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Abstract 10 

In this article, a mechanistic biokinetic model for nitrogen removal in free water 11 
surface constructed wetlands treating eutrophic water was developed, including 12 
organic matter performance due to its importance in nitrogen removal by 13 
denitrification. Ten components and fourteen processes were introduced in 14 
order to simulate the forms of nitrogen and organic matter, the mechanisms of 15 
autotrophic and heterotrophic microorganisms in both aerobic and anoxic 16 
conditions, as well as macrophytes nitrogen uptake and release. Dissolved 17 
oxygen was introduced as an input variable with a time step of 0.5 days for 18 
mimicking eutrophic environments: aerobic conditions were assigned during 19 
daylight hours and anoxic conditions during the night. The sensitivity analysis 20 
showed that the most influential parameters were those related to the growth of 21 
heterotrophic and autotrophic microorganisms. The model was properly 22 
calibrated and validated in two full scale systems working in real conditions for 23 
treating eutrophic water from Lake L´Albufera (València). In the studied 24 
systems, ammonium was mainly removed by the growth of autotrophic 25 
microorganisms (nitrification) whereas nitrate was removed by the anoxic 26 
growth of heterotrophic microorganisms (denitrification). Macrophyte uptake 27 
removed between 9-19% of the ammonium entering to the systems, although 28 
degradation of dead standing macrophytes returned a significant part to water 29 
column.  30 



1. Introduction 31 

During last decades, multiple efforts have been done in order to preserve 32 
natural water bodies from eutrophication. Reducing nutrient loads (mainly, 33 
nitrogen and phosphorus) by treating urban wastewater was an important step, 34 
but in some cases it was demonstrated to be insufficient for recovering water 35 
quality in eutrophicated systems (Martín et al., 2013). For example, in Sweden, 36 
where one of the major problems for surface water is eutrophication caused by 37 
the diffuse pollution from agricultural sources, 1574 constructed wetlands (CWs) 38 
were built between 1996 and 2006 with the aim of reducing agricultural runoff 39 
and restoring the Baltic Sea good ecological status (Arheimer and Pers, 2016). 40 
Furthermore, some experiences carried out worldwide have demonstrated the 41 
usefulness of CWs, both free water surface (FWSCWs) and subsurface flow 42 
(SSFCWs) configurations, for treating eutrophic water in order to remove 43 
nutrients and phytoplankton biomass (He et al., 2007; Li et al., 2008; Martín et 44 
al., 2013; Tang et al., 2009). 45 

CWs efficiency removal depends on a large amount of factors (e.g. inlet 46 
concentrations, loading rates, hydraulic configuration, vegetation cover, 47 
temperature and pH) whose influence can be different for each process. Given 48 
the complex task of taking into account the numerous interdependencies, 49 
modelling has been demonstrated to be a useful tool for simulating the 50 
performance of these systems and many typologies of models have been 51 
recently developed. Among them all, mechanistic or process-based models are 52 
considered to be the most useful for understanding systems performance 53 
(Langergraber, 2008). The vast majority of process-based models have been 54 
developed for simulating SSFCWs treating wastewater, being CWM1 55 
(Langergraber et al., 2009), CW2D (Langergraber and Šimůnek, 2005) and 56 
BIO-PORE (Samsó and Garcia, 2013) some of the most robust and widely 57 
accepted. However, this kind of models are less abundant for simulating 58 
FWSCWs and some of the available ones, such as Galanopoulos and 59 
Lyberatos (2016), include a limited number of components and interactions. 60 
Specifically, seven components and five processes are used in this model for 61 
simulating eutrophic water treatment in FWSCWs including nitrogen and 62 
organic matter forms, whereas phosphorus influence and interactions between 63 
water column and sediment layer were not considered. 64 

One of the most complete models for FWSCWs was developed by Gargallo et 65 
al. (2016), where total suspended solids, phytoplankton and phosphorus in 66 
eutrophic water were simulated taking into account the effects of avifauna and 67 
wind in resuspension processes, as well as vegetation cover (VC) in 68 
resuspension and sedimentation mechanisms. In this model, Gargallo et al. 69 
considered both organic and total inorganic phosphorus (OP and TIP, 70 



respectively, mg P L-1) and the last one was divided into soluble (DIP, dissolved 71 
inorganic phosphorus) and particulate (PIP, particulate inorganic phosphorus) 72 
fractions. Furthermore, phosphorus accumulated inside the phytoplankton cells 73 
was simulated by means of the component Pint (mg P mg Chl a-1). 74 

However, nitrogen forms and nutrient uptake by plants were not included in this 75 
model. 76 

The aim of this paper is (1) to develop a process-based model for nitrogen 77 
performance in free water surface constructed wetlands treating eutrophic 78 
water, (2) to calibrate and validate it in two full-scale systems working in real 79 
conditions and (3) to look into the main processes in relation to nitrogen 80 
removal, focusing mainly in nitrate and ammonium.  81 

2. Methods 82 

2.1 Site description and experimental data 83 

Experimental data for calibrating and validating the model was collected in a set 84 
of two FWSCWs located in the natural reserve area known as Tancat de la 85 
Pipa, in València (Spain). Calibration was carried out in the unit named as FG1 86 
(13509 m2) and validation in FG2 (18240 m2). These FWSCWs, which were 87 
planted with cattails (Thypa spp.), operated in series in order to treat 88 
hypertrophic water from lake L´Albufera.  89 

These systems were monitored from April 2009 to April 2012. During these 90 
three years they worked continuously, except in three periods that water input 91 
was stopped due to maintenance tasks. More details about CWs configuration 92 
and functioning can be found in Martín et al. (2013). 93 

Three points were studied for water quality: P0 at the inlet to FG1 and P1 and 94 
P2 at the outlet of FG1 and FG2, respectively. They were monitored every two 95 
weeks from April 2009 to October 2011, and monthly from November 2011 to 96 
April 2012 (n=64). Water samples were collected in 2L bottles, transported and 97 
preserved at 4ºC until they were analysed in laboratory, no later than 24 h. 98 
Ammonium, nitrate, nitrite, total nitrogen (TN), soluble and total chemical 99 
oxygen demand (CODS and CODT, respectively) were measured using the 100 
Spectroquant® Analysis System by Merck, while dissolved oxygen (DO), pH 101 
and temperature were measured in situ using portable field measurement 102 
equipment (WTW-Multi 340i). Phosphates, total phosphorus, phytoplankton and 103 
total suspended solids, as well as inflow, outflow, meteorological data and VC 104 
estimations obtained in Gargallo et al. (2016) and Martín et al. (2013) were 105 
used as input data for calibrating and validating the model. 106 



