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A B S T R A C T

Combined Sewer Overflow Treatment Wetlands (CSO wetlands) are designed to remove pollutants under sto-
chastic events with variable hydraulic loads. Upgrading them with forced aeration promises to increase the
effectiveness and resilience of the treatment. We have tested two vertical CSO wetlands with forced aeration
(CSOa and CSOb) to understand the effects of aeration on CSO treatment. Both filter beds have 0.95 and 0.80 m
of saturated layer. CSOa uses gravel as top filtering layer, while CSOb utilizes sand and an additional transition
layer. Tracer tests were conducted in both filters with and without aeration to assess the impact of aeration on
hydraulic performance. CSOa operated with four different aeration conditions, with the optimal condition tested
on both filters for comparison. Samples were taken for analysis of global parameters and the redox potential was
monitored online. In the tracer test, CSOa allowed to observe the mixing impact of aeration, which avoids any
preferential path when influent entered the filter. The addition of a sand layer at the surface (CSOb) allows for a
more even distribution of water on the top, which limits preferential flows when aeration is off. In both filters,
the results showed that aeration increased the residence time and mixing degree (NTIS <3). Testing different
aeration strategies revealed the dependence of dissolved pollutant removal on oxygen supply. In CSOa, the
median outlet concentration varied from 23 to 6.4 mg.L− 1 in TSS, 153 to 32 mg.L− 1 total COD (CODt), 124 to 20
mg.L− 1 soluble COD (CODs) and 5 to 2.5 mg.L− 1 NH4-N according to aeration strategy. The lower outlet con-
centrations were always under the highest aeration condition. Under the optimal condition (75 min on/15 min
off), median removal of CSOa was 97% TSS, 85% CODt, 78% CODs and 75% NH4-N. Besides COD and TSS, outlet
concentration and removal efficiency did not significantly differ between CSOa and CSOb. Pollutant removal
demonstrated a linear correlation with organic surface load. Overall, forced aeration in CSO-TW distinctly
affected filter dynamics and improved its performance.

1. Introduction

As rainfalls have a stochastic feature, infrastructure managing
stormwater needs to be adapted to receive inflows with a high level of
variability in terms of volume, pollutant loads, frequency and intensity
(Gioia et al., 2021; Seidl et al., 1998). Unlike steady inflow in domestic
wastewater treatment systems, facilities treating overflows from com-
bined sewers operate under specific conditions that influence effluent
concentrations (Kadlec and Wallace, 2008). The proportions of storm-
water (SW) and domestic wastewater (WW) in combined sewer systems
(CSS) are between 4:1 to 100:1 during rain events (Tondera et al., 2021).
Madoux-Humery et al. (2015) and Phillips et al. (2012) observed a large

number of contaminants in the frequently occurring combined sewer
overflows (CSOs), resulting from the re-suspension of sewer deposits and
suspended solids from runoff. Episodes of heavy rain events are likely to
intensify due to global warming (IPCC, 2023), increasing concerns of
greater spill frequency, volume and impact of CSO pollution on
receiving waters. Urban expansion, marked by increased construction
and reduced infiltration areas, further increase SW flow in combined
sewer systems (Salerno et al., 2018). Implementing facilities to treat CSO
emerges as a viable technical solution to protect surface water and water
pollution control (Oral et al., 2020).

French regulation requires that CSO treatment wetlands, regardless
of discharge location, guarantee at least the same outlet concentrations
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as required at wastewater treatment plants of the same catchment area.
This necessitates the use of a treatment technology that is able to
maintain performance when operating under extremely varying condi-
tions. Treatment wetlands (TWs) intended for CSO treatment are Nature
Based Solutions (NBSs) adaptable to the local context. They work by
retaining water to attenuate peak flows and removing pollutants (Dou
et al., 2017; Stefanakis, 2019). Different variations of CSO wetlands
have been implemented according to national regulation approaches
(Germany, France, and Italy (Dotro et al., 2017; Rizzo et al., 2020)).
Nevertheless, it is essential to undertake a meticulous design process
and, in certain instances, to implement optimization measures in order
to comply with the most rigorous regulatory standards.

In classical vertical CSO wetlands, the top layer has a depth of >0.45
m and up to 1m, followed by a drainage layer, which can be saturated or
not, and it can have a transient layer between the two layers. The
indicated media for the filtration layer is sand (0–2 mm) with at least
10− 4 m/s of hydraulic conductivity (Dotro et al., 2017). In Germany,
there is a recommendation to add 20% of limestone to the filtration
substrate to keep the pH buffering capacity (DWA-A178, 2019). The
drainage layer at the bottom is 0.20–0.30 m in depth and consists of
16–22 mm coarse gravel. Some vertical CSO wetlands maintain a satu-
rated zone to prevent the loss of plants during dry weather periods,
dilute high inflow concentrations and avoid hydraulic short cuts (Pálfy
et al., 2017c).

Pollutant removal in vertical CSO wetlands mainly occurs in the
upper layer through filtration, adsorption and biological degradation.
An aerobic environment favors organic matter removal and nitrogen
oxidation (Ruppelt et al., 2018; Uhl and Dittmer, 2005). Design guide-
lines for vertical CSO wetlands (e.g. ANR, 2013; DWA-A178, 2019)
include a throttle to control the outflow and a freeboard for water
retention, ensuring hydraulic peak attenuation and that a minimum
hydraulic retention time is maintained during peak hydraulic loading
events.

