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Abstract: In the last decade, China has sharply tightened the monitoring values for wastewater
treatment plants (WWTPs). In some regions with sensitive discharge water bodies, the values (24 h
composite sample) must be 1.5 mg/L for NH4-N and 10 mg/L for total nitrogen since 2021. Even
with the previously less strict monitoring values, around 50% of the wastewater treatment plants in
China were permanently unable to comply with the nitrogen monitoring values. Due to the rapid
changes on-site to meet the threshold values and the strong relation to energy-intensive aeration
strategies to sufficiently remove nitrogen, WWTPs do not always work energy-efficiently. A Chinese
WWTP (450,000 Population equivalents or PE) with upstream denitrification, a tertiary treatment
stage for phosphorus removal and disinfection, and aerobic sludge stabilisation was modelled in
order to test various concepts for operation optimisation to lower energy consumption while meeting
and undercutting effluent requirements. Following a comprehensive analysis of operating data,
the WWTP was modelled and calibrated. Based on the calibrated model, various approaches for
optimising nitrogen elimination were tested, including operational and automation strategies for
aeration control. After several tests, a combination of strategies (i.e., partial by-pass of primary
clarifiers, NHy-N based control, increase in the denitrification capacity, intermittent denitrification)
reduced the air demand by up to 24% and at the same time significantly improved compliance with
the monitoring values (up to 80% less norm non-compliances). By incorporating the impact of the
strategies on related processes, like the bypass of primary settling tanks, energy consumption could
be reduced by almost 25%. Many of the elaborated strategies can be transferred to WWTPs with
similar boundary conditions and strict effluent values worldwide.

Keywords: energy efficiency; wastewater treatment; nitrogen removal; modelling; simulation; opti-
misation

1. Introduction
1.1. Energy Consumption and Energy Efficiency in WWTP

WWTPs are a significant energy consumer, with electricity representing one of the
major operational costs in most WWTPs around the world [1]. For example, in a study
of Austrian WWTPs, the electricity costs represented around 11% and 17% of the total
operating costs, the second largest costs, after personnel, in WWTP < 100,000 PE [2].
Another study in Brazil estimates that the energy represents 11-31% of the total operational
costs in WWTP with activated sludge and nutrient removal [3]. In other countries, where
personnel costs are lower and/or electricity prices are higher, the electricity share can
be even higher. According to data extracted from a benchmarking study of the IBNET
Database of the World Bank, it has been estimated to be as high as 40% in Bangladesh or
55% in Iraq [4].
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It is estimated that WWTPs represent about 1-3% of the overall energy use of a
country [5]; in Europe, the overall electricity use of WWTPs > 2000 PE, is about 0.8% of
the total electricity consumption in the EU-28 [6]. Furthermore, in practice, the energy
demand is inversely proportional to the treatment capacity of the plant, for capacities below
approximately 38,000 m3/d or 190,000 PE—for 200 L/(PE-d) [1]. This is also observed in
Europe, where plants smaller than 50,000 PE represent almost 90% of the total number of
plants, but process only 31% of the PE and require 42% of the electricity use [6].

The energy consumption of WWTPs with conventional activated sludge is estimated
to be in a range between 0.27 and 1.89 kWh/m?, depending on the country and for A2/0O
0.267 kWh/m?3 [7]. However, this value is an oversimplification, as diverse factors directly
impact the energy consumption, such as the type of treatment processes (with or without
primary treatment, type of biological treatment step, type of sludge treatment, etc.), the
treatment target (i.e., COD removal, nitrogen and phosphorous removal), the norm to
comply (dependant on the local regulations or and/or water bodies to discharge), influent
load and the topography of the catchment area, among others.

In recent years, internal energy consumption in WWTPs seems to be on the rise due to
the modernisation and adaptation of processes to meet the increasingly stringent effluent
discharge standards that apply in a growing number of countries [1]. This is has been
observed in China, where the effluent discharge standards have been tightened in recent
years [8].

The biological treatment, and more specifically aeration, is usually the main energy
consumer in a WWTP, with a share between ca. 50 and 70%, as observed in studies from
different countries (see Figure 1). This consume is commonly followed by pumping and or
sludge treatment processes. Therefore, in optimisation studies, these are usually the first
consumers to pay attention to.
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Figure 1. Typical Energy End-Uses in Municipal WWTPs, as percentage of the total in different
countries (elaborated with data from [9-13]).

In the biological stage, the main consumption is usually aeration [5,9,11,14,15], but
mixing and recirculation [15] are also significant consumers. In the treatment of sludge,
dewatering is commonly identified as one of the largest consumers [11].

The aeration system in a WWTP generally offers many optimisation opportunities.
On one hand, an adequate air distribution in the aeration tank, with a surface-covering
aeration that avoids anoxic pockets or dead zones should be assured. On the other hand,
excess aeration can have negative consequences for the denitrification (anoxic) stage [16].
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To adjust the current air requirements in the individual tank zones, numerous mea-
suring instruments, fittings and controllers are required [17]. The incorporation of the
adequate instrumentation, control and automation (ICA) strategies, with adequate online
measurements and regular maintenance is key, because the air delivery can be tailored to
the system requirements at different points in time, while assuring effluent quality. The
incorporation of ammonium and or nitrate sensors to the aeration control loop shows
significant advantages in the air requirement [18,19]. Computer simulation is a useful tool
to test different ICA approaches [20,21].

Upstream denitrification is one of the preferred configurations for WWTPs with ac-
tivated sludge systems for nitrogen removal. However, alternative configurations, such
as intermittent denitrification or simultaneous nitrification/denitrification, present advan-
tages in WWTP with simultaneous aerobic sludge stabilisation; the higher activated sludge
volume and solids retention time (SRT) are advantageous in the case of highly variable
influent loads [17].

The power reduction for mixing in anoxic and anaerobic tanks can offer not only
advantages for the energy efficiency, but also to the process efficiency, as reduced surface
turbulence minimises the transfer of oxygen to the sludge liquor [5].

1.2. Overview of the Wastewater Situation in China

China is one of the fastest growing economies worldwide and has undergone an
unparalleled process of accelerated urbanisation and industrialisation [22]. However, its
rapid economic development and population growth has brought on many challenges,
including high inequality and challenges to environmental sustainability [23]. This rapid
industrial expansion has also implied an enormous exploitation of natural resources and a
general degradation of environmental quality [24].