In order to establish the fractioning of the organic matter measurements into the 107 
organic components of the model (SS, Si, XS and Xi, see Table 1 in next section) 108 
one test was carried out in point P0 in February 2010. Particulate and soluble 109 
COD and BOD5 were measured in P0 (CODP=18.2, CODS=19.8, particulate 110 
BOD5=16.0, soluble BOD5=3.9 mg O2 L-1, respectively). Assuming that soluble 111 
BOD5 corresponds to Ss and total BOD5 to the sum of Ss and Xs, it was obtained 112 
that Xs and Xi correspond to 88% and 12% of CODP, respectively, whereas Ss 113 
and Si to 20% and 80% of CODS. These percentages were applied to CODT 114 
and CODS measured in the FWSCWs during the studied period. 115 

Once per season, from December 2011 to September 2012, DO and pH were 116 
measured every 15 minutes for 24 hours in points P0, P1 and P2. In these 117 
point, alkalinity was measured every three weeks from July to December 2015 118 
(n=8) using the methodology by APHA (1991). 119 

2.2  Model development 120 

The Activated Sludge Model series structure (Henze et al., 2000) was used for 121 
representing the processes involved in nitrogen removal. Matrix notation was 122 
used to represent the effect of each process on each component by means of 123 
the specific stoichiometric coefficients and processes kinetic rates. Components 124 
included in the model are listed in Table 1. The capital letter S was used for 125 
denoting soluble components and X for particulate ones. Following CWM1 126 
(Langergraber et al., 2009), SNO3 was assumed to include the sum of nitrite and 127 
nitrate concentrations and for stoichiometric calculations it was considered to be 128 
nitrate. Given the relation between nitrogen and organic matter performance, 129 
especially in the denitrification process, the later one was included in the model.  130 

Table 1. Description of the components included in the model. 131 
Components  Description Units 

1. SNH4  Ammonium concentration.  mg N L-1 
2. SNO3 Nitrate concentration. mg N L-1 
3. Ss  Reactive soluble organic matter concentration. mg COD L-1 
4. Si  Inert soluble organic matter concentration. mg COD L-1 
5. Xs  Reactive particulate organic matter concentration. mg COD L-1 
6. Xi  Inert particulate organic matter concentration. mg COD L-1 
7. XH  Heterotrophic microorganisms concentration. mg COD L-1 
8. XA  Autotrophic microorganisms concentration. mg COD L-1 
9. Xml Living macrophyte biomass. g COD m-2 
10. Xmd Dead standing macrophyte biomass. g COD m-2 

 132 

Organic nitrogen (ON), TN, CODS and CODT were obtained by adding the 133 
nitrogen or the organic matter content of the corresponding components (Eq. 1  134 
to Eq. 4), where iNXs, iNXi, iNSs and iNSi (mg N mg COD-1) are nitrogen content in 135 
XS, Xi, SS and Si, respectively, Xp (mg Chl a L-1) is phytoplankton concentration, 136 



iNXp (mg N mg Chl a-1) is nitrogen content in phytoplankton (XP) and iCODXp (mg 137 
COD mg Chl a-1) refers to organic matter content in phytoplankton.  138 

 ON = iNXs · Xs + iNXi · Xi + iNSs · Ss + iNSi · Si Eq. 1  
 
 TN = SNH4 + SNO3 + ON + iNXp · XP Eq. 2  

 CODS = Ss + Si + 4.57 · SNO3 Eq. 3  
 
 CODT = CODs + Xs + Xi + Xp · iCODXp Eq. 4 

 139 

The model proposed simulates the hydrolysis of the reactive particulate organic 140 
matter (Xs) by means of heterotrophic microorganisms in both aerobic and 141 
anoxic conditions. Hydrolysis produces soluble reactive and inert organic matter 142 
(Ss and Si) as well as ammonium, which is taken as nutrient supply by living 143 
macrophyte biomass (Xml), phytoplankton (XP), heterotrophic microorganisms 144 
(XH) and autotrophic microorganisms (XA) in their growth processes. The growth 145 
of XA generates nitrate that can also be used as nutrient by Xml and XP, 146 
although ammonium is preferred.  Nitrate is used as electron acceptor for XH 147 
growth in anoxic conditions, reducing it to N2 gas, which is not included in the 148 
model. Lysis of XH and XA, decay and respiration of XP and degradation of dead 149 
standing macrophyte biomass (Xmd) recycle ammonium and organic matter to 150 
the water column. On the other hand, interactions between water column and 151 
sediment layer are included through sedimentation processes of Xs and Xi, 152 
resuspension of nitrogen and organic matter content in sediments and diffusion 153 
of ammonium and nitrate. Sedimentation and resuspension processes are 154 
modelled following Gargallo et al. (2016). 155 

The preferential consumption of ammonium instead of nitrate by XP was 156 
modelled using the preferential factor FPNH4 by Thomann and Fitzpatrick (1982) 157 
(Eq. 5), where kmN is the saturation coefficient for ammonium. In macrophyte 158 
uptake, it was introduced as an inhibition function for ammonium in the nitrate 159 
uptake by plant (Rousseau, 2005). Uptake processes by macrophytes were 160 
simulated by adapting the first order rate processes used by Rousseau (2005), 161 
which in turn were based on the work of Wynn and Liehr (2001). They were 162 
considered to take place only during the growing season (GS) and 163 
consequently the step function δ(t,GS) was introduced: δ=1 if t ∈ GS and δ=0 if 164 
t ∉ GS, where t is the time. Nutrient uptake by macrophyte was considered to 165 
take place in the water column and the interaction between belowground 166 
biomass and sediments was not included.  167 

 FPNH4 = SNH4
SNO3

(kmN + SNH4)(kmN + SNO3)
+ SNH4

kmN
(SNH4 + SNO3)(kmN + SNO3)

 Eq. 5 

 168 



Volatilization of NH3 was not included in the model since this process has little 169 
significance if the pH is below 9.3, which is the case of FWSCWs. Also in 170 
SSFCWs, where pH varies between 7.5 and 8.0, this process is considered to 171 
be insignificant (Saeed and Sun, 2012). 172 

