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 Tracer experiments were conducted over full-scale Surface Flow Treatment Wetlands.
 Vegetation cover inﬂuences the level of hydrodynamic dispersion.
 Three different systemic models were calibrated to simulate the observed RTD curves.
 Photolytic decay of uranine was successfully coupled to a systemic model.
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a b s t r a c t
In Rhin-Meuse hydrological basin (North-East of France), local authorities have encouraged the setup of
Surface Flow Treatment Wetlands (SFTW) at the outlet of several small communities wastewater treatment plants. These systems are devoted to efﬂuent polishing by providing potential pollutant mitigation
effects. However, such systems are designed mainly empirically and resulting surfaces and shapes may
not be optimal. In the present study, the hydrodynamic behavior of three full-scale SFTWs used for sewage tertiary treatment was assessed by means of multi-tracer experiments involving two ﬂuorescent
dyes: uranine and sulforhodamine B. Residence Time Distribution analysis shows that the three investigated wetlands displayed very different hydrodynamic properties. Mean residence times were lower in
the ditches (1–3 h) than in the pond (mainly 20 h). The effective volume ratio was very low for all investigated wetlands. Sediment deposition as well as vegetation cover development may explain this result.
Ditches behaved as Plug-Flow Reactors with dispersion whereas the pond underwent strong internal
recirculation. The inﬂuence of vegetation cover on hydrodynamic dispersion was evidenced as it induced
long tails in the tracer breakthrough curves. Three systemic model structures are proposed to describe
wetlands hydrodynamics: combination of ideal reactors (Plug Flow and/or Continuous Stirred Tank Reactors) with varying degrees of complexity were able to reproduce accurately the experimental Residence
Time Distributions. Combination with a ﬁrst-order kinetic model allowed photochemical decay of
uranine to be described. In the future, combination of the proposed hydrodynamic models with more
complex kinetics models will constitute a valuable tool for process understanding and optimization.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Improving the quality of water bodies has been made mandatory
by the European Water Framework Directive (WFD). Consequently,
the need to upgrade existing wastewater treatment systems to integrate new technologies allowing mitigation of micropollutants has
been emerging during the last two decades. Different options can
be intensive techniques such as Advanced Oxidation Processes
(AOPs), Granular Activated Carbon ﬁltration, etc. However, these
techniques are not suitable for small communities due to both cap⇑ Corresponding author.
http://dx.doi.org/10.1016/j.cej.2014.11.073
1385-8947/Ó 2014 Elsevier B.V. All rights reserved.

ital and operational expenditures. In this context, tertiary treatment
wetlands appear as relevant technologies due to their relatively low
investment costs, limited maintenance and sustainability.
In the Rhin-Meuse hydrological basin (North-East of France),
local authorities have encouraged the setup of Surface Flow Treatment Wetlands (SFTWs) at the outlet of several small communities
WWTPs.
Expected outcomes are [1]:
 particulate matter retention: total suspended solids from
WWTP by-pass (overﬂow during rain events for combined
sewer systems) or due to secondary clariﬁer failure;
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Nomenclature
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Dti
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s
CðtÞ
Cðt i Þ
C max
D
EðtÞ
Eðt i Þ
L
M
N
Pe

mean residence time (h)
mean ﬂow velocity in the axial direction (m h1)
time increment (s)
effective volume fraction (dimensionless)
hydraulic efﬁciency index (dimensionless)
RTD variance (s2)
nominal hydraulic residence time = V=Q (h)
tracer outlet concentration (mg m3)
tracer outlet concentration at ith measurement (s)
peak concentration at the outlet ðmg m3 Þ
dispersion coefﬁcient (m s2)
Residence Time Distribution function (s1)
Residence Time Distribution function value at ith measurement (s)
characteristic length (m)
tracer injected mass (mg)
number of CSTRs of the TIS model
Peclet number (dimensionless)

