scenario, with a neglectable effect of disturbances and
peaks on influent variables. Hourly Sp4 profile shows minor fluctuations
close to the set-point due to the variable nature of the inputs.
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Fig. 4. Dynamic behavior of performance indicators (EQI/Qinay;, Easp/Qinayy, Snue and Snoe) at different temperature scenarios compared with the levels of

influent pollutants.

On the other hand, Sps is not regulated to a reference value, then, at
15°C and 20°C scenarios daily Sps profile exhibits a natural descend of
12.5 % with respect to Sp4 (2 g/mg), with moderate fluctuations around
1.75 g/m>. However, at 10°C the Sos profile decreases 35 % with respect
to the controlled Sps4, with greater fluctuations around 1.3 g/m3
approximately. Fluctuations of Sps response are noticeable as temper-
ature decreases suggesting that the effect of influent disturbances on DO
is amplified at low temperatures. Noteworthy valleys in Sps coincide
with the peaks of influent flowrate (Qj,) the days 10-11 and 25-26.

According to Vanrolleghen et al. (2009) the contradictory effects of
temperature on Kpa and Spsa, mitigate the temperature effect on the
Oxygen Transfer Rate, as discussed in Section 2. For simplicity, the
Oxygen Transfer Rates in reactors 4 and 5 (OTR4 and OTRs) are pre-
sented as manipulated inputs instead of Kyas and Kjas, that are the
control handles of DO control loop of BSM2 default control strategy. The
dynamic response of control variables, including the Kjas and Kias
control movements, is shown in Figure A.1.

Oxygen transfer rates in reactor 4 and reactor 5 (OTR4 and OTRs) are
presented in the second row of Fig. 3, subfigures (e) and (f) respectively.
It is interesting to observe that OTR4 profiles attain lower values as the
temperature of the scenarios decreases, even though Sp4 attaches the
same set-point value in all cases. This situation suggests that a smaller
amount of oxygen is transferred at low temperatures to attain the same
DO concentration (DOgp = 2 g/m®), resulting in lower electricity con-
sumption for DO regulation at lower temperatures. However, in reactor
5, where Sgs is not enforced to a reference value, and lower DO levels are
attained at 10°C, the OTR5 profiles approximately coincide in shape and
magnitude, indicating that approximately the same amount of oxygen is
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being transferred at different temperatures.

In the third row of Fig. 3, the dynamic variations of the N-Removal
efficiency indicators are presented. NO-production, NO-removal and
NH4-removal indicators are presented in subfigures (g), (h) and (i),
respectively. Deterioration of nitrification and denitrification at low
temperatures translates into lower main values of the dynamic profiles
as temperature of the scenarios decreases. Regarding the effect of dis-
turbances, it is observed that NO-production and NO-removal exhibits
similar variation patterns for the three temperature scenarios (sub-
figures (g) and (h)). But, in the case of NH4-removal, the profile at 10 °C
exhibits amplified variations with respect to the other temperature
scenarios (subfigure (i)). Significative variations (valleys) are observed
at 10°C, which coincide with the peaks observed on influent flowrate
(Qin), days 10 and 26, being another evidence of the large effect of
disturbances at low temperatures.

Another observation, regarding the results presented in Fig. 3, is that
appropriate control performance at 10°C scenario does not guarantee
appropriate operation performance. DO control in the 4th reactor ex-
hibits good tracking of DOgp, with acceptable disturbance rejection, but
a significant deterioration of ammonium removal efficiency (NH4-
removal profile) is observed with a strong effect of disturbances. Then, in
the formulation of the Temperature Driven Control Strategy this issue
should be considered to improve performance at low temperatures.

Fig. 4 shows the dynamic behavior of the indicators of emissions to
water: EQI/Qinavy, SnHe, Snoe and energy consumption Easp/Qinavss
compared with the corresponding influent profiles, for the different
temperature scenarios. In subfigure (a) the EQI/Qjnayy profiles exhibit
symmetrical variation patterns, attaining higher values as the
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temperature of the scenarios decreases. The profile with the worst Eosp/
Qinavs corresponds to 10°C scenario. The pattern of variation of EQI/
Qinavy profiles differs from IQI/Qinavy pattern coinciding in some cases
the valleys of IQI/Qjnavy With the peaks of EQI/Qinavy (low load, poor
elimination), indicating that the load of influent pollutants do not
determine the removal efficiency.

In subfigure (b), daily average Easp/Qinavs profiles exhibit similar
variation patterns for the three temperature scenarios, attaining higher
mean values as the temperature of the scenario increases. In this case,
some similarities, including simultaneous peaks and valleys, are
observed between Epsp/Qinavy and IQI/Qjnavs profiles. This suggests that
the load of influent pollutants has a significant impact on aeration re-
quirements of ASP, that is the larger contributor to electricity
consumption.

The daily average Syye profile and Syyin profile are compared in
subfigure (c). There are no similarities between Syye and Sygin variation
patterns. The strong nonlinear effect of temperature on Syge is reflected
also in dynamic response, since the shape of the Syye profiles for the
different temperatures are not symmetrical. Moreover, peaks and valleys
of the profiles coincide in the different scenarios, but their amplitude
increases as the temperature of the scenario decreases. The differences
between the minimum valley and the maximum peak (days 8 and 10
respectively) using daily averages are:

— 0.11 g/m? at 20°C
— 0.40 g/m® at 15°C
— 1.35 g/m3 at 10°C

which evidences that effect of disturbances amplifies as temperature
decreases. Then, the number of peaks and valleys in Syy. response also
increases at low temperatures. Two significant peaks are identified (days
10 and 26) at 10°C using daily averages. The hourly average profile at
10°C is also included to identify the cause of the violations of Syy limits
reported in Table 1. That is a peak on day 10 that trespasses in a large
amount the required limits on Syye and coincides with a peak in Qjy.

In the case of Sype profiles shown in subfigure (d), the three tem-
peratures scenarios present a similar pattern of variation. Some simi-
larities with Sypin, profile are found, which is reasonable, since
ammonium load is transformed to nitrates, through nitrification in the
aerobic reactors. At low temperatures, the Syo. profiles attain larger
values although it has been observed that nitrification decreases as
temperature decreases (Table 1, Fig. 3). These higher levels of Syoe at
low temperatures are a consequence of the accumulation of nitrates in
the system due to the slower denitrification rate.

Regarding the impact of relevant events on plant behavior, Table 2
summarizes the cause-effect relationship between relevant influent
disturbances and the consequences on dynamic evolution of operation
variables and performance indicators.

Table 2
Relevant events observed in daily and hourly influent profiles and their conse-
quences on performance indicators at low temperatures.

Day Event Consequence (at 10°C)

5 Peak in hourly Snmin

10 Peak in hourly Qi,
Valleys (Dilution effects): 1Q1/Qinayy
SNHin-

Very slight peak in hourly Syge
Peaks: Sxue, EQL/Qinavy

Valleys: Sos, NH4-removal, Exsp/
QinavJ

Violation of Sype and Ny levels
Peak in Easp/Qinavs

12 Peak in hourly IQI/Qinavs and Symin.

26  Peak in daily Qi, Peaks: Sxte, EQL/Qinavs
Valleys (Dilution effects): IQI/Qin,yy, Valleys: Sos, NH4-removal, Exsp/
SHin- Qinavy

27 Peak in hourly IQI/Qinavy- Valley in EQI/Qinavs

Peak in Easp/Qinavy
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3.2. Proposing solutions to address the impact of temperature variations
on performance

Relevant considerations for the formulation of the Temperature
Driven Control Strategy comes from the performance assessment of
temperature effect on plant behavior carried out in the previous section.
The most important issues associated with the effect of temperature on
N-Removal WWTP operation are:

— An appreciable deterioration of performance indicators associated
with ammonium removal below 14°C, reaching their maximum at
10°C.

— Strong nonlinear trend with temperature of Syye and N-Removal
efficiency indicators (NO-production and NO-removal). The temper-
ature impact on the indicators is greater as the temperature
decreases.

— Negative effects of low temperature on performance noticeably
below 14°C:

o High levels of ammonium in the effluent (Syge)-

o Deterioration of NO-removal and NO-production that lead to accu-
mulation of nitrates in the system.

o Descend of DO levels in the 5th reactor.

o Peaks of Syye and valleys on Sps and NH4-removal associated with
strong disturbances in the influent flow (Qjy), leading to violations
of the allowable limits of ammonium (Syge) and total nitrogen
(N¢ote) concentration in the effluent.

— Outstanding values of emissions to water indicators above 16°C.

— Electricity consumption (Exsp), decreases as temperature decreases,
but the variation is not significant.

Some other important observations derived from the evaluation of
temperature effect on dynamic performance that are not directly
considered in the formulation of the control strategy are:

— The trade-off between DO levels, OTRs and temperature in aerobic
reactors

— The relation influent load and electricity consumption.