Following Gargallo et al. (2016), diffusion processes were modelled by 173 
modifying Fick´s first law with the parameter Kdifused, which takes into account 174 
porosity and tortuosity for modelling diffusion between water and sediments. 175 

In order to take into account the influence of phosphorus, phytoplankton and 176 
total suspended solids (XTSS), these variables were modelled according to the 177 
model developed by Gargallo et al. (2016). Matrix notation of the model for 178 
simulating nitrogen forms, organic matter as well as phytoplankton, phosphorus 179 
and total suspended solids is showed in Table 2, kinetic rates are presented in 180 
Table 3 and stoichiometric coefficients in Table 4. Processes 1 to 14 are newly 181 
developed in this study, whereas processes 15-24 are adapted from Gargallo et 182 
al. (2016). Apart from processes included in Table 2, resuspension by wind was 183 
modelled as Gargallo et al. (2016) in order to simulate resuspension of nitrogen 184 
and organic matter content in sediments.  185 

Processes 15 to 24 were modelled using the kinetic expressions by Gargallo et 186 
al. (2016), whereas the growth of phytoplankton was modified by including the 187 
Monod expression for the dissolved inorganic nitrogen, DIN, which is formed by 188 
the sum of ammonium and nitrate.  189 

Temperature influence was modelled using the modified Arrhenius Eq. 6: 190 

 KT = K20θT−20 Eq. 6 

 191 

where KT (d-1) is the value of the kinetic parameter at a certain temperature T, 192 
K20 (d-1) is the value of the kinetic parameter at 20ºC, θ stands for the coefficient 193 
of correction for temperature and T (ºC) is operating temperature. 194 

 195 

 196 



Table 2. Stoichiometric matrix of the model. Grey colour indicates processes adapted from Gargallo et al. (2016). The sub index bm refers to microorganisms 197 
composition. 198 

199 
Component → 
Process ↓ TIP Pint SNH4 SNO3 Ss Si XP XH XA XS Xi Xml Xmd XTSS 

1. Hydrolysis υ1TIP  υ1NH4  1- fhyd,Si fhyd,Si    -1     

2. Anoxic hydrolysis υ2TIP  υ2NH4  1- fhyd,Si fhyd,Si    -1     

3. Aerobic growth of XH -iPbm 
+iPSs/YH  -

iNbm+iNSs/YH  -1/YH   1       

4. Anoxic growth of XH -iPbm 
+iPSs/YH  -

iNbm+iNSs/YH -(1-YH)/(2.86YH) -1/YH   1       

5. Lysis de XH υ5TIP  υ5NH4  fbm,Ss   -1  υ5Xs fbm,Xi    

6. Growth of XA -iPbm  -iNbm-1/YA 1/YA     1      

7. Lysis de XA υ7TIP  υ7NH4  fbm,Ss    -1 υ7Xs fbm,Xi    

8. SNH4  uptake by Xml -iPXm  -iNXm         1   

9. SNO3  uptake by Xml -iPXm   -iNXm        1   

10. Xmd degradation υ10TIP  υ10NH4       1- fplant fplant  -1  

11. Diffusion of SNH4   1            

12. Diffusion of SNO3    1           

13. Sedimentation of XS          -1     

14. Sedimentation of Xi           -1    

15. Phosphorus uptake by XP -XP 1             

16. Growth of XP  - iPXp/XP -FPNH4· iNXp -(1-FPNH4)·iNXp   1       iTSSXp 

17. Decay of XP υ17TIP  υ17NH4  fXpSs·iCODXp  -1   υ17Xs fXpXi·iCODXp   -iTSSXp 

18. Lysis of Pint XP -1             

19. Respiration of Xp  υ19TIP  υ19NH4  fXpSs·iCODXp  -1   υ19Xs fXpXi·iCODXp   - 
iTSSXp 

20. Sedimentation of XP       -1       - 
iTSSXp 

21. Sedimentation of PIP -1              

22. Diffusion of DIP 1              

23. Sedimentation of XSST              -1 

24. Resuspension by avifauna          iCODsed    1 



 

Table 3. Processes kinetics.  200 

 201 

Table 4. Stoichiometric coefficients.  202 
υ1TIP = υ2TIP = iPXs − fhyd,Si · iPSi − �1 − fhyd,Si� · iPSs 

υ1NH4 = υ2NH4 = iNXs − fhyd,Si · iNSi − �1 − fhyd,Si� · iNSs 

υ5TIP = υ7TIP = iPbm − fbmSs · iPSs − iPXs · (1 − fbmSs − fbmXi) − iPXi · fbmXi 

υ5NH4 = υ7NH4 = iNbm − fbmSs · iNSs − iNXs · (1 − fbmSs − fbmXi) − iNXi · fbmXi 

 υ5Xs = υ7Xs = 1 − fbmSs − fbmXi 

 υ10TIP = iPXm − fplant · iPXi − �1 − fplant� · iPXs 

υ10NH4 = iNXm − fplant · iNXi − �1 − fplant� · iNXs 

υ17TIP = υ19TIP = iPXp − fXpSs · i CODXp · iPSs − (i CODXp(1 − fXpSs − fXpXi)) · iPXs − fXpXi · i CODXp · iPXi 

 υ17NH4 = υ19NH4 = iNXp − fXpSs · i CODXp · iNSs − (i CODXp(1 − fXpSs − fXpXi)) · iNXs − fXpXi · i CODXp · iNXi 

 υ17Xs = υ19Xs = i CODXp · (1 − fXpSs − fXpXi) 