China’s rapid economic growth also surpassed the speed of institutional development,
which is why the country is addressing important institutional and reform gaps to move
towards more sustainable growth [23].

The most recent 14th Five-Year Plan (2021-2025) has a focus on the “new progress
of ecological civilisation” and includes several energy and climate indicators, such as a
reduction in energy consumption and CO; emissions per unit of GDP, an increment in the
days with good air quality and an increase in surface water quality and an aim to ensure
that 85% of surface water has a quality class III or superior by 2025 [25].

This is also reflected in the recently enforced stricter norms for treated wastewater
quality [26]. The main parameters of the standard GB 18918-2002, which is currently
officially valid, are presented in Table 1 Moreover, a consultation draft was released in 2015
to update the standard for stricter values, especially for N and P. This gives an insight into
the coming years and has already been incorporated into many regional regulations. For
example, in some regions discharging in the Tai Hu basin, the city standard (CS) is applied
from 2021.

Chinese discharge standards are divided into four stages, which differ depending on
not only the treated wastewater volume but also on the regional situation, the purpose
of water reuse and the receiving waterbody. China applies the 24-h composite samples,
which are mixtures of samples that are taken at least once every 2 h.

Unfortunately, according to Zhang et al. about 50% of wastewater treatment plants
in China do not meet the monitoring values for nitrogen and about 90% of wastewa-
ter treatment plants have problems with nutrient removal [8]. A significant fraction of
WWTPs experience difficulties in meeting increasingly strict effluent discharge standards,
taking into account that the number of WWTPs required to meet Grade I-A and Grade I-B
standards increased to 90% in 2018 [27].
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Table 1. Main basic parameters of the Chinese discharge standards of pollutants for municipal WWTP according to norm
GB 18918-2002 [26] and the local city standard (CS) in the Tai Hu basin as an example.

Concentration in mg/L (24 h Composite Sample)

Grad Application
rade COD BODs  SS  NHgN TN P PP
CS 30 10 10 1.5 (3) 10 0.3 Local regulation
Grade I-A 50 10 10 5(8) 15 0.5 for water discharged by WWTP for reuse

for WWTP discharging wastewater into
Grade I-B 60 20 20 8 (15) 20 1 surface water classified as Grade III
according to GB 3838-2002

for WWTP discharging wastewater into

Grade IT 100 30 30 25(30) . 3 surface water classified as Grade IV-V

for WWTP with only mechanical treatment

Grade III 120 60 50 - - 5 . .
and potential expansion

* Limits in brackets are for wastewater temperatures below 12 °C.

As a result of the update to China’s policies, in the last three decades, the number of
WWTPs in China has grown enormously, as observed in Figure 2. Most plants are concen-
trated in the largest urban agglomerations. Moreover, as China continues increasing its
standards for wastewater treatment, WWTPs must follow this accelerated pace, challenging
their adaptation capacity and generating sometimes unsustainable coping mechanisms.
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Figure 2. Development of wastewater treatment plants and treatment capacity in China (elaborated
with data from [28].)

Approximately 75% of the WWTPs in China correspond to medium size plants,
treating 1000-10,000 m?/d [29]. In China, the most dominant process in the WWTPs is the
activated sludge process in different variations. The processes mainly used are the A2/0
process (anaerobic—anoxic—aerobic) and oxidation ditch, which accounted for 31% and 21%
of the WWTPs in 2013 [29].

Step-by-step monitoring facilities have been increasingly applied in modern WWTPs,
but until now the operation often lacks a reliable strategical process control. Therefore,
in many cases, treatment processes can be improved in order to run more stably and to
reduce highly fluctuating effluent quality.
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In China, a study has shown that the energy consumption of different plant sizes
differs greatly, in that it averages 27 kWh/(PE-a) at the treatment plants up to a size of
50,000 PE. For plants with more than 100,000 PE, the specific energy consumption decreases
to an average of about 16 kWh/(PE-a) [30]. Increasing energy demand for wastewater
treatment, increasing energy prices and higher standards for the discharge of treated
sewage are drivers towards more efficient treatment systems.

1.3. Modelling as a Tool for Operational Optimisation and Energy Efficiency

The modelling of activated sludge processes became a common part of the design and
operation of wastewater treatment plants in the early 2000 [31]. Models and simulation can
be used as cost-effective tools to support decision-making processes, sustained with data
and analysis, backing up the first steps for implementing change. The dynamic simulation
of wastewater treatment plants has been used in many studies worldwide as an instrument
to increase the knowledge of the process and system behaviour [32,33], for optimisation
studies [34], for training and teaching and for model-based process control [35,36]. SIMBA®
is a simulation system that allows the holistic consideration of sewer system, wastewater
treatment plant, sludge treatment and rivers. The software can be applied for a large
variety of tasks in engineering practice, research and education [37]. The software has been
widely used, especially in the German-speaking community, for water systems modelling,
e.g., in [38-40] to demonstrate adequate performance, for studies to improve operation
(costs, critical situations), as well as for the planning and dimensioning of WWTPs [41].

In this context, and with the use of modelling as a tool, China has the opportunity
to adapt its wastewater treatment for future challenges, reducing its pollutant emissions
to water bodies by applying an energy and resource-efficient approach to WWTPs and
increasing its treatment standards.

2. Materials and Methods

To identify the most energy consuming treatment steps in the model WWTP, the energy
consumption of the equipment provided by the operator was estimated and compared to
optimal values. The results of this energy analysis regarding the main consumers were
then used for targeted improvement strategy definition.

To find and test the potential effects of different simple operational and automation
strategies in nitrogen removal and energy consumption, the WWTP was modelled in the
SIMBA software. The objective was to check if these strategies contribute to increasing
the norm compliance without requiring additional post-treatment stages, and to achieve
overall energy savings.

The first step was to carry out a thorough analysis of the plant data, focused on
treatment performance (especially in the activated sludge process) and the energy balance.
Then, a computer model could be created, following the guidelines provided by the
Hochschulgruppe Simulation (HSG) [36].