As a general comment, it is necessary to highlight that regardless of
the good performance of the local DO control loop in reactor 4, the
treatment objectives are not achieved in the range of low temperatures.
The dynamic response shows excellent tracking of DO set-point and
appropriate disturbances rejection at 10°C, 15°C and 20°C (Fig. 3).
However, violations of the effluent quality requirements occur at tem-
peratures below 12°C (Table 1), which is a meaningful operational and
environmental problem.

3.2.1. Considerations for the formulation of the temperature driven control
strategy

First, it is assumed that satisfactory performance operating under
BSM2 default control strategy at default conditions is attained at 15°C.
The performance indicators for this reference scenario are average
SnHe= 0.22 gN/m?, Syoe = 10.3 gN/m?, Nigre= 12.5 gN/m>, ammonium
removal efficiency (NH4-removal) 97.1 % and no violations of the
required effluent quality limits.

The range of low temperatures is defined between 10°C and 14°C,
since deterioration of performance and transitions in the nonlinear trend
with temperature are appreciated below 14°C. The range of high tem-
peratures is between 16°C and 20°C. Reference scenario (15°C) de-
termines the limits of satisfactory performance.

The control problem is split to address different goals depending on
the range of influent temperature variations to:

— Find individual or combined actions to improve treatment efficiency
at low temperatures.

— Find solutions to take advantage of the outstanding performance at
high temperatures
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In general, the trade-off between environmental impact and elec-
tricity consumption is considered to take control decisions, however low
temperature and high temperature operation goals might be different in
some cases.

3.2.2. Low temperature goals

It is difficult to achieve significant improvement of treatment per-
formance at low temperatures since kinetics of biological processes are
determined by temperature. Then, the control decisions at low tem-
peratures must attempt to minimize the Syge and Nioe peaks that pro-
duce violations of effluent quality limits, and then, to improve Syye and
Niote levels when is possible. Avoiding violations of effluent re-
quirements is the priority in this situation, even if it implies increasing
energy consumption in a short operation period. If it is possible to
choose between multiple actions, the actions with lower electricity
consumption are preferred.

3.2.3. High temperature goals

At high temperatures outstanding environmental performance is
attained, then it is admissible to relax performance requirements to
reduce the consumption of energy and chemicals, while treatment per-
formance keeps at least as in reference scenario (15°C).

The specific criteria to formulate the Temperature Driven Control
Strategy are:

— Satisfactory performance limits are: Sype= 0.22 gN/m3, Snoe = 10.3
gN/m3, Ntote= 12.5 gN/m? ammonium removal efficiency NH4-
removal= 97.1 % and no violations of the required effluent quality
limits. Conditions attained at 15°C.

— Control objectives below 14°C:

o Minimize the peaks on Syge response to avoid violations of effluent
quality limits.

o Attain favorable conditions to N-Removal processes, balancing
nitrification and denitrification processes to avoid accumulation of
nitrates.

o Ensure adequate levels of DO (Sp4 and Sps) in aerobic reactors.

— Control objectives above 16°C:

o Reduce electricity consumption (Easp/QinavJ)-

o Reduce consumption of chemicals (Qcarb)-

The control actions considered in this work are:

— Modification of Q,, to vary SRT. Sludge age or SRT regulation is
usually applied in practice to deal with seasonal variations of tem-
perature. SRT is adjusted varying Qy, it is set to 450 m3/d (SRT 12.1
days) in the warmer period, and it is set to is set to 300 m3/d (SRT
17.8 days) in the colder period in default BSM2 strategy (Table A.4).
It is considered a long-term control action in BSM2 control strategy.
Changes of Q,, below 300 m®/d are proposed.

— Modification of DO set-point in the 4t reactor (DOgp). Default
BSM2 control strategy employs a fixed DO set-point to ensure the
adequate DO levels in the 4th reactor to face influent disturbances.
DO set-point can be modified between 1.5 and 4 g/m® to adjust DO
levels to influent variations. The adjustment of DO set-point is a fast
control action, that is selected to reject influent disturbances at low
temperatures. A range of variation of DO set-point between 1.6 and
3.6 g/m° is considered.

— Modification of carbon dosage (Qcarb). Modification of carbon
dosage (Qcarb) is included to promote denitrification at low tem-
peratures. Even BSM2 control strategy employs constant Qcarb
throughout the year, this is a fast control action that can be used to
attain an adequate balance between nitrification and denitrification.
Variations between 1 and 3 m®/d are considered.

— Incorporate regulation of DO in the 5" reactor. A DO set-point
(DOsps) between 1 and 1.5 g/m3 in the 5th reactor is considered to
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deal with Sps descend at low temperatures, that could produce
deterioration of ammonium removal efficiency. This strategy, that
combines DO control in the 4th and the 5th reactor is denoted CL1
strategy in Gernaey at al. (2014). The DOgsps proposed in Gernaey
et al. (2014) is below Sgs values attained at 10°C with the default
control strategy. Then, a variation of CL1 with DOgps= 1.5 g/m3 is
proposed here.

3.3. Evaluation of control actions to improve WWTP efficiency

First, the effect of SRT at relevant scenarios as a long-term action.
Afterwards, the effect of DO set-point and Qg changes to reduce
emissions to water below 14°C, and to reduce energy and chemicals
consumption above 16°C is evaluated, considering the worst-case sce-
nario (10°C) and the best-case scenario respectively.

3.3.1. Modification of SRT

SRT or sludge age represents the time that wastewater remains in the
system. In practice, it is increased at low temperatures to compensate
the reduction of the rates of biological processes. The minimum SRT
required for nitrification is 10 days at 10°C and 4 days at 20°C (Smith
etal., 2013; Hreiz et al., 2015). Larger values, up to 35 days, are usually
applied in practice to ensure the desired ammonium levels in the effluent
(SnHe), but increasing SRT reflects on greater energy consumption,
moreover, high STRs can produce settleability problems.

The SRT has been modified adjusting Q,, to observe its effect on N-
Removal performance and electricity consumption at the different
temperature scenarios. Results are presented in Table 3:

— At low temperatures (10°C, 12°C) Q,, is varied between 300 m3/
d and 250 m®/d. It is observed that reducing Qy, avoids the violation
of Niote limits and improves the emissions to water and treatment
efficiency indicators. Violations of Syye limits are avoided at 12°C,
but they remain at 10°C, even for the maximum SRT. However, the
magnitude of the violation of Sype limits decreases with longer
sludge ages. Increasing SRT by reducing Q,, from 300 m®/d to
250 m3/d, improves significantly average Syye, but a minor effect is
observed on Syoe, with a nonlinear trend in both variables.

— At 10°C with Q= 275 m3/d (SRT 19.3 days), average Snye decreases
almost 20 % and Snpe 1.4 % with respect to default conditions. For
Qw = 250 m3/d (SRT 21 days) Snye decreases 14 % and Syoe 2 %,
with respect to Qy= 275 m3/d.

— At reference scenario (15°C) Q,, is varied between 300 m3/d and
450 m3/d (SRT 12.1 days). Reducing SRT from 17.8 days to 12.1
days produce violations of Syge limits and duplicates average Snye.
Then, it is not recommended to reduce SRT at 15°C to save energy.

— Al best-case scenario (20°C) Q,, is also varied between 300 m3/d and
450 m3/d (SRT 12.1 days). Satisfactory N-removal performance is
attained in both cases, with no violations of effluent limits. Then SRT
could be reduced to save energy, with a consequential increase of
average Snge. In this case, Syge increment is within the acceptable
tolerance.

— At 10°C and 12°C is observed that Exgp/Qinavy increases linearly as
SRT increases.

Then, increasing SRT is a potential alternative to be considered in the
Temperature Driven Control Strategy to improve N-Removal perfor-
mance at low temperatures. Increasing SRT improves treatment per-
formance at low temperatures.