Process Process rate 

1. Hydrolysis r1 = kh · θkhT−20
Xs/XH

kx + Xs/XH
 

DO
Khyd DO + DO XH 

2. Anoxic hydrolysis r2 = kh · Oh · θkhT−20
Xs/XH

kx + Xs/XH
 

Khyd DO

Khyd DO + DO 
SNO3

kNOH + SNO3
 XH 

3. Aerobic growth XH r3 = µH · θµHT−20
Ss

Ks + Ss
 

DO
KOH + DO 

SNH4
KNHH + SNH4

 
TIP · fd

KPH + TIP · fd
 XH 

4. Anoxic growth XH r4 = ηNO3 · µH · θµHT−20
Ss

Ks + Ss
 

KOH

KOH + DO 
SNO3

KNOH + SNO3
 

SNH4
KNHH + SNH4

 
TIP · fd

KPH + TIP · fd
XH 

5. Lysis of XH r5 = bH · θbHT−20 · XH 

6. Growth of XA r6 = µA · θµAT−20
SNH4

KNHA + SNH4
 

DO
KOA + DO 

TIP · fd
KPA + TIP · fd

 XA 

7. Lysis of XA r7 = bA · θbAT−20 · XA 

8. Diffusion of SNH4 r8 = DoNH4 · θd NH4
T−20 · (NH4sed − SNH4) ·

A
0.1 · V 

9. Diffusion of SNO3 r9 = DoNO3 · θd NO3
T−20 · (NO3sed − SNO3) ·

A
0.1 · V 

10. Sedimentation of 
XS r10 =

vsX
H · �1 + VC · Kveg sed� · XS 

11. Sedimentation of XI r11 =
vsX
H · �1 + VC · Kveg sed� · Xi 

12. SNH4 uptake by Xml r12 =
1
H · Kpl · θup plant

T−20 SNH4
KNHP + SNH4

 
TIP · fd

KPP + TIP · fd
 Xml · δ(t, GS)  

13. SNO3  uptake by Xml r13 =
1
H · Kpl · θup plant

T−20 SNO3
KNOP + SNO3

 
KNHP

KNHP + SNH4
 

TIP · fd
KPP + TIP · fd

 Xml · δ(t, GS)  

14. Plant degradation r14 =
1
H · Kdeg · θdegT−20 · Xmd 



 

2.3  Calibration and validation procedures 203 

Data collected in the set of FWSCWs in Tancat de la Pipa were used to calibrate and 204 
validate the model stated. Calibration was carried out in the FWSCW named as FG1 205 
by adjusting parameter values in order to obtain the best fit between simulated and 206 
observed data (April 2009-April 2012). Afterwards, the model was validated using the 207 
data from the FWSCW FG2. 208 

The model developed was implemented in the software AQUASIM (Reichert, 1994), 209 
which uses the variable-order Gear integration technique to solve differential 210 
equations (Reichert, 1998). Processes reactions were introduced as dynamic 211 
processes, components as state variables and the rest of parameters as programme, 212 
constant, real list or formula variables. The mixed reactor compartment configuration 213 
was used and defined by the volume of the wetland, active variables, active 214 
processes, initial conditions and inputs. Hydraulic performance of the systems FG1 215 
and FG2 was simulated such as in Gargallo et al. (2016) by applying a mass 216 
balance. 217 

Table 5. Initial conditions for the component concentrations in FWSCWs FG1 and FG2. 218 
Component Units Initial conditions 

FG1(calibration) FG2 (validation) 
SNH4  mg N L-1 0.134 0.005 
SNO3 mg N L-1 0.848 0.018 
Ss  mg COD L-1 4.82 4.96 
Si  mg COD L-1 19.28 19.84 
Xs  mg COD L-1 3.87 4.4 
Xi  mg COD L-1 0.53 0.6 
XH  mg COD L-1 0.001 0.001 
XA  mg COD L-1 0.001 0.001 
Xml g COD m-2 505.4 505.4 
Xmd g COD m-2 0.005 0.005 
TIP mg P L-1 0.421 0.093 
Pint mg P mg Chl a-1 0.52 0.52 
XP mg Chl a L-1 0.007 0.001 
XSST mg L-1 16.5 10.1 

 219 

Initial conditions were set to the concentrations measured in the outflow of the 220 
systems during the first sampling campaign (Table 5). Initial concentrations of both 221 
autotrophic and heterotrophic microorganisms were established in 0.001 mg COD L-1 222 
in order to recreate the start-up situation and to reduce the impact of imposed initial 223 
conditions (Samsó and Garcia, 2013). Microorganisms concentration in inflow water 224 
was assumed to be null. 225 

Regarding to macrophyte biomass, living and dead standing macrophyte biomasses 226 
were introduced as input data. Xml and Xmd were calculated from both VC and 227 
maximum aboveground biomass reported by Gargallo et al. (2016) and Hernández-228 



 

Crespo et al. (2016), respectively, since regular measurements of plant biomass 229 
were not available. Provided that FG1 and FG2 presented heterogeneous biomass 230 
distribution along their surfaces, it was considered that mean biomass density when 231 
the systems were fully vegetated (VC=1) was half the maximum value reported in the 232 
abovementioned study (i.e. 0.95 kg dw m-2, where dw means dry weight). Total 233 
biomass (Xml + Xmd) along the studied period was calculated by multiplying this 234 
maximum biomass density by the VC and applying the ratio 1.33 g COD g dw-1 235 
obtained from the same study (Hernández-Crespo et al., 2016). At the beginning of 236 
the studied period, Xmd was considered to be negligible in both CWs since fresh 237 
biomass was planted (Martín et al., 2013). Macrophyte biomass in FG1 was 238 
harvested in October 2010 and vegetation did not grow up again so the entire 239 
aboveground biomass existing during the studied period was considered to be Xml. 240 
On the other hand, FG2 was not harvested and vegetation started to globally decay 241 
from March 2010 until the end of the period (Oliver et al., 2016), thus a distribution 242 
between Xml and Xmd was established based on field observations (Figure 1). 243 

 244 

Figure 1. Estimated Xml and Xmd (g COD m-2) in (a) FG1 and (b) FG2 FWSCWs. 245 

Following the references compiled in Kadlec and Wallace (2009) for Typha spp., the 246 
growing season was considered to be from February to mid-September. 247 

Nitrification and denitrification processes, which are respectively modelled by means 248 
of the growth of XA and the anoxic growth of XH, are inversely affected by DO so they 249 
cannot occur at the same time within a completely mixed reactor compartment. In 250 
FWSCW these processes can be spatially separated since nitrification mainly occurs 251 
in areas where high DO concentrations are registered (e.g. near to water surface or 252 
near the rhizosphere) and denitrification takes places in water-sediment interface 253 
with lower DO concentrations (Babourina, 2012). Mainly due to phytoplankton 254 
photosynthesis and respiration, DO concentrations present notorious oscillations 255 
along one day in hypertrophic systems, which mostly depend on phytoplankton 256 
concentration, temperature, light intensity and nutrients availability. Since DO is an 257 
input variable in the proposed model, their values in the mixed reactor were 258 
introduced with a time step of 0.5 days. For each day, one of the values corresponds 259 
to diurnal conditions and the other one to nocturnal conditions, with linear 260 

a) b) 