Every vertical CSO wetland system has a pollutant removal capacity
that depends on internal or external factors. For example, filter design
and operation favor certain groups of bacteria (aerobic/anaerobic).
Presence, abundance and therefore performance of these bacteria
depend on factors such as hydraulic and organic loads, as well as
influent quality. In the CSO wetland, COD removal rates of approx. 80%
and total suspended solids (TSS) removal of 50 to 90% have been
observed (Ruppelt et al., 2019; Tondera et al., 2013). Masi et al. (2017)
observed a mass reduction of 93% of the ammonium‑nitrogen (NH4-N)
inflow load. Additionally, for events occurring in summer, the outlet
concentration was close to zero at the end of an event. To be efficient
and consistent in particulate organic matter removal and nitrification,
CSO wetland design has to be robust and perform effectively across in a
wide range of rainfall events (Pálfy et al., 2017b).

Despite vertical CSO wetlands’ efficient removal capacity of organic
matter, there is a need to enhance the removal of dissolved pollutants
and to create conditions to promote effective denitrification (Rizzo et al.,
2020). It is essential to ensure aerobic conditions when the surface of the
filter is covered with water since anaerobic conditions can inhibit or
slow down the degradation of major pollutants such as COD and NH4-N
(Uhl and Dittmer, 2005). Furthermore, traditional vertical CSOwetlands
undergo a two-step process of ammonia transformation. First, adsorp-
tion occurs during feeding phases, when the filter is submerged. Then, in
between events during dry weather, nitrification occurs in the unsatu-
rated filtration layer converting NH4-N to nitrogen-nitrate (NO3-N).
Denitrification is unlikely to occur in this second step due to the aerobic
predominance. During the subsequent event, NO3-N is flushed out in
significant quantities at the outset (Pálfy et al., 2017c). Consequently,
total nitrogen outlet concentrations are highly fluctuating. Additionally,
long-lasting events or those with high concentrations of dissolved COD
can push the system functioning to a limit since biological degradation
processes depend on oxygen conditions and hydraulic residence time
(HRT) (Rizzo et al., 2020).

The incorporation of forced aeration into TWs for the treatment of
domestic and industrial wastewaters has demonstrated promising re-
sults in achieving enhanced treated effluent quality beyond that ach-
ieved in classical TWs (Boog et al., 2014; Murphy et al., 2016; Nivala
et al., 2019). Enhancing internal mixing, optimizing hydraulic retention
time, and controlling oxygen conditions improve both pollutant removal
and system resilience (Boog et al., 2018; Headley et al., 2013; Miyazaki
et al., 2023). However, to our best knowledge, studies on TWs with
forced aeration treating CSO have not been published.

In this context, this study aims to investigate the impact of aeration
on the removal efficiency of specific dissolved pollutants and the sys-
tem’s resilience under high hydraulic loads. The research includes (i)
analysis of system hydrodynamics in event-driven vertical flowwetlands
under forced aeration, (ii) determining optimal aeration condition to
nitrify ammonium‑nitrogen and remove dissolved organic matter, and
(iii) assessing aeration effects in different hydraulic loads.

2. Material and methods

2.1. Experimental systems

On the REFLET INRAE research Platform, France, Craponne,
45◦44′11.5”N 4◦43′06.0″E, two aerated vertical CSO wetlands pilots
(CSOa and CSOb) are installed, each having a surface area of 20 m2. The
pilots were planted with 2.5 stems per m2 of common reed (Phragmites
australis) in the middle of September 2022. Influent (12 m3.h− 1) is
distributed by a single feeding point in the middle from a suspended pipe
that was positioned one meter above the surface. An outlet adjustable
standpipe controls the saturated layer height, and a throttle controls the
outflow rate. At the bottom of the filter are drainage pipes (diam. 125
mm) and aeration driplines of 16 mm internal diameter connected to an
air blower (1.1 kW) that promotes forced aeration. Airflow, pressure and
temperature can be measured by a vortex flowmeter EH Prowirl F200, a
pressure transmitter BDSensors 18.601G for low pressure, and a plat-
inum resistance thermometer EH iTHERM CompactLine.

The pilots operate in saturated conditions in the coarse gravel layer,
with varying levels of saturation between pilots (Fig. 1). From bottom to
top, the media within CSOa consists of a 0.95 m of coarse gravel (10/20
mm) covered with a layer of 0.20 m of gravel (2/4 mm), and those of
within CSOb consists of 0.80 m of coarse gravel (10/20 mm) and is
followed by a transient layer of 0.15 m of gravel (2/4 mm) and a fil-
trating layer of 0.20 m of sand (0/4 mm). The permanent saturation
level is of 0.95 m and 0.80 m for CSOa and CSOb, respectively.

2.2. Pilots’ operation

The pilots were fed with pre-conditioned combined sewage (CS) to
simulate CSOs. The CSO pilot feed is reproduced using real domestic
WW from a combined sewer (city of Craponne) mixed with real storm
water from a separate SW sewer that was stored in a 200 m3 retention
basin. Fresh domesticWW and stored SWwere mixed during feeding in a
unitary pipe in a way that typical ranges of physicochemical CSO
characteristics were reached (Andrés-Doménech et al., 2018; Cross
et al., 2021; Gasperi et al., 2012; Masi et al., 2017). This was done by
mixing 1 part of wastewater with 4 to 11 parts of stormwater. To
simulate the impact of different rainfall events, hydraulic loads (HL) of
0.5, 1.0 and 1.5 m3.m− 2 per event were selected. Once the feeding
process was complete, drainage commenced until the permanent satu-
rated water level was reached, which was controlled by the standpipe.
Dry periods from 2 to 18 days were established in between each loading
event.