 limitation of hydraulic and pollutants loads to surface waters
through inﬁltration, evapotranspiration or evaporation [2];
 hydraulic peak attenuation in order to protect surface water
bodies from erosion and washout;
 complementary pollutant mitigation: the wetland acts as a polishing step with focus on nutrients, disinfection and more
recently micropollutants [3].
However, design guidelines of SFTWs for tertiary treatment are
mainly rule-of-thumb driven in France. In practice, the main
parameter for sizing tertiary treatment wetlands is the surface
per people equivalent (PE) which is often between 1 and 3 m2.
Moreover, the surface dedicated to the tertiary treatment wetland
is often constrained by remaining space after building primary and
secondary treatment works. Resulting surfaces and shapes may not
be optimal and lead to strong non-ideality of ﬂow: preferential
pathways, mixed zones, dead-zones as well as internal recirculations could occur and affect wetland mitigation capacity [4].
The mitigation of pollutants ﬂuxes (suspended solids, carbonaceous pollution, nutrients but also micropollutants such as metallic
compounds, Polycyclic Aromatic Hydrocarbons, pesticides and
emerging substances) is expected due to various mechanisms
including biodegradation, photolysis, adsorption, settling, etc. The
apparent reaction orders of these transformations are often greater
than zero; therefore the pollution removal efﬁciency strongly
depends on the local concentrations and subsequently on the
hydrodynamics [5]. Hydrodynamics of treatment wetlands are
often compared upon the basis of effective volume ratio and dispersion coefﬁcient. Persson et al. [6] proposed a hydraulic efﬁciency index that takes these two parameters into account by
including the number of CSTRs of the TIS model in the calculation.
This index is used to compare different wetlands morphological
characteristics [7,6]. Within artiﬁcial ponds without major obstacles, the effective volume was found to be a function mainly of
the length to width ratio (L/W), ﬂow velocities and depth [8]. In
more complex systems, however, several parameters such as
inlet/outlet position, presence of islands and bafﬂes, vegetation
cover [9–11], wind and temperature effects [12,13] could strongly
inﬂuence hydrodynamics [6,8,4]. Hydrodynamic parameters and
models are usually derived from RTD data gathered either experimentally [14,15] or numerically [16,4,7,8]. In the latter case, the
numerical models used often consist of 2D models whose parameters are deﬁned by correlations with geometric characteristics of
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the systems [16]. However, these studies were often carried out
on aerated lagoons, waste stabilization ponds or other wetlands
types dedicated to wastewater secondary treatment with larger
sizing and different shapes than small communities tertiary systems investigated in this study.
An accurate prediction of conversions within tertiary SFTWs
should involve the coupling of kinetics and hydrodynamics modeling [17]. Mass balances over simple hydrodynamic models such as
TIS or PFR with dispersion are most often performed to couple
these models to reaction kinetics. Combination of ﬁrst-order reaction rate equations with TIS models is often cited in literature
[18,19]. These approaches have recently been complemented by
1D models that also include mixing within transient storage zones,
sorption and decay kinetics [20,21]. However, Marsili-Libelli and
Checchi [22] pointed out that TIS models constitute a very rigid
approach to describe complex systems because a single structure
must explain several phenomena (lag-time, dispersion, recirculations, short-circuiting. . .). The high diversity of morphology, vegetation cover and sizing of tertiary SFTWs also precludes the use of a
single 1D model structure to describe wetland internal hydraulics.
In this study, multi-tracer experiment involving two ﬂuorescent
dyes (uranine (UR) and sulforhodamine B (SRB)) were carried out
to characterize hydrodynamics of three full-scale SFTWs dedicated
to sewage tertiary treatment. Two SFTWs consist of vegetated
ditches with nominal hydraulic residence times of respectively
14 and 3 h. The third one is a pond with a nominal hydraulic residence time of 113 h. These experiments were designed (i) to assess
the effects of wetlands sizes, shapes and vegetation cover on
hydrodynamics, and (ii) to propose a full systemic modeling
approach suitable when classical Tank-In-Series model fails to predict the obtained tracers data.

2. Material and methods
2.1. Study sites description
The three investigated SFTWs are located in southern Alsace
(Haut-Rhin), France. They all receive efﬂuents from two-stage
reed-beds designed and operated according to the French system
treating domestic wastewater [23]. The collected efﬂuents consist
of both secondary treated sewage (polishing step) and overﬂow
of the pumping station located at the inlet of the WWTP during
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Table 1
Geometric characteristics of the investigated wetlands, added tracer quantities and
physicochemical conditions during the experiments.

Type
Slope of the bank
Depth (m)
Width (m)
Length (m)
Surface (m2)
Surface per p.e. (m2)
Expected volume (m3)
Added UR (g)
Added SRB (g)
pH
Water temperature (°C)

Liebsdorf

Wahlbach

Lutter

Ditch
1/1
0.4
1.67
38
63 for 1
ditch
0.36
25 for 2
ditches
0.99
10
7.19 
0.03
13.3 
0.4