Energy consumption increases with SRT. At low temperatures the
increment of Exgp/Qinavy for using larger SRTs is an acceptable expense
to improve Syge and avoid violations of effluent requirements. At 20°C,
increasing Q,, to 450 m3/d (SRT 12.1 days), as defined in BSM2 timer
control, reduces energy consumption with a minor impact on Syye and
Niote- However, reducing SRT at 15°C, where adequate performance is
attained, to reduce energy consumption produces significant
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Table 3
Effect of SRT variations by Q,, adjustment on selected performance indicators at different temperature scenarios.
10°C 12°C 15°C 20°C

Q. (m%/d) 300 275 250 300 275 450 300 450 300
EQL/Qinavy (kg/m®) 0.28 0.28 0.28 0.27 0.27 0.26 0.25 0.24 0.23
SNHe (gN/mB) 0.73 0.59 0.51 0.43 0.35 0.47 0.22 0.17 0.12
Snoe (gN/m%) 11.32 11.16 10.93 11.02 10.77 11.44 10.3 10.07 8.96
Niote (gN/mS) 14.04 13.77 13.49 13.43 13.13 13.78 12.5 12.14 11.07
Esp/Qinavs (kWh/m?) 0.232 0.234 0.236 0.238 0.240 0.236 0.244 0.245 0.251
(Sno5-Sn02)/Snos% 62.6 63.6 64.8 64.5 65.9 62.2 68.8 69.6 76.8
(SnORin-SN02)/SNoRin % 53.3 54.5 56.0 55.6 57.4 52.8 61.0 62.0 70.9
(SNHRin~SNH5)/SNHRin %0 91.3 92.8 93.8 94.7 95.6 94.3 97.1 97.8 98.4
Niote Violation (% operation time) 0.10 0 0 0 0 0 0 0 0
Niote Violation (events) 1.00 0 0 0 0 0 0 0 0
Niote Violation (time d) 0.03 0 0 0 0 0 0 0 0
SnHe Violation (% operation time) 0.87 0.59 0.49 0.31 0 0.35 0 0 0
Snue Violation (events) 2 1 1 1 0 1 0 0 0
SnHe Violation (time d) 0.26 0.18 0.15 0.09 0 0.10 0 0 0
COD, violation (% operation time) 0 0 0 0 0 0 0 0 0
SRT (d) 17.8 19.3 21.0 17.8 19.3 12.1 17.8 12.1 17.8

deterioration of Syye and violations of the required limits. Table 4

able

Temperature based Q,, control, could be used instead of timer con-
trol to adjust SRT to real conditions of the process. This strategy could be
useful to ensure adequate performance when abnormal variations of
temperature alter seasonal patterns.

3.3.2. Actions on DO and Q.q to reduce emissions to water below 14°C
considering the worst-case scenario (10°C)

3.3.2.1. Modification of DO in aerobic reactors and external carbon
source. The fast actions to improve N-Removal efficiency, avoiding vi-
olations of effluent requirements, at low temperatures are evaluated in
the worst-case scenario (10°C). The idea is to observe the effect on
system performance in the most severe conditions. The proposed actions
are:

Increase DOgp to promote conversion of Syy to Syo through nitrifi-
cation, considering:

DOgp= 2.2 g/m?, DOgp = 2.4 g/m> and DOgp = 2.6 g/m°.
Increase Qcarp to promote conversion of Syo to Ng through denitri-
fication, considering Qcarb = 3 m3/d.

Simultaneous increase of DOgp and Qcarp. These combined actions are
denoted CB:

CB1: Qearp = 3 m>/d + DOgp= 2.2 g/m5, CB2: Qcarp = 3 m>/day
+ DOgp= 2.4 g/m°.

CL1 control strategy that regulates DOgp in the 4th reactor to 2 g/m?
and DO in the 5th reactor to DOgps:

DOgps= 1 g/m3 (Gernaey et al., 2014), DOgps= 1.5 g/rn3 (Sos levels
attained at low temperatures with default BSM2 strategy).

The average and maximum values of the indicators of emissions to
water (Snte, SNoes Niote) and the average electricity consumption (Easp/
Qinavj) obtained for the proposed control strategies are presented in
Table 4 and compared with default strategy. Average values of the
performance indicators are used to evaluate the general effect of control
actions on process behavior in the selected operation period, and the
maximum values of the indicators, that are determined considering the
full data set (measurements are obtained each 15 min), are used to
detect violations of the effluent quality requirements.

In Table 4 is observed that the maximum Syye is above the desired
limit (4 gN/m>) in all cases, what means that none of the proposed
control actions can attenuate the effect of the disturbance that causes the
violation of the maximum allowable limit of Syyge (Day 10 peak in Q).
Increasing DO set point in the 4th reactor (First row, columns 2-4)
produces a moderate improvement of average and maximum ammo-
nium levels (Snpe), but also causes a significant worsening of the levels
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Average and maximum values indicators of emissions to water (Snue, Snoes Ntote)
and electricity consumption per m°S of incoming wastewater (Easp/Qinavj) for the
control strategies applied in the worst-case scenario (10°C) to improve
performance.

Default  DOgp DOsp DOsp 2.6 8/ Qcarp 3 m>/d
2.2g/ 2.4g/ m?
m® m®

Snue (8N/ 0.73 0.65 0.60 0.55 0.76
m3)

Maximum 6.03 5.70 5.41 5.15 6.14
Snhe (§N/
m?%)

Snoe (N/ 11.3 11.9 12.4 12.9 9.3
m®)

Maximum 14.9 15.5 16.0 16.5 12.8
Snoe (8N/
m®)

Niote (8N/ 14.0 14.5 15.0 15.4 12.0
m®)

Maximum 18.1 18.3 18.8 19.3 17.2
Niote (§N/
m?%)

Easp/Qinavy 0.23 0.24 0.24 0.25 0.24
(kWh/m?)

Default CB1 CB2 CL1 CL1
DOsps=1g/  DOgps=1.5g/
m® m®

Snne (N/ 0.73 0.68 0.61 0.71 0.62
m?%)

Maximum 6.03 5.80 5.50 5.49 5.07
Snue (§N/
m?%)

Snoe (8N/ 11.3 9.72 10.1 10.9 11.7
m®)

Maximum 14.9 13.3 13.7 14.5 15.3
Snoe (gN/
m®)

Niote (§N/ 14.0 12.4 12.8 13.6 14.3
m3)

Maximum 18.0 17.3 17.4 18.0 18.4
Niote (§N/
m®)

Ensp/Qinavy 0.23 0.24 0.25 0.23 0.23
(kWh/m?)

Default: Qearp, = 2 m®/day + DOgp= 2 g/ m®

CB1: Qearb = 3 m>/d + Dogp = 2.2 g/m?, CB2: Qearp = 3 m>/d + Dogp = 2.4 g/
3

m-.

of nitrates in the effluent (Syoe) and, consequently, in Nige. It is
important to remember that nitrification and denitrification processes
are at 62 %, and 53 % of efficiency at 10°C. In this scenario, the
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nitrification process that transforms ammonium to nitrates is slowed
down by low temperatures, but it is aided by the increment of DO levels
in the aerobic zone. However, oxygen is an inhibitor of denitrification
and part of the oxygen in the aerobic zone, that increases with DOgp, is
transported through internal recycle (Q,) to anoxic reactors producing a
deterioration of nitrates elimination. Then, increasing DO set-point at
low temperatures to reduce Syye levels produces a substantial increase
of nitrates levels (Syo) that lead to violations of Nyqe. It is also observed
that, in all cases, increasing DOgp produces a moderated but insufficient
improvement of Syye violations but worsen the violations of the desired
Niote limits.

The second proposed action is to increase the external source of
carbon (Qcarb) to improve denitrification (First row, column 5 of
Table 4). This action produces a notable decrease of average and
maximum values of Syoe and Ny, avoiding the violation of the desired
Niote limits. The addition of organic matter by increasing Qcarh, promotes
denitrification, decreasing Syoe levels, with a slight increment of Syye
levels. This solution by itself is not relevant for improving performance,
but a natural decision that arises from the observation of the effects of
increasing DO set-point and Qcqrp is to combine both actions to find a
balance between nitrification and denitrification. The tests CB1: Qcarp
=3m3/d + DOgp= 2.2 g/m°> and CB2: Qcarp = 3 m>/d + DOgp= 2.4 g/
m? increase simultaneously Qcas and DOgp. These actions (CB1 and CB2,
presented in the second row of Table 4) produce a slight deterioration of
the average and maximum Syye, but a noticeable enhance the Sy and
Niote average and maximum values. As a result, the favorable effects of
increasing DOgsp on Sype are kept, while increasing Qcarp reduces Snoe
levels and avoids the violations of Nyt limits. However, these actions do
not minimize the violations of Syge.

The idea of implementing CL1 strategy comes from the observation
of a significant reduction of Sps levels in the 5th reactor at 10°C, that was
thought to be a factor influencing the deterioration of the indicators of
emissions to water. However, this strategy exhibits the same drawbacks
that increasing DOgp, increasing the oxygen levels in reactor 5 produces
an accumulation of nitrates in the system, that reflects as high average

Increase DOSP

—— Default ==DOg, 2.2g/m> —==DO, 2.4g/m (b)

Increase Q +Increase DO
carb SP

—Default ===Q___ 3m%d
carb
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and maximum levels of Sype and Niote. Furthermore, the CL1 strategy do
not address the violations of Syge and Nigge limits.

Increasing DOgp implies increasing electricity consumption per m® of
incoming wastewater (Easp/Qinavy).- Energy consumption also increases
when using higher external carbon source dosage (Qcarb)- The strategy
with the lower impact on electricity consumption among all tested ac-
tions is CL1 (Table 4).

The dynamic behavior of the system when applying the proposed
control actions is also evaluated to corroborate observations from
Table 4 adding information about dynamic behaviour. Fig. 5 presents
the dynamic profiles of the Sype and Syoe indicators, built using the daily
average values of indicators on the evaluation period.

