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The optimization of performance and long-term stability of a demonstration-scale High-Rate Activated Sludge
(HRAS) pilot plant for treating urban wastewater treatment (35 m? d’l) was evaluated over 497 days. Main-
taining the mixed liquor suspended solids (MLSS) concentration between 1800 and 2100 mg L~} through waste
sludge adjustment stabilizes the operation, preventing biomass washout and sludge bulking. Despite significant
fluctuations in influent chemical oxygen demand (COD), ranging from 340 to 1580 mg L™}, the system consis-
tently achieved an organic removal ratio of 58 %, even under elevated loading conditions, with a low oxidation
rate of only 6.9 % =+ 3.6 %. Oxygen management was crucial for a high system’s performance. The oxygen uptake
rate (OUR) ranged from 31 to 54 mgo L' h™), and the specific oxygen consumption (SOC) averaged 0.9 kgoo
kgcoprem-1. The study highlighted the potential of using soluble COD SOC as an effective parameter for opti-
mizing oxygen supply. The study also evaluated solids removal efficiency using clarifiers of different diameters.
The influent suspended solids (SS) removal efficiency increased from 71 % in a 1.0 m diameter clarifier to 85 %
in a 1.4 m. The HRAS efficiently acted as a filter for the SS influent’s peak loads, buffering the load to the CAS
process. A detailed sludge stratification analysis revealed a balanced biomass distribution between the reactor
and clarifier, with 50 % of the total biomass retained in the clarifier. Solids flux analysis confirmed that the
system was not limited by solids loading but rather by hydraulic loading, with potential improvements
achievable through optimization of the overflow rate (OFR).

1. Introduction

Integrating HRAS systems into wastewater treatment, replacing the
primary clarifiers (PC), represents a shift towards enhancing operational
efficiency, minimizing environmental impact, and fostering resource
recovery [1,2]. While effective, traditional wastewater treatment plants,
based on conventional activated sludge (CAS) processes, often need to
improve in addressing the growing environmental challenges. HRAS, as
a combination of physical and biochemical separation processes, aim to
optimize energy consumption while reducing the COD oxidation, i.e.,
ensuring the most significant COD harvesting to send to anaerobic
digestion [3-5].

Recent studies have highlighted the role of different HRAS configu-
rations in optimizing performance across varying influent conditions.
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Rahman et al. [6] categorized three main HRAS configurations: HRAS
(A-Stage) for treating high-strength influents such as raw municipal
wastewater, High-Rate Contact Stabilization (CS) for influents with
lower organic matter concentrations, such as those from chemically
enhanced primary treatment (CEPT), and HRAS Sludge Batch Reactor
(SBR) for treatment systems operating in colder climates and under
highly variable loads. Additionally, Tirkey et al. [7] explored an anoxic
HRAS configuration that enhances denitrification and carbon recovery
through B-Stage effluent recirculation. These configurations highlight
the adaptability of HRAS systems to diverse wastewater treatment sce-
narios and the potential for further optimization [8].

To explore the HRAS performance, it is necessary to differentiate the
removal mechanisms of COD fractions [9]. Soluble COD (sCOD) is
mainly removed through biological processes such as microbial
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metabolism or cell storage. In contrast, particulate (pCOD) and colloidal
COD (cCOD) are mostly captured through physical mechanisms like
bioadsorption, bioflocculation and bioaccumulation [10]. Suspended
solids (SS) are separated through sedimentation [11,12]. Achieving high
biomass concentration and rapid sedimentation rates is essential for
efficient COD harvesting within a compact design [7,13].

Solids Retention Time (SRT) is one of the most critical parameters
influencing the balance between biosorption, flocculation, and micro-
bial metabolism [6]. Early studies on A-stage HRAS systems operated at
SRTs below 2 days [14,15], while more recent investigations have
refined this range further to enhance carbon capture while minimizing
oxidation [6,9,16]. At SRT below 0.5 days biosorption dominates, with
rapid enmeshment of pCOD and cCOD into sludge flocs, which are
removed with the excess sludge, and a fraction of sCOD assimilated via
intracellular storage and oxidation [16], leaving sufficient readily
biodegradable carbon for denitrification in the B-stage [17]. As SRT
increases from 0.5 to 1.0 days hydrolysis starts playing a greater role in
COD removal, gradually shifting the process from biosorption to bio-
logical degradation. However, operating at higher SRTs (>1.5 days)
increases COD oxidation, reducing its carbon redirection potential [16].

Under low SRT conditions, sCOD removal is more influenced by
influent heterotrophic biomass than by new biomass growth within the
reactor [16,18,19]. This suggests that mixed liquor suspended solids
(MLSS) should be optimized alongside SRT to maintain sludge settle-
ability. Early research observed that HRAS primarily supports the
growth of the rapid-growing bacteria (AHO), unlike CAS systems, which
host a diverse microbial community [18,20-22]. Due to the low SRT,
HRAS retains only the AHO organisms capable of utilizing rapidly
degradable substrates such as volatile fatty acids (VFA) and monomers,
enhancing carbon capture while minimizing cell lysis and endogenous
respiration, which in turn minimizes oxygen consumption [20-23] Also,
the young, fast-growing sludge produced at SRT < 0.3 days is more
easily digested in anaerobic digestion, contributing to higher methane
yields [24]. However, extremely low SRTs (<0.1 days) may reduce
sludge settleability, impacting process stability [23,24].

Hydraulic retention time (HRT) plays a crucial role in determining
whether the HRAS process favours biosorption or oxidation [25,26].
Studies have established that HRT should remain below 60 min to
minimize COD mineralization [27]. Shorter HRTs (~30 min), as used in
[1,23,28], are associated with enhanced bioadsorption, allowing rapid
COD capture before oxidation occurs. Increasing HRT beyond 60 min
shifts the process towards bio-oxidation, reducing the COD fraction
available for anaerobic digestion [14].

MLSS concentration is crucial for retaining active biomass and
enhancing carbon adsorption. Studies show that operating MLSS up to
3000 mg/L supports bioflocculation and enhances COD capture without
significantly impacting oxygen transfer efficiency [16,19]. Zhao et al.
[29] studied MLSS from 0.5 g/L to 6 g/L, observing sCOD removal up to
30 %, indicating that MLSS is particularly important for sCOD capture.