 

interpolation connecting both points. Diurnal concentrations corresponded to 261 
biweekly measured values, which were interpolated between each measurement. 262 
Continuous monitoring carried out seasonally was used for assigning minimum 263 
observed values as nocturnal DO concentrations: 5.03 mg O2 L-1 in spring, 1.27 mg 264 
O2 L-1  in summer, 0.61 mg O2 L-1  in autumn and 3.51 mg O2 L-1 in winter (Figure 2). 265 

 266 

Figure 2. Seasonal daily evolution of DO concentrations in P1. 267 

 268 

Values of the parameters used in Gargallo et al. (2016) were kept invariable during 269 
the calibration procedure. 270 

The root mean square error (RMSE, Eq. 7) was used to evaluate the adjustment of 271 
the model by comparing simulated and observed outlet concentrations: 272 

 RMSE = �∑ (Yiobs − Yisim)2n
i=1

n
 Eq. 7 

 273 

where Yiobs and Yisim are observed and simulated concentrations, respectively, while 274 
n is the total number of observations. 275 

2.4  Sensitivity analysis 276 

The parametric sensitivity of the model was studied in order to evaluate the influence 277 
of each parameter in the model response. The relative sensitivity (Sx) (Hopkins, 278 
1983) shows the influence of each parameter k over each output variable i (Eq. 8).  279 



 

 Sx =
∆i

i�
∆k/k

 Eq. 8 

 280 

Mean values of SX over SNH4, SNO3, TN, CODT and CODS during the studied period 281 
were calculated in the system FG1 by introducing a variation of ± 10% (Δk = ± 0.1) 282 
over the calibration value of each parameter. 283 

3. Results and discussion 284 

3.1 Calibration and validation results  285 

First results obtained by implementing the developed model did not satisfactorily 286 
reproduce field measurements. Simulated concentrations were more similar to those 287 
measured at the inlet than at the outlet of the studied FWSCWs. For example, in the 288 
case of nitrate, which is mainly removed by anoxic growth of XH, mean 289 
concentrations of nitrate measured in P0 and P1 were 2.13 and 0.98 mg N L-1, 290 
respectively, whereas mean concentration simulated in P1 was 1.96 mg N L-1. Low 291 
average concentrations of XA and XH were found in the systems: in FG1, 2·10-5 and 292 
2.85 mg COD L-1, respectively. After carrying out some simulations and discarding 293 
important limitations due to the concentrations of substrates (e.g. SNH4, SS, SNO3)that 294 
could result in low values in the Monod expressions, it was stated that the mobility 295 
imposed to microorganisms (they were modelled as state variables) was generating 296 
those poor results. In order to solve this issue, the pattern used in CW2D for 297 
subsurface flow CWs (Langergraber and Šimůnek, 2005) was taken into account and 298 
microorganisms were considered to be immobile. They were not assumed to be 299 
floating in the water column but attached to available surfaces (e.g. surface layer of 300 
sediment, lateral banks in the FWSCW or submerged stems of vegetation). Provided 301 
that XA and XH were included as state variables in the model, an appropriate way to 302 
model their immobility feature in the mixed reactor in AQUASIM was to include a 303 
theoretical recirculation of microorganisms, considering that the large majority of 304 
them (99%) were immobile in the system. Including this assumption was possible 305 
because this model does not aim to accurately study the biofilm in FWSCWs but to 306 
simulate main trends in nitrogen removal using a process-based model which 307 
includes, among other, the response of autotrophic and heterotrophic 308 
microorganisms. Taking into account the immobility feature of the microorganisms, 309 
the mean nitrate concentration simulated in P1 was 1.03 mg N L-1, which is close to 310 
mean measured concentration. Mean simulated concentrations of XA and XH in FG1 311 
increased to 0.76 and 107 mg COD L-1, respectively, considering immobility feature. 312 

Other models such as Llorens et al. (2011) consider the mobility of microorganisms 313 
in CWs and include bacteria input in the inflow. However, the recirculation approach 314 



 

presents the advantage that microorganisms remain in the system and the influence 315 
of growth and lysis processes can be studied.  316 

On the other hand, an enhancement was needed in order to improve nitrate and 317 
organic matter simulation in FG1, where high values of RMSE were initially obtained 318 
(2.8 mg N L-1 for nitrate, 17.7 mg L-1 for CODT and 12.06 mg L-1 for CODS). It was 319 
stated that the lowest value for Monod expression during the studied period was 320 
obtained for SS (mean value of Monod expression for SS was 0.28, 0.90 for SNO3, 321 
0.66 for SNH4 and 0.86 for DIP). However, after some simulations, it was observed 322 
that nitrate and organic matter concentrations were better simulated when Monod 323 
expression for SS was fixed to 1. This value for organic matter limitation could be 324 
assumed because anoxic growth of XH takes place in the water sediment interface, 325 
where low DO concentrations occur and high organic matter accumulations were 326 
observed in this part of the system FG1. The results obtained by including this 327 
consideration better adjusted to observed data, especially for nitrate concentrations 328 
(RMSE for SNO3 was 1.09 mg N L-1, for CODT was 15.9 mg L-1 and for CODS was 7.6 329 
mg L-1), and they suggest that organic matter needed for anoxic growth of XH in 330 
system FG1 was supplied from these accumulations. 331 

However, SNO3, CODT and CODS were properly simulated in FG2 using Monod 332 
expression for SS (RMSE were 0.57 mg N L-1, 12.9 mg L-1  and 8.1 mg L-1, 333 
respectively) and the saturation coefficient for SS (kS) was calibrated to 0.005 mg 334 
COD L-1. It means that limitation related to SS in the anoxic growth of XH was weaker 335 
in FG2 because organic matter accumulations in this system were much smaller than 336 
in FG1 and therefore less SS was supplied by this source.  337 

Hereafter, the comparison between observed and simulated data for measured 338 
variables in FG1 and FG2 systems, including the abovementioned considerations, 339 
are presented (i.e. ammonium, nitrate, ON, TN, CODT and CODS).  340 

Figure 3 and Figure 4 show that the model was successfully calibrated and validated 341 
since the main trends of nitrogen forms and organic matter concentrations observed 342 
in both FWSCWs were properly simulated.  343 