The main values of Syye profiles slightly increases as DO supply
(DOsp, DOsps) intensifies for all actions that involves DOgp increase
presented in subfigures (a), (b) and (c) respectively (Increase DOgp, CB1,
CB2, CL1). The profile for DOgp= 2.6 g/m3 was not shown to avoid
redundancy. In all cases, Syye (a, b, ¢ subfigures) and Syoe profiles (d, e,
subfigures) exhibits symmetrical patterns for DOgp changes, even indi-
vidual modification of Qcar, Shown in subfigures (b) and (e). Likewise,
the changes in the main values of the profiles per change of DOgp are
similar for each strategy, with a moderate difference for Syo. in CB1 and
CB2 actions. In subfigure (e), it is observed how the strong positive effect
of increasing Qcarp displace the Sype profiles to lower values. In sub-
figures (d) and (f) is observed that Syoe profiles with CL1 strategy attain
lower values than those of the default control strategy, even though in
both cases high levels of Sype are produced.

The dynamic profiles allow to observe the peaks of ammonium
concentration (Syyge) days 10 and 26 (Fig. 5(a), (b), (c)) that are a
consequence of the abrupt peak on the influent flowrate (Qj,) pointed
out in Fig. 3(a). In this worst-case scenario, the combined actions (CB1
and CB2) improve performance, producing a moderate reduction of the
main values of Syye profiles while acceptable levels of Sype are
maintained.

Summarizing, the simple increase of DOgp is not enough to improve
N-Removal performance, since the reduction of Syye is accompanied by

CL1 strategy

3 3
CB1 —==CB2 ——Default ——CL1 DO, 1g/m®> —==CL1 DO, 1.5g/m

N2 DA ONDOR NP PN QD
Time period (Days)

0
ND O N0 QP PP
Time period (Days)

0 D |
P Qo NS oA QN DB A8 ,.v\,{/bqga,{/\ng,b
Time penod (Days)

N2 DA OND O DN PP QR
Time period (Days)

8
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Fig. 5. Effect of the proposed actions to improve performance on ammonium and nitrates levels in the effluent (Sye and Snee) at low temperatures (10°C). CB1: Qcarb

=3m?d + Dosp = 2.2 g/m3 and CB2: Qcarp = 3 m3/d + Dosp = 2.4 g/m3.
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an increase of Syoe to undesirable levels. CL1 strategy that fixes DO set-
point in the 5th reactor, slightly improves this situation. However, none
of the proposed actions has been able to minimize the Syp. peak
observed the day 10, that produce violations of Sype and Niote limits, that
is the most important problem associated with performance deteriora-
tion at low temperatures in the selected evaluation window.

3.3.2.2. Addressing the violations of required effluent limits due to strong
disturbances. It is observed from previous results that among the fast
control actions, increasing DOgp improves nitrification which reduces
ammonium levels in the effluent (Syye). However, this action produces
an undesirable elevation of nitrates levels in the effluent (Sype) that
reflects on the total Nitrogen concentration (Nio). It is found that
increasing the carbon dosage (Qcarb) is the solution to this trade-off,
since it promotes denitrification, reducing nitrates levels in anoxic
reactors.

The cause of the violation of the required limits on Syge and Nyt has
been identified as a strong disturbance in Qj,. According with Table 3
results, this situation persists even with longer SRTs, then fast actions
are necessary to reject the disturbance. DO levels must be severely
increased for a brief period to facilitate nitrification when disturbance in
Qin is detected. This temporal DO set-point is denoted DOgy. The re-
actions associated with nitrification exhibits a saturation when DO is
close to 4 g/m3 (Ammand et al., 2013), then DOgy mut be lower. Pro-
longed periods of intensive aeration are discarded due to the high con-
sumption of electricity and the possible negative effects of excess of
oxygen on denitrification, microorganisms’ diversity and settleability of
the sludge.

Then, the proposed control action to reduce or, preferably, avoid the
violations of effluent quality limits is increasing DO set-point (DOgp) up
to 3.6 g/m° in the period where the disturbance in affecting the system.
Qcarb mut be set at 3 m3/d to prevent nitrates accumulation. Increasing
the aeration to reach higher DO set-points implies higher energy con-
sumption, however, in this situation, avoiding violations of effluent
quality limits is a priority.

In the evaluated scenario, the Qj, disturbances that produce the Syye
peaks were detected on days 10 and 26. However, in regular operation,
it is not possible to predict the exact moment when such disturbances
occur. Therefore, in the general control strategy, the parameter Qjiyy, is
used as a trigger to intensify aeration in the presence of strong distur-
bances in Qjyr.

Then, the strategy proposed to reduce the impact of the large dis-
turbances of influent flow on Syye and Nyoe levels at low temperatures is
composed of the following actions, that are tested to find the best
conditions:

— Qcarb=3 m3/day to promote denitrification

— DOgp between 2. 0 g/m3-2.2 g/m°>

— DOgp = DOgy while Qj, > Qjnr, with DOry between 2.8 and 3.6 g/m3
to reduce violations of effluent quality limits in the presence of
strong influent disturbances.

The strategy is incorporated as a modification of default BSM2
control strategy and CL1 strategy with DOgps= 1.5 g/m°>.

In order to determine Qjy;, the Qj, profile in the operation window is
examined. The average influent flow in the selected operation period is
Qinavy = 22066 mg/day, in Fig. 3, subfigure (a), it is possible to distin-
guish normal fluctuations of Qj, around Qjnavy and occasional strong
disturbances with Qj, values above 28000 m® /d, that approximately
corresponds with 85 % percentile. It is considered that the action to
reject Qyp disturbances must be activated for disturbances of infrequent
magnitude above 85 % percentile, then Qj,, values are selected between
85 % (28000 m3/d) and 92 % (32500 m®/d) percentile of Qy, profile
depending on desired sensitivity to Q;, disturbances

The strategy has been tested in the worst-case scenario (10°C) with
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Table 5

Average and maximum values indicators of emissions to water (Snue, SNoe> Ntote)
and electricity consumption (Easp/Qinavj) for the control strategy applied in the
worst-case scenario (10°C) to prevent violations of effluent requirement limits.

Default  P1 P2 P3 P2-SP CL1-
22¢g/m®> P2
Snhe (gN/m®) 0.73 0.63 0.60 0.68 0.56 0.56
Maximum Sge 6.03 4.85 4.57 4.89 4.51 4.44
(gN/m®)
Snoe (gN/m?) 11.3 9.60 9.68 9.40 10.1 9.81
Maximum Syoe 14.9 12.9 129 12.8 13.4 13.2
(gN/m®)
Niote (gN/m>) 14.0 12.2 12.3 12.1 12.6 12.4
Maximum Nyyie  18.0 17.4 17.5 17.3 17.6 17.6
(gN/m)
Easp/Qinavs 0.232 0.243 0.246 0.240 0.250 0.245
(kWh/m?)

Default: Qcarp = 2 m®/day + DOgp= 2 g/ m>

P1: DOgp= 2.0 g/m>, DOpy= 3.2 g/m>, P2: DOgp= 2.0 g/m>, DOpy= 3.6 g/m°,
P2-SP: DOgp= 2.2 g/m°, DOgy= 3.6 g/m>, CL1-P2: CL1 strategy with DOg.
p= 2.0 g/m°%, DOgy= 3.6 g/m°.

different values of Qjin, DOsp and DOgy. The following settings are
considered:

P1: DOgp= 2.0 g/m°>, DOgy= 3.2 g/m>, Qi1 = 28000 m? /d.

— P2: DOgp= 2.0 g/m>, DOgy= 3.6 g/m°>, Qini= 28000 m? /d.

P3: DOgp= 2.0 g/m°>, DOgy= 3.6 g/m>, Qipr= 32500 m? /d.

— P2-SP: DOgp= 2.2 g/m>, DOgy= 3.6 g/m°, Qi = 28000 m? /d.
CL1-P2: CL1 (DOgps =1.5g/m?) strategy with DOgp= 2.0 g/m>,
DOgy= 3.6 g/m°, Qi = 28000 m® /d.

The results of the evaluation are shown in Table 5, and dynamic
profiles of Syge, Snoe and Easp/Qinavy are presented in Fig. 6. The
maximum values of Syyge and Sniote (considering full data, with samples
each 15 min) in Table 5 are used to observe if the action has been suc-
cessful to minimize the violations of effluent quality limits, while
average values indicate the effect on global performance in the selected
operation window. A reduction amongst 19 % and 23 % in the
maximum values of Sy, are attained with proposed strategy compared
with Default BSM2 strategy. Even though it is still not possible to avoid
the violations of required Syye limits, the magnitude of the peak is
minimized. Violations of Ny limits have been eliminated, an maximum
Snoe are reduced from 14.9 gN/m3 to values around 12 gN/mB. In all
cases average Syye reduces from 6.8 % to 23 %, as well as nitrates levels
(Snoe) and total Nitrogen (Niote), which indicates the positive effect of
the proposed strategy in N-Removal performance. Regarding effects of
each parameter:

— P1 vs P2 settings, that differs on DOgy: An extra reduction of 6 % of
SnHe peak is reached with an increase of 1.2 % of electricity con-
sumption (Easp/Qinavy) and a very slight increase of Syoe and Niote

— P2 vs P3 settings, that differs on Qjnr: Snye peak increases 7 % when
Quin is increased, with an increase of 1.23 % of Easp/Qinavy

— P2-SP 2.2 g/m® vs P2 settings, that differs on DOgp: average and
maximum Syye values are improved with increasing DOgp to 2.2 g/
m?® in the whole operation period. Consequently, larger Easp/Qinavs
(4 %) and worse Sype and Nioe average and maximum values are
attained.