Furthermore, a key point of the HRAS system operation lies in oxy-
gen management, which necessitates precise control to balance the di-
chotomy between microbial respiration needs and energy efficiency
[30]. In the early stages of this technology development, Bohnke [18]
suggested that HRAS could be operated near zero dissolved oxygen (DO)
in facultative mode, with the oxygen supplied solely by grit and grease
removal processes in the preceding stages. Later studies by [16,31,32]
worked successfully with DO concentrations in HRAS reactors from 0.1
to 2 mgO, L1, Most recently, Hauduc et al. [28] showed a positive
correlation between oxygen demand and sCOD removal, emphasising
the need for oxygen supply system control optimization.

Thus, one of the main questions raised on the process design is: what
is the most effective method for controlling the oxygen supplied while
minimizing COD oxidation? Different control approaches include
maintaining constant DO in the reactor, setting an hourly oxygen supply
pattern or real-time control based on sCOD measurements [12]. In this
context, we identified the sCOD oxidation as the most challenging
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parameter to control and the specific oxygen consumption (SOC) as an
indicator of the system energy efficiency, reflecting the oxygen demand
for organic matter removal, and will examine it for insights into the
optimization of aeration strategies.

Again, sludge settleability is key in clarifier performance and overall
efficiency in HRAS systems. The effectiveness of solid-liquid separation
in clarifiers is determined by sludge physical properties, specifically the
Sludge Volume Index (SVI) and Zone Settling Velocity (ZSV), and the
hydrodynamics in the settler, overflow rate (OFR) and solids loading
rate (SLR) [33-38]. Distinct from traditional primary (PC) and second-
ary (SC) clarifiers, the HRAS clarifiers handle a unique mix and quantity
of SS, influencing settling mechanisms. HRAS clarifiers receive a blend
of HRAS biomass and incoming SS ranging from 2300 + 400 mg L. In
contrast, PCs directly process influent wastewater SS, typically at
100-300 mg L™}, while SCs deal with biological sludges at concentra-
tions around 2000 to 4000 mg L. In addition, a significant operational
difference is the target effluent SS concentration: HRAS clarifiers aim for
optimal COD harvesting with minimal energy use, similar to PCs,
whereas SCs must comply with stringent SS regulatory limits of
10-20 mg L1

In detail, the design of PCs is based on discrete particle and flocculent
settling analyses, and its efficiency depends on influent wastewater
characteristics, particularly the SS concentration and the proportion of
settleable solids, as well as operational parameters like HRT and OFR
[39]. Otherwise, SCs and HRAS clarifiers present multiple settling re-
gimes due to the high SS concentrations and flocculated state. These
include discrete flocculent settling at the surface, hindered settling
within the incoming sludge mass, and compressive settling within the
sludge blanket at the bottom [39]. HRAS clarifier, distinguished by a
lower SVI, contrasts with SC, where SLR is a critical parameter, and
positions HRAS as a system capable of extensive SS and COD removal
through the adsorption of non-settleable and colloidal material and the
sCOD storage not seen in PC.

In this study, we provide a holistic approach towards HRAS system
optimization. Over 497 operation days in a demonstration pilot plant of
35 m® day ! capacity, we comprehensively evaluated the performance
and stability over different operation conditions, aiming to gain insights
into its capacity for removing COD, BODs, and SS under varying organic
loading rates. This long-term evaluation allows us to explore the sys-
tem’s ability to buffer peak loads while maintaining stable treatment
performance.

The research focuses on optimising operational parameters such as
MLSS concentration, SRT, and oxygen supply, which are critical to
minimize COD oxidation. Special attention is given to oxygen con-
sumption, where the dynamics of SOC and OUR are analysed to inform
aeration strategies to improve energy efficiency. Additionally, the study
examines the settling characteristics of HRAS biomass and the effec-
tiveness of solid-liquid separation in the clarifier using two different
clarifiers, considering factors such as SVI and ZSV. The research seeks to
understand how influent variability and clarifier operational parameters
affect sludge settleability and system performance. Ultimately, this work
aims to optimize the HRAS process, offering insights into its operational
sustainability and treatment efficacy.

2. Materials and methods
2.1. Pilot plant and operation conditions

A demonstration-scale pilot plant, depicted in Supplementary In-
formation (Fig. S1), was constructed and operated using municipal
wastewater sourced from the wastewater treatment plant (WWTP) in
Montornes del Valles (Barcelona, Northeast Spain). This facility serves
95,000 equivalent inhabitants, with significant load fluctuations due to
industrial activities (30-40 %). The pilot plant was operated for 497
days treating raw wastewater after grit and scum removal with a daily
influent flow rate ranging from 21 to 35 m® day ..
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2.1.1. Reactors

The pilot plant setup included two in-series biological reactors (R1
and R2), each with a volume of 0.8 m® and a water depth of 3 m. The
combined HRT of the reactors (R1 + R2) ranged between 0.6 and 1.6 h,
while the SRT was maintained at 0.2 + 0.05 days to minimize sCOD
oxidation. The pilot plant presented a reduced surface-water depth in
the reactor compared to conventional full-scale systems, which may
hamper flocculation efficiency. R1, positioned upstream of the aerobic
R2 reactor, was operated only during the first 350 days to assess its
potential to enhance flocculation. Thus, in anoxic R1 reactor, coarse
bubbles were used solely to keep the biomass in suspension without DO
control. The oxygen supply in R2 was controlled through a DO sensor
and an automated PID-controlled opening air valve (OAV). Fine bubbles
were used for aeration and mixing, maintaining a DO set point between
0.5 and 1 mg L. The reactor temperature ranged between 18.5 and
26.3 °C without any correction.

2.1.2. Clarifiers

Two clarifiers of different diameters - 1.0 m (used from days 1-320)
and 1.4 m (used from days 321-497) - were operated to investigate the
effect of SLR and OFR on the performance of solid separation without
altering the reactor HRT, where:

Qin

OFR = Clarifier surface

(€Y

(Qin + Qr)MLSS

SLR = Clarifier surface

2)
Where MLSS is the solids concentration in the R2 reactor, Qj, is the
influent flowrate and Q; is the recirculation flowrate.

