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Abstract

This thesis presents the results of a sampling and analysis campaign conducted at the Vi-
ikinméki wastewater treatment plant (Helsinki, Finland). The collected data were made
available to the DIGICARBA project team, which used them to calibrate the plant digi-
tal twin currently under development. For this reason, the sampling strategy, laboratory
analyses, and data processing were designed and carried out in accordance with guidelines,
standards, and methods specifically developed for wastewater treatment plant modelling.
During six sampling days, a 24-hour sampling programme was implemented, consisting
of eight 3-hour composite samples per day. These samples were analysed to assess the
diurnal variation of organic matter and suspended solids loads at three strategic points
within the plant. These measurements enabled a detailed influent characterisation con-
sistent with the requirements of digital twin modelling tools. In parallel, the availability
of dimensional parameters and operational information of the primary clarifier allowed
the development of prototype models of this unit. The modelling work was performed us-
ing SUMO simulation software, testing three different approaches: the Volumeless Point
Separator (VPS), the Layered Flux Model (LFM), and the Three Compartment Model
(TCM). Their performances were evaluated using the Mean Absolute Percentage Error
(MAPE). The models were calibrated using the data from the present campaign and
validated against those from a previous one. This comparison allowed the identification
of modelling strategies that could serve as a foundation for extending the digital twin
model to include the primary clarifier.
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Chapter 1

Introduction

This thesis was written as part of the DIGICARBA project. Thanks to the efforts of
researchers from Aalto University Water and Wastewater Engineering Group, this project
aims to create a digital twin (DT) of the wastewater treatment process at the Viikinméaki
wastewater treatment plant (WWTP) in Helsinki, Finland. The digital twin framework is
implemented through SUMO, an open-source simulator developed by Dynamita (2022a),
which enables to implement the process models forming the basis of the digital twin.

1.1 Background

The preservation and management of water resources are of fundamental importance in
ensuring both human well-being and ecosystem stability. Within this framework, wastew-
ater management represents a crucial step. Wastewater treatment plants (WWTPs) are
currently facing numerous challenges, ranging from the emergence of new pollutants to
the continuous growth of urban populations; from the impacts of climate change to nu-
trient overloading in surface waters. Policymakers increasingly emphasize the need to
embed these processes within a more sustainable circular economy, extracting value from
waste streams while minimizing harmful emissions (Wang et al., 2024).

The digitalisation of wastewater treatment plants is emerging as a promising strategy to
open up the possibility of relying on digital tools capable of running simulations under
varying operational and environmental conditions, enabling proactive plant management.
Through the evaluation of alternative scenarios, operators could identify areas of im-
provement and vulnerabilities anticipating the real system. This could involve running
simulations to identify optimal configurations that minimise emissions, energy consump-
tion, or carbon footprint (Valverde-Pérez et al., 2021).

The ideal tool to accomplish these objectives is represented by the Digital Twin (DT).
A DT can be defined as a model that can replicate the processes occurring in a physi-
cal plant almost in real time, receiving continuous data and automatically calibrating as
conditions change (Torfs et al., 2022). For this reason, routine laboratory analyses and
on-line sensors are often either too slow or too inaccurate for the development and oper-
ation of a DT (PUB, Singapore’s National Water Agency, 2020; Yang, 2024). To address
this issue, two complementary approaches must be taken: the development of soft sensors
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Introduction

and the implementation of an accurate characterization (Johnson et al., 2023).

Soft sensors, or virtual sensors, utilise data from reliable and easily accessible online
sensors and, through data-driven or mechanistic algorithms, are capable of estimating
process variables that would otherwise be too slow, costly, or impractical to measure
directly (Haimi, 2016). In parallel, wastewater characterization provides, although for
a limited period and at higher analytical cost, a detailed and dynamic picture of the
influent composition and its transformation along the treatment line. These data are es-
sential for calibrating the core model of the DT, ensuring that its predictions accurately
reflect the real plant behaviour (Roeleveld and van Loosdrecht, 2002). One of the main
focusses of this thesis is to contribute to this aspect by providing a comprehensive influent
characterization to support model calibration and validation.

1.2 Aim and objectives of the study

The characterization campaign for the development of a DT mainly aims to obtain infor-
mation on the fractions that make up organic matter and suspended solids that enter the
plant. This information quantitatively describes the composition of the water, enabling
calibration, an essential step in the construction of any model. Moreover, an additional
sampling and analysis campaign was implemented to investigate the variation of the main
nitrogen fractions across the activated sludge process. This profiling also contributed to
the DT model calibration.

Furthermore, data obtained from the sampling campaign, along with other parameters
provided by the WWTP operator Helsinki Region Environmental Services (HSY), were
used to develop a prototype model of the primary clarifier (PC). Given that the current
DT model starts only downstream of the PC, this study took the opportunity to lay the
foundations for the potential future integration of this additional unit into the present
DT model. This also offered the opportunity to test the data collected during this study
in a modelling environment.

Based on these considerations, the present work addresses the following research ques-
tions:

Research questions

e What is the most effective way to characterize the influent for the digital twin
modelling purpose?

o How do the data compare with the previous sampling campaign and with the routine
analysis by HSY?

o Is it possible to create a representative model of the primary clarifier based on data
collected during an influent characterization campaign?

e Which of the primary clarifier modelling approaches would be the most suitable in
the given circumstances?



1.3 — Contribution and significance of the study

e« How can influent characterization and primary clarifier modelling be integrated
into the digital twin framework to improve process understanding and prediction
accuracy?

1.3 Contribution and significance of the study

This thesis focuses primarily on the sampling campaign and characterization, providing
useful data for both DT development and soft sensor modelling. Similarly to the work by
Petéja (2025), which provided the project with data on the composition of the primary
influent and primary effluent during periods of warm and dry conditions, this work origi-
nally aimed to characterize the influent during the colder and snowy months. Therefore,
in this manner, it would have been possible to obtain a representation of the boundary
climatic conditions typical of the Nordic countries.

Although this thesis does not focus on biological processes and gaseous emissions, it
is worth noting that one of the main objectives of the DIGICARBA project is to develop
a tool that can accurately simulate GHG production at various treatment stages and in
different scenarios and, consequently minimise them. The characterization of the influent
carried out in this work directly supports this goal, since these parameters are funda-
mental for modelling biological nitrogen removal processes and predicting NoO formation
with greater precision.

Such direction also reflects the regulatory framework of the Urban Wastewater Treat-
ment Directive (EU) 2024/3019 (European Union, 2024), which entered into force on 1
January 2025 and sets new and more stringent requirements for monitoring and reduc-
ing pollutants from urban WWTP. In particular, Article 21 mandates the quantification
of GHG emissions, including at least COs, N2O, and CHy4 from plants above 10,000
p.e. (population equivalent), using analyses, calculations or models, where appropriate.
Therefore, works such as the one carried out by the DIGICARBA project become neces-
sary, not only for scientific research purposes, but also to anticipate compliance with the
evolving European legislation.

1.4 Structure of the thesis

This thesis is organized to guide the reader through the background, methodology, re-
sults, and discussion of the work. The Literature review chapter 2 provides the essential
and relevant references needed to present the context and theoretical basis of the study.
The Research material and methods 3.2 provide a detailed description of the sampling
campaign, laboratory analyses, and target parameters, as well as the modelling approach
adopted for the PC and the description of the wastewater treatment plant itself. The Re-
sults chapter 4 presents and discusses the findings, first from the laboratory analyses and
then from the PC modelling. In the Discussion chapter 5, the results are interpreted and
compared with both the previous sampling campaign and the routine analyses performed
by HSY. Finally, the modelling of the PC is discussed in light of these findings.
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Chapter 2

Literature review

2.1 Characterization of influent wastewater

For the development of this DT, a hybrid approach combining data-driven and mech-
anistic models was adopted. The data-driven component is used for predictive mod-
elling, soft-sensor creation, and data pre-processing (Kiran, 2025). Once the data has
been cleaned and validated, it is transferred to the mechanistic model, which is based
on differential-algebraic equations. The mathematical models were implemented using
SUMO, an open-source process simulation software developed by Dynamita (2022a). The
platform is grounded on the Activated Sludge Models (ASM) proposed by the IWA Task
Group on Mathematical Modelling for the Design and Operation of Biological Wastewa-
ter Treatment Plants (Henze et al., 2000). Optimal model performance requires accurate
input data; however, the Task Group provides no specific guidelines to characterize the
influent, and various research groups have proposed alternative approaches to address
this limitation. In this study, the influent characterization was carried out following
the COD fractionation method developed by the Dutch Foundation for Applied Wa-
ter Research (STOWA). This method provides simple and reproducible guidelines for
wastewater characterization, designed to support the development of reliable full-scale
plant models (Roeleveld and van Loosdrecht, 2002).

2.1.1 Chemical oxygen demand fractionation

Chemical oxygen demand (COD) is an indicator that allows the organic matter content
in wastewater to be quantified in terms of oxygen units (Chen et al., 2020), enabling mass
balances to be calculated. COD fractions can be linked to sludge production, incoming
loads and activated sludge operation in accordance with mass balances (Rieger et al.,
2012). As shown in Fig. 2.1, total COD is typically subdivided, based on its physical
and biochemical characteristics, into soluble (S) and particulate (X) fractions, as well
as biodegradable (5) and non-biodegradable (;) components. The soluble biodegradable
fraction (Ss) is considered readily biodegradable, while the particulate biodegradable
fraction (X;) is considered slowly biodegradable (Chen et al., 2020).

