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Abstract:  The paper investigates the performance of three stabilization pond systems in Northern Greece, treating raw domestic 
sewage, on phosphorus removal. Systems performance, in terms of concentration and mass of total phosphorus, is 
examined. The systems consist of a facultative pond and one or two maturation ponds in series with a limestone rock 
filter before the final discharge of wastewater. The average efficiency of the three systems in total phosphorus 
concentration removal ranged from 22% to 45%. The higher efficiency occurred in summer in the system with the 
larger facultative pond surface area per equivalent population. The average efficiencies of total phosphorus mass 
removal ranged from 16% to 43%. In summer, a significant reduction of the mass removal rate was recorded, which 
was relative to the concentration efficiency, especially in the system with the largest surface area. In each system, the 
total phosphorus removal efficiency was proportional to the BOD5 removal one.  
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1. INTRODUCTION 

According to Powell et al. (2008), phosphorus removal is one of the most difficult things to 
achieve in wetland and stabilization pond systems (WSPs). Up to nowadays there is no established 
method for designing ponds and wetlands for phosphorus removal. The reason for this is that there 
are no mechanisms to completely remove phosphorus from a stabilization pond or a wetland system 
(Strang and Wareham, 2006; Mbwele, 2006; Kayombo et al., 2004; Hamzeh and Ponce, 2014). 

These removal mechanisms depend on the phosphorus form in the sewage. Phosphorus (P) in 
wastewater appears almost entirely in the form of phosphates, which include organic phosphates 
and inorganic phosphates, polyphosphates and orthophosphate (Pycha and Lopez, 2015). In 
wastewater, the organic phosphorus is about one fifth of the total phosphorus (TP). At the outlet of 
WSPs, the organic P is approximately one third of TP and the inorganic P is two-thirds of TP 
(Hamzeh and Ponce, 2014). Orthophosphates are available for biological metabolism without 
further analysis. Usually, polyphosphates undergo hydrolysis and are converted to orthophosphate 
form. This process is usually very slow (Lenntech, 2015). Inorganic P is easily consumed by aquatic 
organisms. Some organisms are capable of storing the excess of phosphorus in the form of poly-
phosphates for future use. Simultaneously, a part of the organic phosphates constantly disappears in 
sediments, it is trapped in an insoluble form of precipitate (Pycha and Lopez, 2015). The removed 
phosphorus from the water column has to be stored somewhere else and the main mechanisms that 
occur in phosphorus removal depend on the phosphorus form in the sewage. In a WSP system, 
phosphorus removal is associated with precipitation, sedimentation and hiring of the algal biomass. 
Since the alkalinity increases during daylight hours, the phosphate is incorporated to TSS and 
precipitates off wastewater (Pycha and Lopez, 2015; Lenntech, 2015).  

Phosphorus removal from municipal wastewater via stabilization ponds ranges between 15-
50% (Picot et al., 1992; Racault et al., 1995; Garcia et al., 2000; Ghazy et al., 2008; Camargo et al., 
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2009; Mburu et al., 2013), i.e., it is rather poor. The Directive of the European Union (2000/60/EC) 
requires phosphorus removal rate of 75-80% in case of large scale sewage treatment plants that lead 
their outfalls into sensitive recipients. This reason created the need for appropriate technology to 
upgrade wastewater treatment systems in phosphorus (P) removal. 

The P removal processes in conventional wastewater treatment systems are expensive, energy 
consuming and requiring specialized staff (EPA, 2013; Keplinger et al., 2004). These processes are 
reliable and reasonable for large scale wastewater treatment plants (WTPs), but they are unpro-
fitable for small WTPs, that serve rural communities and settlements, due to economies of scale. In 
this case, the wastewater stabilization ponds (WSPs) may constitute an economical solution. Mara 
(1997) proposed that the best way to increase the phosphorus removal from wastewater by WSPs is 
to increase the number of maturation ponds. Strang and Wareham (2006) suggested to insert a 
limestone rock filter before the final maturation pond for phosphorus removal up to 77.8%, while 
Camargo Valero et al. (2009) suggested the addition of horizontal flow filters with blast furnace 
slag (blast furnace slag filter - BFS) for phosphorus removal of 75 to 99.8%.  