The 1.0 m clarifier was chosen to reflect PC conditions with an OFR
of ~1.6 m h™!, within the reported PC design range (1.2-2.0 m h™1).
The 1.4 m clarifier operated at a lower OFR (~0.8 m h’l), similar to SC
in CAS systems (0.66-1.6 m h™1). This setup enabled a direct assessment
of clarifier sizing impacts on sludge stratification and effluent quality
under the same influent conditions.

The sludge volume index (SVI) was measured using a 1 L graduated
cylinder to record the height of the sludge at 5-min intervals during the
settling process. SVI3, represents the sludge blanket at 30 min, divided
by the MLSS concentration. The clarifiers had five sampling points at
various heights (Fig. S2) to analyse SS concentration. Up to operation
day 85, waste was collected from Reactor R2, while from day 86 onward,
waste was diverted from the clarifier. The recirculation flow rate was
maintained at a minimum of 60 % of the influent flow rate. Waste
activated sludge was pumped at a rate of 0.5 m® h™! using a helicoidal
pump, which operated on an ON/OFF switching mechanism controlled
by the MLSS set point to ensure a constant and low MLSS concentration
in the reactor, preventing biomass washout, minimizing the solid load in
the settling tank, and avoiding the formation of poorly settling sludge.

2.2. Sampling and analysis

SS concentration was continuously monitored by online sensors
positioned in the reactor, and influent, waste activated sludge, return
activated sludge and effluent flows. To quantify the effect of incoming SS
in the HRAS process, we introduced the SER as the ratio between reactor
biomass inventory and daily solids feed, according to:

V-MLSS

SER =
Qin -SSin

3)

Where V is the reactor R2 volume and SSi, is the suspended solids
concentration in the influent.

Automatic samplers were used to collect and keep refrigerated in-
tegrated samples from both the influent and the effluent streams. The
analysis included BODs and COD fractions, where pCOD is the difference
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between total COD and COD filtered through a 1.5 pm filter; sCOD was
determined by flocculation with ZnSO4 and filtration through 0.45 pm
filter; cCOD is difference between pCOD and sCOD.

The COD removed is the difference between the influent and the
effluent COD, and it includes both the wasted and the oxidized COD.
Thus, COD oxidation was evaluated by the mass balance considering the
removed and the wasted COD.

The organic loading ratio (OLR) is the ratio between the influent
COD load and the MLSS inventory in R2. In contrast, the organic
removal ratio (ORR) is the corresponding COD removal ratio in the
water line.

Qin 'CODin

OLR =~ MLss

4
Qin -COD;;, — Qout -CODgy

ORR = V-MLSS

)

2.3. Oxygen control

Continuous monitoring of DO concentration and OAV position (as an
opening percentage, %OAV) was conducted using online sensors
recording data every 5 s and calculating 1-min averages. The DO sensor
was installed at half the height of the water column. A minimum 32 %
OAV position was fixed to prevent biomass settling in the reactors.

The oxygen consumption in the R2 reactor was accurately evaluated
by continuous calculation of the oxygen uptake rate (OUR). This
involved first establishing the mass coefficient (kpa) in clean water as a
function of the %OAV. R2 reactor was equipped with a fine bubble
diffuser (SULCER 9), providing a superficial diffuser density of 18 %.
The reactor was initially filled with clean water, from which oxygen was
displaced with nitrogen to reach an initial oxygen concentration close to
zero. We assumed that the total volume (V1) (water + bubbles) was
equal to the volume of water (V) [40]. Adjusting the OAV position, DO
was monitored at a water depth of 1.5 m. kpa was obtained as:

DOgyyry —DO1(ty) 1

krar =1 .
var = DOgar) — DO (t) t—to

(6)

Where kja is the oxygen mass transfer coefficient [h~1] at the working
temperature (T), DOgqa(ty is the DO saturation at T, DO(t) is the DO in
the reactor [mgO- L~1] at time t and DO1(t) is the DO at the initial time
to. The effect of temperature on oxygen transfer was established by using
Eq. (7), where the coefficient © for fine bubble diffuser was set equal to
1.024 [39]:

kiar = kyasge0' 2 )

OUR [mgOy-L 1-h™!] represents the rate at which the oxygen is
consumed per unit of time and reactor volume. kja value was used to
calculate OUR according to the DO mass balance in the liquid phase:

dDO

OURt = a~kLaT~[[3~DOsat(T) — DO(T)(t)] — T

€))

. kia ) + DOgay(
Where o is -ttt and f js gt o factor of 0.48 and p-factor of

k2 cleanwater) DOgat(cleanwater)
0.98 were considered according to [41]. No fouling factors were
considered.
The specific oxygen consumption for COD (SOC¢op), SCOD (SOCs.
cop) and BODs (SOCpgps) relates the OUR with the organic matter
removal as:

OUR-V
SOCcop = 9
cop Qin'CODin - Qout'CODout ( )
SOCSCOD = OURV (10)

Qin -sCODy, — Qout -SCODoue
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OUR-V
Qin -BODs;, — Qout -BODsout

SOCgops = 1)

2.4. Solids dynamics

Batch settling tests were conducted on sludge samples diluted to
different initial MLSS concentrations to determine Zone Settling Veloc-
ity (ZSV) [42]. The exponential decaying function that matches the ZSV
and the initial solids concentration is the Vesilind model [43]:

Vis(X) = Ve ™% 12)
Where Vp(X) is the ZSV of the sludge [m h’l] at X solids concentration
[g L1, Vy is the calibration parameter corresponding to the maximum
settling velocity [m h™'], and ry is the calibration parameter corre-
sponding to the clarification zone [L-g~']. A solid flux model with five
layers has been applied to understand further and validate the observed
SS stratification in the clarifier. Each zone in the clarifier was described
by the differential equations provided in the Supplementary Information
(Equation S1-S6) based on the model by Takacs et al. [44].
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The total solids flux (SFy) in the clarifier is determined by combining
the solids flux due to gravity (SFg) and the solids flux resulting from bulk
movement (SFy).