Ammonium performance is well represented, showing better fitting when values are 344 
low. Furthermore, the model properly simulates the observed capacity of these 345 
FWSCWs for reducing ammonium peaks entering to the system. Despite the RMSE 346 
is high when comparing with mean inlet concentrations (Table 6), mean outlet 347 
observed and simulated concentrations are quite similar. Nitrate concentrations are 348 
successfully simulated in both systems. 349 

ON and TN simulations, which were calculated using Eq. 1 and Eq. 2, presented 350 
different performances. ON was successfully simulated in calibration and validation 351 
procedures (RMSE = 0.07 and 0.05 mg N L-1, respectively), whereas modelled TN 352 
concentrations were significantly lower than observed ones. 353 



 

Regarding organic matter, the best results were obtained for CODS (RMSE = 7.6 and 354 
8.1 mg L-1, respectively). Conversely, the poorest fitting was obtained for CODT in 355 
FG1 and it could be due to the aforementioned large amount of particulate organic 356 
matter accumulated in the bottom of this system.  357 

 358 

 359 

Figure 3. Temporal evolution of observed and simulated ammonium, nitrate, ON and TN 360 
concentrations in FG1 and FG2 FWSCWs. Triangles represent inlet concentrations, circles observed 361 
outlet concentrations and line simulated concentrations. Grey bars indicate dried periods in the CWs. 362 
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FG1 FG2 

FG1 FG2 

FG1 FG2 



 

 363 

 364 

Figure 4. Temporal evolution of observed and simulated CODT and CODS concentrations in FG1 and 365 
FG2 FWSCWs. Triangles represent inlet concentrations, circles observed outlet concentrations and 366 

line simulated concentrations. Grey bars indicate dried periods in the CWs. 367 

Table 6. Mean observed and simulated concentrations and RMSE obtained in calibration and 368 
validation procedures.  369 

  Ammonium 
(mg N L-1) 

Nitrate 
(mg N L-1) 

ON 
(mg N L-1) 

TN 
(mg N L-1) 

CODT 
(mg COD L-1) 

CODS  
(mg COD L-1) 

FG1 (calibration) 
Mean inlet observed 
concentration  0.490 2.13 0.49 3.8 33.2 22.2 

Mean outlet 
observed 
concentration  

0.233 0.98 0.09 2.6 38.0 23.4 

Mean outlet 
simulated 
concentration  

0.286 1.03 0.03 1.7 32.1 23.8 

RMSE  0.556 1.09 0.07 1.6 15.9 7.6 
FG2 (validation) 

Mean inlet observed 
concentration  0.230 0.97 0.09 2.5 37.8 23.4 

Mean outlet 
observed 
concentration  

0.240 0.62 0.07 2.1 35.1 25.1 

Mean outlet 
simulated 
concentration  

0.194 0.71 0.04 1.2 28.1 24.3 

RMSE  0.330 0.57 0.05 1.3 12.9 8.1 
 370 

The parameter values obtained in the calibration procedure are shown in Table 7 and 371 
Table 8. The maximum growth velocity of heterotrophic microorganisms obtained by 372 

FG1 FG2 

FG1 FG2 



 

Mcbride and Tanner (2000) for modelling nitrogen removal in SSFCWs with water 373 
level fluctuations was used, which is slightly lower than the value of 6 d-1 commonly 374 
used in SSFCWs models (Langergraber et al., 2009; Langergraber and Šimůnek, 375 
2005; Mburu et al., 2012; Samsó and Garcia, 2013).  376 

Regarding μA, the calibrated value was very similar to the growth velocity of second 377 
stage nitrifier microorganisms set by Reichert et al. (2001) (1.1 d-1), presenting an 378 
intermediate value between the 1 d-1 commonly used in CWM1, CW2D or BIO-pore 379 
and the value of 1.5 d-1 set by Pálfy and Langergraber (2014).  380 

Table 7. Stoichiometric parameters. 381 
Parameter Description Value Source 
Phytoplankton 

KmN Saturation coefficient for SNH4 (mg N L-1) 0.025 (1) 
Hydrolysis 

kh Hydrolysis rate constant (d-1) 3 (2) 
Oh Anoxic hydrolysis reduction factor 0.6 (2) 
Khyd DO Saturation/inhibition coefficient for oxygen (mg O2 L-1) 0.2 (2) 
kx Saturation/inhibition coefficient for hydrolysis (mg CODS mg CODbm-1) 0.1 (2) 

Heterotrophic bacteria 
μH Maximum aerobic growth rate (d-1) 5 (3) 
bH Rate constant for lysis (d-1) 0.4 (2) 
ηNO3 Correction factor for denitrification  0.8 (2) 
KNHH Saturation coefficient for SNH4 (mg N L-1) 0.05 (2) 
KNOH Saturation/inhibition coefficient for SNO3 (mg N L-1) 0.05 This study 
KS Saturation coefficient for SS (mg COD L-1) 0.005 This study 
KOH Saturation/inhibition coefficient for DO (mg O2 L-1) 0.5 This study 
KPH Saturation/inhibition coefficient for DIP (mg P L-1). 0.001 This study 
θμH Temperature coefficient for growth 1.0718 (2) 
θbH Temperature coefficient for lysis 1.0718 (2) 
θKh Temperature coefficient for hydrolysis 1.014 (2) 

Autotrophic bacteria 
μA Maximum growth rate (d-1) 1.2 This study 
bA Rate constant for lysis (d-1) 0.15 (2) 
KNHA Saturation coefficient for SNH4 (mg N L-1) 0.4 This study 
KOA Saturation coefficient for DO (mg O2 L-1) 1 (4) 
θμA Temperature coefficient for growth 1.1107 (2) 
θbA Temperature coefficient for lysis 1.1161 (2) 

Interaction with sediment layer 
vsX Sedimentation rate of Xs and Xi (m d-1) 0.03 This study 
DoNH4 Diffusion coefficient for SNH4 (m2 d-1) 1.71·10-4 (5) 
DoNO3 Diffusion coefficient for SNO3 (m2 d-1) 1.64·10-4 (5) 
θdifu NH4 Temperature coefficient for SNH4 diffusion 1.0237 (5) 
θdifu NO3 Temperature coefficient for SNO3 diffusion 1.0239 (5) 