Although in many countries, WSPs are a particularly popular treatment method, in Greece there 
are only a few active systems representing only 8% of municipal WTPs in the country, serving from 
500 to 4000 equivalent population (E.P.), located solely in rural areas (Gratziou et al., 2013). The 
available information about the operation of WSPs in Greece and the relevant research are also 
limited. Lack of such information was the impetus to investigate three WSP systems situated in 
Northern Greece, treating municipal wastewater, pertaining to local conditions. This paper refers to 
P removal from untreated domestic sewage by WSP process in these selected systems.  

2. MATERIALS AND METHODS 

2.1 Study area  

The three systems are situated in rural area in the mainland of northern Greece (Figure 1) 
(latitude 41º to 41º15΄ N; longitude 23º21΄ to 23º36΄E; altitude 14 m to 52 m asl). The climate is 
classified as dry to semi-humid with excess of water in winter. The average monthly air 
temperatures very between 4 ºC and 29 ºC, with an average annual temperature equal to 15.2 °C and 
an average annual rainfall equal to 448.5 mm. The winds of the region do not exceed 6 km/h 
(National Meteorological Service of Greece); so the impact to the ponds sludge accumulation is 
rather insignificant. The systems treat only domestic wastewater and consist of one facultative pond 
of maximum depth of 2.40 m, one (N. Skopos) or two (Haropo, Vamvakofito,) maturation ponds in 
series of 1.50 m maximum depth, and a limestone rock filter before the final discharge for algae 
filtration. The entrance and exit of the wastewater in each pond are from one point, respectively, in 
a diagonal arrangement (Figure 2). The mean daily inflow is about constant for each WSP system, 
as shown in Table 1. The wastewater discharge is achieved through an open channel of 0.75 m2 
vertical section. Every system has a different startup time, dimensions, total hydraulic retention time 
(HRT), volumetric load and design features, as shown in Table 1.  

Each WSP system is a different ecosystem with its own specific features, with different abiotic 
factors such as the morphology of ponds basin, as well as biotic factors such as flora, 
phytoplankton, zooplankton, nutrients elements etc. In Figure 3, the different riparian flora that has 
grown in each WSP system is shown. These variations have as result different responses and 
feedbacks, and different rates of degradation and decomposition of organic matter and nutrient 
recovery (Emberlin, 2002). 
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Table1. Design and operational features of WSP systems 

 Operational and Design Features Haropo Vamvakofito Ν. Skopos 
Year of startup 1994 1989 1980 
Equivalent Population (E.P.) 1054 931 1169 
Inflow(m3/d) 137 121 152 
HRT (d) 72.4 68.7 18.6 
Total Volume (m3) 9921 8311 2827 
System’s Surface (m2) 7415 6016 2112 

Depth (m) F: 0.80-2.40 
M: 0.70-1.50 

F: 1.00-2.40 
M: 0.75-1.50 

F: 0.75-2.40 
M: 0.70-1.50 

m3 / E.P. 9.4 8.9 2.4 
m2 / E.P. 7.04 6.46 1.81 
m2 facultative pond /E.P.  1.78 2.63 0.91 
m2 maturation pond /E.P. 5.26 3.83 0.90  
Surface TP Loading (kg/ha/d) 11.53 17.14 2.841 

    F: Facultative pond, M: Maturation pond, E.P.: equivalent population 
 

  
(a) (b) 

Figure 1.  (a) Map of Greece, in red the prefecture where the WSP systems are located, (b) In green cycle the 
settlements served by WSPs. 

 

   
WSPs of Haropo WSPs of Vamvakofito WSPs of N.Skopos 

Figure 2.  A schematic plan view layout of the three systems (F: facultative pond, M: maturation pond, In: Inflow, Out: 
Outflow) 
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(a) Haropo (b) Vamvakofito 

 
(c) N.Skopos 

Figure 3. View of the three WSP systems 

2.2 Data 

To determinate the TP inflows-outflows concentration quality and the removal efficiency of each 
WSP system, instantaneous samples were taken, at least twice a month, from the inflow of the 1st 
pond and the outflow of the last pond, from October 2006 to September 2008. On January and June 
-with the lowest and highest temperature respectively- sampling was done at a weekly frequency 
(Chalatsi, 2014). In 2012, measurements were repeated in order to study the process of systems 
evolution. The samples were collected approximately at the same time in the morning, while meteo-
rological data were recorded. The samples were placed into 1000-mL polyethylene bottles and were 
transferred immediately to the wastewater laboratory of the City of Serres (Chalatsi, 2014). To 
enhance the range and accuracy of the data, each sample was analyzed separately twice, 
implementing methods proposed by the Simplified Laboratory Procedures for Wastewater 
Examination (Eaton et al., 2005) and considering the mean. The inflow and outflow rates were 
measured with a handheld electromagnetic flow meter, with the assumption that wastewater supply 
was constant during the day. In parallel, pH values were also measured by the potentiometric method 
using pH/Cond340i. Daily meteorological data were obtained from the National Meteorological 
Service (NMS). The water temperature was recorded in situ, during the days of sampling. 