This fractionation is essential in process modelling, as it determines the rate and
extent of substrate degradation and biomass growth within biological treatment units. In
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Total COD
J Soluble
Se Si Organics
Particulate
Xs X; Organics
Biodegradable Unbiodegradable
Organics Organics

Figure 2.1: COD fractionation scheme. Figure adapted from Chen et al. (2020).

particular, the distinction between readily and slowly biodegradable COD enables a more
accurate representation of substrate availability and microbial activity over time, which is
crucial for reliable simulation and optimization of activated sludge systems (Chen et al.,
2020).

Ideally, the biodegradable COD fractions consist of a soluble component (Ss) and
a particulate component (X). During a wastewater treatment process, the soluble
biodegradable fraction (Ss) is directly consumed during biomass growth, while a portion
of the particulate biodegradable fraction (X;) undergoes hydrolysis, forming Ss again,
contributing indirectly to the biological processes. The remaining part of X, together
with the inert particulate fraction (X;), is expected to settle and end up in the waste
sludge. Only the inert soluble fraction (S;) passes through the activated sludge process
and the secondary clarifier, ultimately reaching the secondary effluent. Based on these
assumptions, Roeleveld and van Loosdrecht (2002) proposed the following expression:

S; = 0.9+ CODefr sol, (2.1)

where the soluble inert fraction (.5;) is assumed to represent 90% of the soluble COD.
This soluble fraction can be experimentally determined by flocculating and precipitating
the colloidal material, and subsequently removing it together with the remaining partic-
ulate matter through filtration using a 0.45 nm filter (Mamais et al., 1993), and in this
manner, even residual particulate or colloidal matter in the efluent sample, is removed.
The detailed procedure for this measurement is described in the following section.

For high-loaded WWTPs, such as the one under investigation, Roeleveld and van
Loosdrecht (2002) suggested refining the estimation by taking into account the biodegrad-
able soluble fraction that still contributes to the efluent BODs5. In this case, the effluent
BODj is subtracted, multiplied by a correction coefficient of 1.5, leading to the following
formulation:

S; = 0.9 CODeg o1 — 1.5 - BODs ff . (2.2)

Once the unbiodegradable soluble COD (S;) is known, following the procedure pro-
posed by Roeleveld and van Loosdrecht (2002), the readily biodegradable soluble COD
(Ss) can be estimated as follows:
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2.1 — Characterization of influent wastewater

Ss = C'O-Dinf,sol - Si’ (23)

where (Ss) is calculated as the difference between soluble COD, measured in the
influent, and unbiodegradable soluble COD fraction (S;).
At this stage, the slowly biodegradable particulate fraction (Xg) can be estimated as

X, = BCOD — S,. (2.4)

In this context, BCOD denotes the total biodegradable organic fraction, which en-
compasses both the readily (Ss) and slowly biodegradable (Xs) components. The BCOD
value refers to the influent and is obtained as described below.

The last of the four fundamental COD fractions can be obtained as:

X, = CODinf,tot — (SS +5; + XS) (25)

This value is derived by difference, subtracting all previously determined fractions
from the total influent COD (CODip¢tor) . However, this method inevitably propagates
the uncertainties and inaccuracies of the preceding estimations, particularly affecting this
last fraction (Roeleveld and van Loosdrecht, 2002).

The biodegradable COD fraction (BCOD) represents another key indicator for influ-
ent characterization (Roeleveld and van Loosdrecht, 2002). It is composed of readily
biodegradable soluble COD (S;) and slowly biodegradable particulate COD (Xg). BCOD
is estimated through biochemical oxygen demand analysis. Typically, BODs is used, but
it only reflects part of the biodegradable COD, since 50-95% is oxidised within five days.
Although 95-99% may be reached after 20 days, BODyg is considered unreliable and is
therefore not recommended(Roeleveld and van Loosdrecht, 2002).

A more accurate approach is to follow the BOD progression over time and estimate the to-
tal BOD (BODyy) by fitting the measured data to the corresponding Eq. (2.6)Roeleveld
and van Loosdrecht (2002) as shown in Fig. 2.2. The first-order rate constant kpop,
typically ranging from 0.15 to 0.8 d~! for municipal wastewater, can be obtained through
linear regression using the least squares method.

BODyy = BOD,. (2.6)

1 — e—kBOD?
As a result of biomass growth and decay during BOD measurements, the initial BCOD
concentration is higher than the measured BO Dy, and a correction factor fpop must be
applied. A typical value of fpop is 0.15 (range 0.1 — 0.2)(Roeleveld and van Loosdrecht,
2002). The corrected BCOD concentration is therefore calculated as:

BCOD = — BOD,,. (2.7)
1— fop

For illustrative purposes, those presented in Fig. 2.2, are the results of the BOD data
from the water sample collected between 5:00 am and 7:00 am on the first sampling day
(with duplicate). The values of fpop, BOD;y and BCOD were determined by implemen-
tation of linear regression. The same procedure was applied to all BOD measurements
taken during the campaign.
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Figure 2.2: Fitted BOD curve for BCOD estimation (adapted from Roeleveld and van
Loosdrecht (2002)).

2.1.2 Colloids

Colloids are defined as substances exhibiting physico-chemical characteristics interme-
diate between soluble and particulate matter (Chen et al., 2020). They are generally
considered non-settleable, or at least require a very long time to settle. In practical
wastewater treatment and modelling contexts, this subtle distinction is often overlooked:
all material retained by a 0.45 pm filter is typically classified as particulate, while the
portion passing through is collectively defined as soluble or colloidal (Chen et al., 2020).

However, when a more detailed distinction is required, as in the modelling framework
proposed by SUMO and applied in this study, the colloidal material can be separated
through a flocculation step followed by filtration (ffCOD)(Dynamita, 2022a). During
this procedure, the addition of a coagulant causes the colloidal particles to agglomerate
and settle at the bottom of the sample. The supernatant is then collected and filtered
to remove any remaining suspended solids and residual colloids. Measuring the COD of
this treated sample provides an estimate of the soluble organic matter (ffCOD). In con-
trast, the COD measured in samples subjected to simple filtration (without flocculation)
represents the oxygen demand associated with both soluble and colloidal organic matter
(fCOD). Based on these assumptions, the COD associated with the colloidal fraction
can be estimated as:

colloidalCOD = fCODj,t — ffCODjys. (2.8)
In the influent characterization procedure proposed by SUMO, a 1.5 pm filtration is
12



2.1 — Characterization of influent wastewater

adopted to obtain the input parameters of the model. In contrast, Jimenez et al. (2005),as
shown in 2.3, identify 0.45 pm as the upper dimensional limit for colloids, matching the
pore size of the filters used in the present work.

. } Particulate COD due to organic TSS
Colloidal COD
0.001 microns

< 0.001 microns } Soluble COD

Water Environment Research, Volume: 77, Issue: 5, Pages: 437-446, First published: 01 September 2005, DOI: (10.2175/106143005X67340)

Particle Size
> ().45 microns

0.45 microns

0.01 microns

Figure 2.3: COD fractions based on particulate, colloidal, soluble distinction. (Adapted
from Jimenez et al. (2005)).
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2.2 Primary clarifier modelling

The primary clarifier is a fundamental unit of a WW'TP that uses gravitational settling
to separate suspended solids from the wastewater stream. Settleable solids with high
organic content is removed in the form of sludge, ensuring optimal operation of down-
stream units and preventing clogging. However, Bachis et al. (2015) asserts that the role
of the primary clarifier has been neglected in the modelling of WWTPs. Simple models,
considered sufficiently robust, failed to capture the heterogeneous nature of the parti-
cles involved in this settling process, their behaviour, and the significant modification of
COD fractionation that occurs across this unit (Bachis et al., 2015). These phenomena
are of critical importance for whole plant modelling and resource recovery. Alternatively,
models are developed from the primary effluent, but this means foregoing a broader un-
derstanding of the plant and the inputs of the model closely linked to the dynamics of
the PC (Bachis et al., 2015).

The PC is not only crucial for enhancing the efficiency of subsequent treatment pro-
cesses and improving the quality of the efluent before its discharge into the environment,
but it is also an important unit for valorizing wastewater treatment by-products (Chen
et al., 2020). Indeed, the anaerobic digestion of the primary sludge enables the produc-
tion of biogas, which can be converted to thermal and electrical energy to support the
operation of the plant (Chen et al., 2020). For these reasons, developing a model capable
of accurately representing this unit and predicting its outputs can serve as a valuable
tool to optimize both treatment performance and resource recovery strategies (Polorigni
et al., 2021).

Polorigni et al. (2021), in comparing previous primary sedimentation models, points out
that their main limitation lies in the fact that they are calibrated on the overall varia-
tions of TSS. This simplification neglects the underlying fractions of TSS identified as:
unbiodegradable particulate organic (UPO), biodegradable particulate organic (BPO),
and inorganic settleable solids (ISS), each of which displays distinct settling dynamics.
Therefore, adequate fractionation of TSS and VSS, together with appropriate particle
settling velocity distribution, are the foundation for realistic modelling of a PC.
Consistently with these considerations, this study employed organic matter, TSS and
VSS fractions as input data for the primary clarifier model. Three different modelling
options offered by the SUMO software were evaluated, each representing the sedimenta-
tion process with a different level of complexity. Their theoretical background is briefly
outlined below.

2.2.1 Volumeless point separator

The Volumeless Point Separator (VPS) is an ideal non-reactive separator; it is based on
an algebraic model and allows various combinations to be set as input parameters. In
this unit, the user can define either the sludge concentration or a fixed underflow rate,
while effluent characteristics can be specified in terms of solids and/or colloids removal
efficiency either as percentages or fixed values (Dynamita, 2022b).