— CL1-P2 vs P2: average and maximum Syye values are improved, and
the maximum reduction of Sy peak is attained, with larger Exsp/
Qinavy (4 %) and worse Sype and Nyt average and maximum values.

From these results it is noticed that increasing DOgp in the whole
operation window (P2-SP 2.2 g/m®) strategy do not produce significant
improvements with respect to other strategies. Average Syye and
maximum Syye are moderately reduced compared with other strategies,
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Fig. 6. Effect of the strategy proposed to reduce the peaks on ammonium in the effluent (Sxge) on emissions to water indicators and electricity consumption Eagp/

Qinavy at worst-case scenario (10°C).

Table 6

Average and maximum values indicators of emissions to water (Snue, SNoe> Ntote)
and electricity consumption per m? of incoming wastewater (Easp/Qinavj) for the
control strategies applied at different temperature scenarios.

12°C 14°C 15°C
Default P11 P12 Default P22 Default
Sxhe (gN/m®) 0.43 0.40 0.41 0.27 0.26 0.22
Maximum Syye (8N/ 4.41 3.44 3.71 3.02 2.60 2.44
m®)
Snoe (gN/m%) 11.0 9.20 9.20 10.5 10.6 10.3
Maximum Syoe (8N/ 14.6 12.6 12.6 14.2 14.2 14.0
m3)
Niote (gN/m>) 13.4 11.6 11.6 12.8 12.8 12,5
Maximum Nyge (gN/ 17.5 16.9 16.8 17.0 17.1 16.8
m3)
Easp/Qinavs (kWh/ 0.24 0.24 0.24 0.24 0.24 0.24
m?)

Default: Qcarp = 2 m®/day + DOgp= 2 g/ m®
P11: Dogp=2. 0g/m> Dory= 2.8 g/m® at 12°C; P12: Dogp=2. 0 g/m°,
Dorv= 3.2 g/m® at 12°C; P22: Dogp= 2. 0 g/m>, Dopy= 2.4 g/m° at 14°C.

but it results in higher Syoe levels and increases electricity consumption.

In Fig. 6, the dynamic profiles with the different settings of the
proposed strategy are compared with default strategy, allowing to
observe the significant improvement of Sype behavior, the significant
reduction of the Syye peak, and the moderated improvement of the mean
values of Syge. P1 vs P2 effects and P2-SP 2.2 g/m3 and CL1-P2 are
compared in different columns. P3 is excluded to facilitate comparison.

This strategy has been tested in 12°C and in the 14°C scenarios
considering the following settings, with Qjn;, = 32500 m3/d (More
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relaxed than in the 10°C scenario):

— P11: DOgp= 2. 0 g/m>, DOgy= 2.8 g/m> at 12°C.
— P12: DOgp= 2. 0 g/m?, DOgy= 3.2 g/m° at 12°C.
— P22: DOgp= 2. 0 g/m°, DOgy= 2.4 g/m° at 14°C.

From the results presented in Table 6, it can be verified that settings
of DOgy and Qjyr, can be relaxed as temperature increases producing a
relevant improvement of performance. From the comparison between
different settings, it is stated that P11 and P12 strategies avoid violations
of Snye limits at 12°C, and improves the other indicators with no sig-
nificant effect on electricity consumption. The Sype peak is lower with
P11, that uses a lower DOgy, compared with P12, but both strategies
achieve similar performance in the other indicators. At 14°C it is
observed that performance indicators with Default and P22 strategy are
not so different between them, and their values are close to the values
obtained at reference 15°C scenario. It is necessary to restate that curves
of NO-production, NO-removal and NH-removal change from abrupt var-
iations to soft variations close to 14°C (Table 1, Fig. 2). Then, no sig-
nificant deterioration of performance associated with temperature is
observed at 14°C with respect to 15°C. The only underlining advantage
of P22 strategy, compared with Default conditions, is the reduction of
Snue peak.

3.3.3. Actions on DO and Qg to reduce energy and chemicals
consumption above 16°C

In the case of temperatures above 16°C, two main actions are eval-
uated to reduce energy and chemicals consumption taking advantage of
the enhanced performance observed at high temperatures. The actions
are to decrease DO set-point in reactor 4 and to reduce carbon dosage
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(Qcarb) on reactor 1.

These actions are tested in the best-case scenario (20°C) and
compared with Default BSM2 strategy (Qcarp, =2 m>/day + DOgp= 2 g/
m®). Specifically, the variations are:

— Decrease DOgp to lower aeration energy, considering:
DOgp= 1.8 g/m®, DOgp = 1.6 g/m°>.

— Reduce Qcarp to save chemicals, considering:
Qcarb =1 m?/d.

— Simultaneous decrease of DOsp and Qcarp:

CB3: DOgp= 1.6 g/m>, CB4: Qcar, = 1 m®/day + DOgp= 1.8 g/m>.

The effect of the proposed individual (Decrease DOgp, decrease Qcarb)
and combined control actions (CB3, CB4) on average and maximum
values of Snpe, Snoe; Niote and Easp/Qinayj for the best-case scenario
(20°C) are presented in Table 8. The proposed control strategy estab-
lishes that actions to reduce consumption of resources are suitable if
environmental indicators values are below the attained at 15°C (Ad-
missible limits), that are also presented in the table.

At 20°C scenario, average and maximum Sy, are significantly below
the ammonium levels attained at 15°C for all tested control actions.
When DO levels are reduced to 1.6 g/m> and 1.8 g/m® to decrease
electricity consumption (Easp/Qinavj), average ammonium concentra-
tion (Snye) exhibits a slight deterioration, compared with Default case,
but average and maximum Syo. shows a moderate improvement.
Reducing DO levels in the aerobic zone reduces the available oxygen for
nitrification, increasing Syy, but the amount of oxygen transported by
recirculation (Q,) to the anoxic zone also decreases, which is favorable
for denitrification, reducing the levels of Syo in the system. Then, ac-
cording with results shown in Table 8, these alternative DOgp can be
implemented to save electricity.

On the other hand, reducing external carbon dosage (Qcarb) to 1 m3/
d increases Syoe levels since the substrate available for denitrification is
reduced. In this case, Syoe levels are greater than levels at 15°C reference
scenario, as shown in Table 7, which makes this action unfeasible due to
an excessive deterioration of performance.

The combined actions (CB3 and CB4) are considered for the simul-
taneous reduction of electricity (Easp/Qinavj) and chemicals consump-
tion. Desired Syye is attained with a low DOgp at 20°C due to the positive
effect of temperature on biological kinetics, furthermore, the low DO
levels are favorable to eliminate nitrates in anoxic zone. In the case of
CB3, the benefits of the lower DO set-points (1.6 g/m3) on denitrifica-
tion compensates the reduction of Qcarb, allowing the attainment of the

Table 7
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desired levels of nitrates in the effluent (Syoe). It makes possible to save
electricity and chemicals simultaneously. In the CB4 case with higher
DOgp, the admissible limits of Sype (10.3 gN/m3 at 15°C) and Ny, (12.5
gN/m? at 15°C) are infringed, making this action unfeasible at 20°C,
since positive effects of the low DO levels on denitrification are not
enough to compensate the Q.4 reduction.

Table 7 shows the results for scenarios with temperatures between
16°C and 20°C. It is observed that reducing DOgp = 1.6 g/m? that was
effective at 20°C, produces inadmissible deterioration of Syye at 16°C
where microorganisms are less active. CB3 strategy, that was effective at
20°C to reduce electricity consumption (Easp/Qinavj) and external carbon
usage (Qcarb), causes a larger deterioration of the levels of Syye, Snoe and
Niot compared with default strategy at 18°C.

The effect of proposed actions on dynamic profiles of Sype and Syoe
at 20°C are presented in Fig. 7. The dynamic profiles of valid solutions
must be below the limits of acceptable performance given by profiles
obtained at 15°C with default BSM2 strategy. For individual and com-
bined actions involving DOgp reduction, the deterioration of nitrification
due to the lower DO levels is evidenced as a reduction of the mean values
of the Ny, profiles, but the limits for acceptable performance are still
being attained in the whole horizon for all cases (subfigures a,b).
Regarding Snoe levels, the favourable effect of decreasing DOgp on ni-
trates elimination reflects on Sype dynamic profiles shown in subfigure
(c). However, for the combined action of decreasing DOgp and reducing
carbon dosage (Qcarb), Snoe dynamic profiles shown in subfigure (d)
exceeds the allowable limits of acceptable performance (Sype at 15°C)
for all cases, except for CB3 combined actions, in the whole operation
window.