2.3 Methods 

The WSPs are open natural systems. Therefore, they are influenced by local weather conditions, 
and their operation and performance are affected. Precipitation, for example, adds water in the 
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pond, so the contaminant concentrations in the effluent appear lower. On the other hand, 
evaporation has the effect of reducing the amount of water, whereby the effluent concentrations 
appear higher (Heliotis and DeWitt, 1983; Breen, 1990). For this reason the outflow concentration 
and mass data have been corrected by the mass balance method, to eliminate errors from atmo-
spheric precipitation and evaporation, 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 (Breen, 1990; Korkusuz et al., 2005; Kuo, 2015). 
The mass balance is described by the general expression (Ward and Robinson, 2000): mass 
accumulation is equal to mass input minus mass output + mass generation or mass consumption. In 
the case of this study, there are shallow ponds completely mixed without stratification (Gratziou et 
al., 2016), with more or less constant and low input phosphorus load. The residence times of the 
wastewater in the ponds are known and they are, relatively, short for lake ecosystems, so the 
relative influence of phosphorus processes in the ponds becomes less (Scheffer, 2004). In this case 
ponds can be viewed as simple blackboxes (Vollenweider and Keerekes, 1982). Therefore, it can be 
considered that the last term of the mass balance expression should be negligible and so omitted 
(Scheffer, 2004) accounting only for input and output phosphorus mass of ponds with a net loss of 
phosphorus to the ponds bottom sediments (Vollenweider and Keerekes, 1982). 

In this research, the main water inlet sources were sewage inflow quantity and the atmospheric 
precipitation, while outflows included the treated wastewater quantity and the evaporation 
(Korkusuz et al, 2005; Wynn and Liehr, 2001). Therefore, the water budget equation (Eq. 1) holds, 
which is based on the principle of conservation of mass in a closed system: 

𝑄!"# = 𝑄!" + 𝐼 − 𝑃𝐸𝑇                                                                   (1) 

where Qout is the wastewater outflow quantity (m3 d-1), Qin is the wastewater inflow quantity 
(m3 d-1), I is the additional water quantity which enters in the system via precipitation (m3 d-1), and 
PET is the water quantity which is lost from the system via evaporation (m3 d-1). 

The precipitation depth Hrain was provided by the Hellenic Meteo Service, Bureau of Serres, and 
the evaporation depth HPET was calculated based on Priestley-Taylor method due to the small 
number of required data for its implementation, compared to more complex equations such as the 
Perman-Monteith, which is considered more reliable (Ward and Robinson, 2000). The Priestley-
Taylor method, according to various researchers, gives a good estimation of evaporation for the 
purposes of this research (Xu and Singh, 2000; Gorjizade et al., 2014; Finch and Calver, 2008; 
Fernandes et al., 2012; Efthimiou et al., 2013). The used values of advection coefficient a were 1.29 
and 1.51 for the dry-warm (April-September) season and the cold-wet season (October-March), 
respectively, more suitable for Greece instead of the general value 1.26, according Demertzi et al. 
(2013). 

From the measured inflow and outflow TP concentrations in the three systems, efficiency was 
calculated based on Eq. (2): 

Concentration efficiency (%) = [(Cin-Cout) / Cin] x 100  (2) 

Having estimated the TP mass of inflows and outflows, the mass efficiency was calculated based 
on Eq. (3): 

Mass efficiency (%) = [(Μassin-Massout) / Massin] x 100 (3) 

The concentration and mass efficiencies were calculated per season and per year. 
Statistical analysis parameters were calculated with the use of Microsoft Office EXCEL 2007. 

The parameters were the maximum (max), minimum (min) and average (mean) value recorded in 
the systems’ inflows and outflows, the standard deviation (STDEV), and the variance  
s2 = !

!!!
x− x !!

!!! , where n is the number of samples, x is the measured value of the sample and 
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x is the mean value. With the help of linear regression, a simple mathematical relationship was 
produced between the inflow and outflow concentrations. The reliability of the equation was 
checked by the coefficient of determination R2. 