SF, = SFy + SF, a3
SFy = Vg X a4
SF, = VX 15)

where Vy, is the bulk downward velocity [m h™'], and Vg is the gravity

velocity calculated according to [44]:
V(X) = Vo-e X —Vye ¥ (16)

where r;, is the settling parameter for low solid concentration.
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efficiency. The vertical solid red line indicates the transition from operating both reactors (R1 +R2) to operating R2 alone.
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3. Results and discussion
3.1. Process performance and stability

This study provides a comprehensive analysis of the performance
optimization and long-term stability of the HRAS process over 497 days.
Ensuring stable operation requires balancing multiple factors, with
MLSS concentration being one of the most critical indicators of reactor
stability to optimize biomass retention, flocculation efficiency, and
effluent quality. Exceeding 2500 mg L ™! led to SS leakage, while drop-
ping below 1500 mg L™} compromises flocculation. We evaluated the
MLSS set point as a system control strategy, setting it between 1700 and
2500 mg L™! [17].

3.1.1. MLSS control strategy

The pilot plant system dynamically adjusted the waste sludge flow
rate to keep the MLSS within the target range. Initially, sludge was
wasted from the reactor, causing fluctuations in MLSS levels, hampering
the system stability (Fig. 1). On operation day 86, the wasting point was
shifted to the clarifier return line, hich improved process stability by
allowing the system to adapt to influent variations while maintaining a
stable microbial population and sludge properties.

After this modification, MLSS remained within the working range,
with stabilized values at 1700 mg L~! (days 135-200), 2500 mg L~}
(days 200-300), 2200 mg L~ (days 300-380), and 2000 mg L~} (days
380-500). The reduction of MLSS within this range slightly reduced the
sCOD removal efficiency (Fig. 1B) as indicated in previous studies [9]

The low MLSS level were sufficient to prevent biomass washout,
settling tank overload, and to the formation of poor settling sludge or
pinpoint flocs [45,46]. The system dynamically adjusted the waste
sludge flow rate to keep MLSS within the target range, preventing
excessive biomass accumulation and ensuring consistent oxygen de-
mand, enhanced biosorption, and stable organic matter removal even
under variable influent conditions.

3.1.2. SRT and carbon redirection

Using MLSS setpoint as a system control, the SRT was maintained at
0.2 £ 0.05 days, facilitating efficient biosorption of organic material
while minimizing excessive sludge production [21]. At such a low SRT,
readily degradable COD was primarily removed through rapid assimi-
lation and oxidation, while colloidal and particulate COD had limited
time for hydrolysis [19]. This balance prevented excessive carbon loss
through mineralization, aligning with the goal of carbon redirection
[16].

Despite maintaining the low SRT, the system had to adapt to sig-
nificant variations in influent COD, which ranged from 340 to 1580 mg
L7}, with sCOD varying between 65 and 740 mg L™ and BODs con-
centrations between 105 and 495 mg L. This resulted in an average
COD OLR of 10.5 + 3.5 kgcop kgmiss d* (Fig. 2), which exceeds the
typical HRAS process range of 6.4 — 8.3 kgscop kgﬂ[lLss d~! indicated by
[32,47]. Despite these elevated organic loading conditions, the system
consistently achieved a COD ORR of 58 %, demonstrating the effec-
tiveness of the process.

Similarly, the system handled a BODs OLR of 4.1 + 1.5 kgpops
kglﬁ{ss d_l, surpassing the reported range for the CAS process of
0.2-0.6 kgpons kgmtss d ! [48], achieving a BODs ORR of 54 %. Addi-
tionally, the pilot plant was operated at sSCOD OLR of 2.9 + 1.2 kgscop
kgi,[{ss a1, resulting in an average sCOD ORR of 34 %.

As expected, higher OLR values led to increased ORR and sludge
generation. The system counteracted this effect by adjusting the waste
sludge flow rate to maintain the MLSS set point. The precise of sludge
control management prevented excessive biomass accumulation and
reactor overload, ensuring consistent oxygen demand, and stable
organic matter removal, even under variable influent conditions.
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Fig. 2. Relation between OLR and ORR for COD, sCOD and BODs.

3.1.3. Reactor configuration

For the first 350 days, two reactors (R1 and R2, each 0.8 m®) were
operated in series, resulting in a combined HRT of approximately 1.2 h.
After R1 was discontinued, R2 operated alone, reducing the total reactor
volume and lowering the HRT to an average of 0.60 h (Fig. 1A). Despite
this reduction, the controlled solids retention prevented biomass
washout and maintained stable MLSS and SRT levels, ensuring sufficient
biomass development and limiting excessive COD mineralization [25,
26].

R1 was originally incorporated in the pilot plant to enhance floccu-
lation, promoting the aggregation of suspended solids and microor-
ganisms for improved particulate and soluble organic matter capture.
For the first 350 days, R1 operated as an upstream unit with coarse
bubble aeration to keep biomass suspended and prevent MLSS settling.
After its decommissioning, R2 became the sole operational reactor. The
removal of R1 did not result in significant changes in system perfor-
mance, particularly regarding COD and BODs removal, as no noticeable
variations were observed before and after its removal (Fig. 1). This
suggests that R1’s flocculation role was not critical for organic matter
removal in the HRAS system.

The stability of sCOD removal after R1’s decommissioning confirms
that R2 alone was sufficient for biosorption and sCOD removal. Since the
HRAS system prioritizes rapid adsorption over full oxidation, R1’s
removal did not compromise its function.

3.2. Oxygen demand and control

3.2.1. Chemical oxygen demand

Throughout the operational period, the COD harvesting efficiency
averaged 57 + 9 % of the influent COD load, with average removal ef-
ficiency of 28 % for sCOD and 74 % for pCOD. Resulting from the mass
balance calculation, the COD oxidation was of only 6.9 % + 3.6 %, with
an oxidation rate affected by the sCOD influent fraction: Increased
influent sCOD over 200 mg L™ resulted in the maximum oxidation of
14 % (Fig. S3 and Table S1 in Supporting Information). However, the
oxidation values were notably lower than those reported by Miller et al.
[19] (14 %) and Jimenez et al. [16] (22 %) and align with the optimal
range of 6-7 % for energy savings indicated by Wett et al. [49].

