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ab s t r ac t
This paper refers to the dynamic of nitrogen removal in wastewater stabilization ponds (WSP) in 
Northern Greece. Three full-scale WSP systems treating municipal wastewater and consisting of one 
facultative pond, one or two maturation ponds and a rock filter before the final discharge were inves-
tigated. Systems were monitored during a year. The kinetic constants of ΤΝ, N-NH±

4, N-NO–
3 removal 

were determined. For this aim the first-order model, the second-order model, the Kadlec and Knight 
model, the Stratton model and the Reed model were used. The models assessment, the accuracy and 
reliability of the results are evaluated by comparison with existing real data. The Kadlec and Knight 
model give the best adjustment. The biodegradation rate constant (KT) of TN ranges from 0.0316 to 
0.0416 md–1, of N-NH±

4 from 0.013 to 0.0415 md–1 and of N-NO–
3 from 0.00265 to 0.01005 md–1. The 

constants KT have a strong positive correlation with the organic input load and the dissolved oxygen 
(DO) concentration of WSPs. The study estimates these essential design parameters pertaining to local 
conditions to optimize the design considerations and sizing requirements. The estimated parameters 
can effectively be applied in sizing WSPs under Mediterranean or similar climatic conditions.
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1. Introduction

Stabilization ponds have been used for wastewater treat-
ment for a number of years. The first recorded construc-
tion of a wastewater stabilization pond (WSP) system was 
in 1901 in San Antonio, Texas, in the USA [1]. Nowadays, a 
large number of these systems are used worldwide for the 
treatment of municipal and industrial wastewater, under a 
wide range of weather conditions ranging from the tropics 
to the Arctic [2,3]. The main reasons for their popularity are 
the construction simplicity, the low cost and the low energy 
requirements [4]. However, although in many countries 
WSPs are a particularly popular treatment method, in Greece 
there are only a few active WSP systems, representing only 
8% of municipal wastewater treatment plants in the country. 
These systems serve from 500 to 4,000 equivalent populations 
(e.p.) in rural areas exclusively [5]. Moreover, the research 
and the information about the WSPs operation in Greece are 

limited. Thereby, in this research, it was chosen to investigate 
three WSP systems in Northern Greece, treating municipal 
wastewater with the aim of estimating the reaction rate con-
stants of specific pollutants TN, N-NH

±

4 and N-NO
–

3 removal 
mechanisms.

The BOD and TSS removal WSPs capacity is fairly well 
documented and quite reliable. However, less attention has 
been given on the ability of nitrogen removal via WSPs and 
its impact on the system design, although there are world-
wide a large number of literature studies for the conversion 
of nitrogen and its removal from aqueous systems and soil 
[6–12]. The different environmental and ecological condi-
tions in the various ecosystems have the effect of different 
nitrogen conversion rates. Regarding the kinetics of nitro-
gen removal, there are a few reports in the literature. Most 
of them concern lab-scale researches about ANAMMOX 
systems [13–19]. Gholizadeh et al. in 2015 [20] give infor-
mation about the nitrogen removal kinetics of a full-scale 
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constructed wetlands system treating municipal wastewa-
ter in Iran. Concerning this issue, there is a lack of infor-
mation about the WSP systems. One of the objective of this 
research was the determination of nitrate removal rates 
in facultative and maturation WSPs under Greek climate 
conditions and wastewater composition, since the nitrate 
removal is directly related to factors such as the tempera-
ture, pH, DO and the organic load [1,21]. Another objective 
was to determine the suitability and usefulness of differ-
ent models, either available from the literature or newly 
developed. The models were compared by using statistic 
efficiency criteria, by which the lack of fit of the models 
was compared.

2. Materials and methods

2.1. Study area

All the three systems are situated in a lowland area in 
mainland of northern Greece in latitude φ: 41° up to 41°15’ N, 
longitude λ: 23°21’ up to 23°36’E and altitude from 14 to 52 m, 
in a Mediterranean climate. They treat only domestic waste-
water and consist of one facultative pond, one (N. Skopos) or 
two (Vamvakofito, Charopo) maturation ponds and a lime-
stone rock filter before the final discharge for algae filtration. 
The wastewater discharge becomes through an open channel 
of 0.75 m2 vertical section. Every system has a different total 
hydraulic retention time (HRT). Skopos’ HRT is 18.6 d, for 
Vamvakofito is 68.7 d and for Charopo 72.4 d.