After obtaining a well calibrated model, different optimisation strategies were tested.
The tested strategies were based on the authors’ experience in other WWTPs and were
tested starting from the simplest measures to more complex ones, and then a combination
of several single strategies. The obtained results could then be compared in terms of
the number of norm non-compliances in a year, pollutants emissions load and estimated
energy consumption.

2.1. Wastewater Treatment Plant Description

The example WWTP has a size of ca. 450,000 PEcop (calculated with the 85%-percentile
for the COD load between 2017 and 2018 and 120 g COD/(PE-d)) or ca. 120,000 m3/d,
and it is located in the Tai Hu catchment; it treats mostly municipal wastewater and a
small fraction (around 10-20%) of industrial wastewater from the food industry, and has a
traditional mechanical-biological treatment with simultaneous aerobic sludge stabilisation.
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The WWTP has a mechanical pre-treatment with screens, an aerated grit chamber and
primary settling, as described in Figure 3.

Aerated Grit Primary Anaerobic
chamber clarifier tank

Anoxic

Aerobic Secondary —
tank clarifier Filtration

tank
A2/O biological tank

Tertiary
treatment

uv

. disinfection
Sludge
T thickener

Raw Treated
wastewater
Sludge disposal Centrifuge ——>  Wastewater
to incineration dewatering Sludge
............. » Centrate

Figure 3. Scheme of the example WWTP.

Its biological treatment step is activated sludge type A2/0 and it carries out tertiary
treatment for chemical phosphorous elimination. The treated wastewater is filtrated and
disinfected with UV-light before discharge. The sewage sludge is thickened, dewatered
and then transported for disposal. The disposal route is typically incineration in a thermal
power plant, but disposal in landfill is also an option. The example WWTP possesses only
few online measurements and must rely heavily on manual measurements and on the
operators’ experience.

The plant was designed to comply with the Grade 1-A standard (GB18918-2002)
effluent parameters (see Table 1). However, in recent years, over-urbanisation and in-
dustrialisation have seriously compromised the water quality in the Tai Hu Basin area,
reaching a state of extremely serious water pollution [42]. Therefore, according to the
national authorities, the Tai Hu basin, as a sensitive water body, has to achieve quality
level Il according to the Environmental Quality Standards for Surface Water (GB3838-2002)
(see Table 1) [42]. This has led to a tightening of the regulations in the catchment area,
enforcing provincial and city regulatory standards stricter than the national regulations.
For the studied WWTP, the new regulation “City standard” (CS) was enforced as of 2021.
In order to comply with the new, stricter norms, in 2020, the WWTP began upgrading
measurements, including an additional internal recirculation to increase its denitrification
capacity and a downstream denitrification filter.

Due to the combined sewer system, the influent flow to the WWTP is strongly influ-
enced by rain. The maximum design flow of the plant is frequently surpassed during peak
periods, leading to a hydraulic overload, observed in the secondary clarifiers with frequent
surface feeding velocities above 1.6 m/h. The COD/BOD ratio variates in the influent of
the WWTP between 2 and 4 (2.75 on average), an indication of a moderately biodegradable
influent. The inflow COD/TN ratio is variable, with values below the desired minimum
ratio for denitrification of 100:10 approximately half of the time. Denitrification requires
easily biodegradable carbon sources for the heterotrophic microorganisms that reduce
nitrate, which in the case of upstream denitrification are provided by the raw wastewater.
An inconvenient C/N ratio can lead to the need for external carbon sources as sodium
acetate or methanol, increasing the operational costs. The hydraulic retention time (HRT)
in the primary clarification stage is around 2.5 h, which could contribute to an excessive
COD removal and poorer denitrification performance, with an already often-unfavourable
C/N ratio in the influent. The influence of the HRT in the primary clarifiers on the C to N
ratio is described in German standards and is shown in Table 2. As observed in the table,
an increment in the HRT in the primary settling tanks (PST) reduces the C/N ratio, as is
the case in the WWTP.
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Table 2. COD and TN in typical domestic wastewater as a function of the primary clarification HRT
(calculated according to DWA 131, 2016).

HRT in PST with Dry Weather Flow, h COD/TN
0 (Raw wastewater) 10.9:1
0.5-1.0 5.0:1
1.0-1.5 4.5:1
>1.5 4.0:1

The biological tank has a volume of ca. 100,000 m® (Var) and it is distributed as
Anaerobic: Anoxic: Aerobic (VA:Vp:Vy) = 1:1:4. This results in an anoxic volume of ca.
17% with respect to the total biological treatment volume (Vp/Var), which is lower than
the recommended 20 to 60% [43]. The anoxic tanks have 48 submersible stirrers of the
company Flygt. The internal recirculation is performed by 12 pumps (8 in operation + 4
as reserve) of the same brand, with a capacity of 2400 m®/h each. The dissolved oxygen
set point in the aeration tanks (DO) is between 2 and 3 mg O, /L. The air is provided by
8 blowers (6 in operation + 2 as reserve) of the companies Siemens and Turbo (Korea),
delivering a maximum air flow of 135 m?3 /min each.

The sludge concentration in the biological tanks (Mixed Liquor Suspended Solids,
MLSS) fluctuates between 4000 and 8000 g/m?, reaching its lowest values in late summer.
The sludge is recirculated by four Flygt pumps with a capacity of 2000 m3/h each. The
activated sludge stage is designed for a SRT (or sludge age) between 15 and 20 days. After
a detailed analysis of the sludge production, the calculated SRT is on average ca. 38 days,
and it fluctuates strongly.

2.2. Energy Check and Analysis

The energy check and energy analysis of the example WWTP was conducted based on
the German Work Sheet DWA-A 216 [44]. To get a quick overview of its energy consump-
tion, the most important characteristic values of the example WWTP (e.g., the total annual
energy consumption) were collected and compared to a reference group (i.e., similar plant
size and technology) to show an approximate energy savings potential. This energy check
can be conducted by the plant operator and should be performed on a regular basis to
help classify its energy consumption, estimate its energy saving potentials and react to
changes in energy consumption in an early stage. Usually, with the worksheet DWA-A 216,
the rough comparison is done with values for the undercutting probability. The closer the
comparison group resembles the WWTP, the better the comparison quality is, but since
data are often scarce, averages over other WWTDPs can also be sufficient.