To gain deeper insights into oxygen consumption, the COD fractions
load was analysed over 6-h periods. Fig. 3A shows the distribution of the
fractions using Day 274 to exemplify. I can be observed that the distri-
bution was maintained throughout the day, with a notable reduction of
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the total COD influent load during nocturnal hours compared to the
13-18 h period. The removal efficiency of pCOD, the fraction with the
highest removal efficiency, remained constant throughout the day at
around 74 %. In contrast, the removal efficiency of sCOD varied
significantly, ranging from 28 % to 61 %. The removal of cCOD presents
a highly variable range, even with a period (7-12 h) even displaying
negative reduction, suggesting conversion of other fractions into
colloidal forms.

The corresponding COD mass balance is presented in Fig. 3B. It can
be observed that during the 0-6 h period, the oxidized COD was higher
(56 %) than during the rest of the day: 21 % during the 19-24 h period,
19 % during the 7-12 h period, and only 1 % during the 13-18 h period,
when the OUR presents its maximum values (Fig. S5). This suggests
higher COD oxidation during nocturnal periods correlates with
increased sCOD removal, highlighting the necessity of adjusting oxygen
supply during these hours to minimize COD oxidation.

3.2.2. Oxygen uptake rate

To calculate the oxygen consumption as OUR at 20 °C, the kja (Eq.
(6)) was determined under different air flow rates by adjusting the %
OAV; the results are presented in the Supplementary Information
(Fig. S4) along with the corresponding logarithmic adjustment.
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Subsequently, the calculation of the oxygen consumption as OUR at 20
°C was performed for six days between operation days 430 and 480
when exclusively the reactor R2 was operated, facilitating the precise
calculation of oxygen consumption (Table S2). Notably, the high sur-
factant content in the wastewater treated due to the absence of PC was
addressed by applying a 0.48 a-factor to compensate for reduced oxygen
transfer efficiency (Eq. 8) [49].

The obtained daily average OUR values ranged from 30 to
59 mg02~L’1-h’1. The reactor control successfully maintained constant
DO levels at the set point by modulating the %O0OAV, as depicted in
Fig. S5, where the 24-h monitoring of the DO online sensor, the %0OAV
and the calculation of the OUR is shown, demonstrating that the system
effectively aligns the oxygen supply with the demand. However, in a
scenario when the COD influent is particularly low, i.e. nocturnal hours,
the system oxygen requirements are expected to diminish, and the
imposition of a 32 % minimum on the OAV (to prevent biomass setting)
could result in an excessive supply of oxygen. Given that the HRAS
reactor operated at a low HRT, it had a low dilution rate, leading to high
variability in OUR demands.

3.2.3. Specific oxygen consumption

After the OUR determination, the SOC at 20 °C was calculated using
Egs. 9-11 for the six days (see Table S2). It is important to notice that
only the COD removed in the water line was considered, excluding the
COD harvested for digestion. Fig. 4 presents the SOC values for COD,
sCOD, and BODs as a function of the removal efficiency.

The obtained SOCcop values ranged from 0.08 to 0.18 kgoa
kgEéDrem, aligned with those reported by [32] (0.13-0.21 kgo2
kgEéDrem) and [50] (0.19 kgoa kgEcl)Drem), and lower than those reported
by [16] (0.20-0.38 kgo2 kgE(l)Drem). To gain deeper insights into SOC¢op,
we examined the relationships between SOCcop and COD removed.
Fig. 4 reveals the relation between SOC¢op and the removal of COD: as
removal increases, the SOCcop slightly decreases, with a weak correla-
tion coefficient, indicating that the SOC¢op is not a strong predictor of
oxygen consumption dynamics.

The obtained SOCpgps values ranged from 0.23 to 0.453 kgoa
kgsgépsrem. As depicted in Fig. 4, the relationship between SOCpops and
BODs removal reveals a negative correlation, indicating that an increase
in BODs removal is associated with a reduction in the SOCggps ratio. In
this case, the higher correlation means that SOCpops could be an
effective metric for evaluating oxygen consumption efficiency.

Finally, the removal of sCOD presented a notable variation, ranging
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Fig. 4. SOC related to the removed COD, BODs and sCOD.
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from 7 % to 49 % depending on the day analysed and the influent
concentration. Correspondingly, the SOC linked to sCOD removal
(SOCscop) exhibited a varied range from 0.53 to 2.34 kgoo kgsacl)Drem.
Days with very low influent sCOD (<100 mg L™!) presented the highest
SOC, likely due to the i) excessive air supply to maintain mixture con-
ditions, ii) the presence of inorganic compounds (Fe2+, HsS) in the
influent, and iii) low biodegradability, as indicated by BODs/COD fall-
ing below 0.22 (Table S2). However, Fig. 4 reveals that the SOCycop is
well correlated with the sCOD removal, suggesting that SOCycop could
serve as an effective parameter to control the oxygen supply aiming at
the reduction of COD oxidation.

It is essential to notice that SOC concerning sCOD, COD and BODs is
not a stoichiometric measure but rather reflects the overall oxygen de-
mand influenced by operational conditions and influent composition.
The biodegradability of the influent, as indicated by the BODs/COD
ratio, played a key role in determining oxygen consumption trends, as
illustrated in Fig. S6, Supplementary Information. A higher BODs/COD
ratio, indicative of more easily biodegradable wastewater, resulted in
lower SOC, since easily biodegradable organic matter requires less ox-
ygen for microbial metabolism.

Throughout the SOC analysis, the MLSS remained stable within the
setpoint range, confirming that variations in SOC were driven by
influent composition and removal efficiency rather than by changes in
biomass concentration (Table S2). Given that the SRT was maintained at
0.2 £ 0.05 days, biological degradation of particulate and colloidal COD
was limited, reinforcing biosorption as the dominant removal mecha-
nism for these fractions. However, the oxygen demand associated with
sCOD removal suggests that microbial oxidation still played a role in the
degradation of the soluble fraction.