The inflow is considered constant for each WSPs system 
and equal to the outflow. Each WSPs system has different 
design and functional features (Table 1).

2.2. Data

To determine the input and the output TN, N-NH
±

4, 
N-NO

–

3 loads for each system, instantaneous samples were 
taken from the inflow of the 1st pond and the outflow of 
the last pond, from October 2006 to September 2007, twice a 

month, at least [22]. During the months with the highest and 
lowest temperature, the sampling was done with a weekly 
frequency. The samples were collected approximately at 
the same morning period, while meteorological data were 
recorded. The samples were placed into 1,000 mL poly-
ethylene bottles, and were transferred immediately to the 
wastewater laboratory of Serres City [23]. To enhance the 
range and accuracy of data, each of the samples was analyzed 
separately twice, with methods proposed by Simplified 
Laboratory Procedures for Wastewater Examination [24] 
and the averages were considered. The measurement of total 
nitrogen TN was done by a photometer UV-VIS, the N-NH

±

4 
was measured by the volumetric turbidimetric method and 
N-NO

–

3 by Brucine method with a spectrophotometer. The 
pH measurement was performed in the field by potentio-
metric method with an equipment pH/Cond340i. Daily 
meteorological data were obtained from the National 
Meteorological Service (NMS), Serres office. The climate is 
classified as dry to semi-humid with excess of water in win-
ter. The mean monthly air temperatures are from 4°C up 
to 29°C. The average annual temperature is 15.2°C and the 
average annual rainfall is 37.37 mm. The winds in the area 
are very weak and do not exceed 6 km h–1. The water tem-
perature was recorded locally in the days of sampling. The 
inflow and the outflow rates were measured with handheld 
electromagnetic flow meter, with the assumption that the 
wastewater supply was constant during the day.

Table 2 presents data for BOD5, COD, DO, TN, N-NH
±

4 
and N-NO

–

3 inflow and outflow concentrations and sys-
tems’ removal efficiency. The outflows, regarding nitrogen 
and COD concentrations, are within the limits laid down 
by the Greek legislation (125 mg L–1 and 15 mg L–1, respec-
tively). However, it is not true in the case of BOD5; the limit 
is 25 mg L–1.

The WSPs as open natural systems, subject to the laws of 
nature and are influenced by local weather conditions. Thus, 
their operation and performance are affected. So, the outflow 
data have been corrected by mass balance method, to elimi-
nate errors from atmospheric precipitation and evapotrans-
piration, as many researchers believe that the mass balance 
is the most authoritative method to approach mechanisms 
and parameters that determine the performance of natural 
systems and the changes occurring in these [25–27]. The 
mass balance described by the general expression [28]; mass 
accumulation is equal to mass input minus the mass output 
± mass generation or mass consumption. The water balance 
estimation described by the Eq. (1), uses the principles of con-
servation of mass in a closed system:

Q Q Iout in PET= + − 	 (1)

where Qout is the wastewater outflow quantity [m3 d–1], Qin is 
the wastewater inflow quantity [m3 d–1], I is the water quan-
tity which enters in the system via precipitation [m3 d–1] and 
PET is the water quantity which is lost from the system via 
evapotranspiration [m3 d–1].

The height of precipitation Hrain obtained by Hellenic 
Meteo Service, Bureau of Serres, and the height of evapo-
transpiration HPET has calculated with customizing 
Thornthwaite method due to the small number of required 
data for its implementation, compared with the model of 

Table 1
WSPs design and functional features

WSPs system Vamva-
kofito

Ν. Skopos Charopo

Inflow (m3 d–1) 121 152 137
HRT (d) 68.7 18.6 72.4
Total surface (m2) 6,016 2,112 7,415
Total volume (m3) 8,311 2,827 9,921
depth (m) F: 1.00–2.40

M: 0.75–1.50
F: 0.75–2.40
M: 0.70–1.50

F: 0.80–2.40
M: 0.70–1.50

m3 /e.p. 8.9 2.4 9.4
m2 /e.p. 6.5 1.8 7.0
m2 facultative 
pond’s /e.p

2.65 0.67 1.77

m2 maturation 
pond’s /e.p.

3.86 0.67 5.23

Note: F – Facultative pond, M – Maturation pond, e.p. – equivalent 
population.
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Perman–Monteith, which is considered more reliable [29]. 
The Thornthwaite model, in accordance with other research-
ers, gives a very good estimation of the water balance for the 
purposes of this research [30].