14



2.2 — Primary clarifier modelling

2.2.2 Layered flux model

The Layered Flux Model (LFM) divides the tank into horizontal layers that exchange
solids with each other. Depending on the solids concentration in each layer, a different
settling velocity regime is applied, which is governed by exponential equations. These
equations are calibrated using parameters obtained from Vesilind’s zone settling velocity
lab tests. In this way, the model can predict the solids concentration in both the effluent
and the sludge. Indeed, in addition to specifying the tank dimensions, the user has the
option of entering the settling parameters. These are the maximum settling velocity (vg)
[md~!] and the hindered settling parameter (rp;,) [Lg~!], which govern the Vesilind
equation

vg(X) = vg - e "hin X (2.9)

where (vs) is the sedimentation rate at concentration X of suspended solids (Dynamita,
2022b).

2.2.3 Three compartment model

The Three-Compartment Model (TCM) conceptualises the primary clarifier as three in-
terconnected zones (feed well, clean water, and sludge blanket) connected by a VPS
as shown Fig. 2.4. The feed well represents the inlet zone where the influent flow is
evenly distributed and the initial mixing and energy dissipation take place, promoting
a more uniform settling process. The clean water compartment represents the clarified
liquid layer above the sludge blanket, accounting for the elutriation flow, i.e., the natural
or forced circulation of liquid that allows the diffusion of soluble components from the
sludge blanket into the overlying water. Each compartment is modelled as a CSTR and
the clarifier performance can be tuned by adjusting their relative volumes. It is also pos-
sible to define underflow specifications, such as sludge flow rate or concentration, solids
removal efficiency, and the increase in VSS/TSS ratio. Any dosing of polymers would be
done in the feed well unit. Feed well and sludge blanket are necessarily reactive zones in
this model. (SUMO, model-specific documentation (Dynamita, 2022b)).
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Feed well Point separaior Clear water

Figure 2.4: Three compartment model scheme. Figure adapted from Dynamita (2022b).
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Chapter 3

Materials and Methods

3.1 Description of the Viikinmiki wastewater treatment
plant

The Viikinméki wastewater treatment plant serves Helsinki and seven of its neighbour-
ing municipalities. The wastewater is sourced 15% from industrial sites and 85% from
domestic use.

Central Helsinki, which includes the historic and densely built-up areas, operates with a
combined sewer system in which wastewater and stormwater are conveyed through the
same network to the Viikinméki treatment plant. This configuration contributes to sig-
nificant variations in influent flow and composition, particularly during rainfall events
and snowmelt events.

According to the HSY annual report on wastewater treatment in the Helsinki Metropoli-
tan Area 2024 (Urho et al., 2025), the Viikinméki wastewater treatment plant treats
wastewater from approximately 930,000 inhabitants of Helsinki and surrounding munic-
ipalities. The equivalent population covered by the plant is estimated at 1.18 million
considering a load contribution of 70 g of BOD7 (47, /person. (Urho et al., 2025) The
same document indicates an average daily flow of approximately 290000m?3d~!, with
peak values reaching up to 700000 m3d~! (Urho et al., 2025).

The treatment process, as outlined in Fig. 3.1, integrates both chemical and biologi-
cal stages. Phosphorus removal is achieved through parallel chemical precipitation with
ferrous sulphate, dosed at multiple stages of the process. Nitrogen removal follows a two-
step configuration: Denitrification-Nitrification (DN) in the activated sludge process,
complemented by post-treatment in biological filters. Lime is added to maintain suffi-
cient alkalinity during nitrification, while methanol is supplied to the post-denitrifying
filters as an external carbon source to enhance post-denitrification process. Organic pol-
lutants (BOD) are partly eliminated during primary sedimentation by solid separation
and further degraded biologically in the activated sludge stage.

Viikinméaki WWTP is largely located underground in excavated rock caverns. The un-
derground construction enables to avoid freezing winter temperatures maintaining more
stable process conditions. The treated efluent is discharged into the Gulf of Finland
through a 16 km tunnel, the outlet being situated approximately 8 km offshore from
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southern Helsinki at a depth exceeding 20 m. (Urho et al., 2025)

Methanol

Ferrous sulphate
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Raw sludge SECONDARY SEDIMENTATION BIOLOGICAL FILTER ~ OUTFALL TUNNEL
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electricity
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ORC = Organic Rankine Cycle
M = gas motor
G = generator

DIGESTION

Figure 3.1: Scheme of the Viikinmaki WWTP. Adapted from HSY (2017).

3.2 Sampling campaign

The sampling campaign was conducted over six weeks between March and April 2025; see
Fig. 3.2. In this period, seven sampling days were selected according to specific criteria,
i.e., avoiding sampling on the same day of the week and including weekends to ensure
that the collected data represented a range of operational and environmental conditions.
The selection of days was also influenced by a number of practical limitations, such as
the availability of personnel and equipment. In order to ensure the comparability of
those data with those collected by Petédja (2025), an attempt was made to maintain
methodological consistency between the two works whenever possible. For the seven
designated sampling days, three automated samplers were used to simultaneously collect
samples at various stages of the plant. The samplers, which were equipped with 24 plastic
bottles in the container base, were programmed to collect four samples of fixed volume
per hour per bottle over a 24-hour period. It was necessary to find a compromise between
the sampling rate and the volume sampled, with the objective of maintaining adequate
tracking of events in the flow and avoiding the use of too small and error-prone volumes.
In addition, the final volume had to be large enough to carry out all planned analyses.
On sampling days, the samplers were activated between 07:30 and 08:00 a.m., and 24
hours later, the samples were collected. At the time of sample collection, the contents
of each third consecutive bottle were mixed, thus reducing the number of bottles from
24, each representing one hour, to 8 composite samples, each representing three hours of
flow.

18



3.2 — Sampling campaign

Monday Tuesday | Wednesday| Thursday Friday Saturday Sunday
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Figure 3.2: Samplings schedule. The 7 sampling days are highlighted in green, each
slot represents the two-day period during which the 24-hour sampling was carried out.
Blue marks the three days of sampling for the nitrogen conversion profiling. Magenta
corresponds to the days when the Viikinméki environmental monitoring campaign was
carried out by HSY during the period covered by this study. All dates refer to the year
2025.

In the samplers used (Figures 3.3), a peristaltic pump is operated by a computer
according to the user’s settings. A suction tube connected to the peristaltic pump was
submerged in the wastewater, while a mechanical arm directed the flow into one of the
24 bottles in the collection base, depending on the setup. All samplers were configured
to fill a bottle every hour, with a fixed volume of water being pumped every 15 minutes.
To obtain a precise characterization of the influent and understand the impact of different
processes on wastewater quality, samples must be taken at various stages of the treatment
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process.

The Isco 3700 Portable Sampler (Figure 3.3 (a)) was used to take a sample of the
rawest wastewater, it was placed immediately downstream of the pumping station and
upstream of the bar screens section, which is henceforth called the primary influent (PI).
The wastewater leaving the PC designated as primary effluent (PE) was sampled using
the Isco 6712 full-size portable sampler (Figure 3.3 (b)). The third sampler, dedi-
cated to the sampling of wastewater leaving the secondary clarifier, Secondary Effluent
(SE), was the Sigma 900 Composite Sampler from Hach (Figure 3.3 (c)). Both Isco
samplers were equipped with 24 one-liter bottles each. The capacity of the Sigma bottles
was 0.5 liters. The three samplers were all equipped with a perforated weight at the end
of the pipe, ensuring that it remained below the water level even during periods of high
flow and also preventing clogging caused by coarse material. To minimise contamination
between consecutive samples, the samplers were programmed to automatically rinse the
suction tube before each sampling event. The samplers were placed so that the end of the
pipe, from which the wastewater was collected, was approximately 50 centimetres below
the surface.

It should be noted that due to a battery failure of the ISCO 3700 sampler on the third day
of the campaign, the data collected that day are incomplete. Therefore, where required,
six days of samplings were considered, instead of seven.

(a) Isco 3700 Portable Sam- (b) Isco 6712 full-size (¢) Sigma 900 Composite
pler used for sampling PI. portable sampler used for Sampler from Hach used for
sampling PE. sampling SE.

Figure 3.3: Samplers used during the sampling campaign at the Viikinmaki WWTP.
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3.3 Laboratory analysis

This section describes the analytical procedures adopted to determine the concentrations
of the main target parameters selected for influent characterization and model calibration.

3.3.1 Chemical oxygen demand (COD)

The analysis of COD provides a reliable and relatively rapid indicator of the amount of
organic matter in the sample. The standard method Suomen Standardoimisliitto SFS
(1986) involves the use of potassium dichromate KoCroO7 as an oxidizing agent and
the titration process was carried out using a solution of ammonium iron (II) sulfate
(NHy4)2Fe(SO4)2 6 (H20). The titration method is used to determine the excess oxidizing
agent that has not contributed to the degradation of organic matter. From this value,
the COD concentration expressed in milligrams per liter (mg/L) is derived.

In addition to total COD, filtered COD (fCOD) and filtered flocculated COD (ffCOD)
were measured from each sample. To obtain filtered COD, it is necessary to filter the
samples through an acetate cellulose syringe filter with a pore size of 0.45 pm. These
membranes retain biodegradable and non-biodegradable particles while allowing soluble
matter to pass through.

ffCOD is obtained by subjecting the sample to a flocculation process: first, a zinc sulfate
solution (ZnSO4 7H20) is dosed as an oxidizing agent and then the pH is raised to 10.5
for optimal flocculation. The supernatant of the settled sample is then collected using a
syringe and filtered as described for fCOD.