Outflow throttling was adjusted to reach 0.04 L.s− 1.m− 2 at the
highest water level (1.1 m on the filter surface). During an inflow event,
the average airflow rate was maintained at 1.15 m3.m− 2.h− 1.

The oxygen consumption (OC) needed for pollutant degradation and
mass oxygen transfer (OT), in each event were estimated using the eqs. 1
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and 2:

OC = Q*(ΔCOD+4.5*ΔTKN) (1)

OT = taeration*Qair*ρair*mO2/air*SOTE (2)

where: Q is the inflow (L.d− 1); ΔCOD is the chemical oxygen demand
consumed (mg.L− 1 – non biodegradable COD is neglected); ΔTKN is the
Total Kjeldahl Nitrogen consumed (mg.L− 1); t is aeration time (h); Qair is
the delivered air flow from the blower (m3.h− 1); ρair is the air density
(kg.m− 3), mO2/air is the mass of oxygen in the air equal to 21% (in
number of mols) and a Standard Oxygen Transfer Efficiency (SOTE) of
0.09. The SOTE was obtained from water column aeration tests (1 m in
height) filled with gravel 10/20 mm (Séranne et al., 2021).

Different aeration strategies were applied in four phases on CSOa,
increasing progressively the aeration time:

1) F10: air blower switched on for 10 min when feeding started then
remained switched off during the rest of the event, including the
drainage phase;

2) F10/40: only during the feeding phase, the air blower followed a
cycle of 10 min on and 40 min off, and the drainage phase was
carried out without aeration;

3) 10/40: during the feeding and drainage phase, the air blower fol-
lowed a cycle of 10 min on and 40 min off;

4) 75/15: during the feeding and drainage phase, the air blower fol-
lowed a cycle of 75 min on and 15 min off.

The simulated rainfall events on CSOb worked only under the aera-
tion condition 75/15. Feeding (1 to 3 h), drainage (10 to 23 h) and air
blowers’ operation time (0.3 to 12. 7 h) varied according to the hy-
draulic load. Consequently, higher hydraulic loads had longer total
aeration time. During dry periods, the air blower was turned on for 10
min every 10 h to facilitate oxygen transfer in the deeper zones of the
saturated layer.

2.3. Hydraulic characterization

To understand the hydrodynamics of the filter during the pollutant
removal process, we conducted two tracer test campaigns, one with and

one without aeration. Combining two different tracers in one campaign
allowed the evaluation of hydraulics (residence time, degree of mixing
and presence of preferential path) before the ponding phase (at the
beginning of an event) and once surface ponding (0.2 m) is present. This
allows the impact of the ponding zone on tracer distribution at the
surface, to be identified. Each campaign consisted of a pulse injection of
fluorescein solution (0.14 g.L− 1 and 0.5 g.L− 1 in CSOa and CSOb,
respectively) into the inlet point when feeding started, then an Amino G
acid solution (1.26 g.L− 1 and 1.5 g.L− 1, respectively) at the same point
were injected when the ponding occurred. The tracer solutions were
prepared with products from Thermo Scientific Chemicals. The outflow
rate increased continuously until the second tracer was injected, and
then the flow rate was maintained with the throttle at a consistent flow
at the inlet and outlet.

A fluorimeter (TRMC-Fluo of Tetraedre) was positioned at the outlet
of each pilot to measure tracer fluorescence in mV, and the values were
converted to mg.L− 1 with the help of calibration curves created in
advance with the outlet water (data not shown).

The main hydraulic indicators, mean retention time (tmean) and
number of tanks in series (TIS–N), were estimated using Eqs. 4 and 5.
Residence Time Distribution E(t) (Eq. 3) is the normalization of output
concentration measurement on time, wherein Q in m3/h is the outflow
and C in g/m3 is the outlet concentration of the tracer

E(t) =
Q(t)*C(t)

∫∞
0 Q(t)*C(t)dt

(3)

The gamma distribution determined N through error minimization of
resultant E(t), which was calculated with measured data. In this study,
the used gamma distribution function is:

E(t)gamma =
N

tmean*Г(N)

(
N*t
tmean

)N− 1

exp
(

−
N*t
tmean

)

(4)

wherein N is the number of complete stirred tanks in series; t (h) is time;
tmean (h) is the experimental HRT, and Г(N) (h-1) is the gamma distri-
bution, calculated with the SOLVER tool in ExcelTM. The experimental
HRT tmean is the integral over time and E(t) (Tchobanoglous et al., 2003):

tmean =

∫ ∞

0
t*E(t)dt (5)

Fig. 1. Photo on the top left (A): top view of CSOa; top right (B): top view of CSOb. Vertical profile of CSOa and CSOb on the bottom (C).
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The theoretical hydraulic residence time (tt) represents the ideal
duration for the fluid spend in the filter and, ideally, it is equal to tmean.
However, dead zones or preferential paths reduces the time of the fluid
in the filter, therefore, deviating tmean from tt. Plug flows and completely
mixed tanks are ideal models, which do not occur undisturbed in prac-
tice. The calculated TIS-N is a hydraulic indicator showing if the hy-
draulics in the tested TW are closer to a plug flow (N = ∞) or to a
continuous stirred tank reactor (CSRT, N = 1) reactor.