These results evidence the sensitivity of the denitrification process to
the availability of the organic matter provided by Qcarb, €ven in the
favourable conditions promoted by higher temperatures. The only sce-
nario possible to simultaneously reduce energy and chemicals con-
sumption is at 20°C. However, it is possible to decrease energy
consumption reducing the DOgp to 1.6 g/m? at 18°C and to 1.8 g/m? at
16°C.

3.3.4. Formulation of the temperature driven control strategy

A brief overview of the main aspects that arose from the evaluation of
the selected control actions is presented in Table 8. The table summarize
the pros and cons of the actions considered in this work to assess the
impact of temperature on the performance of N-Removal process of the
WWTP represented by BSM2 plant. It also presents the range of variation
of the control variables involved in the different control actions to be

Average and maximum values indicators of emissions to water (Syme, Snoes Niote) and electricity consumption per m® of incoming wastewater (Easp/Qinavj) for the
control strategies applied in the best-case scenario (20°C) and other temperatures in the higher temperature range.

Best case scenario 20°C 15°C
Default DOgp 1.6 g/m* DOgp 1.8 g/m® Qcarp 1 m3/d CB3 CB4 Default
SNHe (gN/m3) 0.12 0.14 0.13 0.11 0.13 0.12 0.22
Maximum Syyge (gN/ms) 0.74 1.03 0.85 0.70 0.96 0.80 2.44
SNoe (gN/mB) 8.96 8.22 8.59 10.9 9.92 10.4 10.3
Maximum Syoe (gN/rns) 13.6 13.0 13.3 15.1 14.1 14.6 14.0
Niote (gN/ms) 11.1 10.4 10.7 13.0 12.0 12,5 12.5
Maximum Nige (gN/m3) 16.2 15.7 15.9 17.2 16.5 16.8 16.8
Esp/Qinavs (kWh/m?) 0.251 0.239 0.245 0.246 0.234 0.240 0.244
16°C 18°C 15°C
Default DOgp DOgp Default DOgp CB3 Default
1.6 g/m* 1.8 g/m® 1.6 g/m®
Snie (gN/m®) 0.19 0.23 0.21 0.15 0.17 0.16 0.22
Maximum Sype (gN/mB) 1.93 2.55 2.20 117 1.64 1.55 2.44
SNoe (gN/m3) 10.0 9.08 9.54 9.44 8.63 10.5 10.3
Maximum Syoe (gN/mS) 139 13.0 13.5 13.8 13.1 14.6 14.0
Niote (gN/ms) 12.1 11.3 11.7 11.6 10.8 12.7 12.5
Maximum Nigee (gN/m?’) 16.6 16.1 16.3 16.3 15.8 16.9 16.8
Esp/Qinavs (kWh/m®) 0.246 0.235 0.240 0.249 0.238 0.233 0.244

CB3: Qearp = 1 m3/d + DOgp= 1.6 g/m>, CB4: Qcary, = 1 m®/d + DOgp= 1.8 g/m>,
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Fig. 7. Effect of reduction of the DO reference in R4 (DOgp) and Qcarp 0N Sype and Syoe and electricity consumption Exsp/Qin,yy in the best-case scenario (20°C).

applied in the Temperature Driven Control Strategy. This range of
variation have been selected from the analysis of the results discussed in
Sections 3.3.1 to 3.3.2, with a conservative criterion with respect to the
increase of DO levels (DOsp, DOgy). As shown in Table 8, actions with a
negative impact on N-Removal performance at low temperatures, as
single increase of DOgp have been discarded, as well as, actions that are
feasible only in a very limited range of temperature, as simultaneous
decrease of DOgp and Qcarp at high temperatures.

Regarding long-term SRT regulation, it was recommended in Section
3.3.1 that Qy adjustments were executed considering influent waste-
water temperature, but in the current version of the Temperature Driven
Control Strategy, timer control from BSM2 default strategy is main-
tained for simplicity.

Founded on the analysis of the results presented in Sections 3.3.1 to
3.3.3, and considering the observations and settings summarized in
Table 8, the Temperature Driven Control Strategy proposed in this work
comprises the following considerations and actions:

Three zones are defined based on temperature effect on N-Removal
process given by nitrification and denitrification: Low temperatures
(below 14°C), Reference conditions (15°C), High temperatures (Above
16°C).

Low temperature goals:

— Minimize the Sype and Nyt peaks that produce violations of effluent
quality limits: Syge= 4 gN/ms, Niote= 18 gN/m3
— Improve Syyge and Nige levels when is possible

There are no restrictions on electricity and chemicals consumption to
minimize violations of effluent quality requirements, but actions are
selected considering the minimum possible consumption of electricity.

High temperature goals (Below 14°C):

— Reduce aeration energy to minimize electricity consumption.
N-Removal performance is at least equal to Reference scenario

(15°C) performance, limits of average values of indicators at high tem-
peratures, in the selected operation window, are: Syge= 0.22 gN/m3,
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Snoe = 10.3 gN/m?’, Niote= 12.5 gN/m?’, NH4-removal= 97.1 %
The control actions considered in this work are:

1. For the Temperature Driven Control Strategy based on BSM2 default
control strategy:

— Adjustment of Q,, to vary SRT as a long-term action (Timer control is
kept):

a) 300 m>/d colder period, 450 m®/d warmer period
b) 250 m®/d colder period, 400 m3/d warmer period

— Influent temperature below 14°C
0 DOgp= 2 g/mB, Qcarb = 3 ms/d
o If Qin > Qinr then: DOgp is DOgy to reduce violations of effluent
quality limits. DOgy= 2.8 g/m> (12°C-14°C), 3.2 g/m° (10°C-12°C)
— Influent temperature on 15°C: DOgp= 2.0 g/m3, Qcarb = 2 m3/d,
Qu= 300 m%/d
— Influent temperature abovel6°C
0 DOgp= 1.6 g/m°, Qcarp = 2 m%/d.

2. For the Temperature Driven Control Strategy based on the BSM2 CL1
strategy:

- DOSp5: 1.5 g/l'l'l3
— Adjustment of Q,y to vary SRT as a long-term action (Timer control is
kept):

) 300 m3/d colder period, 450 m3/d warmer period
d) 250 m%/d colder period, 400 m3/d warmer period

— Influent temperature below 14°C
0 DOgp= 2 g/m3, DOgps= 1.5 g/m3, Qcarb = 3 m°/d.
o If Qin > Qinr. then: DOgp is DOgy to reduce violations of effluent
quality limits. DOgy= 3.2 g/m® (10°C-14°C)
— Influent temperature on 15°C: DOgp= 2.0 g/m3, Qcarb =2 m3/d,
Qu= 300 m®/d
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Table 8

Summary of the effect of the evaluated strategies and control actions (1 Positive
effects, | problems).

Table 8 (continued)

Action Positive impact and problems Settings/Effective

range of temperature

Action Positive impact and problems Settings/Effective

range of temperature

Low temperatures

Reduce Q,, to increase
SRT
Long-term action

Prolonged increase
DOsp

Increase Qcarb

Prolonged increase
DOgp +Increase

Qcarb

CL1

Strategy to reduce
Snne peaks
increasing DOgp
during disturbance

Improves N-Removal
efficiency (Sne, Snoe) T
Reduces number and
magnitude of violations of
Snte and Niote T

Slight increase of electricity
consumption |

Moderate reduction of Sype
levels 1

Deterioration of
denitrification due to high
DO levels oxygen, leads to
violations of Ny limits |
Increases electricity
consumption Easp/Qijnavj
Improves denitrification
process 1

Significant reduction of Syoe
levels 1

Increase use of chemicals and
operation costs |

Improves N-Removal
efficiency, DOsp increase
improves Syye, Qcarb increase
improves Syoe T

Increase use of chemicals,
electricity consumption and
operation costs |

Improves of Sype due to
DOgps regulation, increases
Sos levels 1

Increase electricity
consumption and operation
costs Easp/Qinavj |
Deterioration of
denitrification due to high
DO levels oxygen, leads to
violations of Ny limits |
Minimizes the number and
magnitude of the violations
of Snpe and Nioge limits 1
Improves N-Removal
efficiency, DOsp increase
improves Syye, Qcarb increase
improves Snoe T

Increase use of chemicals and
operation costs |

Qu: 250 m®/d—300
m3/d

364 d <t < 546 d
10°C—14°C

Discarded

Qearb = 3 m*/d
10°C—14°C

Qcarb = 3 ms/d
DOgp: 2-2.4 g/m°,
Selected: DOgp= 2 g/
m3

10°C-12°C

DOgp = 2 g/m*
DOgps= 1.5 g/m*
10°C—14°C

DOgp= 2.0 g/m°>
QinL:28000

—32500 m? /

d (85-92 % Qi
percentile)

DOgy: 2.8-3.2 g/m®

Reference 15°C (DOgp= 2.0 g/m°, Qeary = 2 m>/d, Q= 300 m*/d)

High temperatures
Increase Q,, to reduce
SRT
Long-term action

Prolonged reduction
DOgp

Reduce Qcarp

Prolonged reduction
DOsp +Reduce Qcarp

Moderate reduction of

electricity consumptiont
Deteriorates N-Removal
efficiency (Snme, Snoe) |

Reduces electricity
consumption Easp/Qinavj T
Improves denitrification in
anoxic zone due to reduced
levels of oxygen 1

Moderate deterioration of
Snie levels |

Increase use of chemicals and
operation costs 1
Deteriorates denitrification
process, increases Syoe levels
l

Reduce use of chemicals,
electricity consumption and
operation costs?