Two specific conditions were identified as contributors to increased
COD oxidation. The first was on days a high fraction of sCOD in the
influent, leading to higher oxygen demand due to direct microbial
metabolism of soluble compounds. The second occurred during
nocturnal periods when influent COD concentrations were low, resulting
in excess oxygen availability that favoured oxidation over biosorption.
While DO levels were maintained to prevent anoxic conditions, the fixed
MLSS and SRT settings did not allow for real-time adjustments based on
influent variations. This suggests that an oxygen supply strategy based
on real-time sCOD measurements could optimize aeration efficiency,
reduce unnecessary oxidation, and enhance carbon redirection in future
operations [28].

3.3. HRAS biomass dynamics

3.3.1. Solids exchange ratio

A key distinction between HRAS and CAS systems lies in the role of
influent SS in the biomass renewal, which is quantifiable through the
SER. The SER reflects the biomass turnover rate, providing insights into
how rapidly the system renew its microbial community. In the HRAS
pilot plant, operating without PC, the SER was calculated (Eq. 3) as an
average value of 0.15 + 0.04 days, meaning that the influent SS can fully
renew the 0.8 m® reactor biomass in 3.6 h.

For comparison, in a CAS system with PC, where HRT is 8 h and
MLSS is 3 g L™}, the MLSS, the SER typically exceeds four days. Addi-
tionally, the short SRT in the HRAS, at 0.1-0.3 days, further emphasizes
the rapid biomass turnover, with complete renewal occurring approxi-
mately every 6 h. This analysis points out that the influent SS play a
more significant role in biomass renewal than the SRT, suggesting that in
HRAS systems, the influent SS properties primarily influence the settling
characteristics rather than the growth of newly generated biomass,
which underscores the importance of the solid exchange ratio (SER) as a
key operational parameter.

To further assess the effects of rapid biomass turnover, MLSS samples
were analysed for filamentous bacteria and protozoa (depicted in
Fig. S7). Remarkably, over the 497-day operational period, no bulking
phenomena were observed, even with DO concentration as low as
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0.5 mg L1, aligning with the findings of Miller [19], who reported
bulking only below 0.1 mg L™! DO.

Contrary to the hypothesis by Bohnke et al. [18] that HRAS systems
primarily support fast-growing bacteria, our findings reveal a more
diverse microbial community, including both bacteria and protozoa.
This microbial diversity can be attributed to the combination of influent
wastewater composition and the return flows from side-stream solids
treatment, which together form the HRAS influent. These results
demonstrate that HRAS can sustain a diverse and resilient microbial
community despite its high turnover rate, challenging the assumption
that only CAS systems foster such complexity. Recent studies have
further explored this microbial adaptability under HRAS conditions
[51].

3.3.2. Sludge volume index

The SVI3g, the ratio between the volume of the solid after 30 min of
settling and the MLSS concentration is a key indicator of sludge settle-
ability in biological processes. The average SVI3o value of 55 + 7 mL
g1, as shown in Fig. 5A, contrasts with the typical CAS process values of
80-120 mL g~ ! [48]. This lower SVIs, suggests faster sludge settling in
HRAS compared to CAS. Previous studies [52-54] corroborate the
observation of lower SVI values in HRAS, highlighting their beneficial
effect on settleability.

However, measured SVI values at 5, 10, and 30-min intervals - 118,
87, and 56 mL g™}, respectively exceeded those for granular or heavily
flocculated sludges (70, 60, 55 mL g’l) [55], indicating that HRAS
sludge settles faster than CAS processes but slower than granular
sludges, with an SVI;(/SVI3y ratio closer to one. Nonetheless, it is
essential to acknowledge that while SVI serves as an influential quali-
tative gauge of settling tendencies, it does not offer quantitative insights
into effluent quality [56]. Therefore, the effluent may still contain
non-settleable solids that are not accounted for by the SVI measurement.

The favourable microbial composition and settling characteristics
driven by influent SS suggest that incorporating PC is unnecessary.
Avoiding the complexity and potential settleability reduction associated
with primary clarifiers simplifies the treatment process, effectively
allowing the HRAS system to handle influent loads without additional
infrastructure.

3.4. Suspended solids removal

Focusing on the SS removal efficiency, Fig. 5B illustrates the daily
evolution of the influent and effluent SS concentration and their removal
efficiency for the two clarifiers evaluated in the pilot plant. The selection
of these clarifier diameters was based on balancing surface area and
OFR, while maintaining compact design feasibility in a pilot-scale sys-
tem. The transition from the 1.0 m to the 1.4 m diameter clarifier aimed
to evaluate the effect of increased settling surface area on SS removal
efficiency and effluent quality. It is essential to distinguish between the
overall SS removal efficiency of the system and the separation perfor-
mance in the clarifiers. Both clarifiers achieved a 97 + 2 % MLSS
removal, which indicates strong solids separation efficiency. The SS
removal efficiency in the HRAS pilot plant had an average value of 76 %,
similar to the 70 % reported by [57], higher than the 50 % reported by
[58] and at the same level that PC (50-70 %) [39].

Despite the wide variation in the influent SS values (average 401
+ 176 mg L71), effluent SS values showed less dispersion. Over the
operation period from days 100-350, the 1.0 m diameter clarifier pre-
sented an effluent SS of 103 + 43 mg L™}, while the 1.4 m diameter
clarifier improved upon this, with an average of 57 + 26 mg L.
Overall, the HRAS process acted as a filter for influent SS peak loads,
buffering these loads for subsequent activated sludge processes.