Having estimated, by Thornthwaite method, the height 
of evapotranspiration HPET and knowing the amount of Hrain 
precipitation, the change of ponds water level ΔH [cm] can 
be calculated. Multiplying ΔH by the surface of each system, 
changes in volume ΔV [m3] are estimated. Dividing ΔV by 
the number of each month days, the term ΔV d–1 [m3 d–1] is 
resulting, that is, the daily change of the ponds volume for 
each month. The term ΔV d–1 is subtracted from the initial 
daily flow Q and thus resulting a new term Q’. Multiplying 
the new daily flow Q’ [m3 d–1] by the mean of the concentra-
tions [mg L–1] and by the number of days, elapsed between 
sampling (d), the output mass Massout [kg] is estimated – with 
appropriate conversion of units. In the same way, the input 
mass system Massin [kg] is estimated too. The difference 
Massin – Massout determines the variation of mass throughout 
the study period.

2.3. Kinetic models

The corrected measurement fed into mathematical 
models in order to calculate the kinetic constants kT. In the 
literature, many mathematical models listed on the kinet-
ics of biomass change processes have been presented. The 
models used in this research are the most common models 
describing the TN, N-NH

±

4, N-NO
–

3 kinetic. They are (1) the 
first-order kinetic model, (2) the second-order kinetic model, 
(3) Kadlec and Knight model, (4) Straton model and (5) the 
Reed model.

2.3.1. First-order kinetic model

Assuming that the WSPs system has a complete mix flow 
and first-order kinetic, the rate of the pollutant concentration 
changes could be expressed as follows:

− = − −
dC
dt

QC
V

QC
V

k Cin out
out1 	 (2)

Under false-steady conditions, at the rate of substrate 

changes, the − = − −
dC
dt

QC
V

QC
V

k Cin out
out1 concentration is considered unimportant. 

Therefore, the Eq. (2) can be modified as follows [31]:

C C
k Cin out

outHRT
−

= 1 	 (3)

where Cin and Cout are the inflow and outflow pollutant con-
centration (mg L–1), respectively, HRT of pollutant in the 
WSPs, k1 the first-order constant of pollutant removal rate d–1.

2.3.2. Second-order kinetic model

It is usually used to describe the kinetic of activated 
sludge. The general equation describing the second-order 
kinetic is the following [32]:

dC
dt

k x
C
C

=








2

2

out

in

	 (4)

After the integral of Eq. (4) and then its linearization 
the formula [31] results:

Table 2
Systems’ inflow and outflow concentrations data and systems’ removal efficiency

Parameter WSPs
system

Influents (mg L–1)
concentration

Effluents (mg L–1)
concentration

Mean removal efficiency 
%

BOD5 Va 212.51 (110–420) 68.08 (38–95.0) 64.95
N.S 105.03 (56–204) 53.15 (33–79.0) 43.37
Ch 155.20 (102–201) 77.80 (49–105.4) 49.66

COD V 299.57 (132–621) 78.57 (48.0–99) 69.89
N.S 112.00 (58–216) 59.83 (35.6–83) 40.81
Ch 177.83 (108–245) 88.11 (52.8–121) 49.99

DO V 1.11 (0.3–2.5) 4.01 (2.2–6.0)
N.S 0.74 (0.4–2.1) 3.65 (2.8–5.5)
Ch 0.81 (0.5–1.3) 3.72 (2.9–5.5)

TN V 24.7 (12.6–38.3) 2.95 (1.1–4.7) 88.13
N.S 22.5 (20.6–24.3) 14.1 (13.9–14.3) 35.25
Ch 23.2 (22.9–23.5) 10.3 (10.2–10.4) 54.21

N-NH
±

4 V 19.5 (9.7–30.0) 2.0 (0.6–3.3) 90.02
N.S 17.7 (16.2–19.2) 10.7 (10.6–10.8) 35.57
Ch 18.1 (17.9–18.2) 8.0 (7.9–8.1) 55.27

N-NO
–

3 V 0.4 (0.1–1.0) 0.3 (0.1–0.9) 15.53
N.S 0.4 (0.2–0.7) 0.4 (0.2–0.6) 14.36
Ch 0.3 (0.2–0.3) 0.2 (0.2–0.3) 19.48

aV – Vamvakofito, N.S – N. Skopos, Ch – Charopo.
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C
C C

C
k x

in

in out

inHRT
HRT

−
= +

2

	 (5)

where x is the average concentration of biomass in the WSPs 
system (mg L–1), and k2 is the second-order constant of the 
substrate removal rate d–1.