Before use, syringe filters were rinsed by filtering approximately 5 mL of reverse osmosis
water.

The analytical accuracy of COD measurements varied depending on the concentration
range, as specified by the standard method:

o for results < 50 mg/L CODcy, the accuracy was +1 mg/L;
o for 50 mg/L < result < 100 mg/L CODg;, the accuracy was +5 mg/L;
o for 100 mg/L < result < 1000 mg/L CODcy, the accuracy was +10 mg/L;

o for results > 1000 mg/L CODcy, the accuracy was +100 mg/L.

3.3.2 Biological oxygen demand (BOD)

The analyses of biochemical oxygen demand (BOD) were performed following the stan-
dard ISO (2019).
BOD is a measure of the amount of oxygen required by microorganisms to degrade or-
ganic matter in a water sample. The duration of this process can vary; in this study was
measured the amount of O2, expressed in milligrams per liter (mg/L), consumed during
a 7-day period at a constant temperature of 20 degrees in the dark.

However, due to historical and geographical differences in standard practices, the 5-
day test (BODs5) has traditionally been more widely adopted, while Nordic countries have
commonly used the 7-day version (BOD7). As the incubation time increases, a greater

21



Materials and Methods

portion of the biodegradable organic matter is degraded, leading to a more accurate
estimate of the total oxygen demand.(Chen et al., 2020). Allylthiourea (ATU) was added
to inhibit nitrification and its subsequent oxygen demand, so that only carbonaceous
BOD was recorded.

Due to the limited availability of analytical devices, it was not possible to measure BOD
for all samples. At least four of the 8 PI samples were always measured, in addition to one
sample made by a combination of all daily SE samples, with a duplicate. When feasible,
duplicates of the PI samples were made and the BOD of the PE was measured. However,
given the tendency of this measurement method to result in unreliable readings due to
potential air infiltration or alterations in the metabolic activity of microorganisms, all
available measuring devices were consistently used.

For PI samples, the BOD bottles were filled with a volume of 164 ml, which is optimal
for a measurement range between 0 and 400 mg/L. In contrast, SE samples require a
maximum permissible volume of 432 ml to detect low BOD values, ranging from 0 to 40
mg/L. Two models of the BOD measuring system with similar characteristics were used:
Ox-iTop®-i and OxiTop®-C.

3.3.3 Total suspended solids and volatile suspended solids

The standard Suomen Standardoimisliitto SFS (2005) was used to determine the con-
centration of total suspended solids (TSS) and volatile suspended solids (VSS) of the
samples, expressed in milligrammes per liter (mg/L). In accordance with this method,
prewashed glass-fibre filters (Whatman GF/A) are used to perform a vacuum filtration of
a variable sample volume. This volume variability is due to the need to find a compromise
between a large volume that would well represent the sample, and the risk of clogging
the filter invalidating the analysis. The volume of the filtered PI sample varies between
12 mL and 50 mL due to the substantial variability in the amount of solids in the sample
depending on the time of day under analysis. In contrast, the filtered sample volume for
PE and SE rarely deviates from the mean value of 50 and 250 millilitres, respectively.
Considering the elevated quantity of solids present in PI samples, the recommended filtra-
tion duration of 1-2 minutes was not feasible. After drying the filters at 105 °C, the T'SS
concentration is determined by subtracting the initial weight of the filter and dividing by
the filtered volume.

Since VSS are thermally degradable, they are estimated as the mass defect after inciner-
ation of the filters in the furnace at 550 ° C. Fig. 3.4 shows how filters appear after this
process. However, as reported by Petdji (2025), a proportion of the glass fibre filter itself
also undergoes a weight reduction during the incineration and drying process. Conse-
quently, a positive weight correction was applied to compensate for this loss. The values
estimated by the laboratory staff are 713 pg and 212 pg for incineration and drying,
respectively.
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Figure 3.4: Some of the filters in the crucibles after incineration in the furnace at 550 °C.

3.3.4 Flow rate weighted concentration calculation

Given that the samplers used in this study took a constant volume of water for each
designated time interval, subsequent analyses were able to provide only absolute concen-
trations of target substances. Although these results are suitable for time patterns and
qualitative concentration analyses, they do not represent actual loads, especially under
variable flow conditions such as those that are being analysed.

Based on the hourly flow rates, the measured concentrations of COD, BOD, TSS and
VSS were converted into flow-weighted values. Each concentration was weighted by the
corresponding flow rate and subsequently normalised to the 24-hour average flow rate of
the respective sampling day, as shown in the following equations:

G

cr =0
Q

)

(3.1)
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Daily averages of the flow-weighted concentrations were then computed as:
. 1
cCT==N"(Cr. 3.2
- ; : (3.2)

where
e (; = concentration measured in the ¢-th time slot
e (); = wastewater flow rate in the i-th time slot
e @ = daily average flow rate
o CF = flow-weighted concentration for the i-th time slot
e C" = daily average flow-weighted concentration

e n =8, corresponding to eight 3-hour time slots per day

3.3.5 Nitrogen conversion profiling

Nitrogen conversion profiling was performed to provide the research team with accurate
data on the actual behaviour of nitrogen components in the activated sludge process.
Nitrogen conversion profiling is defined as the analysis of changes in the concentration of
nitrogen chemical species as the activated sludge process progresses.

An analysis of the concentrations of ammonium (NH41), nitrate (NO3~) and nitrite
(NO2 ) was carried out in each of the six zones of the Denitrification-Nitrification (DN)
process, which are indicated by white numbers in Fig. 3.5, during each sampling round.
A total of five rounds were conducted; on the first day samples were collected only in
the morning, while on the following two days, samples were taken both during morning
and afternoon. These three days are marked in blue in the table 3.2. The initial and
sole sampling of 9 April 2025 was conducted on line 2, while the remaining four were
carried out on line 9. In order to prevent any alteration of the samples due to the
continuation of the nitrification-denitrification processes, the analyses were carried out in
situ immediately after sampling.

Nitrite (NO3 ")

Following the standard SFS 3029 (1976), the concentrations of NOy~ were determined.
The method is outlined in the following sequence of steps:

o Filtering the sample through a 0.45 pm filter

o Dosing of 125 uL of sulfanilamide (SA) solution in 5 ml of filtered sample or its
dilution.

o Dosing of 125 uLi of N-(1-Napthyl)ethylenediamine (NED)
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Aeration (DN-process)

== 1. Flowmeters
= 2. Airpipes
3. Membrane disc diffusers

Y

4. Baffles
5. Mixers
6. Degasing tank

Figure 3.5: Schematic diagram of the activated sludge process. The white numbers
represent the six zones through which the sludge flows and the Denitrification-Nitrification
(DN) process takes place. Figure adapted from HSY (2017).

o Measuring the absorbance at 545 nm by UV spectrophotometer (Shimadzu UV-VIS
Spectrophotometer UV-1201) after leaving the samples in the dark for a period of
20 minutes to two hours.

The NOo ™~ content in the sample was determined according to Eq. 3.3. If the sample
was diluted prior to analysis, the dilution factor was applied to derive the concentration
of NOg ™~ in the raw wastewater sample.

Cyos = 294.1 x abs™7™ (3.3)

where:
* Cno; is the concentration of nitrite in the sample, expressed in [pg L~1].

o abs is the absorbance measured at 545 nm (range 0-1.8) [-].

Nitrate (NO3 ™)

Following the standard procedure APHA 4500-NO3~ (2005), a nitrate analysis was per-
formed. To briefly describe the procedure, each sample was filtered through a 0.45pm
membrane filter, and 10 mL of the filtrate were transferred into a volumetric flask. Then,
0.2 mL of 1 M hydrochloric acid were added. The absorbance was measured using a
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UV-VIS spectrophotometer (Shimadzu UV-1201) at a wavelength of 220 nm to determine
the NOs~ concentration, and the result was corrected for organic matter interference by
subtracting the absorbance at 275nm, as shown in Eq. 3.4.

abSNOg = absoognm — 2 - abso7snm  Wwith (2 - abso7snm < 0.1 absogg nm) (3.4)

Ammonium (NH4™)

Ammonium concentrations in activated sludge samples were measured in the six aeration
zones using an ion-selective portable meter (Orion Model 250A) electrode. The procedure
was performed as follows:

» Standard solutions of 4 and 40 mg/L N were used to plot a calibration curve on
a semi-logarithmic scale, with the mV reading on the x-axis and the logarithm of
ammonium concentration on the y-axis.

o For each of the six samples, 0.5mL of ionic strength adjustor (ISA) solution was
added and the electrode was placed in a magnetically stirred beaker to ensure
homogeneity.

e Stable mV readings were then recorded and the ammonium concentration was read
by interpolating the values on the calibration curve.

3.4 Primary clarifier modelling

This section describes the development of the prototype model of the primary clarifier,
detailing its configuration in SUMO, the data sources used for calibration and validation,
and the approach adopted for assessing model performance.

The modelling work was carried out using the wastewater treatment process simulation
software SUMO (Dynamita, 2022a) (version 22.1.0; model SUMO1). The model was
designed to investigate the influence of the primary clarifier on the concentrations of total
COD, its fractions, TSS, and VSS. To calibrate the model, the dataset obtained from the
present sampling campaign was combined with dynamic flow rate measurements and
with the physical and operational characteristics of the system provided by HSY. Model
validation was then performed using an independent dataset collected over three weeks
in June 2024 during Petéja (2025)’s sampling campaign.