3. RESULTS AND DISCUSSION  

It was observed that the pH of the outflows of the systems was slightly increased (Table 2). This 
usually occurs due to algal activity, as it is reported in the literature (IWA, 2001; Mara, 2003). The 
pH values in the three systems ranged from 6.64 to 8.23 (Table 2), and were never outside the 
suggested values, which range from 6 to 9 for proper WSP operation (Mara, 2003; Hamzeh and 
Ponce, 2014).  

 
Table 2.  The pH values in the three WSP systems (minimum, maximum, average) 

WSPs system n Min Max Mean STDEV 
Inflow Outflow Inflow Outflow Inflow Outflow Inflow Outflow 

Haropo 84 6.87 7.03 7.95 8.10 7.30 7.40 0.24 0.24 
Vamvakofito   84 6.85 7.09 8.09 8.23 7.47 7.63 0.32 0.30 
Ν. Skopos 84 6.64 6.76 8.20 7.96 7.05 7.08 0.40 0.32 

n: number of samples 
 
The lowest concentrations were recorded in N. Skopos system, while the highest values in Vam-

vakofito (Table 3). The values of the outflow concentrations were lower than those measured in 
similar systems in Europe (Gratziou and Chalatsi, 2013), and the efficiencies of N. Skopos and 
Haropo were far less than those recorded in other WSP systems (Gratziou and Chalatsi, 2013). 
Vamvakofito system presented by far the best efficiency, followed by N. Skopos one. The lower TP 
removal efficiencies of N. Skopos and Haropo WSP systems could be attributed to the smaller 
facultative pond surfaces, as Mbwell (2006) state that approximately 90% of TP removal is 
achieved in facultative stabilization ponds. The WSP system of Vamvakofito has almost four times 
the facultative pond surface area per E.P. (m2/E.P.) compared to the N. Skopos system, and 1.5 
times more compared to the Haropo system (Table 1). The outflow standard deviations are very 
small (0.48 – 1.38 mg L-1), indicating the system stable operation, a criterion also mentioned by 
others (Papadopoulos et al., 2007). 

 
Table 3. Inflows - Outflows TP concentration (mg/L) and mean removal efficiency % 

WSP system Min Max Mean STDEV Efficiency 
Inflow Outflow Inflow Outflow Inflow Outflow Inflow Outflow % 

Haropo 2.10 1.60 6.20 4.90 4.51 3.49 1.32 1.00 22.53 
Vamvakofito 2.80 1.30 14.60 8.10 6.50 3.51 2.42 1.38 43.60 
Ν. Skopos 2.10 1.67 5.10 3.70 3.55 2.67 0.78 0.48 19.74 

The TP removal efficiency depends on the amount of phosphorus that leaves the water column 
and enters the sediments of the ponds. This occurs due to the precipitation of the organic P, the 
algae mass containment and the precipitation of the mineralization in comparison with the amount 
that is returned to the water column through the mineralization and redissolution. This effect 
becomes more intense at pH levels above 9.5. The pH of the ponds ranged around 7 to 7.5, so that 
redissolution of P was greater, which can be a reason of the low P removal efficiency of the three 
systems (Hamzeh and Ponce, 2014). The low efficiency could also be attributed to the fact that the 
accumulated sludge and sediments in the ponds of Haropo and Vamvakofito systems has never been 
removed during the years of their operation. Part of the mineral and mineralized P in the precipitate 
is redissolved and is presented in the effluent. 

Figure 4 presents the system efficiency for the years of the study. The declining trend of system 
efficiency over the years is obvious. The improved performance of N. Skopos system in 2012 was 
due to the removal, in summer 2011, of the sludge that had accumulated in the system, enhancing 
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the previous performance. 
 The effect of temperature on the performance is evident. As shown in Table 4, all the three 

systems were more efficient in summer, due to higher temperatures. The highest efficiency value of 
75% was recorded in August in Vamvakofito WSP system. 

It was observed that the phosphorus removal follows the BOD5 removal efficiency (Table 5). In 
the WSP systems of Haropo and N. Skopos, the TP removal efficiency was about half of the BOD5 
one, reaffirming Garcia et al. (2000). 