Ditch
2/1
0.2
–
93 (excluding ditch # 2)
180

Pond
1/4
0.1–0.9
–
–
750

0.27
36

0.77
425

0.99
8
7.42  0.16

15
100
7.04  0.09

19.2  2.1

21.7  2.4

wet-weather. Table 1 summarizes geometric characteristics of the
three SFTWs.
2.1.1. Liebsdorf
This wetland is divided in two identical ditches operated in parallel (Fig. 1). It was built by excavation; natural soil was kept in
place. A ﬂow-splitter allows the repartition of the incoming ﬂowrate to the ditches according to a 1/3–2/3 ratio. The banks are sinuous. Concerning vegetation, local species adapted to wet conditions were planted (alder, willow, poplar). Design capacity of the
WWTP is 350 PE. It has been operated since August 2009.
2.1.2. Wahlbach
This wetland is divided in two ditches operating in parallel
(Fig. 2). It was built by excavation; natural soil was kept in place.
The banks are sinuous. Design capacity of the WWTP is 800 PE. It
is in operation since September 2010. The incoming ﬂow-rate from
the WWTP is supposed to be divided into two equal parts to feed

Fig. 2. Wahlbach Surface Flow Treatment Wetland.

the ditches. However, when experiments were carried out in July
2013, an extreme storm event which occurred in June 2013 deeply
affected wetland morphology: the ﬂood greatly damaged vegetation and led to sediment deposition which obstructed ditch # 2.
Consequently, ditch # 2 was disconnected during the experiments.
2.1.3. Lutter
Lutter WWTP receives sewage from approximately 970 PE. The
SFTW is made of a shallow water pond of 750 m2 (Fig. 3). It was
built by excavation. Bottom of the wetland is made of clay to
ensure imperviousness, as the natural soil displays relatively high
permeability. The banks have a low slope. When the WWTP was
commissioned in September 2009, depth was variable inside the
wetland. Yet at the time of the experiment bathymetry was modiﬁed due to suspended solids settling, essentially from WWTP inlet
by-pass during storm events. Vegetation is only present near the
banks.
2.2. Tracer application and measurement
In order to derive Residence Time Distribution, two ﬂuorescent
dyes were used as tracers:
 uranine, also called ﬂuorescein (UR, C20 H10 Na2 O5 );
 sulforhodamine B (SRB, C27 H29 N2 NaO7 S2 ).

Fig. 1. Liebsdorf Surface Flow Treatment Wetland.

For each wetland, an instantaneous pulse of tracer was injected
at the inlet (just after the Venturi channel used to measure incoming ﬂows). In Liebsdorf and Wahlbach, SRB and UR experiments
were conducted separately: SRB was injected at day and UR at
night to avoid photochemical decay [24]. For Lutter wetland, the
residence time was almost 5 days and photolysis could not be
avoided: SRB and UR were injected simultaneously. Fluorescent
tracer concentrations were determined continuously by a ﬁlter
ﬂuorometer connected to a peristaltic pump operating
continuously at 1 L s1. Efﬂuent was pumped downstream the outlet Venturi channel. The ﬂow-through ﬂuorometer GGUN-FL30
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experiment. This conditions is obviously difﬁcult to achieve in
full-scale WWTPs [27]. The average ﬂow-rates measured at the
outlet of the SFTWs during the experiments are presented in
Table 2. Despite the intermittent feeding of the WWTP, ﬂow-rate
variations were buffered due to ﬁltration within the two-stage
reed beds located upstream the investigated SFTWs. Flow-rate variation coefﬁcients were always below 20%. Nevertheless, these
variations were considered in the computation of transport parameters (see Appendix A).
2.4. Computation of hydrodynamic transport parameters
Transport parameters derived from tracer breakthrough curve
analysis included values presented in Table 2. For detailed calculation procedure, see Appendix A.
2.5. Modeling
Systemic modeling computations and parameter optimization
were performed using RTD software (Cheminform, St. Petersburg).
The systemic model was then coupled with ﬁrst-order kinetic
model using the software package AQUASIM [28].
3. Results and discussion

Fig. 3. Lutter Surface Flow Treatment Wetland.

(Albilia, Neufchâtel, Switzerland) [25] allowed parallel measurements of UR and SRB down to concentrations of 0.02 lg L1 for
UR and 0.2 lg L1 for SRB. Fluorometer readings were calibrated
on site by water samples collected at the same location and spiked
with known tracer amounts. Calibration range was 0–3500 lg L1
and 0–200 lg L1 for SRB and UR, respectively. The tracer injected
mass was adapted according to the expected hydrodynamic characteristics of each studied wetland [26] and ﬂuorometer calibration range. The required tracer mass (powder formulation) was
then measured in the laboratory (Table 1) before the experiments
and diluted on-site within a sufﬁcient volume of local water (1 L
for UR and 10 L for SRB). Water pH and temperature may alter ﬂuorescence readings performed by the ﬁeld ﬂuorometer [25]. They
were therefore monitored continuously using YSI 6920 probes
(YSI, Yellow Springs, OH, USA) located at the SFTW’s outlet during
all the experiments. The observed variations (Table 1) were not signiﬁcant given the correction factors determined by Smart and Laidlaw [24].