The performance of the model was evaluated using the Mean Absolute Percentage Error
(MAPE) between observed and simulated data, calculated as follows:

n
MAPE = 120
n

=1

Yi — Ui

” (3.5)

where y; are the observed values, §; the predictions of the model and n is the number
of experimental data points. It expresses the average percentage deviation between the
measured and simulated data. The metric was computed both during calibration, to
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3.4 — Primary clarifier modelling

assess the model fit to the estimation dataset, and during validation, to quantify its
predictive ability on independent data.

In order to represent the PC in a way that is consistent with the actual plant, the model
was developed as shown in Fig. 3.6. The process units included are described below:

Influent CetR Side flow divider  primary clarifier Effluent

Do-wmy= o o —oD

=

WAS to other 6 lines

Sludge

>

Figure 3.6: model of the plant segment that comprises the primary settler.

Influent: This unit corresponds to the point where the PI sampler is positioned, thus
immediately downstream of the pumping station.
During the calibration phase, all dynamic parameters collected during the sampling
process were entered through the influent configuration.
For both calibration and validation, all dynamic parameters obtained from non-
consecutive sampling days, as illustrated in Figure 3.2, were combined to form a
single continuous time series.
SUMO requires the data to be entered in a specific way in order to uniquely char-
acterise the influent without having redundancies. Specifically, the data provided
were:

+ Total COD (gm~3) from PI
e Fraction of filtered COD in Total COD from PI
e Fraction of filtered flocculated COD in Total COD from PI
« Fraction of soluble unbiodegradable organics in filtred COD!
« Fraction of particulate unbiodegradable organics in total COD
e VSS and TSS ratio
The dynamic flow rate is also provided to the software in the influent unit, allowing

it to calculate the actual load of the incoming substance. The average value during
this sampling period was about 260000m?d~!.

1SUMO requires filtered COD to be obtained by filtering the samples through 1.5 pm filters; however,
0.45 pm filters were used in the laboratory. To address this inconsistency, a correction factor of 1.16 was
estimated by Sieranen (2024) and applied.
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Waste activated sludge (WAS): Part of the activated sludge, separated from the sec-

ondary sedimenter, is recirculated in the aeration tanks (RAS), the excess part
(WAS), on the other hand, is mixed in the pre-aeration tank with the raw sludge
and removed from the PC.

While in the actual plant, the WAS flow rate is manipulated to control the sludge
retention time and ensure optimal biomass sludge concentration in aeration basins,
in the model a constant value of 4500 m3 d~! is established. SUMO allows to spec-
ify the type of input sludge, to automatically define default parameters. In this
case the 'Thickened waste activated sludge’ option was chosen and the available
informations were provided: VSS/TSS fraction 69% and Total suspended solids
7000 g m?.

Pre-aeration tank (CSTR): The pre-aeration tank is 70 m long, 18 m wide and 7.7

Side

m deep. It has a total volume of 9700 m® and a hydraulic retention time of about
50 minutes. In the plant, the pre-aeration basin serves to equalise water quality
by mixing raw water with WAS, reject water from sludge dewatering unit, ferrous
sulphate and lime. Submerged aerators at the bottom are also activated for 10
minutes every two hours to prevent premature settling. In the model, this unit
is represented by an anaerobic CSTR of equal size. In this way, the longitudinal
mixing effect can be reproduced, dampening the peaks of substance concentration
entering the PC.

flow divider: The Side Flow Divider ensures that the correct water flow rate is
directed to the single primary clarifier line considered in the model, as only one of
the seven identical units is simulated.

Primary clarifier: The PC is composed of twin tanks arranged in parallel, each with

a surface area of 525 m?, 4.7 m deep, 69 m long and 8.5 m wide. The surface load
is 1.4mh~! for average flow rates up to 3.4mh~! at high flow rates. Hydraulic
retention time is 3 - 3.5 hours. The thickening pocket, where the sludge is dragged
by the scrapers, has a depth of 15.7 meters. This raw sludge is removed and sent
to anaerobic digesters. Similarly, skimmers remove the floating sludge.

SUMO offers three modelling configurations for PC hydraulics with increasing levels
of modelling complexity, all of them were tested in this work:

e Volumeless point separator
e Layered flux model

e Three compartment model

Implementation details are provided below; theoretical description of the models
are discussed in chapter 2.2.

Effluent: This conceptual point corresponds to the physical location of the second sam-

pler, at the PC effluent. The activated sludge process begins straight downstream.
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3.4.1 Volumeless point separator

The VPS unit is a non-reactive separator based on an algebraic model, allowing the spec-
ification of underflow sludge concentration or flow rate and the definition of efluent solids
removal. The model was calibrated by slightly adjusting the suspended solids removal
efficiency. Although the measured average removal efficiency was about 70%, a value of
75% provided a better fit between simulated and observed effluent concentrations, com-
pensating for the simplifications of the VPS model. A sludge flow rate of 800m?®d 1,
corresponding to the plant’s average operating conditions, was used in the simulations.
Furthermore, as no significant increase in the VSS/TSS ratio was observed in the effluent,
this parameter was set to 0%.

During calibration, the pre-aeration tank volume was increased by a factor of ten to
improve agreement between simulated and observed effluent characteristics. This adjust-
ment resulted in a volume approximately three times larger than that of the primary
clarifier, suggesting that it compensates for additional behaviours not captured by the
simplified VPS model. In particular, this empirical correction likely accounts for effects
such as hydraulic equalisation, internal dead zones or unmodelled recirculation dynamics
that occur in the real system. Consequently, the adjusted volume should be interpreted
as a modelling proxy for these combined effects rather than as a direct representation of
the physical tank volume.

3.4.2 Layered flux model

In this study, the LFM was implemented as a non-reactive unit since the focus of this
work is not on nutrient removal but on the difference in suspended solids and COD
fractions before and after the clarifier. Since Vesilind settling velocity tests were not
available, these parameters were maintained as default data. The previously mentioned
dimensional data specific to the PC were used.

3.4.3 Three compartment model

Following Amin (2024), the implemented three compartment model included a feed well
and sludge blanket with respective volumes of 250 m? and 1250 m?, accounting for 10%
and 50% of the total volume. These volumes were slightly adjusted to achieve an optimal
calibration fit. The increase in VSS/TSS was set at 0%.

3.4.4 Simplifications and assumptions

In order to keep the focus on the physical wastewater treatment that occurs in the PC
and to avoid increasing the complexity of the model, the following simplifications were
made.

To simplify the model, the chemical and biological reactions affecting nitrogen and phos-
phorus dynamics were not explicitly considered, although the analysis of COD and solid
fractions indirectly reflects their behaviour during sedimentation.

The dosing of ferrous sulphate (Fe2SO,), which in the real plant takes place in the pre-
aeration basin, was not included in the model. Indeed, in SUMO, this chemical agent does
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not influence the sedimentation of solids in general, but only the chemical precipitation
of phosphorous, which was not taken into account in this study. Similarly, in the model
option section, it was selected to ignore the pH calculation, since no detailed modelling
of chemical reactions or monitoring of pH and alkalinity was required.

Although SUMO provides the option to simulate polymer dosing in the primary clarifier,
in Viikinméki WWTP polymers are only dosed when, under high-flow conditions, biolog-
ical treatments must be partially bypassed (Haimi, 2016). Therefore, no polymer dosing
is applied in the model.

It should also be mentioned that in the actual plant segment considered in the model, the
screening, grit removal, and recirculation of water from the sludge dewatering processes,
also take place. The role of these units was deemed negligible for the purposes of the
investigation.

All simulations were initialised at steady state in order to allow direct comparison be-
tween the different scenarios, avoiding the need to discard the initial transient phase
before reaching equilibrium.

3.5 Data received from HSY

To construct the digital twin, the DIGICARBA team was provided with access to histor-
ical Viikinméki data by HSY. The dataset under consideration comprises measurements
from the various sensors along the treatment line (e.g. flow rate, pH, temperature, dis-
solved oxygen) as well as laboratory data from the environmental permit monitoring
campaign (e.g. BOD, COD, SS) at various stages of the process. The data from the
online sensors are available at one-hour intervals, whereas the laboratory data are daily
representative and are measured by flow-paced samplers only on predefined days (see Fig.
3.2).

In this work, data were requested from HSY with the aim of obtaining a reference for the
laboratory analysis data, supporting the construction of the PC model and to calculate
the input loads of the different components with hourly flow rates.
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Results

This chapter presents the main results of the influent characterization and primary clar-
ifier modelling carried out during the study. The first part focusses on the analysis of
measured concentrations of target parameters, as well as the outcomes of COD fraction-
ation analysis, while the second part shows the outcomes of the model via the three
configurations.

4.1 Laboratory analysis results

4.1.1 Chemical oxygen demand results

The following sections present the results obtained measuring total COD, filtered COD
and filtered flocculated COD. Particular attention is paid to the daily dynamics of total
COD and its fractions.

Figure 4.1 shows the hourly variation of the concentration of COD, fCOD and ffCOD
through PI, PE, and SE. Each parameter is represented through box plots made up of
data collected during the six sampling days, to highlight intra-hour variability, central
tendency, and possible outliers. These values are weighted according to the flow rate;
this allows the evaluation of the actual COD load at a given stage of the plant in each
time interval, as expressed in the equation 3.1.

In the top-left panel, the morning peak in CODy.; is particularly evident. This is due to
the way the plant operators carry out the pumping. In fact, during the early hours of
the day, when the load should be minimal, pumping is gradually increased to prepare the
tunnel for the typical diurnal peaks of domestic patterns. This early morning pumping,
under low flow conditions in the influent tunnel, sends wastewater with a high organic
and inorganic load, previously deposited, to the plant. The difference between COD and
fCOD confirms the abundant presence of particulate matter in wastewater, especially in
the morning hours, due to the process described above. The distinction between fCOD
and ffCOD, which is less clear but nevertheless discernible, is indicative of the presence
of colloidal material.