Deteriorates N-Removal
efficiency (Snue, Snoe) |

Qu: 450 m®/d-

400 m*/d

t < 364 d, 546
d<t<608d
16°C—20°C

DOgp = 1.6 g/m?> for
T>18C

DOgp = 1.8 g/m® for
16°C < T < 18°C

Discarded

T > 20°C
Discarded
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Low temperatures

— Reduction of DO levels
improves nitrates elimination
while it is deteriorated by
Qcarp decrease |

— Influent temperature abovel6°C
0 DOgp= 1.6 g/m°>, DOgps= 1.5 g/m>, Qcarp, = 3 m>/d.

The Temperature Driven Control Strategy presented here is a basic
version with primary setting of control variables, which requires a
detailed analysis of the transitions between temperature scenarios and a
thorough procedure to determine the settings of the control variables.
Some relevant improvements to be included in future versions are the
SRT adjustment with temperature instead of timer control, an appro-
priate adjustment of DOgps for CL1 -based strategy, an exhaustive
evaluation of DOgy and Qjy, effects. However, the Temperature Driven
Control Strategy has exhibited outstanding performance compared with
BSM2 default strategy considering annual influent profile.

The main characteristics of the annual influent profile are reported in
Gernaey et al. (2014) and briefly described in Section 2. The BSM2
influent includes influent flow and load variations associated with
human activities and meteorological events, which can be identified as
periodic and unexpected disturbances. In Table 9 the annual average
performance indicators for the Temperature Driven Control Strategy,
considering different SRT, DOgry and Qjyy, settings are compared with
indicators obtained for Temperature Driven Control Strategy. In general,
the main achievement of the Temperature Driven Control Strategy is the
reduction of the frequency and magnitude of the violations of Nyt limits
first, and Syye limits in a second place. N-Removal efficiency indicators:
NO-production, NO-removal and SNH4-removal are also improved in all
cases, as well as average Niqoee. The effect of control strategy settings on
electricity consumption, Operational Costs (OCI) and average values of
Snte> Snoe and EQI/Qjnayj are determined by the resulting trade-offs
between nitrification and denitrification processes, and the trade-offs
between electricity consumption (Easp/Qinavj) and effluent quality, in
general. In all cases Syge, Snoe and Nige levels have been reduced
compared with Default BSM2 Strategy, which indicates that the control
actions applied lead to an adequate balance between nitrification and
denitrification. The best global performance considering the impact of
the strategy on all indicators can be assigned to the Temperature Driven
Control Strategy with Qjn = 32500 m3/d and Qy: 250-400 m>/d, which
corroborates that SRT regulation is fundamental, but not sufficient in
this case study, to address temperature effects on WWTP operation.

To summarize, the proposed Temperature Driven Control Strategy is
able to address satisfactorily the seasonal and unexpected changes of
temperature modelled by the annual BSM2 annual influent profile,
attaining an appropriated trade-off between effluent quality and elec-
tricity consumption. The violations of required N limits are reduced
up to 50 % in frequency and 33 % in length, while violations of required
Snie limits are reduced up to 36 % in frequency and 40 % in length.
Annual average Syye is reduced up to 19 % and annual average Ny is
reduced up to 11 %. All these improvements are attained together with a
slight decrease on electricity consumption (Easp/Qinavj)-

The strategy distinguishes between low temperature and high tem-
perature operational goals. Low temperature goals are oriented to
improve performance and N-Removal balance but concentrate on the
mitigation of disturbances effects that are difficult to reject at low
temperatures, producing violations of effluent quality limits. Opera-
tional goals at high temperatures have also been reached since elec-
tricity consumption is reduced in all cases, despite the increased
electricity consumption required to improve performance at low
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Table 9
Evaluation of different settings for the temperature driven control strategy. Annual average values of selected performance indicators.
Default Qinz= 28000 m®/d Qinz= 32500 m®/d Qinz= 32500 m®/d Qw: 250-400 m®/d CL1-based

EQI/Qinavy (kg/m>) 0.27 0.26 0.26 0.27 0.26
SNHe (gN/ms) 0.47 0.46 0.49 0.38 0.43
Sxoe (gN/m®) 11.05 9.82 9.73 9.41 9.99
Ntote (gN/mS) 13.5 12.3 12.3 12.0 12.4
Ensp/Qinavs (KWh/m?) 0.243 0.241 0.239 0.242 0.241
OCI (EUR/d) 9442 9445 9406 9416 9442
(Sno5-SN02)/Snos% 65.11 72.35 72.70 74.92 71.39
(SnoRin-Sno2)/SNoRin % 56.43 65.43 65.87 68.62 64.22
(SnHRin-SNH5)/SNHRin % 94.81 94.86 94.59 95.71 95.23
Niote Violation (% operation time) 1.17 0.48 0.48 0.78 0.69
Niote Violation (events) 32.00 16.00 16.00 16.00 19.00
Niote Violation (time d) 4.28 1.76 1.76 2.86 2.51
Snue Violation (% operation time) 0.41 0.35 0.35 0.24 0.21
Snue Violation (events) 11.00 9.00 9.00 7.00 6.00
SnHe Violation (time d) 1.49 1.26 1.29 0.89 0.75

temperatures. The Temperature Driven Control Strategy, with the set-
tings considered in this work, provides a basic adjustment of control
actions to current influent temperature, therefore, it can adapt operation
to abnormal variations of temperature and unexpected precipitations
produced by climate change.

4. Conclusions

A Temperature Driven Control Strategy designed to address seasonal
variations of temperature and abnormal variations associated with
climate change has been obtained in this work using the Benchmark
Simulation Model (BSM2), with DO control in the 4th reactor and timer
control of waste flow, as reference system.

The main problem to be addressed by control strategy at low tem-
peratures (below 14°C) is the deterioration of ammonium removal per-
formance due to slowed nitrification and denitrification rates. This
situation produces violations of the limits of ammonium and total Ni-
trogen in the effluent in the presence of strong disturbances. At high
temperatures, the control objective is to reduce electricity consumption,
since increased nitrification and denitrification rates lead to outstanding
N-Removal performance.

The proposed Temperature Driven Control Strategy combines long-
term regulation of SRT and fast actions to reject disturbances as varia-
tions of DO set-points and carbon dosage, that are incorporated to
default BSM2 strategy. The Temperature Driven Control Strategy is also
formulated incorporating the mentioned control actions to a variant of
the default DO control scheme, that includes an additional loop to
regulate DO in the 5th reactor (CL1 strategy). The trade-off between
environmental impact and electricity consumption is considered to
determine the appropriate control actions, but in the case of low tem-
peratures the priority is to minimize the violations of effluent quality
limits.

The relevant actions of the combined Temperature Driven Control
Strategy at low temperatures are increasing carbon dosage below 14°C
and, in the case of strong disturbances in the influent flowrate,
increasing DO set-point during disturbance (as carbon dosage is
increased) to minimize violations of ammonium and total Nitrogen
levels in the effluent. At high temperatures, reducing DO set -point to
appropriated values allows to reduce electricity consumption with a
minor impact on N-Removal performance, but simultaneous reduction
of electricity and chemicals consumption is possible only at 20°C with
the selected control actions.

The Temperature Driven Control Strategy have exhibited
outstanding performance compared with BSM2 default strategy
considering annual influent profile and different settings for the control
actions. SRT adjustment, that is the usual action to address temperature

20

variation, exhibited a significant impact on control strategy perfor-
mance. Then, relevant improvements to be included in future versions of
the Temperature Driven Control Strategy are the SRT adjustment with
temperature instead of timer control.

To further refine the strategy, the incorporation of rainfall pre-
dictions could be useful to anticipate disturbances, reducing the prob-
ability of overwhelming the system with abrupt changes on influent
flow.

The proposed solution is helpful to improve the operation of WWTPs
that operate in locations with severe seasonal variations of temperature
where maintaining stable treatment performance throughout the year is
critical. It is particularly relevant in the context of climate change, which
is expected to cause more extreme and unpredictable temperature
fluctuations, further impacting WWTP efficiency. By exploring temper-
ature-driven control strategies, this study contributes to the broader
effort to optimize wastewater treatment processes and supports sus-
tainable water management practices.