Plants 
Kpl Plant growth rate (d-1) 0.028 (6) 
Kdeg Plant degradation rate (d-1) 0.0025 This study 
KNHP Saturation/inhibition coefficient for SNH4 (mg N L-1) 0.1 This study 
KNOP Saturation coefficient for SNO3 (mg N L-1) 0.1 (7) 
kPP Saturation coefficient for DIP (mg P L-1). 0.0005 This study 
θup plant Temperature coefficient for plant uptake 1.09 (8) 
θdeg Temperature coefficient for plant degradation 1.0524 (9) 

(1): Ambrose et al. (1988); (2): Henze et al. (2000); (3): Mcbride and Tanner (2000); (4): Langergraber 382 
and Šimůnek (2005); (5): Reddy and DeLaune (2008); (6): Hernández-Crespo et al.  (2016); (7): 383 
Kadlec and Knight (1996); (8): Asaeda and Karunaratne (2000); (9): Álvarez and Bécares (2006). 384 

Many saturation/inhibition coefficients were lower than those commonly used for 385 
treating domestic wastewater (Henze et al., 2000; Langergraber et al., 2009; 386 
Langergraber and Šimůnek, 2005; Samsó and Garcia, 2013) because hypertrophic 387 



 

water treated in FWSCWs FG1 and FG2 presented lower ammonium, nitrate and 388 
organic matter concentrations than domestic wastewater and lower 389 
saturation/inhibition coefficients were obtained for these variables. However, DO 390 
oscillations registered in the system provided higher inhibition/saturation coefficient 391 
for oxygen.  392 

Nitrogen content in Xp (iNXp) was calculated by applying the Redfield mass ratio to the 393 
phytoplankton composition obtained in Gargallo et al. (2016), whereas phosphorus 394 
content in phytoplankton entering to FG1 was set to 1.04 mg P mg Chl a-1. 395 

Regarding macrophyte composition, nitrogen content measured by Hernández-396 
Crespo et al. (2016) was used, which was lower than the value obtained by Romero 397 
et al. (1999) for Phragmites australis. This low content of nitrogen forced to fix lower 398 
nitrogen content, both in microorganisms and in organic matter forms than those 399 
usually used in order to accomplish mass balances. The plant growth rate set by 400 
Hernández-Crespo et al. (2016) was used and the calibrated plant degradation rate 401 
(Kdeg=0.0025 d-1) was very similar to the value of 0.0020 d-1 presented by Álvarez 402 
and Bécares (2006). 403 

Ammonium and nitrate concentrations in pore water in sediments were set to 404 
concentrations measured by Hernández-Crespo (2013) in sediments from Lake 405 
Albufera (NH4sed = 55 mg N L-1 and NO3sed = 0.4 mg N L-1, respectively). 406 

Table 8. Composition parameters. 407 
Parameter Description Value Source 

YH Yield coefficient for XH (mg CODbm mg COD SS-1) 0.63 (2) 
YA Yield coefficient for XA (mg CODbm mg N-1) 0.24 (2) 
fXpSs Fraction of SS generated in Xp decay and respiration (mg CODSs mg CODXp-1) 0.1 This study 
fXpXi Fraction of Xi generated in Xp decay and respiration (mg CODXi mg CODXp-1) 0.01 This study 
fbmSs Fraction of SS generated in microorganisms lysis (mg CODSs mg CODbm-1) 0.1 This study 
fbmXi Fraction of Xi generated in microorganisms lysis (mg CODSs mg CODbm-1) 0.01 This study 
fhyd,Si Fraction of Xi generated in hydrolysis (mg CODSi mg CODXs-1) 0 (2) 
fplant Fraction of Xi generated in plant degradation (mg CODXi mg CODXmd-1) 0.2 (10) 
iNXp N content of Xp (mg N mg Chl a-1) 7.52 This study 
iCODXP COD content of Xp (mg COD mg Chl a-1) 114.01 This study 
iNbm N content of microorganisms (mg N mg CDObm-1) 0.07 (2) 
iPbm P content of microorganisms (mg P mg CODbm-1) 0.01 This study 
iNXm N content of microorganisms (mg N mg CODbm-1) 0.07 (6) 
iNSs N content of SS (mg N mg CODSs-1) 0.003 This study 
iNSi N content of Si (mg N mg CODSi-1) 0.001 This study 
iNXs N content of Xs (mg N mg CODXs-1) 0.004 This study 
iNXi N content of Xi (mg N mg CODXi-1) 0.003 This study 
iPSs P content of SS (mg P mg DQO-1) 0.001 This study 
iPsi P content of Si (mg P mg DQO-1) 0.000 This study 
iPXs P content of Xs (mg P mg DQO-1) 0.001 This study 
iPXi P content of Xi (mg P mg DQO-1) 0.001 This study 
iCODsed COD content of sediments (mg COD mg TSS-1) 0.07 This study 

(10): Rousseau (2005). 408 

The influence of alkalinity on the growth of XA was studied by applying the Monod 409 
expression to the measurements carried out in points P0, P1 and P2 and using the 410 
value of 0.5 mole HCO3- m-3 for the saturation coefficient (Henze et al., 2000). The 411 
Monod expression for alkalinity presented a mean value of 0.84 for the three studied 412 



 

points and the minimum value was 0.76. These results suggested that alkalinity was 413 
not exerting a substantial limitation in the growth of XA. 414 

The model properly represents the accumulated removed masses of ammonium and 415 
nitrate in FWSCWs over time. Figure 5 and Figure 6 show the case of ammonium 416 
and nitrate during the studied period. It can be seen the goodness-of-fit between 417 
observed and simulated values in FG1, where the mean error is lower than 10%. The 418 
adjustment in FG2 is more adequate until January 2011 and from then on the model 419 
overestimates ammonium removal and underestimates nitrate removal. The main 420 
hypothesis is that it was produced by the decomposition of the stems cut by the 421 
herbivorous bird Porphyrio porphyrio (Gargallo et al., 2016; Hernández-Crespo et al., 422 
2016), which released ammonium in the water column and this contribution was not 423 
modelled.  424 

 425 

Figure 5. Accumulated mass of removed ammonium in FG1 and FG2. Points represent observed data 426 
and line simulated data. 427 

 428 

Figure 6. Accumulated mass of removed nitrate in FG1 and FG2. Points represent observed data and 429 
line simulated data. 430 

 431 
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3.2 Mass budgets for nitrogen removal 433 

Pathways for ammonium and nitrate removal were studied in order to highlight the 434 
main removal mechanisms in FWSCWs. The influence of each process was 435 
calculated in reference to the sum of all the masses entering with influent and 436 
internally recycled by the simulated processes in the model.  437 