2.4. Sampling procedure, water quality physicochemical and statistical
analysis

After finishing the tracer tests on the pilot, continuous monitoring
began with online sensors and sampling campaigns for laboratory ana-
lyses. The monitoring campaign lasted from March to October 2023 in
CSOa and July to October 2023 in CSOb. Composite samples were taken
by a programmed autosampler (ISCO 5800) throughout the feeding and
drainage phases at the inlet and outlet of each pilot. At the inlet, 150 mL
was sampled every 2 min (constant inflow), while at the outlet, 100 mL
was sampled for every 200 L of effluent that passed through and dis-
charged from each pilot. The samples were analyzed for the global pa-
rameters CODt, CODs, total suspended solids (TSS),
ammonium‑nitrogen (NH4

+-N), nitrite‑nitrogen (NO2
− -N), and nitra-

te‑nitrogen (NO3
− -N). With the total and soluble COD, particulate COD

(CODp) was calculated. The laboratory analyses were conducted in
accordance with the standards NF EN 872 and NF T 90–101 for TSS and
COD as well as NF EN ISO 14911 and EN ISO 10304-1 for the ionic
chromatography of NH4

+, NO2
− , NO3

− . Analyses of TKN (standard EN
25663) were also conducted to identify any non-dissolved forms of ni-
trogen and to allow calculation of total nitrogen removal and OC.
Additionally, probes were placed inside the pilots at 60 cm from the
bottom and at the outlet to monitor redox potential. This was found to be
an indicator of biochemical reactions and microbial activity in CSO
wetland pilots (Ruppelt et al., 2019).

Statistical analysis was done using MS Excel 2016 to obtain at the
inlet and outlet minimum, maximum and median concentrations. The
dataset distribution and the assessment of its normality was checked
with plots in RStudio. In parallel, Fisher’s F-test was performed to assess
variance between the filters’ dataset. If observed that data did not meet
normal distribution or equal variance, the Mann-Whitney U test was
used to compare CSOa and CSOb. Fisher’s F-test and Mann-Whitney U
test were calculated with RStudio for differences with a significance
level of p < 0.05.

3. Results and discussion

3.1. Tracer test

Each campaign lasted approx. 40 h, and the recovered mass of the
tracer was between 77% and 97% (Table 1). Headley and Kadlec (2007)
suggest that to validate a tracer test a minimum of 80% of the injected
mass needs to be recovered at the outlet, hence, the results were

considered representatives for evaluating the TWs’ hydrodynamics.
The theoretical residence time in the saturated zone was estimated

by dividing the water volume in the saturated layer per mean outflow
rate in the steady state. The transient flow rate until the establishment of
ponding was not considered in this study to simplify HRT calculation.
Fig. 2A shows the curve of outflow tracer mass over time for the tested
conditions on CSOa.

At the start of feeding, an early peak with tmean = 2.5 h, appeared
when aeration was off (Fig. 2A). While using aeration, the residence
time in the saturated zone is longer. Once ponding occurs, inlet water is
better distributed at the filter’s surface, and the HRT of the two tested
conditions was closer to tt = 9.1 h. Therefore, aeration appears to better
mix the tracer in the whole volume and avoid short-circuiting at the
beginning of an event.

Fig. 2B shows the bell shape in the dimensionless curves of residence
time distribution (RTD). The RTD curve, representing the conditions
without aeration, has different shapes from the beginning of the event to
ponding. Ponding allows a better water distribution on the top and de-
creases preferential flows. In contrast, the event with aeration showed
characteristics close to Continuous Stirred Tank Reactors (CSTR) from
the beginning to the ponding.

In the CSOb filter, the lower permeability of the sand at the surface
allows a better surface distribution of water at the beginning of an event.
Consequently, preferential pathways were considerably reduced
compared to CSOa. Fig. 2C shows the results of the outflow mass over
time at the beginning and at the ponding phase of CSOb. The tmean at the
beginning of feeding was 5.6 h and in contrary to CSOa, there was no
early peak. The tmean of the ponding phase in CSOb without and with
aeration were 9.1 h and 10.5 h, respectively, meaning that during the
ponding the mean and theoretical HRT were almost equivalent regard-
less of aeration. Improvements due to forced aeration on CSOb were
observed in the degree of mixing (Fig. 2D), which was similar to ob-
servations from CSOa. In the campaign with aeration, the RDT curves
overlapped, indicating uniform mixing of the liquids in the filter.