To understand the second panel describing what comes out of the primary sedimentation
tank, it is important to note that there is a hydraulic retention time of approximately
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4.5 hours between the first and second sampling points. It can be seen how the PI f{COD
is similar to the PE CODtot but shifted one time step to the right. This shows how the
clarifier has the effect of settling the particulate matter that was removed by filtration
in the PI analysis. However, there is still a difference between total COD and fCOD,
but it is considerably reduced in comparison to the first panel. Analysis of the fCOD
results, reveals a lack of significant variations, confirming that the colloidal fraction does
not undergo substantial removal during this phase.

Finally, in the secondary effluent (third panel), a further general reduction can be observed
in all fractions. Both the median values and the variability decrease. The COD, fCOD,
ffCOD gradient is more compressed and scarcely visible, suggesting a progressive removal
of both particulate and soluble organic substances thanks to the combined action of
biological processes and secondary sedimentation.

The uncertainty of the COD measurement method is discussed in Section 3.3.1.
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Figure 4.1: Flow-weighted COD measurements (total, filtered, and filtered—flocculated),
at different stages of the treatment process (primary influent, primary effluent, secondary
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effluent). Box plots represent data collected over six sampling days.
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4.1.2 Biological oxygen demand results

The box plot in Fig. 4.2, show the diurnal variability of biodegradable COD (BCOD) of
the PI. Each box represents the flow-weighted BCOD distribution relative to a specific
time interval across the six sampling days. The graph highlights a temporal pattern, with
higher BCOD loads typically occurring between 21:00 and 3:00, coinciding with peak flow
rate.

It should be noted that the accuracy of this analysis is affected by the time elapsed be-
tween the sampling and filling of the BOD bottles. Since the implemented setup involved
the use of non-refrigerated samplers over a 24-hour period, it is to be expected that the
samples collected first may present low accuracy and underestimation of the measure-
ment issues, as organic matter is biodegraded continuously before the collection. Fig. 4.2
reveals that the BCOD for 9 o’clock, which corresponds to the first samplings of the day,
has a maximum inter-quartile range. In contrast, the BCOD of 6 o’clock, corresponding
to the last samplings before collection, shows a narrower inter-quartile box.

Regarding SE, BO D7 measurements were performed to estimate the residual biodegrad-
able organic matter downstream of the secondary settler, to support the calculation of
the soluble inert fraction (;), as suggested by the STOWA guidelines (Roeleveld and van
Loosdrecht, 2002). The average BO D7 measured across all sampling days was 7.4 mg/L,
but results showed a very high variability, with a standard deviation of 6.3 mg/L. This
dispersion likely reflects the difficulty in accurately measuring such low concentrations of
BOD.
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Figure 4.2: Flow-weighted BCOD concentrations in the primary influent at different hours
of the day, based on measurements from six sampling days.
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4.1 — Laboratory analysis results

4.1.3 Total suspended solids and volatile suspended solids results

The box plots in Fig. 4.3 show the 24-hour profiles of TSS and VSS at the three moni-
toring points: PI, PE, and SE. They are based on the six sampling days and emphasise
the variability observed from day to day in suspended solids concentrations. The values
are weighted with the corresponding flow rates, thus representing the actual loads of
suspended solids. The plots allow an easy comparison between TSS and VSS, providing
an indication of how the proportion between organic (volatile) and inorganic suspended
solids changes along the treatment line.

For PI, the concentrations show a marked peak in the morning (from 06:00 to 09:00),
where both the median values and the dispersion reach their maximum. This behaviour
is consistent with the COD profiles. In these hours, the variability is particularly pro-
nounced due to the higher presence of coarse material in the wastewater. Depending on
whether such large particles end up in the filter during analysis or not, the measured TSS
and VSS values can vary significantly, leading to the observed high dispersion. Outside
the morning peak, the values remain lower and more stable.

In PE, concentrations are significantly reduced compared to the influent, reflecting the
sedimentation efficiency of PC. A diurnal trend is still visible, with higher values at night
and in the morning (from 06:00 to 09:00), and lower concentrations during midday and
afternoon. However, the variability is less pronounced than in the influent, indicating a
more homogeneous effluent quality.

SE exhibits the lowest concentrations of T'SS and VSS, consistently below 25 mg/L. Tak-
ing into account the different scales on the y-axis across the panels, it is evident that
the variability is limited compared to the upstream points, showing the damping role of
biological treatment and the final clarification on suspended solid concentrations, which
attenuate the diurnal fluctuations observed in the influent.
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Figure 4.3: Hourly distribution of flow-weighted T'SS and VSS concentrations across the
three stages of the plant. Box plots refer to six sampling days values.

36



4.2 — Chemical oxygen demand fractionation

4.2 Chemical oxygen demand fractionation

COD fractionation was carried out to make the collected data more readable, compara-
ble, and suitable for model calibration.

Figure 4.4 illustrates the diurnal variation of COD fractions in PI (top) and PE (bottom).
The fractions are divided into soluble (S;, Ss) and particulate (X;, X;), with further
distinction between biodegradable and non-biodegradable components, as described in
Section 2.1.1. In both plots, the total COD profile for the respective sampling point
is shown as a dashed blue line, with its corresponding unit displayed on the secondary
y-axis. All values represent the average of the six sampling days, highlighting the typical
diurnal pattern observed across the monitoring period.

In PI, particulate COD accounts for the largest share, with Xs and X; together account-
ing for more than half of total COD. After sedimentation in the PC, a clear reduction in
particulate fractions can be observed. Both X and X; decrease significantly, in favour
of the relative growth of S; and Ss. This confirms the well established role of the PC in
removing settleable solids while leaving soluble COD fractions almost unaffected. This
is further supported by an analysis of the absolute values from which the shown per-
centages were derived, revealing that the greatest reduction occurs in inert particulate
matter, while the soluble fractions remain nearly unchanged.

The reduction in particulate COD becomes especially clear when the influent peak ob-
served in PI between 06:00 and 09:00 is compared with the corresponding period in PE,
approximately 4.5 hours later (09:00-12:00), accounting for the average hydraulic resi-
dence time of the system. During this period, this portion of COD decreases dramatically
in the effluent, as already seen by analysing Fig. 4.1, but is further highlighted through
this fractionation. This trend is associated with the plant’s operational strategy, in which
pumping is intensified during these hours to take advantage of low influent flow condi-
tions and to empty the pumping chambers in preparation for the subsequent daily peak.
Consequently, accumulated settled solids are directed towards the clarifier, resulting in a
more pronounced removal of particles.

The particulate COD peak observed at PI between 06:00 and 09:00 also corresponds to
the absolute maximum of total COD, indicating that the overall organic load entering the
plant during these hours is particularly high. However, when analysing total COD at PE,
it appears that, aside from the particulate fraction settled in the primary clarifier, the
most substantial organic load reaching the efluent occurs later in the day, corresponding
to the influent recorded at PI between 21:00 and 00:00, and observed at PE approximately
4.5 hours later, between 00:00 and 03:00. A secondary, smaller peak in total COD around
midnight at PI may also suggest the presence of a load, possibly dominated by soluble
organic matter.

These results highlight that the performance of the PC is not constant throughout the
day but strongly influenced by diurnal variations in flow and plant operation.
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Figure 4.4: Hourly variation of total COD and COD fractions in the primary influent
and primary effluent. The presented data are an average of the results of the six days of
sampling.
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4.3 Nitrogen conversion profiling results

The first five panels in Fig. 4.5 report ammonium (NH4T-N) and nitrate (NO3 -N)
concentrations across six sequential zones of the activated sludge line, each panel cor-
responding to a different sampling time/day as exposed in section 3.3.5. In all cases,
NH,;"-N decreases along the reactor train. Conversely, NO3 -N increases progressively
and reaches its highest values in zone 6.

This behaviour is consistent with the process configuration adopted at Viikinmaki WW'TP,
which operates according to a denitrification—nitrification scheme. The first three zones
are typically maintained under anoxic conditions to promote denitrification, whereas the
subsequent three are aerated to enable nitrification, see Fig. 3.5. Zones 2 and 3, how-
ever, are designed as swing zones, where aeration can be switched on or off depending
on process requirements and online NH4 —N measurements. During the present sampling
campaign, the HSY staff confirmed that both swing zones were operated without aera-
tion. Nevertheless, a slight increase in NO3 -N concentration was occasionally observed
in zone 3, possibly due to minor superficial oxygen backflow or residual aeration extend-
ing into this area. Such conditions could initiate nitrification earlier than intended and
may explain the deviation from the theoretical trend, suggesting that zone 3 acts as a
transitional region where the balance between denitrification and nitrification is particu-
larly sensitive to operational control.

The last plot reports nitrite (NO2 -N) concentrations across the six zones of the activated
sludge process. In all profiles, nitrite levels remain very low, generally below 200 g L~!,
with only minor fluctuations along the treatment line. In most cases, values are close
to the detection limit and show no consistent accumulation in either the anoxic or oxic
zones. This behaviour is consistent with the expected dynamics of a stable DN-N process
as nitrite is an intermediate of both nitrification and denitrification, but it is normally
kept at low concentrations because both ammonia-oxidizing and nitrite-oxidizing bacteria
are active under the given operational conditions. The slight peaks occasionally observed
are transient and can be attributed to momentary imbalances.
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Figure 4.5: Profiles of ammonium (NH4"-N), nitrate (NO3 -N), and nitrite (NOg -N)
across six zones of the activated sludge unit. Panels correspond to different sampling
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4.4 Modelling results

4.4.1 Calibration results

Figure 4.6 reports the results of the model calibration. Providing PI data and tuning
configurable parameters (as described in the Methods section 3.4), the simulated outputs
were generated and compared with the measurements observed at PC effluent.