The maximum and average SS removal values recorded were
1050 mg L' and 315+ 175mg L7, respectively. These values
demonstrate the long-term stability of the HRAS process in handling
varying SS loads and the efficient removal of SS over extended



J. Canals et al.

50

Journal of Environmental Chemical Engineering 13 (2025) 116165

300

Q [m?-day'], OFR [m-day']

SVI [mL-g"'], SLR [kg-m?-day]

I
|
I
1008 . :
|
1
1

0
- 1.0
1 WV’W\N\/\/\JN/\’\/W\NV"M
I 1
J | ! | |
i | I I I
— I I I |
a 1 " | : : . : - 0.8
2 750 - | | | |
T ] el : | | F
= 1 1 1 1 | ! Q
< 1 1 1 1 =
b= T [ ] ) I I 1 r 06 .9
= L] u [
g o] = | " ! " g
§ 5001 m | | : " N
= 8 u 1 u 1 1 ™ u 1 %
5] u u [ ] | ] 1 9
é Tm ® . 1 . . "'.-.: "' ! o r 0.4 §
[ R U ST C N P i 11 T g
] 1 o pgn = h ™ F  Ew I
S ) . 1 uom. 1 1 LI
2 250 ! o Lol [ ] ! Ny N
= 1 1 1 ® 1 1 " F 0.2
=] . al =1 : |
lo®%e ° ...... .: o® % ®00®, .:. o0 o © L. o ° ..: 4
| % ® . o® I o ... ® Vet e ® %% |
B ® 0 ® " o e ® % e %0000 %o
0 T t T t t T 1 T 0.0
0 100 200 300 400 500
Operation day
®  SSin ® SSout SS removal efficiency —— Clarifier SSrem
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Solid vertical line denotes the change of the clarifier under operation.

operational periods.

The relationship between overall SS removal and influent SS con-
centration (Fig. 6) revealed a near-unity slope, indicating the presence of
non-settling SS regardless of influent characteristics. This finding aligns
with Parker [36] bimodal particle size distribution, which distinguishes
between two particle types: larger particles that dominate sedimentation
processes due to their high settling velocities, and smaller particles
(0.5-5 um) that originate from dispersed bacterial growth, or the
erosion of larger particles caused by turbulence between the biological
reactor and the settling tank. These smaller particles exhibit low settling
velocities, making them non-settleable and prone to remain in the
effluent unless removed through additional processes such as coagula-
tion or advanced clarification. This supports the importance of consid-
ering SS fractionation — such as inorganic settleable solids (ISS),
unbiodegradable particulates organics (UOP), biodegradable particu-
lates organics (BPO), and the particle size distribution - in future clarifier
optimization studies for HRAS.

The use of two clarifiers allowed the assessment of operational pa-
rameters. The 1.0 m diameter clarifier used until day 350 operated at an
OFR (Eq. 1) of approximately 1.6 m h™?, aligning with PC standards

(1.2-2.0 m h_l). This clarifier achieved effluent SS concentrations be-
tween 91 and 119 mg L™}, comparable to PCs (typically 90-120 mg
L™Y). In contrast, the 1.4 m diameter clarifier, used from day 351 on-
wards, was operated at an OFR of 0.8 m h~!, similar to SCs in CAS
systems (0.66-1.6 m h’l). The larger diameter clarifier achieved supe-
rior performance, with effluent SS concentrations of 44-69 mg L7,
altilough still higher than those typically observed in SCs (20-30 mg
L.

Notably, the significant improvement in SS removal efficiency from
70 % to 85 % upon reducing the OFR highlights the beneficial impact of
low OFR values. Lowering OFR improved SS removal efficiency,
emphasizing the necessity of controlling OFR to achieve optimal
removal of discrete and flocculent settling [59].

The SLR (Eq. 2) was also related to the clarifier surface area, pre-
senting an average of 147 kg m~2 day ™! and 71 kg m~2 day ™! for the
first and second clarifiers, as depicted in Fig. 5A. Although the SLR did
not limit the SS removal efficiency, enlarging the clarifier surface
ensured the system’s stability while slightly improving the SVIgg
(Fig. 5A). However, for the range of SVI3, during the whole operational
period, 30-80 mL g’l, no relation was found with the SS removal
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Fig. 6. Relation between influent and effluent and removed suspended solids.
efficiency (see Fig. S8).
3.5. Clarifiers performance analysis

3.5.1. Sludge stratification

A detailed stratification study was conducted to examine the distri-
bution of suspended solids within the clarifier, identifying zones with
distinct SS concentrations and biomass inventory. Fig. 7 shows the SS
concentrations in the clarifier according to the five sampling points at
different heights (shown in Fig. S2). The upper clarification zone, be-
tween the sludge inlet and water outlet level, plays a critical role in
capturing and removing particles that settle slowly. Here, SS concen-
tration decreases from 600 mg L7! to 100 mg Lt moving upwards.
Below, in the sludge settling zone, where the clarifier stretches from the
sludge inlet level down to the beginning of the conical section, the SS
concentration stabilizes around 700 mg L. At the base of the clarifier is
the sludge compaction zone, where the solids are concentrated before
being removed with the maximum SS concentration of 5000 mg L™".

Additionally, Fig. 7 illustrates biomass distribution within the clar-
ifier, showing 38 % of the total MLSS inventory in the compaction zone,
28 % below the influent point, 22 % above the influent point, and 12 %

3,5

30

% Biomass Inventary Bl SS Concentration C— Model

2541 _12%

2,0 A

=
15—

22%

Clarifier Height (m)

0
10 ] 28%

—

0,5

38%

00 . . ,
0 1000 2000 3000 4000 5000 6000
SS Concentration (mg-L™)

Fig. 7. Suspended solids (SS) concentration at different heights of the clarifier
and sludge distribution calculated by Equations S1-S5. The yellow area rep-
resents the percentage of biomass retained at each height, ranging from 0 % at
the top to 38 % at the bottom.
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in the clarification zone. The observed stratification supports stable
effluent quality by ensuring effective biomass retention while prevent-
ing excessive SS carryover. The total biomass inventory within the
clarifier was quantified at 1.8 kg MLSS, compared to 1.85 kg MLSS in the
reactor (0.8 m® volume, Fig. 1A). This near-equal distribution between
the reactor and clarifier highlights the critical role of the clarifier in
biomass retention, aligning with the findings of [28], who reported a
60-40 % split between clarifier and reactor biomass.

These results contrast with conventional CAS systems, where
85-90 % of the biomass is typically retained within the reactor [48]. The
balanced distribution observed in the HRAS process reinforces its ca-
pacity to efficiently handle solids while maintaining a stable effluent SS
concentration, confirming that the stratification strategy, controlled by
the recirculation flow, is already optimal for process stability.