The tmean, t10, and t90, were obtained using gamma distribution and
are presented in Table 1, as well as the number of tanks in series and
tracer mass recovery. The presence of tracer indicated by t10 = 0.5 h in
the test without aeration of CSOa leads to the conclusion that water
percolates only in a small part of the saturated zone before leaving.
Consequently, without aeration a large part of the filter (49%) acts as a
dead zone in the beginning phase. Fournel (2012) and Pálfy et al.
(2017c) observed preferential paths studying non-aerated vertical CSO
wetlands; they explained the presence of short-circuiting when feeding
starts with infiltration mainly limited to the area around the feeding
point. Eventually, extended periods of low inflow may compromise the
CSO wetlands treatment, although it remains negligible in events where
ponding is rapidly established. In our study, we assume that air bubbles
ascending through the filter media force tangential movements of par-
ticles moving downwards from the moment feeding starts, which in-
creases the retention time and creates a stronger mixing pattern. Studies
on wastewater treatment with TW have confirmed that dead zones and/
or short-circuiting, which compromise the effluent treatment, can be

Table 1
Percentage of tracer mass recover, hydraulic indicators of theoretical and measured mean time. t10 and t90 are the time until 10% and 90% of the tracer mass leaves the
filter, respectively, N, is the number of tanks in series.

Without aeration With aeration

Beginning Ponding Beginning Ponding

CSOa CSOb CSOa CSOb CSOa CSOb CSOa CSOb

Mass recover (%) 77 97.5 78 87.1 87 92.5 83 80.9
tt (h) 5 7 8 13.8 5 9 8 13.5
tmean (h) 2.3 5.6 7.6 9.1 8.1 10.9 6.5 10.5
t10 (h) 0.5 2.1 3.9 5.3 2.3 3.7 1.6 3.9
t90 (h) 4.7 9.9 12.1 13.3 15.5 19.8 12.9 18.9
NTIS 1.7 3 5.3 8 2.2 2.7 1.8 2.7
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Fig. 2. A: Graphs of output mass curve in time for CSOa. B: Graphs of residence time distribution (RDT) in CSOa using Gamma distribution to fit experimental data.
C: Graphs of output mass curve in time for CSOb. D: Graphs of residence time distribution (RDT) in CSOb using Gamma distribution to fit experimental data.
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attenuated with forced aeration (Boog et al., 2014; Dotro et al., 2017).
Table 1 presents the impact of aeration on NTIS. The presence of

aeration in both filters leads to NTIS around 2 for the saturated and
ponding phases due to the improved of mixing degree. In a study by
Boog et al. (2014) with an aerated vertical flow wetland treating do-
mestic sewage, the authors observed similar hydraulic characteristics of
the liquid within the filter since NTIS was close to 1 due to forced
aeration. On the one hand, switching off aeration in the filter without
sand results in a small NTIS of 1.7 at the beginning, but a significant
dead zone and reduced HRT due to sub-optimal mixing. On the other
hand, despite aeration, the presence of sand improves surface distribu-
tion and reduces the dead zone, but during the ponding phase, NTIS
increases, indicating a flow pattern closer to a plug flow reactor.

3.2. Removal performances

3.2.1. TSS and COD removal
Fig. 3 presents the inlet and outlet concentrations of the different

aeration strategies for TSS and COD as measured in CSOa. Inlet con-
centrations were obtained by mixing WW and SW using ratios of 1:4 to
1:11 (as described in Section 2.2). Filtration is very efficient indepen-
dently of aeration strategies. Outlet concentrations were always lower
than 30mg.L− 1 for TSS and inmost cases, except during the F10 aeration
strategy, they were below 12 mg.L− 1 (Table 2). The TSS concentrations
at the outlet of CSOa and CSOb (Fig. 3 and Table 2) were comparable to
conventional vertical CSO wetlands (Tondera, 2019) and TWs receiving
SW with TSS concentrations similar to the ones in CSO (Schmitt et al.,
2015).

For COD, the condition F10 in CSOa did not adequately degrade the
CODs, leading to high outlet COD concentrations. During the F10 con-
dition, the oxygen transferred to the water only meets 1 to 5% of the
average oxygen demand of the influent, adversely affecting COD
degradation. However, in other phases, COD degradation appears more
efficient, consistently maintaining CODt outlet concentrations below 50
mg.L− 1 regardless of the aeration strategy. Oxygen transferred to the
water ranged from 6 to 9%, 20–44%, and 50–100% of the average ox-
ygen demand for the F10/40, 10/40, and 75/15 aeration strategies,
respectively. The increase of oxygen diffusion in the filter creates zones
for the growth of aerobic heterotroph bacteria (Vymazal, 1999). Due to
the increased aeration times, certain aeration strategies resulted in
lower CODt concentrations at the outlet, as shown in the results of Fig. 3
and Table 2. By changing the aeration strategy to the interval F10/40,
the outlet stayed around 30 mg.L− 1 instead of 250 mg.L− 1 observed in
the F10 aeration strategy. The performance was comparable to, or even
better than in other studied CSO wetlands without primary settlement

that showed COD concentrations around 40 mg.L− 1 in the outlet (Masi
et al., 2023; Pálfy et al., 2017a). Despite variations on hydraulic and
pollutant loads, the outlet concentrations remained stable. It shows the
resiliency of the aerated system, maintaining high retention of solids and
COD degradation, in accordance with other CSO wetland systems (Rizzo
et al., 2020).

Fig. 3. Inlet and outlet concentrations of TSS and COD under each tested aeration condition in CSOa (F10, F10/40, 10/40 and 75/15).

Table 2
TSS, CODt and CODs values of minimum, maximum and median concentration
at the inlet and outlet of CSOa and CSOb.