2.3. Flow-rates and hydraulic mass balance
Inlet and outlet ﬂow-rates were monitored continuously by
combination of the built-in exponential section venturis (ISMA,
Forbach, France) with ISCO 4230 Bubbler ﬂow meters (Teledyne
Isco, Lincoln, NE, USA). All the experiments were conducted in
dry weather conditions so no precipitation has to be considered.
In Liebsdorf and Wahlbach, no difference was observed between
inlet and outlet ﬂow-rates during the experiments: evaporation
and evapotranspiration losses were thus negligible as well as inﬁltration. In Lutter, only 5% of incoming water was not recovered at
the outlet. The interpretation of tracer data according to Residence
Time Distribution theory requires constant ﬂow-rate during the

In this study, three SFTWs used for sewage tertiary treatment
were assessed for their hydrodynamic properties through application of two ﬂuorescent tracers (UR and SRB). Tracer breakthrough
curves are ﬁrst analyzed qualitatively in order to draw the global
trends of hydrodynamics within the system. Then, transport
parameters derived from RTD analysis are compared. Finally, a systemic modeling approach is proposed to describe hydrodynamics
and tracer behavior for each investigated wetland by coupling to
ﬁrst-order kinetics when necessary.
3.1. Evaluation of the conservative behavior of ﬂuorescent tracers
Literature mentions that SRB and UR are not conservative tracers. SRB is often reported to be adsorbed by mineral surfaces such
as alumina and silica [29] but not readily by humus [24]. In case of
signiﬁcant adsorption, the RTD should be delayed and broadened
due to the generation of a retardation factor [19]. This was not
observed during this study (Fig. 4). As the bottom of the studied
wetlands was covered by organic sediments from wastewater, signiﬁcant contact between SRB and mineral surfaces can be
excluded. Moreover, tracer recoveries for SRB were always higher
than 80% (Table 2), very close to those of UR. Hence, no signiﬁcant
differences of tracer recoveries between SRB and UR could be evidenced given the fact that detection limit for SRB is 10 times higher
than for UR. Finally, SRB can be considered as a conservative tracer
in the context of the present study, so SRB breakthrough curves can
be used to derive the RTD. UR tracer experiments were performed
at night for Liebsdorf and Wahlbach wetlands. Thus, photochemical decay did not occur and UR was assumed conservative for these
two experiments [24]. Conversely, UR recovery was low in Lutter
wetland (32.9%): indeed, the experiment lasted 5 days and photolysis occurred during the day. In that case, UR breakthrough curve
cannot be used to derive hydrodynamic parameters but this result
shows the potential of pollutant mitigation by photodegradation
[30].
3.2. Qualitative analysis of RTD curves
Monitoring of tracers concentrations at the outlet of the wetlands (following pulse injection at the inlet) allowed the derivation
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Table 2
Transport parameters derived from RTD analysis.
Liebsdorf

Q (m3 h1)
R (%)
t1 (s)
v max (m h1)
Short-circuiting index (%)
s (h)
t (h)
v (m h1)


Pe
N
k
SPA (mg mg1)