However, the HRAS system generates waste sludge with a lower
concentration (<0.6 %) compared to conventional primary clarifiers
(1 %), requiring more robust thickening equipment. Increasing sludge
concentration by elevating the sludge blanket height or altering wasting
intervals poses a risk of re-dissolving stored carbon within cells, as [31]
highlighted. This underscores the importance of careful operational
management to prevent compromising sludge quality and efficiency.

3.5.2. Zone settling velocity

Batch settling tests were conducted on sludge samples at different
initial MLSS concentrations to assess the settling behaviour over time
and determine the ZSV (Fig. S9). As shown in Fig. 8, at an MLSS con-
centration of 2000 mg L!, theZSVwas5.1 mh™}, decreasing to 4.12 m
h~! at 2500 mg L 1. This 19 % reduction in ZSV with increasing MLSS
concentration highlights the significant impact of MLSS concentration
on the settling efficiency.

For comparison, the ZSV values reported in the CAS process study
[42] - 3.3 and 2.1 m h™! at the same MLSS concentrations - are also
plotted in Fig. 8. These data highlight the superior settleability of HRAS
sludge, as the impact of increasing MLSS on ZSV is less pronounced in
HRAS systems.

Further analysis using the Vesilind model allowed a deeper explo-
ration of the dynamics between MLSS concentration, ZSV, and clarifier
performance. The calibration of the model against the experimental ZSV
data (Fig. 8) resulted in crucial parameters (Eq. 12) of Vo, =12.02 m
h' and ry = 0.428 m® kg™ . The comparative analysis of SS clarifier
stratification between the five sampling points in the pilot plant and the
sludge stratification model (Equations S1-S5) is provided in Fig. 7,
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Fig. 8. Zone settling velocity (ZSV) as a function of the initial sludge concen-
tration (MLSS) for HRAS pilot plant biomass (blue dots) compared with values
reported by Torfs et al. (2016) for CAS biomass (green dots).
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which underscores the accuracy of the simulation, demonstrating good
alignment between the observed data and the model predictions.

3.5.3. Solids flux analysis

The solids flux analysis was conducted using Eqs. 13-16, comparing
the two clarifiers used in this study. Resulting from the bulk and gravity
flux, the total solids flux diagram for the pilot plant clarifier is depicted
in Fig. 9. The solids flux of the narrower clarifier is faster due to the
quicker SFu, with a maximum SFt occurring at a solids concentration of
3 g L7L. In turn, the flux of the 1.4 m diameter clarifiers is more influ-
enced by the SFg than the bulk movement, with a maximum flux at a
solids concentration of 2.6 g L™, which is closer to the operating MLSS
concentration, highlighting the importance of MLSS concentration in
sludge settleability and management.

The analysis reveals that the limiting solids flux for each clarifier is
140 kg m~2 day ! for the 1.4 m diameter clarifier and 250 kg m 2 day !
for the 1.0 m diameter clarifier. In both cases, the solid loading was
lower than the limiting flux, as shown in Fig. 5A (SLR). This indicates
that the clarifiers operate below their maximum load management ca-
pacity, so the OFR becomes a more critical design and operational
parameter. Thus, the system’s performance was not constrained by the
solids flux, which could handle higher solid concentration, but rather by
the hydraulic loading rate. Therefore, optimizing the OFR would have a
more significant impact than focusing solely on solids loading, ensuring
effective separation while preventing hydraulic overloading.

Alternative technologies, such as lamella clarifiers, could further
enhance solids separation efficiency, particularly for discrete flocculent
particles in the upper section. These systems increase the effective
settling surface area, improving fine particle removal and overall clari-
fier performance [60,61].

4. Conclusions

This study thoroughly evaluates the HRAS process, highlighting its
performance optimization and long-term stability over nearly 500 days
of continuous operation. The key conclusions drawn from this research
are as follows:

e Adjusting the MLSS set point between 1800 and 2100 mg L! proved
essential for maintaining settling stability while dynamically
responding to variations in influent characteristics. The consistent
SRT of 0.2 +£0.05 days demonstrated the process’s efficiency-
enhancing COD harvesting (58 %).

Despite operating under elevated organic loading conditions of 10.5
+ 3.5 kgcop kgl\’/l{ss d’l, the HRAS pilot plant maintained an average
ORR of 58 %, highlighting the system’s ability to handle fluctuating
influent loads effectively.

The pilot plant successfully managed the oxygen supply according to
demand. The SOC metrics indicated that the oxygen demand varied
significantly with operational conditions and influent characteristics,
reinforcing the need for precise sSCOD monitoring to minimize COD
oxidation.

The low SER indicated rapid biomass turnover, emphasizing the in-
fluence of influent solids on biomass dynamics. However, the results
showed that the HRAS system can maintain sustained biological
activity without requiring a PC. The absence of sludge bulking, even
at low DO levels, and the diverse microbial community observed
challenge the notion that such diversity is exclusive to conventional
systems. Additionally, the average SVIzy value of 55mL g~
demonstrated superior settling characteristics compared to tradi-
tional activated sludge processes.

The evaluation of SS removal demonstrated high efficiency in buff-
ering SS influent peaks. Using a 1 m diameter clarifier, the influent
SS removal efficiency averaged 71 % at an OFR of 1.6 m h™!, while
enlarging the clarifier to 1.4 m in diameter resulted in a consistent
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Fig. 9. Solids flux and solids concentration diagram for the two clarifiers
studied (1.0-m diameter in blue, 1.4-m diameter in red). SFg: solid flux due to
gravity; SFu: solid flux resulting from bulk movement; SFt: total solid mass flux.
The limiting flux for each clarifier is indicated in dotted lines.

efficiency of 85 % at an OFR of 0.8 m h™!. Thus, an appropriate
clarifier design appears critical to efficient and stable operation.
e The biomass stratification analysis demonstrated that the clarifier
retained a substantial fraction of MLSS, reinforcing its essential role
in maintaining process stability and effluent quality.
The solids flux analysis confirmed that the clarifiers were operating
below their limiting solids flux, suggesting that the system was not
constrained by solids loading but rather by hydraulic loading. Future
studies should focus on optimizing OFR to improve HRAS clarifier
performance further, particularly under high SS influent conditions.
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