Compared to the energy check, the energy analysis is a more profound process that
compares the energy consumption of the used equipment with calculated plant-specific
ideal values of this equipment. The goal is to find concrete energy efficiency deficits
and to then define the most relevant measurements to get closer to the minimal energy
consumption of the plant. The ideal values can be extracted from technical guidelines and
can be adapted according to plant size and operation type.

The values needed for the energy check and the energy analysis in this paper were
transmitted by the plant management. The electrical energy consumption of the equipment
is not measured separately by the plant operator, which is why the energy consumption
by equipment had to be calculated by its power consumption and the operation time per
year. Due to the COVID19-pandemic, control measurements could not be conducted, but
it is recommended to confirm the actual energy consumption to achieve more detailed
measurements.

Energy required for aeration: As SIMBA hands out the aeration volume in Nm?/d,
the energy consumption for aeration must be calculated via Equations (1) and (2) [44,45]:

_ SOTR*t  Qpn*3%SSOTE* hp xt
~ SAE 1000 * SAE

E @
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1000 * SOTR

QLN = 3, 550TE » hp @)

where:
E = Energy consumption, kWh/d
SOTR = Standard oxygen transfer ratio, kg Op/d
QN = aeration volume, Nm3/d
SAE = Standard aeration efficiency, kg O, /kWh
SSOTE = Standard oxygen transfer efficiency, %/m
hp = depth of diffusers in basin, m
t = daily operation time of blowers, h
The assumptions for the calculations can be found in Table 3.

Table 3. Assumptions for the calculation of aeration energy consumption of the scenarios based on
the airflow generated in SIMBA.

Parameter Value Unit Reference
SSOTE 8 %/m DWA-M 229-1 [45]
SAE 42 kg O, /kWh DWA-M 229-1 [45]
t 24 h -
hD 4 m -

2.3. Simulation Model

The WWTP was modelled with information provided by the operator and observations
carried out during a plant visit in 2019. The example WWTP was built using a system
based on the well-known Activated Sludge Model No. 3 (ASM3) [31] with modifications
and parameters following the recommendations by the HSG research group. The system
calculates simulation results in accordance to the German design guideline DWA-A 131, as
presented in [46]. The system also includes phosphorous precipitation by the addition of
ferric salts.

To carry out the modelling, the guidelines provided by the HSG group [36] were
followed. The first step was the definition of the objectives of the study and its boundaries,
followed by the collection of information on the plant’s layout, operation and performance.
With this data, a preliminary model for the WWTP under study was carried out. After that,
the quality of the plant data was verified using mass balances, as the third step [47].

A pre-simulation using a steady state model was performed and the results were
compared with average plant data. In addition, a sensitivity analysis was performed to de-
termine the parameters with most influence on the simulation results [36] This corresponds
to the fourth step.

The next phase (fifth step), data collection for simulation study, aimed to close the
data gaps found in previous stages. During the sixth phase, the dynamic calibration of
the model and validation were performed. The calibration is an iterative process, and the
success of the model calibration was judged visually, considering peak and median values
of the simulation results [47].

The HSG guidelines also advise to perform model validation, where the calibrated
model is verified with an independent set of data [36]. In the final step (seventh step), the
calibrated and validated model were used to simulate different scenarios, according to the
objectives of the study.

2.3.1. Pre Simulation

In order to test in preliminary form the plausibility of modelling the WWTP in SIMBA,
and to build the basic model structure and choose the corresponding blocks, a model
with average values (steady state model) was built. After the evaluation of the plant
performance and operation, a preliminary model, with average values, was built in SIMBA
version 3.2.26 (see Figure 4). This also allowed us to carry out a sensitivity analysis and
identify the parameters with higher relevance in the results.
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Figure 4. Basic model of the example WWTP in SIMBA.

The influent is described as four vectors: COD, to calculate the organic load in g
COD/m?; TKN, to calculate the nitrogen load in g N/m?; P, to calculate the phosphorous
load and the flowrate in m3/d. The sludge production in the steady state model is based
on the measured average primary sludge concentration and a target sludge age of 21 days.
The internal sludge recirculation was set on 100% of the average influent flowrate, and the
internal water recirculation was set on 300%. The DO set point is 3 mg/L, as the measured
average on the aeration basins. The influent COD and TSS fractionation selected values are
standard values and are summarized in Table 4.

Table 4. Selected influent parameters.

Influent COD Fractionation

Formula Selected Value
and Parameters
Fraction TSS to COD Crss/Ccop Equation (3) 0.475
Fraction of non-volatile TSS (fg) X1,15s/ X188 Equation (4) 0.3
Fraction of inert soluble COD (fs) S1.con/Ccop Equation (5) 0.05
Fraction of inert COD from .
particulate COD (fp) X1,cop/Xcop Equation (6) 0.3

A sensitivity analysis helps to identify which parameters have a larger influence on
the effluent values and sludge production, as these are the most relevant parameters for
the objectives of this work. To evaluate the sensitivity of the model, the method proposed
by van Veldhuizen et al. [48] was followed. The sensitivity, calculated for the following
parameters, was analysed based on a 10% increase of the standard values of the following
parameters:

e  Distribution of COD in the influent (COD fractionation) over:

O Fraction TSS to COD

O Fraction of non-volatile TSS (fg)

O Fraction of inert soluble COD (fg)

O Fraction of inert COD from particulate COD (f4)

Internal flows of sludge and mixed liquor

Air flow to the aerobic zone

Oxygen set point for the aeration controller

Sludge retention time

Modification of the reactors hydraulic (one reactor per zone (Anaerobic, anoxic, aero-
bic), or three per zone)

2.3.2. Model Calibration

Using the information on the plant configuration, the pre-model and the influent
WWTP information, a full model was built and calibrated, based on one year of effluent
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operational data. The model base included the IWA Activated Sludge Model ASM3,
including phosphorous precipitation by addition of ferric salts, with modifications and
parameters following the recommendations by the researcher group HSG. This model can
calculate simulation results in accordance with the German design guideline DWA-A 131.