Inlet concentration (mg.
L− 1)

Outlet concentration (mg.
L− 1)

TSS CODt CODs TSS CODt CODs

CSOa MIN 94 253 110 15 72 58
F10 MAX 485 455 315 30 252 226
(n = 7) MEDIAN 159 348 183 23 153 124
CSOa MIN 121 111 20 8 24 20
F10/40 MAX 149 179 62 12 38 28
(n = 3) MEDIAN 133 119 34 12 37 24
CSOa MIN 170 171 26 9 28 17
10/40 MAX 237 251 42 12 35 31
(n = 4) MEDIAN 200 225 34 12 32 20
CSOa MIN 120 116 55 6 23 10
75/15a MAX 312 416 155 16 49 37
(n = 17*) MEDIAN 155 223 112 6 32 25
CSOb MIN 52 93 56 1 10 10
75/15b MAX 315 308 200 11 35 30
(n = 19) MEDIAN 133 207 90 4 27 18

* For TSS n = 15.

Fig. 4. Tukey’s boxplot of removal performance of TSS, COD and dissolved
COD in the filters CSOa (n = 17 for COD and CODs and n = 15 for TSS) and
CSOb (n = 19) under the aeration condition 75/15.

D. Portela et al.
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The median outlet concentrations and removal efficiencies resultant
from tests in CSOa and CSOb are presented in Table 2 and Fig. 4.

When comparing CSOa and COSb under condition 75/15, the addi-
tion of a sand layer resulted in an improvement of TSS removal (p =

0.045). However, both filters consistently demonstrated TSS removal
rates of >90% (Fig. 4). There was a significant difference in the removal
of CODt between CSOa and CSOb (p = 0.002), as well as a significant
difference in the CODt outlet concentrations between the filters (p =

0.008). The CODs removal efficiency did not show significant differ-
ences between the performances of the two filters (p = 0.162). The
median concentrations of effluent CODt were 32 mg.L− 1 in CSOa and 27
mg.L− 1 in CSOb, which is in accordance with studies of Pálfy et al.
(2017b) and Dittmer (2006). In some events, the effluent concentration
was 10 mg.L− 1. These results are below the concentrations observed in
the studies of Pálfy et al. (2017a) and Dittmer (2006). It is likely that the
higher CODt removal on CSOb is due to the lower concentration of TSS
at the CSOb outlet (p = 0.009), as the sand layer can retain more solids.
The 83%median removal of TSS in CSOa is not far from 89% removal in
CSOb but CSOb had less variation than CSOa.

Independently of inlet variations, the removal efficiencies of CODt
and CODs for both CSOa and CSOb were high. For example, removal
efficiency of both filters under the 75/15 aeration strategy, showed a
COD removal of consistently above 70% in all events (Fig. 4).

In the above-mentioned studies on none-aerated vertical CSO wet-
lands by Dittmer (2006) and Pálfy et al. (2017a), <50% of CODs
removal were found. Depending on the system design, the treatment
process has low CODs removal due to the absence of aeration during
feeding (saturated conditions) (Meyer et al., 2013). Generally, the
adsorption characteristics of the filter material together with the char-
acteristics of localized bacterial communities in the filter play an
important role in CODs removal (Pálfy et al., 2017a). A dry period of
longer than 10 days leads to the susceptibility of microorganism dehy-
dration. When the next event begins, the transfer of electrons in water
and adsorption processes are hindered as microorganisms strive to reach
their saturation levels, thereby limiting the degradation of dissolved
pollutants (Uhl and Dittmer, 2005). The studied systems minimized the
dehydration issue with a permanently saturated layer of almost 1 m
depth. While studies using passive aeration have generally shown low
removal efficiency of CODs, under the specific condition created by
aeration strategy of 75/15, the median CODs removal efficiency reached
75% in CSOa and 82% in CSOb. This shows that forced aeration in CSO
wetlands can maintain high oxidizing conditions and thus degrade dis-
solved organic compounds.

3.2.2. Removal of nitrogen forms
The resulting inlet and outlet concentrations of nitrogen forms from

31 events loaded into CSOa (Fig. 5) showed NO2-N concentration
remaining below 1.60 mg.L− 1 in all conditions, irrespective of the
aeration strategy. As expected the concentrations of NO2-N are low due
to its unstable oxidative form in TWs (Kadlec and Wallace, 2008).
However, the effects of aeration on NH4-N and NO3-N forms were
noticeable. The median NH4-N outlet concentrations from all strategies
tested on CSOa ranged from 3 to 6 mg.L− 1. However, the 75/15 aeration
strategy demonstrated the lowest variation in NH4-N outlet concentra-
tions, even at the highest inlet concentrations (Fig. 6).

The calculation of oxygen transfer considered the oxygen consumed
in the process of organic matter degradation and nitrogen trans-
formation. The lack of oxygen in the condition F10 compromised both
organic matter and NH4-N removal. However, covering at least 20% of
the oxygen demand in the condition created by the 10/40 aeration
strategy tests improved NH4-N removal. For a larger range of inlet
concentration, the 75/15 aeration strategy demonstrated greater resil-
ience to outlet variation of NH4-N, even when the oxygen transferred
was lower than the oxygen demand (calculated by Eqs. 1 and 2).
Although these calculations are approximate, they nevertheless enable
us to estimate the aeration times required to maintain efficient
nitrification.