2.3.3. Kadlec and Knight model

Kadlec and Knight [32] developed a model, for wetlands, 
that is a combination of the basic equation of the plug flow 
model and the aqueous mass balance. This model is known 
as K-C* model. It is a reversible first-order reaction equation 
and includes a non-zero substrate concentration. It describes 
better the removal of pollutants, as they cannot be reduced to 
zero in wetlands or in the ponds, due to the subsequent release 
of pollutants from the ponds into the treated water. The non-
zero background concentration represents in more realistic 
way the pollutants resulting from transformation processes 
within the sediments and from the interactions between the 
sediments and the wastewater. The main reason of these pro-
cesses is the production of organics from the decomposition of 
organic materials and the endogenous autotrophic processes 
[33,34]. The substrate utilization rate was directly related to 
the specific growth rate of heterotrophic bacteria in the sta-
bilization ponds, as also was shown by Panikov in 2000 [35] 
and Kayombo et al. in 2003 [36]. As the examined stabilization 
pond systems have characteristics similar with wetlands – no 
sludge removal throughout the years of operation and simul-
taneously a significant growth of self-sown reeds at the banks 
of the ponds (Fig. 1) – it was assumed that this model can be 
used. The K-C* model is written as in the Eq. (6) [32]:

k Q
A

C C
C C3 =

−
−









In in

out

*

*
	 (6)

where k3 is the first-order kinetic constant md–1 and C* is non-
zero background [mg L–1]. Q is the input flowrate [m3 d–1], 
A is the pond’s surface [m2]. The value of C* for wetlands, 
according to Kadlec and Knight [32], is equal to 1.5, 0, 0 for 
TN, N-NH

±

4, N-NO
–

3 respectively. In this research, the value of 
C* was examined in the range of 0 to 1.5.

2.3.4. The Straton Model (1968)

It gives the first-order kinetic constant of the ammonia 
nitrogen removal in stabilization ponds with the Eq. (7) [37]:

C
C

e dk tout

in

= − −( ) ,4 1 	 (7)

where t is the retention time [d], Cin, Cout are the WSPs inflow 
and outflow TN concentration [mg L–1], respectively. This 
model is proposed by Reed et al. [38]. According to Archer 
and O’Brien [39] and Picot et al. [40] it approaches the real 
facts of ammonia nitrogen removing better. According to 
Αrcher and O’Brien [39] the nitrification-denitrification mech-
anism has a more important role in the ammonia nitrogen 
removal than the volatility of ammonia. Ammonia volatility 
could be regarded as the main mechanism of the ammonia 
nitrogen removal, when the pH values are higher than 8.5. 
However, in WSPs water very low ammonia evaporation 
rates are expected as pH was less than 8.5. Zimmo et al. [41] 
reported that only the 1.5% of nitrogen removal is due to 
ammonia volatility.

The Reed Model [42–44] is stated in nitrogen removal for 
plug flow’s WSPs. The model is described with the Eq. (8):

C
C

e k t pHout

in

= − + −5 60 6 6 6[ . ( . )] 	 (8)

where t is the retention time [d], Cin, Cout are the WSPs 
inflow and outflow TN concentration [mg L–1], respectively.

2.4. Models evaluation

The evaluation of the models, the accuracy and reli-
ability of their results, were assessed by comparing the real 
observed values Cout of WSPs collected data with the pre-
dicted by the models’ equations values F(Cout). To evaluate 
model performance, efficiency criteria are defined as mathe-
matical measures of how well the model simulation fits the 
available observations [44]. For each WSPs system, the “k” 
values were obtained after the predicted values function 
optimization. The predicted values were generated from the 
applied models.