A one-year period (from now on “Calibration period”) was selected for model cali-
bration, including cold and rainy periods. The main aspects that were modified and that
define the model, i.e., those with relevance for the calibration, are listed here:

Primary clarifiers: The volume was distributed in four tanks, and the sludge extraction
is controlled by the primary sludge concentration since the measured TSS concentration
fluctuates sharply from one day to the other. This approach provided a good fit in terms of
primary sludge production volume.

Hydraulic behaviour in activated sludge tanks: Since the real tanks are long and
narrow, it was assumed that the tanks behave like a Plug Flow Reactor (PFR). The available
reactors in SIMBA are type Continuous Stirred Tank Reactors (CSTR). Therefore, for a
better approximation to the PFR behaviour, each section of the tanks (anaerobic, anoxic
and aerobic) was modelled as three CSTR in series. The volume of each section of the tank
was divided in three reactors of equal size.

DO control and air distribution in the tanks: The set point for the DO concentrations
in the aerated tanks is delivered by the average measured DO concentration, informed by
the plant operators (between 2 and 3 mg O, /L in the studied period) and controlled in
a PI-type controller. There is a single DO online measurement per nitrification tank that
controls the air input in the tank and there are no other online measurements incorporated
to the aeration control loop. In an attempt to realistically model the DO distribution in
the aerated tanks, an air distribution profile was used: 60% for the front section of the
tank, 25% for the middle section and 15% for the rear section. Additionally, the maximum
capacity of the existent 8 blowers was limited to 40% to 50%. These changes will serve to
model an uneven air distribution, the single DO sensor, the PFR-like behaviour and the
outdated and/or poorly maintained air diffusers. This configuration delivered a better fit
for NH4-N effluent concentrations.

Including temperature variation: The wastewater temperature is estimated based on a
brief set of measurements (3 months) outside the calibration and validation periods. As the
measured wastewater temperature showed a good correlation with the air temperature
in the region—which is predictable on a yearly basis—the wastewater temperature was
estimated based on the monthly daily average, and fluctuates between 10 and 24 °C. The
ASM3 model has been tested and validated for temperatures between 8 and 23 °C.

Adjustment of the sludge age: To calibrate the model, one of the main parameters
to adjust was the sludge age. In this case, it was done by adjusting the MLSS (sludge
concentration in the activated sludge tanks). By knowing the target sludge concentration in
activated sludge tanks, the excess sludge extraction could be controlled using a PI controller,
measuring the TSS after the last aerated tank. To reach the sludge concentrations in the
tanks, the sludge volume index (SVI) was adjusted as well.

Limits for different equipment: According to the WWTP description data, several
pumps and equipment were dimensioned with their corresponding limitations in the
model (e.g., pumps for water and sludge recirculation and aeration). This assures that the
model does not surpass the physical limits of the real WWTP.

2.3.3. Model Validation

The model was validated with a 120 day period after the calibration period. This
period is considered for validation, since it is different than the one used for calibration,
and involves a temperature decrease and winter operation.

In addition, to corroborate the modelled air amount obtained in the model, since there
are no measurements of the used air in the example WWTP, the theoretical air consumption
calculated according to the DWA-M 229-1 [45] and Metcalf and Eddy [49] was calculated.
The modelled air amount is between 27% and 35% higher than the calculated average SOTR
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over a year period, making the obtained modelled results plausible, but only referential
values. It is important to mention, however, that the assumptions to transform the Standard
Oxygen Transfer Rate (SOTR) to air flow have a great influence in the final value.

3. Results
3.1. Energy Consumption and Savings Potential

The power consumption ratio was on average 31.40 kWh/(PE-a) (£2.27 kWh/(PE-a))
between 2017 and 2019 and increased along with the stricter treatment requirements. The
model WWTP falls into the category of WWTPs > 100,000 PE, and as mentioned in Section 1.1,
the average energy consumption for plants with this size is about 16 kWh/(PE-a) [30] to
24 kWh/(PE-a) (calculated with 200 L/(PE-d) fora WWTP with Grade I-A Standard discharge
limits) [50]. Therefore, the energy check of the plant shows that there is an optimisation
potential, which is substantiated in the following energy analysis.

The energy consumption distribution, described in Figure 5, shows the biological
treatment stage, specifically the aeration stage, as the main energy consumer, as it is typical
in plants of this type. To better classify the energy consumption of the biological stage, a
comparison with calculated design values and reference values was conducted.
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Figure 5. Energy consumption distribution in the example WWTP.

3.1.1. Blowers

The calculation of the theoretical air consumption was conducted according to DWA-A
131 [43] and DWA-M 229-1 [45]. The results showed that the blowers should consume
between 7.0 kWh/(PE-a) and 9.6 kWh/(PE-a), depending on how favourably the aeration
system is designed. Therefore, the energy consumption of the blowers has a potential to be
lowered (see Table 5), as will be tested in the simulation model.
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Table 5. Energy consumption for the biological treatment system of the example WWTP.

Energy Consumption

Aeration System

kWh/a kWHh/(PE-a)
Blowers 7,670,400 17.05
Mixers 1,445,400 3.21
Recirculation 803,800 1.79
Sludge recirculation 963,600 2.14

3.1.2. Agitators

In the model WWTP, the agitators consume around 5.6% of the power used for the
whole wastewater treatment process. Mixing is needed in the non-aerated zones, so that
solids stay suspended in the biological reactor. Nevertheless, excessive mixing can lead
to an entry of oxygen into the anaerobic and anoxic zones, leading to a negative impact
on the nitrogen effluent values. Therefore, excessive mixing only influences the energy
consumption of the mixing equipment directly but also has an impact on the energy use
for N-elimination.

The redox values in the anaerobic and in the denitrification zones must be observed.
Values above —100 mV for the anaerobic zone and above +100 mV in the anoxic zone indicate
potentially high DO concentrations in each zone, which might be caused by an excessive
aeration in the nitrification zone, or an undesired oxygen input due to intensive stirring.

In the example WWTP, the agitators consume around 5 W/m? of mixed volume.
Considering the large tank sizes, the ideal reduction for the size of the aeration tank would
be to approx. 1.5 W/m? [44]. In this case, a savings potential of approx. 70% can be
achieved, if the stirred volume stays the same, leading to a specific energy consumption of
1.14 kWh/(PE-a).