Under the 75/15 aeration strategy and until day 43, NH4-N was <6
mg.L− 1 at the outlet when inlet concentrations were < 20 mgN.L− 1. In
addition, on days 1, 40, 68, 71 and 82 of the 75/15 aeration strategy
operation, the sum of inorganic nitrogen concentrations at the outlet
showed 5 to 2 mgN.L− 1 more than the concentrations measured at the
inlet. Besides possible analytical uncertainties, mineralized compounds
from plants and microorganisms lead to the release of nitrogen and an
imbalance of inorganic nitrogen concentration at the inlet and outlet, as
observed in the study of Collins et al. (2010). Thus, this factor can cause
an elevation of inorganic nitrogen in the outlet compared to concen-
trations measured at the inlet.

In filters with passive aeration, dry periods shorter than 5 days have a
negative impact on NH4-N removal by reducing the filter’s adsorption
capacity (Dittmer, 2006; Uhl and Dittmer, 2005). Seasonality is another
factor influencing the nitrification process as temperature affect nitri-
fication. For example, Pálfy et al. (2017c) simulated in a passive CSO
wetland NH4-N adsorption in different seasons. They showed that in
winter, 25% of the loaded nitrogen was nitrified over two dry days,
while 60% was nitrified over 12 dry days. However, in this study, under
the condition created in the 75/15 aeration strategy, after a short dry
period of two days, the outlet concentrations remained stable due to a

Fig. 5. Inlet and outlet concentrations of NH4-N, NO3-N and NO2-N for each tested aeration conditions in CSOa (F10, F10/40, 10/40 and 75/15).
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direct nitrification process that did not compromise the adsorption ca-
pacity of the media.

The median concentrations of NH4-N and NO3-N are shown in Fig. 6.
Conventional vertical CSO wetlands with passive aeration can ach-

ieve a high rate of nitrification. For example, NH4-N removal in the
range of 72% to 93% was reported by Pálfy et al. (2017a) and Ruppelt
et al. (2018). However, the drawback of conventional vertical CSO
wetlands is the requirement of a two-step process to achieve nitrifica-
tion. The first step is ammonium adsorption during the feeding, and then
during dry weather, when oxygen passes through the filter, nitrification
occurs. Then, it is not always possible to guarantee either the amount of
nitrified ammonium or the slow release of NO3-N during the draining
phase in this two-steps process (Tondera et al., 2018; Uhl and Dittmer,
2005).

Mechanical aeration may have induced nitrification zones in the
filter, resulting in the transformation of NH4-N to NO3-N during the
event. Much literature has reported consistent results regarding
ammonium oxidation in TWs containing forced aeration (Boog et al.,
2014; Dunqiu et al., 2012; John et al., 2020; Murphy et al., 2016),
agreeing with the observed NO3-N production in this study. However,
the absence of anoxic zones makes the occurrence of denitrification less
probable. In our study, total nitrogen within CSOa and CSOb was mostly
removed through nitrogen assimilation into the biomass and direct
nitrification, but denitrification did not occur due to a shortage of car-
bon source as outlet CODs is very low. Pálfy et al. (2017a) and Uhl and
Dittmer (2005) noted in their CSO wetland similar results.

NH4-N and NO3-N results of CSOa and CSOb were very similar. The
NH4-N removal rate reached up to 90%, and the median removal was
75% (CSOa) and 83% (CSOb) in the highly aerated condition (75/15). In
terms of the NH4

+-N removal, no significant differences were observed
between CSOa and CSOb (p = 0.143), despite the material surface area
of sand potentially providing a higher adsorption capacity than gravel.
Aeration may have favored direct nitrification during events, but it does
not make adsorption a preponderant mechanism.

3.3. Redox potential

In the events in which redox potential was measured, there were
consistent patterns related to aerobic and anoxic/anaerobic activity that
were reproduced in more than one event. A general potential profile was
observed at the outlet and inside the filter, 60 cm from the bottom.
Whenever nitrification rates were high, redox potential generally was
>300 mV, indicating aerobic conditions. According to Murphy et al.
(2016), redox potential >300 mV hinders the process of denitrification,
which is more effective under anaerobic conditions that promote
facultative anaerobic denitrifying bacteria.

Fig. 7 shows measurements taken at 0.6 m from the bottom of the
filter throughout the event, highlighting the contrast between the lowest
and highest aeration conditions.

The response to aeration was immediate, and in conditions with
higher aeration (75/15), the redox potential was never<300 mV. Redox
potential increased from - 250 mV to 100 mV within the 10 min aeration
period (F10 aeration strategy). In addition, after the feeding, values
went from 130 mV to negative values in 2 h once the aeration operation
had ceased (Fig. 7). The redox measurements under aeration strategy
F10 suggests that an anaerobic state predominated during the majority
of the drainage period.

After feeding, each aeration strategy commonly exhibited a charac-
teristic pattern in their redox potential curves at outlet of the filter. In
aeration strategy F10, the redox curves were descended, while F10/40
and 10/40 showed plateaus before descending. Therefore, during F10/
40 and 10/40, it was possible to achieve a steady state before oxygen
depletion occurred. In aeration strategy 75/15, a transition point
marked the curve’s ascent and the redox potential of condition 75/15
ranged from 350 up to 700mV at measurement points inside and outside
of the filter. Measurements inside the filter (Fig. 7), showed the redox
dropping from 590 to 540 mV, and from 210 to 90 mV with aeration
strategies 75/15 and F10, respectively. Ruppelt et al. (2019) explained
that the consumption of COD leads to a drop of the redox potential, with
values around 700 mV being their maximum potential, as measured in
aeration strategy 75/15. After the feeding period in the 75/15 aeration

Fig. 6. Tukey’s boxplot of inlet and outlet concentrations of NH4-N and outlet concentration of NO3
—N in the filters CSOa and CSOb. The number of tests performed

(n) is indicated for each condition.