Wahlbach

Lutter

SRB

UR

SRB

UR

SRB

UR

3.60  0.51
86.1
2490
54.9
5.0
13.9
2.3
16.5
0.164
1.3
1.5
0.05
0.175

3.27  0.64
92.6
3000
45.6
5.5
15.3
2.9
13.1
0.190
0.9
1.3
0.05
0.162

13.56  0.54
100.0
990
338.2
10.4
2.7
0.8
116.2
0.297
7.9
4.5
0.24
0.232

12.79  0.12
100.0
1200
279.0
11.8
2.8
0.8
116.2
0.277
9.4
5.3
0.23
0.165

3.76  0.64
83.7
8160
–
2.0
113
19.2
–
0.170
1.3
1.5
0.06
0.294

3.76  0.64
31.1
8160
–
2.0
113
–
–
–
–
–
–
0.619

of the RTD function EðtÞ. The shape of EðtÞ function is ﬁrst evaluated qualitatively to assess the global trends concerning ﬂow in
the studied wetlands (short-circuiting, recirculations. . .) (Fig. 4).
3.2.1. Liebsdorf
The RTD curves obtained at Liebsdorf SFTW are presented in
Fig. 4a. The two curves displayed quite similar trends:
 the measured minimum travel time was similar with 41 and
50 min for SRB and UR, respectively, corresponding to a slow
maximal longitudinal velocity of about 0.01 m s1 (Table 2);
 the distribution is monomodal and exhibits a relatively long
tail. Stagnant waters, especially near the banks, may have been
caused by both strong vegetation cover (see Fig. 1) and slow
velocities encountered;
 almost 2 h after tracer injection, a shoulder is observed on the
SRB curve. This comes from unequal division of the incoming
ﬂow to two parallel ditches. This was comforted by visual
observations at the outlet of the system.
3.2.2. Wahlbach
The RTD function obtained at Wahlbach SFTW exhibited similar
patterns, with a monomodal dispersion (Fig. 4b). However, the tail
was slightly longer for UR, probably due to the lower detection
limit for UR than for SRB. The measured minimum travel times
were 990 and 1200 s for SRB and UR, respectively corresponding
to a relatively high maximal longitudinal velocity of about
0.1 m s1 (Table 2).
3.2.3. Lutter
The two RTDs (Fig. 4b) are typical of a system with large internal recirculations. Due to the relatively rapid recirculation compared to throughﬂow, the wetland is acting as one large stirred
tank; hence, the observed RTD is simply the superposition of the
recirculation pattern and the exponential decay of a Continuous
Stirred Tank Reactor (CSTR) [31]. This recirculation is more likely
due to pond shape (Fig. 3) than to thermal stratiﬁcation/destratiﬁcation processes linked to daily variations of sun exposition.
Indeed, it was typical for this type of systems without internal bafﬂes [32,33]. The assessment of solar radiation correlated with vertical temperature proﬁles (not performed during this study) could
help to conﬁrm this hypothesis.
3.3. Quantitative assessment of transport parameters
In order to assess quantitatively hydrodynamics of the investigated SFTWs, transport parameters were derived from RTD functions for both ﬂuorescent dyes (Table 2). Comparison of the

characteristics of studied wetlands as well as the characterization
of tracers behavior were subsequently performed.
3.3.1. Mean residence time, effective volume, hydraulic efﬁciency
The three investigated wetlands were of different sizes and
nominal hydraulic residence times (see Table 1). Thus, the measured mean residence times should be in the order Lutter > Liebsdorf > Wahlbach. This hypothesis is conﬁrmed by the t values
displayed in Table 2. However, they were all far below their corresponding nominal hydraulic residence times. The effective volume
was therefore very low compared with the design volume. This
underlines wetlands evolution since their commissioning: vegetation development as well as sediments accumulation might have
decreased the available volume. In Wahlbach, the clogging of one
ditch after a storm event, mentioned in Section 2.1 had obviously
a huge impact. As a consequence, the hydraulic efﬁciency k, which
takes into account the effective volume ratio  was low for all the
investigated SFTWs.
3.3.2. Minimum travel time, maximum ﬂow velocity and shortcircuiting index
The maximum ﬂow velocity v max was computed for Liebsdorf
and Wahlbach SFTWs as they exhibit ditch shapes (Table 2). Due
to the shape of Lutter SFTW, the characteristic length could not
be evaluated, v max would not be consistent and was not computed.
v max had a signiﬁcant higher value in Wahlbach than in Liebsdorf
which is consistent with the trends observed for mean residence
time. The short-circuiting index was the lowest in Lutter, which
suggests that it behaves closer to a CSTR than Liebsdorf and Wahlbach SFTW [34].
3.3.3. Flow patterns
Liebsdorf and Wahlbach wetlands behave like Plug-Flow Reactors (PFRs) with dispersion; hence, the RTD was monomodal and
the mean residence time almost corresponded to the centroid as
showed in Table 2: approximately 60% of tracer mass had left the
system for t ¼ t. It must be pointed out that it was not the case
for Lutter where strong internal recirculations occurred, giving a
multimodal RTD curve: tracer mass recovery at mean residence
time was only 33% for SRB.
The calculated Peclet numbers allowed to distinguish different
mixing regimes: the very low values in Liebsdorf indicates a high
level of dispersion related to the long tails of the curves. Conversely, moderate values were observed in Wahlbach. This suggests that advective transport was more pronounced, which is
consistent with the higher ﬂow velocities observed (Table 2).
Two reasons could explain this observation: on the one hand, clogging of ditch # 2 obviously increased the ﬂowrate in ditch # 1 and
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dispersion occurring in Liebsdorf than in Wahlbach suggests that
vegetation cover generate friction and water velocity heterogeneity as already mentioned in many wetland studies [35–38]. Conversely, Chyan et al. [34] also related the number of CSTRs in
series with different porosities induced by vegetation cover in a
pilot-scale SFTW: they found that it was decreasing with increasing porosity and thus decreasing vegetation cover. However, the
hydraulic loading rates used in Chyan et al. [34] study were much
higher (98–425 cm d1) than those encountered during the present
study (less than 10 cm d1) and might have increased the CSTR
behavior for high porosity.