It is important to note that the ideal value of the mixing energy might not be com-
patible with the geometry of the tanks, so that in practice it might lead to dead zones and
sedimentation of sludge in the biological tank. Therefore, if the mixing energy is lowered,
the process should be observed closely, to identify negative effects on time.

3.1.3. Recirculation

In the example WWTP, around 300% water and 100% sludge are recirculated to achieve
the nitrogen effluent values. The recirculation values are very high and contribute to a
decrease in the average concentration of nitrogen-compounds in the effluent. However,
the reduction of the HRT in the activated sludge system can lead to an increased process
instability and higher peak values in the effluent. With better process and control strategies,
the recirculation volume could be adapted, and energy consumption onsite could be
reduced further.

3.2. Model Fit and Validation
3.2.1. Pre-Simulation

The results of the steady state model calibration are presented in Figure 6. The static
model shows a very good fit for COD (1.2% difference between simulated and measured
values) and for ammonium (14.5% difference) and nitrogen (11.5% difference) values in
the effluent.
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Figure 6. (a) Effluent load comparison between measured (blue) and simulated values (black); (b) COD and TN removal
comparison between measured (blue) and simulated values (black).

The sensitivity analysis shows that the effluent nitrate (and thus the total nitrogen)
concentration is sensitive to changes in the fraction of inert soluble COD, as it represents a
reduction in the available COD for denitrification. The effluent COD shows, as expected, a
high sensitivity to this parameter as well, since almost all COD in the effluent should be
inert and soluble, especially after a filtration stage. Possible offsets of this parameters must
be checked when calibrating the dynamic model and adjust accordingly to the effluent
COD values to the measured values. Moreover, if possible, these parameters must be
evaluated in a representative measurement campaign.

3.2.2. Model Fit

To evaluate the model fit, a simple approach was used. If the simulation values differ
from the measured values by less than 15%, the model fit is considered very good. If the
difference is greater than 15% and up to 30% the fit is considered good, and if the fit is
between 30 and 50%, it is considered medium. This is also supported by a visual evaluation
of the representation of the peaks.

After adjusting the MLSS concentration in the activated sludge tanks, the model shows
a very good fit for COD (1.3%), NO3-N (7.1%) and TN (14.5%) values, this means, the
magnitude and the trend are essentially correct, and there are partial deviations with regard
to some peak values (see Figure 7b—d). It is worth noting that before day 120, there are no
laboratory measurements for nitrate. The fit of NHy4-N is good on average, but the overall
fit is medium (45%), as some of the peaks are not adequately modelled, especially in the
last phase, after day 150. The fit of the first 150 days is much better, with a 3.9% deviation.
This fit was challenging, and the model required several adjustments, as mentioned above.
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Figure 7. Model calibration results: (a) MLSS concentration; (b) Effluent concentration of COD; (c) TN; (d) NH4-N. Measured
in laboratory (dashed blue), simulated values (black).

Several modifications in the aeration configuration were made to adjust the ammo-
nium effluent values, but only a medium fit was obtained. From day 150 onwards, peaks
could not be built up at all. There are several reasons for this. It is possible that the ammo-
nium peaks observed in the effluent (see Figure 7d) are caused by mixing problems in the
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aerated tanks, an effect that cannot be accurately modelled in SIMBA. An uneven aeration
and even punctual problems in the analytical procedure at the WWTP—as revealed by
some inconsistencies in the nitrogen balance—are also plausible explanations.

This is also supported by the fact that there is a very good fit for total nitrogen and ni-
trate nitrogen, as can be observed in the general trend, and in the good reproduction of most
peaks, an indicator that the kinetic/biological values parameters do not need readjustment,
and that the model shortcomings are related to the hydraulic and physical behaviour.

For the objectives of the study, which are to find potential strategies for the improve-
ment of nitrogen removal and energy consumption, a good visual fit between the measured
and simulated curves is determined as enough.

For the validation period, the observed fit here is also good for the MLSS, and nitrate
and total nitrogen concentrations in the effluent. The calibrated and validated model is
considered the baseline scenario (“Base”).

3.3. Optimisation Strategies for Energy Efficient Nitrogen Removal

The tested strategies are detailed here, starting with simple operational modifications
and then simple automation strategies. Finally, combinations of single strategies are
presented. The summary of the description of specific strategies can be found in Table 6.

Table 6. Description of the tested strategies.

Scenario
Strategy Description
Base S1 S2 S3 S4 S5 S6 C1 C2 C3
Primary settling tanks (PST) Bypass of half of the PST
. DO =2mg/L
DO set point DO = 3mg /L
Reduction of aerated volume to increase
Vp/Var anoxic volume (Vp = 0.25)
Use of the by-passed PC as anoxic tanks
Aeration control based on the NH,-N w/o0 DO limit
effluent values w/DO limit
Intermittent time based
denitrification NHjy-based

3.3.1. Partial or Total By-Pass of Primary Settling Tanks

By bypassing the primary clarification (PST), either partially or totally, reducing the
volume and therefore the HRT, the COD removal is reduced, helping to improve the C/N
ratio for denitrification. Several tests were carried out reducing the primary clarification
volume, putting out of order one tank at a time. With the bypassing of the whole primary
clarification the average TN-effluent concentration can be reduced by 6.1%.

3.3.2. Increase of the Denitrification Volume

The plant analysis and the preliminary simulation results show that the aerobic part
of the plant works very effectively, reducing COD and ammonium-nitrogen to values well
below the norm. Regarding nitrogen removal, the problem seems to be in the denitrification
stage. The example WWTP has a small denitrification volume equivalent to approx. 17%
of the total activated sludge volume. To modify the denitrification capacity of the plant,
the denitrification volume (Vp) can be increased.

First, tests increasing this volume (Vp) by reducing the nitrification volume (Vy) were
carried out. The total volume and the anaerobic tank volume were maintained. Then, a
combination of the bypass of primary clarifiers and the use of the empty PC volume as
denitrification tank were tested.

An increase in the denitrification volume effectively improves the nitrogen effluent
values. According to the tests, a proportion of 0.25 Vp/Vat is the best option, improving
the total nitrogen removal (up to 12.5%), and reducing the number of times the current and
future norm is not fulfilled (see strategies S1 and S2 in Figure 8).
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Figure 8. Number of norm non-compliances in a year with the CS norm.