 

Vamvakofito WSPs system Charopo WSPs system 

Fig. 1. General view of WSP systems where be apparent the plants growth.
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The used efficiency criteria, in this study, was (1) the coef-
ficient of determination R2, defined as the squared value of 
the coefficient of correlation according to Bravais–Pearson. It 
provides a measure of how well observed outcomes are repli-
cated by the model, as the proportion of total variation of out-
comes explained by the model. The range of R2 lies between 
0 (no correlation) and 1.0 (the dispersion of the prediction is 
equal to that of observation). Τhe fact that only the dispersion 
is quantified is one of the major drawbacks of R2 if it is con-
sidered alone, it is advisable to take into account additional 
information which can cope with that problem. (2) The Nash-
Sutclife efficiency E. The range of E lies between 1.0 (perfect 
fit) and – ∞. An efficiency of 0 (E = 0) indicates that the model 
predictions are as accurate as the mean of the observed data, 
whereas an efficiency less than zero (E < 0) occurs when 
the observed mean is a better predictor than the model or, 
in other words, when the residual variance (described by 
the numerator in the expression above), is larger than the 
data variance (described by the denominator). Essentially, 
the closer the model efficiency is to 1, the more accurate 
the model is. (3) The unitized risk or coefficient of variation 
CV that is defined as the ratio of the standard deviation σ 
to the mean μ. It shows the extent of variability in relation to 
the mean of the population. CV measures are often used as 
quality controls for quantitative laboratory assays. The closer 
the CV value to zero, better the fit is. The combination of the 
above criteria gives more information about the efficiency 
of used equations. For the statistical and mathematical data 
analysis, the Microsoft Office EXCEL 2007 was used.

3. Results and discussion

The WSPs water temperature ranged from 5°C to 30°C 
and the pH value from 6.76 to 8.2 (Table 3). Gerardi, in 2006 
[45], reports that for pH between 7.3 and 8.0, the nitrification 
rate is stable and optimal pH value for nitrification ranges 
from 8.1 to 8.5. Bitton [46] indicates that the optimum pH 
value for Nitrosomonas and Nitobacter bacteria is ranging 
between 7.5 and 8.5. The dissolved oxygen (DO) values were 
higher than 2.2 mg L–1, in all the three systems (Table 3). The 
input and output loads vary from system to system and their 
performance in nitrate removal too [47]. In Table 3, the quali-
tative characteristics of the three WSP systems are presented.

The obtained values of “kTN”, after the mathematical and sta-
tistical processing of the collected data, according to the described 
above models, are presented as following in Tables 4–6.

Taking into account all the evaluation criteria (R2, E, CV) 
for the three WSP systems, the simple Kadlec and Knight 
model gives the best results for “kTN”. Each WSPs system, as 

an independent ecological system, operates with different 
nitrogen removal rate. So, for the Vamvakofyto, the kTN pro-
posed value is 0.0416 md–1. For N. Skopos WSPs system, the 
proposed value is 0.0316 md–1 and for the Charopo one is 
0.013 md–1. The differentiation of the C* value does not alter 
the k, but the value C* equal to 0 gives better coefficient of 
variation CV. A good adaptation of Kadlec and Knight model 
shows that this model can be applied for WSPs design with 
C* equal to 0. Gholizadeh et al. using the first-order kinetic 

Table 3
The qualitative characteristics of the three WSP systems

WSPs Input loads (mg L–1) WSPs qualitative characteristics

TN N-NH
±

4 N-NO
–

3 pH DO mg L–1 Τ°C

V 24.65 ± 6.20 19.45 ± 4.96 0.47 ± 0.22 7.63 ± 0.30 4.01 ± 0.91 16.4 ± 9.6
Ν.S. 24.47 ± 5.73 19.28 ± 4.50 0.41 ± 0.20 7.05 ± 0.32 3.65 ± 0.75 16.3 ± 9.7
Ch 23.17 ± 2.73 18.44 ± 2.39 0.42 ± 0.19 7.39 ± 0.24 3.72 ± 0.77 16.3 ± 9.7 

Note: V – Vamvakofito, Ν.S. – Ν. Skopos, Ch – Charopo.

Table 4
Vamvakofito – TN biodegradation rate constant (m.r.e. 87.5%)a

Kinetic 
model

1st 
order
d–1

2nd 
order
d–1

Kadlec and 
Knight
md–1

Straton

d–1

Reed

d–1

kTN 0.888 0.6676 0.0416 – 0.034
R2 0.229 0.136 0.720 – 0.268

E 0.672 0.581 0.975 – 0.704

CV 0.582 1.389 0.003 – 0.294

am.r.e.: mean removal efficiency adjusted by water balance.