In all plots, discrete points (circles and triangles) represent observed values, whereas
continuous lines denote model predictions. The left-hand column shows total COD,
filtered COD and filtered flocculated COD, while the right-hand column illustrates TSS
and VSS. Each row corresponds to a different configuration of the primary sedimentation
model.

41



—— COD model —— fCOD model —a— ffCOD model
* CODobs ¢ fCODobs 4 ffCODobs
VPS CAL
600
500
400
)
g 300
200
100
0
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 45 5,0 55 6,0
Days
COD model —— fCOD model —a— ffCOD model
* CODobs ¢ fCODobs 4 ffCODobs
LFM CAL
600
500
400
B
£ 300
200
100
0
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 45 5,0 55 6,0
Days
COD model —— fCOD model —a— ffCOD model
* CODobs ¢ fCODobs & ffCODobs

mg/l

Results

TCM CAL

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5 5,0 5,5 6,0

Days

250

200

150

mg/l

100

50

——TSS model —a—VSS model
« TSSobs a VSSobs
VPS CAL

00 05

250

200

Title

450
400
350
300
250
200
150
100
50
0

mg/l

10 15 20 25 30 35 40 45 50 55 60

Days
——TSS model —+— VSS model
« TSSobs 4 VSSobs
LFM CAL

10 15 20 25 30 35 40 45 50 55 60

Title
TSS model —— VSSmodel
e TSSobs 4 VSSobs
TCM CAL

00 05

10 15 20 25 30 35 40 45 50 55 60
Days

Figure 4.6: Calibration results of the primary clarifier model: comparison between ob-
served data (obs) and simulated outputs (model) for COD, fCOD, ffCOD, TSS, and VSS
under three model configurations (VPS, LFM, TCM).
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4.4.2 Validation results

The validation results are presented in Fig. 4.7, following the same layout used for the
calibration results. The left column displays total COD and its fractions, while the right
column reports T'SS and VSS.

The input and output data used for model validation originate from the sampling cam-
paign conducted by Petédja (2025), which spans five sampling days but includes total
COD measurements only for the last day. This limitation reduces the robustness of the
comparison, but nevertheless provides a meaningful basis for evaluating model perfor-
mance.

4.4.3 Model evaluation (goodness of fit)

The Mean Absolute Percentage Error (MAPE), defined in equation 3.5, was used to
quantitatively assess the model performance. Lower values indicate better agreement
between model predictions and the experimental data. MAPE was calculated for both
calibration and validation phases to evaluate the model’s fitting accuracy and its ability
to generalise to independent data.

A more detailed discussion of these results is provided in Section 5.2.

VPS
COD fCOD ftCOD TSS VSS
Calibration 13.5% 21.3% 17.8% 23.9% 23.3%
Validation 35.3% 14.2% 13.3% 23.8% 18.7%

LFM
COD tCOD ftCOD TSS VSS
Calibration 10.8% 21.7% 20.1% 13.4% 12.6%
Validation 28.8% 14.8% 15.7% 19.3% 19.8%

TCM
COD tCOD ftCOD TSS VSS
Calibration | 14.4% 18.2% 20.2% 37.9% 40.4%
Validation 29.4% 15.3% 17.3% 38.4% 33.3%

Table 4.1: MAPE (%) of COD, fCOD, ffCOD, TSS, and VSS for VPS, LFM, and TCM
models during calibration and validation.
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Chapter 5

Discussion

5.1 Comparison with previous sampling campaign results
and HSY data

Overview of reference datasets

The results obtained during the present sampling campaign were compared with two
reference datasets: the Viikinméki environmental monitoring campaign carried out by
HSY, and the previous sampling campaign performed by Petéja (2025) within the same
framework and following the same laboratory analysis standards. It should be noted,
however, that Petdja (2025) campaign was conducted in June 2024, approximately nine
months earlier, and therefore under different seasonal conditions. For this reason, a more
meaningful comparison can be made by considering the relative differences with the cor-
responding HSY data, or by analysing the relative reduction of a parameter along the
treatment process, rather than directly comparing absolute values.

In general, the total COD measured in this study was consistent with that reported by
HSY, confirming the reliability of the analytical methods applied and the robustness of
the results across different datasets.

When compared with the previous campaign, the present results showed similar trends
in both the PI and PE, supporting the reproducibility of the fractionation while also
indicating that the particular climatic conditions during March—April 2025 did not lead
to substantially different influent characteristics compared to June 2024.

The HSY monitoring campaign provides only a subset of the parameters analysed in
this study, reported as daily averages on selected weekdays (see Fig. 3.2). Specifically,
HSY employs flow-proportional automatic samplers, ensuring that the 24-hour compos-
ite samples are directly representative of the loads. For consistency, these values were
compared with flow-weighted results of the present campaign. The HSY dataset includes:

o Primary influent (PI): TSS, COD, BODy
o Primary effluent (PE): TSS, COD, BODy

o Secondary effluent (SE): TSS
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Chemical Oxygen Demand

Fig. 5.1 compares COD values from the present campaign and those reported by HSY.
On average, the present measurements are higher by about 22% in the PI and 17% in the
PE compared to HSY data. Although most of these deviations fall within the 20% uncer-
tainty range declared by HSY for COD measurements (indicated by the vertical bars in
the figure), the trend systematically points to an overestimation in the present dataset.
This bias may arise from differences in sampling strategy and analytical methodology.
To further support the hypothesis of a systemic discrepancy between the two methods
used for COD analysis, Table 5.1 presents data collected during the previous sampling
campaign (Petdjid, 2025). In that campaign, the COD values showed an average overes-
timation of 18% for PI, 2% for PE, and 80% for SE when compared with corresponding
HSY control data. This might be explained by the fact that concentrations and loads are
much lower at this stage and small fluctuations result in large relative differences, making
the comparison less meaningful.
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Figure 5.1: Comparison of COD values between the present campaign and the HSY
monitoring campaign for the primary influent and primary effluent. For HSY values, the
vertical bar represents the declared measurement uncertainty (20%), while for the present
campaign it corresponds to an analytical uncertainty of 10 mg/L.

Table 5.1: Comparison of COD values among different sources. Values from the present
campaign and Petdji (2025) are reported as flow-weighted averages. All values expressed
in mgCOD/L.

Stage of the plant Present HSY Petaja HSY (Petaja
campaign (reported) (2025) campaign)
Primary influent 759 628 725 612
Primary efluent 401 345 353 346
Secondary effluent 92 n.a. 92 51

n.a. = not available measurement.
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Total Suspended Solids

Comparison of TSS values (Fig. 5.2) shows that, for both PI and PE, the results of the
present campaign are generally close to those reported by HSY, despite a slight tendency
toward overestimation. In contrast, larger discrepancies are observed in the SE. Since
the concentrations and corresponding loads are much lower at this stage, small absolute
variations translate into larger relative differences, making these data less significant and
less reliable for direct comparison.

From Table 5.2, the values appear to be in reasonable agreement with HSY and Petéjé
(2025) data for both the PI and effluent. It is noteworthy that PE TSS is the only
parameter showing an underestimation in both the present campaign and Petéja (2025)
data when compared to the corresponding HSY values. The removal efficiency of TSS
by the PC in the present campaign showed a removal efficiency of 71%, Petaja (2025)
reported a similar value of 70%. The corresponding HSY datasets yielded a efficiency
of 67% in both cases. Taking into account the analytical uncertainties and possible
inaccuracies, these results appear consistent and suggest a reasonable reliability of the
measurements.
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Figure 5.2: Comparison of TSS values between the present campaign and the HSY mon-
itoring campaign for primary influent, primary effluent, and secondary effluent. Six sam-
pling days are reported.
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Table 5.2: Results of TSS values from different sources. Values from the present cam-
paign and Petdji (2025) are reported as flow-weighted averages. All values expressed in
mgTSS/L.

Stage of the plant Present HSY Petaja HSY (Petaja
campaign (reported) (2025) campaign)
Primary influent 416 385 370 390
Primary efuent 120 128 110 130
Secondary effluent 9 4.6 6.5 5.3

Biochemical Oxygen Demand

Figure 5.3, shows the comparison carried out between the BOD7 values obtained in the
present sampling campaign and the reference data provided by HSY.

During the campaign, additional BOD7 measurements were possible only on the last day
(D6), due to the limited availability of the necessary equipment. For this reason, the PE
values are reported only for D6, while the PI values are available for all days.

For PI, the average BOD7 values are overestimated by 20% with respect to the corre-
sponding HSY data, with almost all values higher than those of HSY. As shown in Ta-
ble 5.3, Petaja (2025) findings indicate an average positive discrepancy of approximately
30% in the BOD7 of the PI compared to the corresponding HSY dataset, suggesting the
presence of a systematic bias that can arise from overestimation in campaign data or
underestimation in HSY monitoring results.
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Figure 5.3: Comparison between BOD7 values obtained in the present sampling campaign
and HSY monitoring campaign.
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Table 5.3: Comparison of BOD values among different sources. Values from the present
campaign and Petdjd (2025) are reported as flow-weighted averages.(All values expressed
in mgBOD/L).

Stage of the plant Present HSY Petaja HSY (Petaja
campaign (reported) (2025) campaign)
Primary influent 383 320 413 289
Primary efuent 260* 300 n.a. 170
Secondary effluent 8.2 n.a. n.a. 10.7
n.a. = not available measurement.