Another way to increase the denitrification capacity is to use the volume primary
clarifiers (as in strategy C2); this empty volume could be used as a denitrification tank.
For this, stirring of the former primary clarifiers and an additional internal recirculation is
required. For example, with the bypass of 50% of the primary clarifiers, the denitrification
volume can be increased, reaching a total Vp/Vat of ca. 22%.

3.3.3. Modification of the Dissolved Oxygen Set Point

The dissolved oxygen (DO) set point (DOsp) was also modified, as 3 mg/L as average is
very high in comparison with the typical set points of around 2 mg/L [49]. By maintaining
the DOgp in 3 mg/L, only 3.5% less air is required in a year. However, when decreasing
the DOgp to 2 mg/L, 20% less air is required in a year (see Figure 11). Both options could
improve the current norm compliance, reducing the number of times the norm is not
fulfilled in a year (see Figure 8).

3.3.4. NH4-N-Based Aeration Control

The principle of an ammonium-based control of aeration is that the air supply can
be adjusted to the amount of ammonium, i.e., very low NHy-N values indicate when
most of it has been oxidised. By limiting the ammonium concentration to a maximum of
1.35 mg/L (90% of the maximum value according to the city standard), the TN effluent
concentrations are significantly reduced. This is mainly due to a reduction of the aeration,
which leads to an increased nitrate removal. This leads also to an important decrease in the
number of norm non-compliances (see strategy S3 in Figure 8). The frequent limited DO
concentrations provide denitrification-like conditions in the aeration tanks, contributing to
an increased denitrification.

However, this strategy, leads to too low DO average concentrations in the nitrification
tanks, i.e., below 0.5 mg O, /L, which is not adequate for the operation. In general, a DO
below 0.8 mg/L should be avoided, as this increases the risk of the formation of bulking
and floating sludge and even to the formation of nitrous oxide [51]. N,O has a global
warming potential ca. 300 times greater than CO,. To avoid the aforementioned problems,
a limitation for the minimum and maximum DO concentrations (0.8 to 2 mg O, /L) in
nitrification tanks was included in strategy S4, but the results were less promising, with a
higher number of norm non-compliances.

3.3.5. Intermittent Aeration

Intermittent aeration is the alternation of aerated and anoxic phases in a single tank.
As indicated by the DWA 131 (2016), the denitrification phase duration can be set with
a timer or adjusted by a control strategy, by the nitrate content, the ammonium content,
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the change of the redox potential or the oxygen consumption [43]. Here, the duration
of the aeration was tested based on time and NHy4-N concentration in the effluent of the
activated sludge.

Intermittent denitrification based on time: In this model, a pulse block, allows to
switch the aeration from zero to the desired set point. Here, the fluctuation time can be set.
The fluctuation time was varied, and the best results were obtained with an aeration time
of 30% in a 30 min interval (strategy S5).

Intermittent aeration based on NH4-N concentration: The principle of an ammonium-
based control of aeration is that very low NH4-N values indicate when most of it has been
oxidised, and, therefore, aeration can be stopped to favour denitrification, and enable the
system to reduce nitrate (strategy S6). If the NH4-N concentration in the effluent of the
activated sludge tanks is larger than the set point, then the aeration is turned on, with a
DO set point of 2 mg O, /L. If the ammonium concentration is lower, the aeration is turned
off, to reach anoxic conditions for denitrification.

3.3.6. Combination of Strategies

After each strategy was tested individually, different combinations were tested, mixing
the strategies with the best results to obtain the top combinations in terms of norm compli-
ance and aeration requirements. The combination strategies are described in Table 6 and
named C1, C2 and C3. The grey background color marks the different strategy description
for each scenario.

3.4. Comparison of the Different Strategies

Number of norm non-compliances in a year: The tested strategies are compared in
terms of the number of non-compliances in a year (see Figure 8). As expected, the best
results are obtained with the combinations. All the selected strategies show a significant
decrease when compared with the baseline scenario (base), but the combination strategies
(C1 to C3) are the best and reduce the non-compliance with the norm from around 30 events
per year to around 5 events per year. The COD effluent values are always within the
discharge norm and are therefore not shown nor discussed here.

Pollutants emissions load: As can be seen in Figure 9, the strategies including intermit-
tent aeration (S6, C2 and C3) based on the NHy-N effluent values, show lower emissions
of nitrogen compounds in a one-year period. This can be explained due to the flexible
operation, which responds better to the challenges in the plant, i.e., the limited denitrifica-
tion capacity of the plant and the variable C/N ratio in the influent values. It is easy to
see from the strategies studied that usually either the denitrification or the nitrification is
significantly improved. A significantly better denitrification is, therefore, at the expense of
a slightly worse nitrification. The difference in COD emissions in the different strategies
is negligible.

The average TN, and NHy4-N removal rates are shown in Figure 10. The TN average
removal rate is improved in all scenarios. The NHy-N trend is more variable. The baseline
scenario shows the highest NH4-N removal rate, as here the nitrification capacity is the
highest; however, as the denitrification volume is too small in comparison, the effluent total
nitrogen values (which are mostly nitrate nitrogen) are higher. Since the WWTP originally
had a good capacity to remove NHy-N, the tested strategies aimed at increasing the
denitrification capacity. Therefore, there is an improvement in the total nitrogen parameter
and not particularly in the NH4-N parameter. However, as can be seen in Figure 8, good
and/or better compliance with the discharge standard is preserved for both parameters in
all tested scenarios, because peaks are flattened.
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Figure 10. Average removal rates of TN and NHy-N in different scenarios.

3.5. Estimated Energy Consumption

The estimated energy reduction is based on the control volume of the biological stage,
including the water line from mechanical treatment to secondary settling tank. Even though
aeration is the main consumer in this control volume, the tested strategies also influence
other parts in the plant.

3.5.1. Aeration Requirements

Since aeration represents almost 30% of the total energy consumption (see Figure 5),
any reduction of air requirements contributes to improvements in the overall energy
balance and costs reduction. In all tested strategies, except in C1, the air requirements
are reduced (see Figure 11). The highest reduction is obtained with strategy C3, with a
reduction in air requirement of approx. 24%. It is worth mentioning, that these are relative
values, and are independent of the actual aeration system, as the values obtained in the
different scenarios are compared with the (modelled) baseline scenario. This means for
example, if we have a favourable (i.e., well designed, well maintained) aeration system,
the absolute saving is somewhat lower than it is with an unfavourable aeration system.
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Figure 11. Air requirements of the tested strategies as percentage of the baseline scenario (Base).