Table 6
Charopo – TN biodegradation rate constant H

±

4 (m.r.e. 50.4%)

Kinetic 
model

1st 
order
d–1

2nd 
order
d–1

Kadlec and 
Knight
md–1

Straton

d–1

Reed

d–1

kTN 0.0984 0.0492 0.013 – 0.012
R2 0.226 0.016 0.472 – 0.006

E 0.885 0.772 0.986 – 0.947

CV 0.494 0.779 0.006 – 0.292

Table 5
Ν.Skopos – TN biodegradation rate constant H

±

4 (m.r.e. 33.8%)

Kinetic 
model

1st 
order
d–1

2nd 
order
d–1

Kadlec and 
Knight
md–1

Straton

d–1

Reed

d–1

kTN 0.0506 0.085 0.0316 – 0.077
R2 0.731 0.774 0.877 – 0.052

E 0.932 0.891 0.993 – 0.339

CV 0.586 0.760 0.029 – 0.559
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model for a full-scale constructed wetland found the value 
0.138. This value cannot be proposed since the coefficient of 
determination R2 was equal to –0.15. The Stover–Kincannon 
model gave optima results with R2 equal to 0.859.

The k values for the N-NH
±

4 biodegradation rate are 
presented in Tables 7–9 and the k values concerning on the 
N-NO

–

3 biodegradation rate are presented in Tables 10–12.
Based on all the evaluation criteria for the three WSP 

systems, the Kadlec and Knight model gives the best 
results for N-NH

±

4 biodegradation rate constant too. For the 
Vamvakofyto system, the k proposed value for N-NH

±

4 is 
0.045 md–1. For N. Skopos WSPs system, the proposed value 
is 0.0314 md–1 and for the Charopo one is 0.013 md–1. It is 
observed that the N-NH

±

4removal rate values are similar to 
those of the TN removal rate in all the three systems. The bio-
degradation rate constant of TN and N-NH

±

4 of Vamvakofito 
and N. Skopos WSP systems are within the limits described 
by the literature: from 0.1095 to 0.0137 and from 0.11 to 0.027 
md–1, respectively [32].

The nitrate nitrogen removal rate values were much 
lower than those of the total nitrogen and ammoniacal nitro-
gen in all the three systems. The Kadlec and Knight model 
gives in this case also the best results based on the evalua-
tion criteria. For the Vamvakofito WSPs system, the k value of 
N-NO

–

3 biodegradation rate is equal to 0.0027 md–1. For the N. 
Skopos system, the corresponding k value is 0.0093 md–1 and 
for the Charopo one 0.010 md–1. The plug flow Reed model 
gave good results too for the Vamvakofito WSPs system. The 
k value is for the ΤΝ biodegradation rate 0.034 d–1, for the 
N-NH

±

4 is 0.038 d–1 and for N-NO
–

3 is 0.0017 d–1, proving that 
is a plug flow system. The type of flow is also confirmed by 
a research of Gratziou et al., referred to the hydrodynamic 
characteristics of the Vamvakofyto WSPs. In the N. Skopos 
and Charopo WSP systems of the first-order kinetic model 
that refers to complete mix flow is better adapted for ΤΝ 
and N-NH

±

4 removal. The k values for N. Skopos system are 
0.0506 d–1 και 0.0504 d–1, respectively, and for the Charopo 
system the k value is equal 0.0984 d–1 both TN, N-NH

±

4.

Table 7
Vamvakofito- biodegradation rate constant of N-N H

±

4 (m.r.e. 
89.5%)

Kinetic 
model

1st 
order
d–1

2nd 
order
d–1

Kadlec and 
Knight
md–1

Straton

d–1

Reed

d–1

kTN 0.9873 0.6724 0.0450 0.311 0.0381
R2 0.196 0.0705 0.681 0.055 0.248

E 0.826 0.5408 0.970 0.430 0.669

CV 0.558 1.409 0.003 0.564 0.289

Table 8
N. Skopos – biodegradation rate constant of N-N H

±

4 (m.r.e. 
34.1%)

Kinetic 
model

1st 
order
d–1

2nd 
order
d–1

Kadlec and 
Knight
md–1

Straton

d–1

Reed

d–1

kTN 0.0504 0.0671 0.0314 0.369 0.0104
R2 0.726 0.779 0.892 0.698 0.635

E 0.976 0.900 0.994 0.908 0.969

CV 0.567 0.724 0.027 0.557 0.381

Table 9
Charopo – biodegradation rate constant of N-N H

±

4 (m.r.e. 
50.4%)