In both FG1 and FG2 FWSCWs, ammonium was mainly removed by the growth of XA 438 
(Figure 7). In FG2 the contribution of this process was smaller in favour of the 439 
processes of heterotrophic microorganisms and plants. According to Oliver et al. 440 
(2016), the higher the VC, the higher the ammonium uptake by macrophytes, 441 
accounting 9% of the ammonium entering to FG1 and 19% to FG2. 442 

In the balance of ammonium, the mass consumed by the aerobic and anoxic 443 
processes of growth as well as the mass recycled in the lysis of XH were counted as 444 
a single value. It represents 12% and 17% of the ammonium in FG1 and FG2, 445 
respectively, which is in accordance with the observations by Saeed and Sun (2012). 446 
The growth of XP consumes less than 2% of the ammonium in the system. 447 

 448 

Figure 7. Budget of ammonium removal mechanisms in (a) FG1 and (b) FG2. 449 

The amount of ammonium recycled by internal processes is higher in FG2 and the 450 
most contributing processes are diffusion, aerobic hydrolysis, decay and respiration 451 
of XP (Figure 8). The ammonium recycled by macrophyte degradation is negligible in 452 
FG1 because vegetation was harvested after the first year of operation, before the 453 
senescence of the vegetation; however, it plays an important role in FG2 and adds 454 
8% of the recycled ammonium. Therefore, the importance of vegetation harvesting 455 
was confirmed. 456 

In both systems, anoxic hydrolysis and lysis of microorganisms represent less than 457 
5% of recycled ammonium.  458 

 459 

a) b) 



 

 460 

Figure 8. Budget of processes involved in ammonium recycling in (a) FG1 and (b) FG2.  461 

Regarding nitrate performance, it is mainly removed the anoxic growth of XH (Figure 462 
9), which is consistent with the general assumption that denitrification is one of the 463 
most important mechanisms for nitrate removal in constructed wetlands (Garcia et 464 
al., 2010; Saeed and Sun, 2012; Sánchez-Carrillo et al., 2011). Nitrate removal by 465 
macrophyte uptake was lower than 5% in both systems. Internally recycled nitrate 466 
represents 11% of the amount entering to both systems and it is fully produced by 467 
the growth of XA. 468 

 469 

Figure 9. Budget of nitrate removal mechanisms in (a) FG1 and (b) FG2. 470 

3.3 Sensitivity analysis results 471 

The results obtained in the sensitivity analysis (Table 9) showed that nitrate is the 472 
most sensitive component in the model developed, followed by ammonium. Organic 473 
matter forms (CODT and CODS, calculated by means of Eq. 3 and Eq. 4) are less 474 
sensitive to changes in the parameter values. The most influential parameters for the 475 
five output variables studied are those related to growth and lysis kinetics of XA and 476 

a) b) 

a) b) 



 

XH. Regarding temperature influence, ammonium is sensitive to temperature 477 
coefficient for the growth of XA and nitrate to temperature coefficient for the growth of 478 
both XA and XH, whereas TN is influenced by the temperature coefficient for the 479 
growth of XH. On the other hand, saturation coefficient for SNH4 and DO for the growth 480 
of XA are influential parameters in both ammonium and nitrate. Furthermore, TN is 481 
also sensitive to nitrogen content of XP. CODT and CODS are sensitive to growth and 482 
lysis rates of XH, its yield coefficient and the correction factor for denitrification. 483 

Table 9. Relative sensitivity (SX) ranking for simulated concentrations in the effluent. 484 
  SX SNH4 SNO3 TN CODT CODS 

> 1 μA μH, ηNO3, bH    
0.5 – 1 KNHA, bA, θμA μA, KNHA, bA,  YH μH, ηNO3,    

0.1 – 0.5 KOA, bH, YH θμA, Kh, θμH, KOA bH, iNXp, YH, θμH μH, bH, YH, ηNO3,  μH, bH, YH, ηNO3 
 485 

These observations are consistent with those carried out in Mburu et al. (2012) 486 
where it was stated that parameters with the highest sensitivities were those related 487 
to microorganisms kinetics and sorption processes, which were also included in the 488 
model CWM1-AQUASIM. Likewise, the results obtained also agree with the analysis 489 
carried out by Rousseau (2005) where ηNO3, KOA, θμA and θμH were demonstrated to be 490 
some of the most influential parameters in that model. 491 

4. Conclusions 492 

A process-based model following the structure of ASMs was developed for nitrogen 493 
forms simulation in FWSCWs treating eutrophic water. Using the software AQUASIM, 494 
it was properly calibrated and validated in two full scale systems operated for three 495 
years in real conditions. 496 

The development of this model implies a considerable progress on the insight in 497 
nitrogen removal in FWSCWs and conclusions obtained in this study provide useful 498 
knowledge for maximizing nitrogen removal efficiency in FWSCWs. 499 

The model includes the mechanisms related to heterotrophic and autotrophic 500 
microorganisms, phytoplankton and macrophytes. Immobility feature of the 501 
microorganisms was needed to be considered for properly reproducing observed 502 
concentrations in the effluent, so microorganisms were supposed to be attached in 503 
available surfaces. Aerobic and anoxic conditions were reproduced through diurnal 504 
and nocturnal oxygen oscillations, which are typical in hypertrophic water bodies. The 505 
effect of macrophyte uptake on nitrogen removal was simulated by means of the 506 
vegetation cover. 507 



 

Additionally, the quantification of the influence of each mechanism in ammonium 508 
removal showed that the main process for ammonium removal was the growth of 509 
autotrophic microorganisms, whereas anoxic growth of heterotrophic microorganisms 510 
was the most important process for nitrate removal. Plant uptake removed a 511 
substantial amount of dissolved inorganic nitrogen, especially in the system where 512 
vegetation cover was higher. Even so, an important quantity of ammonium was 513 
recycled in this system by plant degradation so appropriate harvesting could increase 514 
ammonium removal. 515 

Finally, future research would be necessary in order to improve organic matter 516 
modelling. Furthermore, more knowledge is needed for clarifying microorganisms 517 
distribution along the available surface in the system, which would allow to answer 518 
questions such as where processes take place into FWSCWs and how harvesting or 519 
losing macrophyte biomass affect to microorganisms community.   520 
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