3.3.4. Speciﬁc peak attenuation
Tracer retention parameters proposed by Lange et al. [30] could
not be used as the tracers were assumed conservative in the conditions of the study except for UR in Lutter (see Section 3.1). Mitigation capacity could therefore not be attributed to photolytic
decay or sorption. Acute toxicity of contaminants often depends
on peak concentration. Peak attenuation could therefore represent
an important mitigation capacity of wetlands. Lange et al. [30]
introduced the SPA. Lutter SFTW had the highest potential for
SRB peak attenuation, followed by Wahlbach and Liebsdorf
(Table 2). Photolytic decay of UR in Lutter drastically increased
SPA of Lutter SFTW.

3.3.5. Comparative evaluation of the three SFTWs for tertiary
treatment
Given the much higher residence time in Lutter SFTW in comparison with the two others, this wetland probably displays the
best efﬁciency for sewage tertiary treatment. In terms of hydraulic
optimization of the available volume, Wahlbach SFTW will be the
best suited due to its higher hydraulic efﬁciency index (Table 2):
the impact of dead or stagnant zones on pollutants mitigation
mechanisms is minimized. However, the highest SPA of Lutter
SFTW makes this system able to attenuate more efﬁciently pollutants output concentrations below potential regulatory or ecotoxicity thresholds. In the following section, systemic modeling of the
three SFTWs should provide a deeper insight onto wetlands
efﬁciencies.

3.4. Systemic modeling

Fig. 4. RTD obtained for SRB and UR in the three SFTWs.

thus mean ﬂow velocity. On the other hand, the low dispersion
could be linked to the lower vegetation density. For Lutter wetland,
Peclet number value was low, indicating a high overall dispersion
likely due to both low velocities and internal recirculations.
Lange et al. [30] mentioned that vegetation density and water
depth were the most important factors for tracer/contaminant
retention in different wetlands. They mainly related this mitigation
to sorption on sediments and vegetation leading to considerable
SRB losses, even at high ﬂow velocities and short contact times.
In the conditions of the present study however, the conservative
behavior of SRB was demonstrated and no inﬂuence of vegetation
on sorption could then be evidenced. However, the higher

In the previous section, strong non-idealities and important differences were identiﬁed for the three investigated SFTWs. A better
process understanding and optimization can be achieved thanks to
mathematical models. Hence, the hydrodynamics of these systems
should be modeled in details in conjunction with kinetic models.
The classical models such the simple TIS or the more complex OTIS
[20,21] describe ﬂuid ﬂow in only one direction. Very important
recirculation ﬂuxes occurring for instance in Lutter cannot be properly represented with such models. As stated by Alvarado et al.
[32], inappropriate mixing model structure will result in using
degrees of freedom of the biokinetic model to calibrate the combined model, which is bad modeling practice. In the present case,
there is a need to increase complexity of the hydrodynamic model
in order to capture the features of each studied wetland. A systemic modeling approach [39], also referred as compartmental
approach in Levenspiel [31] is proposed. The model structure is
then based on the description of the SFTW as a network of elementary reactors (ideal CSTRs or PFRs) [39]. The systemic model structures are shown in Fig. 5 whereas the corresponding ﬁtting of RTDs
is presented in Fig. 6. SRB breakthrough curves were used to build
and evaluate models goodness of ﬁt as this tracer was assumed to
behave conservatively over the three investigated wetlands.
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3.4.1. Models description
3.4.1.1. Liebsdorf. Each ditch constituting the system can be divided
into a central zone where preferential ﬂow occurs surrounded by
stagnant zones located near the banks. The systemic model proposed includes two branches in parallel with 1/3–2/3 repartition
of the inﬂuent discharge. Each branch consists of a PFR with dispersion exiting either directly to the outlet of the system or to a CSTR
describing stagnant zones. Fitting of the model yielded a Pearson
correlation coefﬁcient of 0.99.
3.4.1.2. Wahlbach. For the conditions encountered during the
experiments, the RTD from Wahlbach wetland could easily be ﬁtted to a PFR with dispersion model (Fig. 6b) with the following
parameters: Pe = 8.6 and t = 0.8 h. Fitting of the model yielded a
Pearson correlation coefﬁcient of 0.76.
3.4.1.3. Lutter. The ﬁtting of a TIS or PFR with dispersion model to
the experimental RTD was not possible due the periodic exponential decay observed (Fig. 4c). The periodic behavior suggests a
strong internal recirculation and no several ﬂow-paths with different hydraulic properties as in the Multi-Flow Dispersion Model
proposed by Małoszewski et al. [40]. This latter model could be ﬁtted to the present data but would not represent the physics of Lutter SFTW. Hence, the chosen modeling approach was the one
proposed by Levenspiel [31] and Thýn and Hansson [41]. The corresponding systemic model structure consists of a TIS model
(6 ⁄ 14.145 m3 CSTRs) with a recirculation branch modeled as an
ideal PFR (53.46 m3). The recirculation ratio was estimated at
200% of the incoming ﬂow-rate. The following protocol was developed and applied to estimate model parameters according to
experimental data:
 extraction of the ﬁrst peak of the distribution and extrapolation;
 ﬁtting of the extracted peak with TIS model allowing to determine both mean residence time t1 and number of CSTRs in series N;
 graphic determination of the time period p between two successive peaks;
 the retardation factor (i.e. the residence time in the recirculation branch) is estimated by p  t1 ;
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Fig. 6. Experimental (SRB) and modeled RTD wetland in the three SFTWs.