The results show that a modification in the proportion of anoxic to total volume
(Vp/VaT) to increase the anoxic volume (52), can contribute to save energy and at the same
time, improve the effluent values. This is because the aerated volume is reduced—reducing
the air requirements—and the denitrification capacity is improved.

It can be observed that the incorporation of an NHs-N measurement to the aeration
control loop (S3 and 54) can contribute to reducing the air requirements by more than 7%.
The incorporation of better ICA control strategies avoids an excess of aeration, as the air
supply is better adjusted to the air demand. This also contributes to improve denitrification,
as an excess of DO in the recirculated water can impair the necessary anoxic conditions.

Even though intermittent aeration (S5 and S6) is a strategy that would require more
significant changes in the WWTP equipment (i.e., change the aeration elements and automa-
tion strategy), and the current tanks configuration and geometry (PFR) is not ideal for this
type of nitrogen removal configuration—round tanks are the usual configuration [17]—a
flexible operation shows to be an effective way to deal with the sometimes unfavourable
conditions for (upstream) denitrification that are common in China.

3.5.2. Combination of Energy Saving of Aeration and Further Equipment

The scenarios may also include bypassing of the primary settling tanks to improve
the C:N ratio. If one of the two primary settling tanks (PST) is by-passed, the included
equipment is not going to be used, leading to a reduction in energy consumption which can
be estimated to be 50% of the original energy consumption of the primary stage. Equipment
which consumes energy is in the case of the example WWTP case the sludge rake, the
sludge pump, and sludge sieving machines. The equipment can differ in other WWTP.

As explained before in Section 3.1.2, the mixing energy can be assumed to be reduced
by 70% as well. If intermittent denitrification could be applied in the whole biological stage,
all agitators could be eliminated and full mixing with air could be applied (with pulses
during denitrification).

With a change in aeration operation strategies, the need for recirculation mixed liquor
should also be adapted, which will have an impact on pumping energy. The possibility
of suspending recirculation is particularly interesting for full intermittent denitrification.
Because in this study, intermittent aeration is only tested for the aerobic zones, recirculation
has not been changed, but is planned for further research.

The modelled combinations C1 to C3 are varied with possible energy reduction in
mixing and in the primary settling tank. The results can be seen in Table 7. If the agitators
are adapted, the energy consumption of the biological stage from primary to secondary
settling tank could be reduced by more than a quarter.
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Table 7. Total energy reduction by the different tested combinations of strategies.
. . Energy Energy
. Usage of Intermittent Aeration . . Total Energy
Scenario PST as Vp Vo/Var VNIV ar Denitrification Energy Consumption Consx'm‘lptlon Reduction

PST Mixing

Base - 17% 67% No 100% - 100% 0%

. . ) ) 100% 0%

C1 25% 58% No 100% 50% 30% 12%

. o . o . 100% 14%

C2 yes 19% 65% yesin Vy 76% 50% 30% 26%

o o . o . 100% 15%

C3 25% 58% yesin Vy 76% 50% 30% 26%

The results obtained in the tested scenarios show a similar trend to the results obtained
in by Lozano Avilés et al. [52]. In their simulation, the implementation of a real-time control
system, adapted to the current needs of a WWTP in Spain, achieves reductions of over
15% in overall energy consumption, due to the reduction in the aeration requirements and
recirculation rates.

Another study, [53], demonstrates as well through energy analysis and a computer
simulation, in this case with ASM1, that there is potential for significant reductions in
energy consumption in an Italian WWTP as well as improvement of effluent quality through
operational changes alone.

The implementation of simple aeration energy conservation measures, according to
Zvimba and Musvoto [54], can lead to large energy savings up to 50%, as demonstrated in
simulation studies from a South African WWTP.

4. Conclusions

Modelling is a powerful tool to test optimisation strategies at a low cost. The prerequi-
site is to have a well calibrated model for the study objectives. Moreover, the quality of the
models and simulations results depends heavily on the quality and availability of real data.
By analysing the plant and the associated equipment energy-wise in advance, the strategy
development can be more target-oriented. In accordance with the model calibration, which
has a mostly good and sometimes medium fit for the studied parameters, the statements
and the results of the tested strategies are to be understood more as a relative comparison
and less as absolutely precise results.

According to the simulations, simple automation and operational strategies can serve
to reduce the energy consumption and simultaneously improve the discharge values and
norm compliance. In the pre-treatment and biological treatment stages, sometimes small
changes in operating and automation strategies can contribute to large savings in energy
and resource consumption; for example, the reduction of the DO set point, the bypass of
primary clarifiers or the reduction of the aerated volume or the incorporation of ammonium
sensors to the aeration control loop.

The transfer and adaptation of the proposed optimisation strategies requires thorough
knowledge of the water treatment process.

As expected, the studied scenarios with a combination of strategies show better results
in all analysed categories: norm compliances, emissions and energy consumption. In
general, the strategies that allow for system flexibility, i.e., intermittent aeration are the
most successful. Further investigation should also integrate the impact of changes in
recirculation on the energy consumption of the plant.

This study demonstrates that strategies to achieve energy efficiency in wastewater
treatment plants do not have to compromise the process performance (i.e., effluent val-
ues, norm compliance); on the contrary, sensible strategies promote both better process
performance and energy savings.

This is of particular interest in a country like China, where increasing environmental
challenges have influenced the establishment of stricter standards and policies, along with
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an accelerated development of the number of WWTPs and the amount of wastewater
treated. This has put pressure on existing infrastructures and WWTP operators to come
up with sustainable solutions and it is an important driver for investing in measures to
improve the performance of WWTPs. However, it is very important that when optimising
the performance of a WWTP, this is done without increasing operational or investment
costs, especially from an energy point of view.

The knowledge gained in this study is also transferable to other countries with similar
problems or similar framework conditions worldwide. In this way, WWTPs will continue
to contribute to sustainable development, environmental care and energy efficiency.
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