CRediT authorship contribution statement

S. Revollar: Writing — review & editing, Writing — original draft,
Software, Methodology, Investigation, Conceptualization. M. Meneses:
Writing — original draft, Validation, Methodology, Investigation,
Conceptualization. R. Vilanova: Writing — review & editing, Writing —
original draft, Supervision, Methodology, Investigation, Conceptualiza-
tion. M. Francisco: Writing — review & editing, Writing — original draft,
Project administration, Methodology, Investigation. P. Vega: Writing —
review & editing, Supervision, Resources.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors wish to thank the support of the Spanish Government
through the MICINN projects PID2019-105434RB-C31, PID2019-
105434RB-C33, TED2021-129201B-100, TED2021-806 129134B-I00
and MICINNU/AEI/10.13039/501100011033. The authors acknowl-
edge the WWTP of Salamanca for allowing our research group visiting
the plant and the IWA Task Group from the Department of Industrial
Electrical Engineering and Automation (IEA), Lund University, Sweden
(UIf Jeppsson, Christian Rosen) for the BSM2 models.



S. Revollar et al.

Appendix 1. Complementary material

Al.1 Process parameters and relevant ASM1 information

Table A.2

Table A.1

Influent characteristics, operational parameters and dimensions of BSM2 plant

Process Safety and Environmental Protection 195 (2025) 106792

Influent characteristics

Annual average influent flow rate (Qjn)

Max influent flow (Qin max)

Min influent flow (Qin min)

Annual average COD influent concentration (CODj;)
Max COD influent concentration (CODjy max)

Min COD influent concentration (CODj, min)
Annual average Ny influent concentration (Notin)
Max Ny, influent concentration (Notin max)

Min Ny influent concentration (Ntotin min)

Annual average NH influent concentration (Snin)
Max NH influent concentration (Snuin max)

Min NH influent concentration (SnHin min)

Annual average Influent Quality Index (IQI)
Annual average Influent Quality Index per m® of incoming wastewater (IQI/Qi,)
Influent temperature (T)

Operational parameters

Internal recycle flow (Q,)

External recycle flow (Q;)

Waste flow (Qy)

Hydraulic retention time (HRT)

Sludge age (SA)-Solid Retention Time (SRT)
Relevant dimensions

Total ASP volume (V)

Anoxic reactor volume (V1, V3)

Aerobic reactor volume (V3, V4, Vs)

20,648 m®/day
85,841 m®>/day
5146 m°/day
592.2 gCOD/m*
1213 gCOD/m?
36.5 gCOD/m>
55.2 gN/m>
114.2 gN/m®
7.7 gN/m°
23.9 gN/m®
55.7 gN/m®
7.7 gN/m°
747,833 kg/d
3.62 kg/m°®
10-20°C

61,944 m®/day
20,648 m®/day
300-450 m®/day
22h

17.3d

12,000 m®
1500 m®
3000 m®

Activated Sludge Model No. 1 (ASM1) variables

Definition Notation Definition Notation
Soluble inert organic matter St Readily biodegradable substrate Ss
Particulate inert organic matter X; Slowly biodegradable substrate X
Active heterotrophic biomass Xp,H Active autotrophic biomass Xp, A
Particulate products from biomass decay Xp Oxygen So
Nitrate and nitrite nitrogen Sno NH4-+NHj3 nitrogen (ammonium) SvH
Soluble biodegradable organic nitrogen Snp Particulate biodeg. org. nitrogen XnD
Alkalinity SaLk

Table A.3

ASM1 biological processes rates

Biological process

Process rate

Aerobic growth of heterotrophs

Anoxic growth of heterotrophs

Aerobic growth of autotrophs

Decay of heterotrophs

Decay of autotrophs

Ammonification of Syp

Hydrolysis of entrapped organics
Hydrolysis of entrapped organic nitrogen

1 =f Xp.n, Ss, So)

p2 = f Xp,u, Ss, So, SN0)

p3 = f Xp,n, So, Snm)

pa=f Xp,n)

ps =f Xpa)

pe = f (Xp,H, SND)

p7 = f Xp,n, Xs, So, Sno)

ps = f Xp,n, Xs, So, Sno» XND)

Ss
P1 = Hur: Ks +Ss :

X
Kon + So) .

P2 = Hur Ks +Ss

SNH

Kon ) ( Swo )’YgX
Kou +So/ \Kno + Sno B

P3 = IMAT'(

¢ Sno:

Knu + Syu

S0 >XBA

Koa + So

(A1)

(A.2)

(A.3)
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1-Yy 1

- A
2867, 2 Y, A4

'no = —

® SnH:

. . . 1
TNe = —1IxB'P1 — xB'P2 — (lXB +?) P3tps (A.5)
A

Table A.4
Control system parameters of BSM2 plant

BSM Control System Parameters
BSM2 Controller gain: K = 25 d’l/(g -COD/ m3)
Oxygen control PI anti-windup Integral time constant: Ti = 0.002 d

Anti-windup time constant: Tt = 0.001 d
Offset constant: Kias in= 120 d !
BSM2 0 <t < 182 d Qy= 300 m*/d
Sludge age control Timer control 182 d <t < 364 d Q, = 450 m®/day
364 d <t < 546 d Q, = 300 m®/day
546 d <t < 608 d Q,, = 450 m>/day

Al.2 Performance indicators

Influent Quality Index, IQI (kg/d): it is a measure of the total pollution load of the influent for a given operation period (i.e.one year). It includes
Niotin, SNHins SN0Oin, CODin, TSSin and BODs;, load in the influent.

Effluent Quality Index, EQI (kg/d): it is a measure of the total pollution load of the plant discharge for a given operation period (i.e. one year). It
includes the following measurements of pollutants in the effluent: total Nitrogen (Niote), ammonium (Syge), nitrates (Syoe), total Chemical Oxygen
Demand (COD,), total Suspended Solids (TSS.) and Biological Oxygen Demand (BODse).

Electricity consumption indicator: The Electricity consumption of the ASP, E4sp (kWh/d) is the electricity consumption of the ASP considering the
aeration energy (AE), the pumping energy (PE) and the mixing energy (ME). Electricity consumption per m® of incoming wastewater in the evaluation
period; Epsp/Qinavy; is also computed:

Easp = PEagp + AE + MExgp (A.6)

Pumping energy, PEsp (kWh/d): it is computed considering the pumps available on each unit: the internal recycle flow Q,, the external recirculation
flow Qy, the wastage flow Qy, the primary clarifier bottom flow, the thickener feed flow and the dewatering unit bottom flow.

Aeration energy, AE (kWh/d): it depends on aeration system characteristics: type of diffuser, bubble size, depth of submersion. It is computed on the
basis of the oxygen transfer coefficient on each reactor and the volume of each reactor for Degrémont DP230 porous disks at an immersion depth of
4 m (Gernaey et al., 2014)

Mixing energy, MEsp (kWh/d): it is computed for activated sludge reactors if Kja< 20 d L.

Economic indicator: The Operational Cost Index (OCI): it is defined in BSM2 as the weighted sum of different costs:

OCI = AE + PE + 3SP + 3EC — 6MET ;04 + HEpet (A.10)

Pumping energy, PE (kWh/d): it is computed considering the pumps available on each unit of the whole plant.

Mixing energy, ME (kWh/d): it is computed for activated sludge reactors if Kja< 20 d~! and anaerobic digester, considering the volume of each
reactor and digester volume, respectively.

External carbon, EC (kg/d): it is computed as the averaged external carbon mass flow, considering the external carbon source concentration
(400,000 g/m3) and the carbon source flow rate (Qcarp)-

Sludge production for disposal, SP (kg/d): it is computed based on the amount of solids accumulated in the plant and from the solids removed from
the plant as dewatered sludge.

Heating energy, HE (kWh/d): HE is the energy necessary to heat the sludge to the operation temperature required in the anaerobic digester.

Heating energy net (HEpy): HE, is zero if methane produced in anaerobic digester (AD) covers its heating requirements, otherwise, HE,et = HE —
7 METq. It is computed considering that energy content of biogas is 13.89 kWh/kg CH4 and biogas to heat efficiency is 50 % (Gernaey et al.,
2014). METprod (kg/d): is the amount of biogas produced in AD.

A1.3 Process Control assessment

22
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Fig. A.1. Control variables for the different temperature scenarios with default DO control BSM2 strategy

In Figure A.1, it is observed that DO reference (DOgp

= 2 g/m°>) in the 4th reactor is attained employing lower K a, values in the lower temperature

scenarios, which could imply lower energy consumption at low temperatures. However, in real practice and recent works (Muloiwa et al., 2023) the
opposite effect is reported. This means that, aeration energy requirements increase at low temperatures. BSM2 model uses oxygen transfer coefficient
(Kpa) directly as manipulated variable, which is a simple representation that obviates all the variables involved in a real Ka estimation, including

airflow rate, and gas and liquid properties.
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