 ﬁnally, a parameter optimization algorithm can be run in order
to reﬁne the different parameter values.
The results of RTD ﬁtting to the model is shown in Fig. 6c. Fitting of the model yielded a Pearson correlation coefﬁcient of 0.88.

Fig. 5. Structures of the systemic models.

3.4.2. Comparative evaluation of the three SFTWs for tertiary
treatment
In the previous section, the derivation of transport parameters
from RTD statistical analysis showed that Wahlbach wetland displayed the best hydraulic efﬁciency. If reaction orders > 1 are
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Fig. 7. Modeled vs. experimental uranine concentrations monitored at the outlet of
Lutter SFTW.

assumed for pollutant mitigation kinetics, Plug-Flow Reactors are
theoretically best suited [5]. However, hydraulic efﬁciency index
and calculation of N from statistical analysis do not capture the
more complex ﬂow behavior observed in Liebsdorf and Lutter.
Indeed, the proposed systemic model structure of Lutter SFTW
consists of 6 CSTRs in series with recirculation. Thus, better pollutants mitigation could be expected due to a higher plug-ﬂow
behavior than in Wahlbach.
3.4.3. Tentative coupling of uranine photochemical decay kinetic with
Lutter systemic model
UR exhibited strong photolytic decay in Lutter SFTW and recovery was only 31.1% (Table 2). However, it is very difﬁcult to obtain
photochemical decay rates suitable to ﬁeld conditions because
decomposition is dependent on dye concentration and light intensity [24]. In order to assess the robustness of the hydrodynamic
model proposed in the previous section, a ﬁrst-order decay rate
equation was added in the model. Simulation results were compared to experimental UR breakthrough curve. The value of the
ﬁrst-order decay rate constant was taken at 0.1 h1 which is in
the order of magnitude of the values reported by Smart and Laidlaw [24]. A 12 h light-darkness alternance was set up in the model
in order to switch on or off photochemical decay according to day–
night variations.
The trend of experimental uranine breakthrough curve was
reproduced by the model (Fig. 7). However, the ﬁrst peak is highly
overestimated. A parameter optimization algorithm failed to converge towards a better ﬁrst-order decay rate constant value. Phenomena and uncertainties due to ﬁeld conditions could explain
this observation:
 the hydrodynamic model itself slightly overestimated the ﬁrst
peak (Fig. 6c);
 the proposed kinetic model does not account for light intensity
variations due to cloudy or sunny conditions that may induce
high variations of the ﬁrst-order decay coefﬁcient. For instance,
Von Möser and Sagl [42] reported values varying from 0.015 to
0.26 h1 for cloudy and sunny conditions, respectively.
4. Conclusions and perspectives
The present study demonstrates that:
 The three investigated wetlands exhibited very different hydrodynamic properties with ditches tending to Plug-Flow Reactor
(PFR) with dispersion behavior whereas the pond underwent
strong internal recirculation.