Fig. 7. Redox potential measured in two events in CSOa with a HL of 0.5 m.
The first test under the aeration strategy F10 is indicated by the green line, and
the second test under the 75/15 aeration strategy is indicated by the dashed
blue line. Measurements were taken at 0.6 m depth from the bottom of the pilot.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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strategy, the redox potential remained constant at approx. 300 mV
during the drainage period.

3.4. Surface load and performances

After all trials, the cumulative hydraulic load onto filter CSOa
reached 40 m3.m− 2 over 8 months and received >5 kgTSS.m− 2. No hy-
draulic issues or signs of clogging were observed, as expected given
gravel media. Other filters with similar media have operated without
any signs of clogging for a longer time reaching 10 kgTSS m− 2.y− 1 (Masi
et al., 2023). The removal of solids was linearly correlated with solid
loads independent of operational factors such as hydraulic loads or
aeration conditions, whereas the organic loads removal were more
dependent on the availability of oxygen in the pilot system. The result of
aeration strategies F10/40 and 10/40 followed a pattern between
loaded and removed COD mass, unlike F10, confirming that the oxygen
supply is much lower than the oxygen demand. In the F10 aeration
strategy, the correlation curve was shifted downward as the removal of
CODs containing in CODt was inefficient and more dependent on other
processes than aerobic oxidation.

Events under 75/15 aeration strategy in CSOa and CSOb showed
strong correlations between the mass load applied and the load removed
with close linearity curve. As observed in Fig. 8, events with an HL of 0.5
m tend to load a lower mass of COD and NH4-N. Increasing the HL leads
to higher organic loads, consistently following the same removal
pattern. Additionally, increasing NH4-N mass loads shows more
dispersion in results of NH4-N removal. However, a moderate correla-
tion (R2) was still observed. Fig. 8 shows the correlation between the
loaded and removed mass of COD and NH4-N.

With aeration intervals of 75/15, a stable and linear relationship
between applied and removed loads shows that performances stay stable
for both COD and NH4-N irrespective of the hydraulic and organic loads
applied to the pilot systems during this study. Consequently, the
dependence of the outlet concentration on the inlet concentration was
greater. This appears logical as long as hydraulic retention time is stable
throughout feeding and drainage phases and there is no lack of oxygen.

4. Conclusions

This study aimed to assess the impact of forced aeration on the
performance and hydraulics of two pilot-scale CSO wetlands (CSOa and
CSOb). Tests were conducted to compare the filter’s hydrodynamics
with and without aeration in two phases including the beginning of

feeding and ponding phase were conducted. Performance was evaluated
under a range of aeration strategies and loading conditions. The optimal
aeration strategy, as determined within CSOa, was reproduced within a
second pilot scale system (CSOb) to gain insight into the impact on filter
performance when designing it with a filtrating sand layer and gravel
transient layer.

Tracer tests confirmed that in CSOa (without a sand layer), there are
short-circuiting and reduced HRT at the beginning of an event when
operating without aeration. It is evident that aeration has a significant
impact on mixing and consequently HRT, ensuring a uniform flow dis-
tribution in both filters, particularly in CSOa. Once ponding conditions
occur following loading, stopping the aeration will result in a more plug-
flow condition.

Regarding pollutant removal, extended aeration intervals effectively
degraded dissolved pollutants. Under the 75/15 aeration strategy, CSOa
showed a median removal of 78% in CODs and 75% in NH4-N, while
CSOb exhibited removals of 83% in CODs and 92% in NH4-N. The filters
performed similarly, removal of TSS and COD were close to 95% and
85%, respectively, with a slight better removal efficiency in CSOb. The
sand layer potentially trapped organic matter attached to solids, which
improved TSS and COD removal in CSOb.

A well-balanced oxygen transfer to oxygen demand ratio was found
to be a key factor in the aerobic degradation of dissolved COD and
ammonia nitrification. In contrast to passive aeration filters, mechanical
aeration maintained low concentrations of NH4-N at the outlet due to
the direct nitrification that occurs during the feeding and drainage
phase. The system is not reliant on passive re‑oxygenation after drainage
to proceed with nitrification, which means that nitrate does not tend to
accumulate and be washed out in subsequent events.

The correlation between mass loaded and removal rates remained
consistent regardless of hydraulic loads. The filters demonstrated sta-
bility against varying surface loads, performing well for themost aerated
aeration strategy (75/15).

The obtained results confirm the advantages of aerated vertical CSO
wetlands treatment. Future work could contribute to understanding how
long dry periods without loading might affect performances. Addition-
ally, studies on the dynamics of nitrogen over time will contribute to
understanding the influences of dry periods on nitrification rates and
optimizing the aeration strategy and blower settings, thereby reducing
energy costs.

Fig. 8. Correlation of loaded and removed COD per event, on the left, and NH4-N, on the right. Events in CSOa are indicated with an “a” and with a “b” for CSOb. The
colors yellow, blue and green indicate different hydraulic loads. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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