Kinetic 
model

1st 
order
d–1

2nd 
order
d–1

Kadlec and 
Knight
md–1

Straton

d–1

Reed

d–1

kTN 0.0984 0.0392 0.013 0.062 0.0158
R2 0.258 0.031 0.529 0.181 0.007

E 0.885 0.775 0.986 0.901 0.902

CV 0.494 0.774 0.006 0.476 0.293

Table 10
Vamvakofito- biodegradation rate constant of N-N H

±

4 
(m.r.e.11.2%)

Kinetic 
model

1st 
order
d–1

2nd 
order
d–1

Kadlec and 
Knight
md–1

Straton

d–1

Reed

d–1

kTN 0.0108 0.00004 0.00265 0.0087 0.00167
R2 0.937 0.934 0.950 0.931 0.942

E 0.974 0.977 0.991 0.985 0.989

CV 1.114 1.582 0.032 1.151 0.893

Table 11
N. Skopos- biodegradation rate constant of N-N O

–

3 
(m.r.e.12.5%)

Kinetic 
model

1st 
order
d–1

2nd 
order
d–1

Kadlec and 
Knight
md–1

Straton

d–1

Reed

d–1

kTN 0.0108 0.0003 0.0093 0.0098 0.0035
R2 0.984 0.987 0.997 0.984 0.993

E 0.993 0.988 0.999 0.993 0.998

CV 0.579 0.779 0.033 0.566 0.338

Table 12
Charopo – biodegradation rate constant of N-N O

–

3 (Μ.Α. 
13%)

Kinetic 
model

1st 
order
d–1

2nd 
order
d–1

Kadlec and 
Knight
md–1

Straton

d–1

Reed

d–1

kTN 0.0111 0.00007 0.01005 0.0026 0.081
R2 0.929 0.908 0.928 0.941 0.056

E 0.977 0.953 0.988 0.990 0.019

CV 0.967 1.251 0.964 0.027 0.768
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It is not appropriate to compare the above values with 
the results of other researches mentioned in the intro-
duction paragraph, since those researches are referred 
to systems with lab-scale different treatment process. 
Furthermore, the most of those studies did not concern 
municipal wastewater.

The input concentrations of ΤΝ, N-NH
±

4, N-NO
–

3 and their 
biodegradation rates “k” have a significant correlation with a 
coefficient of determination R2 higher than 0.92 (Fig. 2).

The correlation of DO concentration versus the biodegra-
dation rates “k” of ΤΝ, N-NH

±

4, N-NO
–

3 has R2 values higher 
than 0.76, 0.83, 0.99, respectively (Fig. 3).

 

  
 

 
 

Fig. 2. Correlations of ΤΝ, N-NH
±

4, N-NO
–

3 input concentrations Vs their biodegradation rates constants “k”.

 
 

  
 

 
 

Fig. 3. Correlations of DO Vs biodegradation rates constants “k”.
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4. Conclusions

Even though the climatic and hydrological conditions 
and terms are the same, each WSP systems have different 
characteristics and behavior, due to multi parameter factors 
of their complex ecosystem.

To determine the kinetic rate of nitrogen removal by 
WSPs, the Kadlec and Knight model gave the best results 
compared with the first- and second-order kinetic models 
and with the models proposed by Reed and Straton. The pro-
posed value of C* is zero.

The biodegradation rate constants values, kT, of the 
three WSPs in Northern Greece region, range for TN from 
0.0316 to 0.0416 md–1 (0.72 ≤ R2 ≤ 0.877), for N-NH±

4 from 0.013 
to 0.0415 md–1 (0.68 ≤ R2 ≤ 0.892), and for N-NO–

3 from 0.00265 
to 0.01005 md–1 (0.928 ≤ R2 ≤ 0.997). These values are within 
the limits described by the literature. 

The constants kT have a strong positive correlation with 
the input load concentration (R2 ≥ 0.924), as well as with DO 
system concentration, notably the N-NO–

3 constant removal 
rate (R2 > 0.99). As alternative, the prices kT in d–1 for ΤΝ 
k = 0.05 d–1 (R2 > 0.73), for N-NH±

4 k = 0.0504 d–1 (R2 > 0.72) and 
for N-NO–

3 k = 0.0035 d–1 (R2 > 0.99) are proposed.
The kinetic research is an essential tool for the investi-

gation of the model and the pollutant removal mechanisms 
as well as a great assistance in the design. The estimated 
parameters can effectively be applied in WSPs sizing under 
Mediterranean or similar climatic conditions.
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