 The hydraulic efﬁciency index was very poor for all investigated
wetlands, mainly due to low value of effective volume compared to the design volume. Sediment deposition as well as vegetation cover development may explain this result. Mean
residence times were lower in the ditches (1–3 h) than in the
pond (mainly 20 h).
 Very high dispersion was evidenced in Liebsdorf ditches with
strong vegetation cover and low velocities which induced a long
tail on the RTD curve. Conversely, the relatively higher velocities encountered in Wahlbach ditch and the lack of vegetation
cover due to a previous ﬂood event induced moderate levels
of dispersion.
 The various sizings and shapes of tertiary treatment SFTW
strongly inﬂuence their hydrodynamic properties and in turn
their contaminant mitigation capacities. The design of new systems should include the optimization of both shape and vegetation cover which deeply impact the ﬂow and degree of
dispersion within the systems. This could be for instance:
geometry optimization to ensure hydraulic efﬁciency, setting
up a zone with increased depth where particulate pollution
could be more easily collected in order to maintain the working
volume. For existing wetlands, results from annual tracer experiments and systemic modeling should help practitioners to
assess the change on the hydrodynamic behavior due to the system aging (sediments deposition and vegetation cover). Hence,
appropriate maintenance could be carried out in order to ensure
efﬁcient volume utilization for pollutant mitigation.
 Classical Tank-In-Series modeling could be insufﬁcient to
describe complex hydrodynamics occurring in SFTWs. Three different model structures are proposed to accurately simulate the
Residence Time Distribution of the three investigated wetlands.
 The coupling of a biokinetic model could be easily performed and
accurately describe the fate of contaminants within the systems
as it was evidenced in the present study for photolytic decay.
The next step would be the calibration of RTD data with mechanistic models such as Computational Fluid Dynamics in order to
predict velocity ﬁeld and turbulence. This would improve systemic
models conceptualization, calibration and validation. The optimized systemic models could then be coupled to biokinetic models
such as River Quality Model # 1 [43]. This concept would allow the
optimization of tertiary treatment SFTW sizing and conception, in
the framework of additional nutrient removal as well as micropollutants mitigation focusing on substances partially removed during
conventional biological treatment (e.g. pharmaceuticals residues).
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Appendix A. Computation of the hydrodynamic parameters
Tracer recovery
The recovery of tracer (%) is calculated as follows :

R1
R¼

0

QðtÞCðtÞ dt
 100 ¼
M

P

Qðt i ÞCðt i ÞDt i
 100
M

ðA:1Þ
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Residence Time Distribution (RTD)

r2h ¼

The RTD function EðtÞ can be deﬁned as EðtÞDt = fraction of
incoming water that stays in the wetland for a length of time
between t and Dt. It is calculated as follows:

EðtÞ ¼ R 1
0

Q ðtÞCðtÞ
Q ðt i ÞCðt i Þ
¼P
Qðt i ÞCðt i ÞDt i
QðtÞCðtÞ dt

ðA:2Þ

1
N

ðA:8Þ

Effective volume fraction and hydraulic efﬁciency
The effective volume fraction

 is deﬁned as:

Calculation of transport parameters

Q t t
¼ ¼
V
s

From C(t) and E(t) functions, parameters characterizing the
hydrodynamics of the studied systems were derived.

Persson et al. [6] proposed the hydraulic efﬁciency index (k) to
quantitatively describe the RTD curve position and distribution, in
order to compare the design of wetland systems.

Minimum travel time and short-circuiting index
The minimum travel time (t1 ) identiﬁes short-circuiting. It is
deﬁned as the shortest time of travel from the inlet to the outlet,
determined by the fastest ﬂow paths through the wetland. Theoretically, this is the elapsed time between the introduction of tracer
at the inlet and the detection of tracer at the outlet [14]. The maximum ﬂow velocity v max is obtained by dividing t1 by the length of
SFTW in the ﬂow direction. The short-circuiting index is deﬁned as
the ratio of t1 over the nominal hydraulic residence time s.

k¼



1
1
s
N
t

ðA:10Þ

Speciﬁc Peak Attenuation
Peak attenuation can be an important mitigation capacity of
wetlands. In order to compare systems of different sizes, Lange
et al. [30] introduced speciﬁc peak attenuation SPA (mg mg1).

SPA ¼

Mean-residence time [31,5] and mean velocity

ðA:9Þ

M
C max  V

ðA:11Þ

The mean residence time t is deﬁned by:

t ¼

Z

1

tEðtÞ dt ¼

X

References

ti Eðt i ÞDt i

ðA:3Þ

0

 is then obtained
The mean ﬂow velocity in the axial direction v
by dividing t by the length of SFTW in the ﬂow direction.
Variance and dimensionless variance [31,5]
Variance is a measure of the RTD curve’s spread.

r2 ¼

Z

1

2

ðt  tÞ EðtÞ dt ¼

0

X

t 2i Eðt i ÞDt i  t 2

ðA:4Þ

The variance can be rendered dimensionless by dividing by the
square of the mean residence time, which gives r2h :

r2
r2h ¼ 2
t

ðA:5Þ

Evaluation of dispersion by the Peclet number
The Peclet number represents the ratio between the advective
and dispersive contributions to solute transport within the system.
It is one of the parameters of the 1D Plug-Flow Reactor with dispersion model [31]. It is deﬁned by:

Pe ¼

v L
D

ðA:6Þ

Here D considers the contributions of molecular, eddy and kinematic dispersion within the studied system. The Peclet number is
linked to the RTD through the dimensionless variance (large deviation from ideal-ﬂow, closed-closed boundary conditions) [31]:

r2h ¼

2
2

ð1  ePe Þ
Pe Pe2

ðA:7Þ

Derivation of a TIS model
The number N of Continuous Stirred Tank Reactors representing
the wetland is calculated from the dimensionless variance
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