" Value refers to a single measurement taken on the last sampling day, unlike the other values which
represent flow-weighted averages over multiple days.

Chemical oxygen demand fractionation results

Finally, the average COD fractions obtained in the two sampling campaigns are compared
(Table 5.4). A more detailed comparison between the PI and effluent has already been
provided above. In both stages of the process, the results appear fairly similar. On the
one hand, this strengthens the reliability of the measurements, as comparable outcomes
were obtained despite being carried out at different times and by different operators. On
the other hand, it also indicates that the peculiar climatic conditions during March—April
2025, characterized by an unusually mild winter in the Helsinki region with little to no
snow accumulation and, consequently, no significant snow melt, did not result in sampling
conditions substantially different from those of June 2024, as was originally planned and
expected.

It should be noted, however, that this type of tabular representation, while having the
clear advantage of condensing the results into a few comparable figures, inevitably leads
to a loss of information regarding the variability over time. By averaging hourly data,
the intrinsic dynamics of the fractions are flattened into a less informative picture.
Nevertheless, including the standard deviation in this table, provides additional insight
into the variability and robustness of the measured data. As can be observed, the standard
deviations are particularly high for the particulate fractions. This behaviour is consistent
with their formulation. As discussed in Section 2.1.1, the value of X; inherits the uncer-
tainties of the other fractions, since it is obtained by subtraction from the total COD.
Similarly, the variability of X partly arises from the calculation of the biodegradable frac-
tion based on BOD measurements, which, due to equipment limitations, were performed
less frequently and with fewer replicates than COD. In addition to these methodological
aspects, the natural hourly and daily fluctuations in the influent wastewater composition
further contribute to the observed variability.
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Stage of the plant Source Xi Xs Si Ss

Present campaign 22 +10 48+11 9+3 21 +6

Primary influent Petiiji (2025) 21 59 6 21

Present campaign 18 +11 31 +13 16+5 35 +9

Primary effluent Petiji (2025) 14 33 13 40

Table 5.4: Average COD fractions and corresponding standard deviations obtained in the
present sampling campaign, compared with the results from Petdji (2025). All values
are expressed as percentages and refer to the primary influent (PI) and primary effluent
(PE).

5.2 Modelling

The modelling results highlight both the potential and limitations of applying simplified
PC models within a data-limited experimental context. The calibration process, neces-
sarily carried out in a semi-quantitative manner due to the absence of automatic fitting
tools in SUMO version used for this work (see Section 3.4), introduced a certain degree of
subjectivity, mitigated by comparing averages, peaks, and trends between observed and
simulated data.

From the analysis of Fig. 4.6 and 4.7 and Table 4.1, it can be seen that VPS, although the
simplest approach and the least demanding from a computational point of view,provides
a reasonable, robust, and easy-to-interpret prediction of PE. Its formulation respects the
main physical constraints of the system and allows for a clear overall representation of
the separation process. However, it is not suitable for representing more complex dy-
namics, such as the degradation of organic matter or differential behaviour of individual
fractions.

The comparison between calibration and validation confirmed the good predictive ca-
pacity of the Layered Flux Model, which emerged as the most balanced approach. Its
performance suggests that introducing a limited degree of complexity, such as settling pa-
rameters and size characteristics, can significantly improve the description of COD frac-
tions and solids removal without compromising model robustness. However, the model
could be further refined by incorporating laboratory-derived settling parameters specif-
ically measured for the Viikinmidki WWTP, which would allow a more accurate and
site-specific characterization of the sedimentation behaviour. Alternatively, an approach
similar to that adopted by Polorigni et al. (2021) could be implemented, in which several
settling velocity groups are defined and associated with distinct particulate fractions,
thereby capturing the heterogeneity of the suspended solids and their different settling
dynamics. SUMO also offers different options to support this process, including empirical
correlations that use routine laboratory tests, such as the sludge volume index (SVI), to
estimate the Vesilind parameters, as well as an Excel-based tool that can automatically
analyse laboratory settling curves to determine the maximum Vesilind settling velocity
and the hindered settling parameter.

In contrast, the Three Compartment Model, although conceptually more detailed and
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mechanistic, did not provide a clear advantage over LFM under the conditions of this
study. Its higher data requirements, particularly for estimating compartment volumes
and for capturing reaction-driven processes such as flocculation and polymer dosing, ex-
ceeded the scope of the available monitoring data. Finally, the observed behaviour of
the colloidal COD fractions revealed a further limitation of the TCM model configura-
tion. The negligible difference between fCOD and ffCOD (corresponding to the colloidal
fraction) in the simulations, in contrast with the observed data, indicates that the model
tended to overestimate reaction rates occurring in the clarifier. This is at odds with the
operational design of PCs, which are intended to minimise biological reactions and di-
rect such processes to the activated sludge stage. Future improvements to this modelling
configuration should include, in addition to measurements to determine the detailed sed-
imentation rate and volume of the sludge blanket, particular attention to the colloidal
fraction and its separation dynamics. However, it is worth mentioning that LFM is the
most computationally demanding configuration, as it involves ten reactors compared to
three in TCM and none in VPS.

5.2.1 Related Studies on Primary Clarifier Modelling

Having discussed the results obtained within the SUMO environment, it is worth mo-
mentarily setting aside this specific framework, albeit highly valuable for digital twin
development, to briefly explore the current state of the art in primary clarifier modelling.
This allows us to consider how other studies have approached similar challenges and what
modelling strategies or calibration practices have been proposed in the literature.

In this regard, Polorigni et al. (2021), when developing a a primary clarifier model,
also highlighted, in agreement with the present analysis, the critical importance of accu-
rately estimating and representing the different settling velocities of suspended particles.
Equally essential, according to their findings, is the use of an appropriate COD fraction-
ations, particularly for the particulate, both biodegradable and unbiodegradable as well
as for inorganic settleable solids. Moreover, Polorigni et al. (2021) emphasized that ex-
plicitly including the primary clarifier model within a whole-plant modelling framework
is fundamental to avoid misestimations of particulate fractions, which could otherwise
compromise the reliability of the overall simulation results.

Similarly to the present study, Gernaey et al. (2001) developed a primary clarifier model
with the explicit aim of making it compatible and integrable with the ASM1 framework
and its state variables (X;, X, S;, Ss). However, only total and filtered COD data were
available, the latter being used as an approximation of the soluble fraction, which allowed
the particulate portion to be estimated. The initial model, based on the Takacs clari-
fier model (Takacs et al., 1991), produced unsatisfactory results, as the soluble fraction
remained nearly unchanged, an issue also observed in this study with the simpler VPS
model before increasing the volume of the pre-aeration tank. To address this limitation,
Gernaey et al. (2001) assumed a residence time sufficient to ensure partial mixing. Con-
sequently, Gernaey et al. (2001) adopted an approach similar to LFM, in which settling
velocity equations govern mass balances across ten layers. The soluble components were
satisfactorily described thanks to the inclusion of ammonification reactions, a floccula-
tion model, and soluble residence time. Conversely, the estimation of settling parameters
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proved particularly challenging due to the limited availability of experimental data, which
ultimately affected the accuracy of the particulate fraction modelling.
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Chapter 6

Conclusions

This thesis presents the research conducted to support the development of a digital twin
of the Viikinméki wastewater treatment plant, within the framework of the DIGICARBA
project. Viikinméki is the main treatment plant serving the Helsinki region and receives
a combination of domestic, industrial, and stormwater inflows. The digital twin aims
to enhance process understanding and optimization, with the ultimate goal of reducing
greenhouse gas emissions and improving overall plant performance.

To support the calibration of the model underlying the digital twin, a seven-day sampling
campaign was carried out between March and April. The campaign provided insight into
the daily variability of total COD, filtered COD, filtered flocculated COD, BOD~, TSS,
and VSS in different stages of the plant. The COD fractionation analysis provides a
clear picture of the organic load and its main components at the influent and effluent
of the primary clarifier over a 24-hour period, revealing the diurnal trends and removal
behaviour of particulate and soluble fractions.

In addition, five sets of nitrogen conversion profiling were performed to obtain quantita-
tive information on the dynamics of nitrite, nitrate, and ammonium along the six zones
of the activated sludge process. These profiles also contributed to the calibration of the
digital twin model. The results indicate that the activated sludge process was well es-
tablished and stable throughout the monitored period, suggesting consistent biological
performance. However, the suspected backflow of oxygen detected in the upper layer of
zone three should be further investigated, as it may locally affect the efficiency of nitrogen
removal.

Although slightly revised compared with the previous campaign, the adopted methodol-
ogy proved reliable and easily replicable. Overall, the results were consistent with those
from the HSY environmental monitoring campaign, except for a slight overestimation of
COD and BOD7; compared with HSY routine analysis data, a deviation also reported
during the earlier characterization campaign conducted under summer conditions.

In parallel to influent characterization, the data collected during this study were used
to calibrate a prototype model of the Viikinméki primary clarifier, implemented using
the three different configurations available in the SUMO software. The models were
validated using data from the previous characterization campaign, assessed through the
Mean Absolute Percentage Error (MAPE), and compared in terms of performance and
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applicability. Based on these promising results and the insights gained from the literature
review, suitable modelling strategies were identified as promising approaches for extend-
ing the digital twin model to include the primary clarifier unit.

Overall, these outcomes highlight the breadth of information that can be extracted from
such a sampling campaign. Beyond supporting the calibration of the digital twin and the
prototyping of a primary clarifier model, the collected data provided a broader under-
standing of the plant’s functioning, operational strategies, limitations, and strengths.
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