 

Figure 4. The mean efficiencies of TP concentration removal per year  

 
Table 4. Seasonal variation of concentration efficiency of TP removal 

Season           WSP System Efficiency % 
Haropo  Vamvakofito N. Skopos 

Spring 21.39 40.43 19.68 
Summer 23.57 55.24 20.83 
Autumn 23.11 47.59 18.53 
Winter 22.07 33.58 19.34 

 
Table 5. ΒΟD5 and ΤΡ Removal Efficiencies  

                                           WSP System Efficiency % 
 Haropo  Vamvakofito N. Skopos 
BOD removal efficiency (%) 49.66 64.95 43.47 
TP removal efficiency (%) 22.53 43.60  19.74 

Overall, the TP mass removal efficiencies had no significant deviations from the concentration 
efficiencies, and in some cases, they were almost identical. Only during the summer, a reduction of 
TP concentration efficiency, compared to the mass removal efficiency, was recorded, due to the 
intense evaporation resulting from greater sunshine and higher temperatures (Fig. 5). This 
phenomenon was more evident in the case of Haropo WSP system (Fig. 5a). This is attributed to the 
greater overall surface of the Haropo system, in comparison with the other two, with the outcome of 
stronger evaporation activity and an increase of TP mass efficiency. The correlation between the 
difference of the TP mass and the TP concentration efficiencies and the ponds surface was very 
strong with R2 =0.995. 

Table 6 presents the three WSP system mass efficiencies, as they have been calculated by the 
mass balance method, and also the concentration efficiencies, as extracted from sampling and 
measurements. 
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(a) Haropo WSPs system 

 

(b) Vamvakofito WSPs system 

 

(c) N.Skopos WSPs system 

Figure 5.  Seasonal variation of mass and concentration efficiency (%) on TP removal in WSP systems. 
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Table 6.  The TP mass and concentration removal efficiencies of the three WSP systems 

WSPs system 
Min Max Mean STDEV 

Mass 
% 

Concentration 
% 

Mass 
% 

Concentration 
% 

Mass 
% 

Concentration 
% 

Mass 
% 

Concentration 
% 

Haropo 13.31 13.07 47.73 29.38 25.91 22.53 9.46 3.66 

Vamvakofito 19.12 23.65 71.08 70.83 46.56 43.60 14.88 11.38 

Ν. Skopos 12.93 12.83 46.09 45.34 20.95 19.74 4.41 8.63 

Equations were derived correlating the pollutant effluent concentrations Cout with the influent 
concentrations Cin. The effluent concentrations have been adjusted using the mass balance method, 
in order to remove atmospheric precipitation and evaporation, as previously mentioned. The 
correlations between influent – effluent mass were satisfactory.  These simple equations work on 
annual or seasonal basis, but it is difficult to use them on momentary basis. First, because there is a 
nominal delay due to the residence time between inflows and outflows, and second, because the 
temporary increases and decreases in water storage in the systems can easily affect the instan-
taneous performance. The low, in some cases, concentration relationship coefficients of 
determination (Table 7) indicate the importance of other factors, not included in this analysis, as 
natural system performance is a multiparametric subject. Figure 6 presents, the linear regressions 
relating the TP effluent corrected concentrations with the influent concentrations of the three WSP 
systems. The high coefficient of determination in the equations of TP mass inflow-outflow reveals 
the higher reliability of the performance assessment process through mass vs. concentration. 

 
Table 7. Relationships of TP effluent versus influent concentrations and TP effluent versus influent mass 

WSP system Equation R2 Limits 

Haropo Cout = 0.7367 Cin + 0.1681 0.955 2.1 mg.L-1 < Cin < 6.2 mg. L-1 

 Mout = 0.8625Min-0.8892 0.970 4.1 Kg < Min < 17.5 Kg 

Vamvakofito Cout = 0.4724Cin + 0.4419 0.683 2.8 mg.L-1 < Cin < 14.6 mg. L-1 

 Mout = 0.4739Min+0.5116 0.787 3.4 Kg < Min < 26.2 Kg 

N. Skopos Cout= 0.4521 Cin + 1.0642 0.534 2.1 mg.L-1 < Cin < 5.1 mg. L-1 
 

or  Cout= 1.1855 Cin 0.64 

Mout = 0.8499Min-0.3356 

0.621 

0.986 

 

2.8 Kg < Min < 11.7 Kg 

The following equation describes the relationship between inflows and outflows TP concentra-
tion of the three systems: 

Cout=0.416Cin+1.153 (4) 

with coefficients of determination R2 = 0.637 and range of values 2.1 mg.L-1 < Cin < 14.6 mg. L-1.  
The low coefficients of determination indicate the importance of other factors, not included in this 
analysis, as each WSP system is a different ecosystem with its own specific features.   

4. CONCLUSIONS  

The inflow concentrations of the three systems are different, but in each system itself differences 
have also been observed. Because the reason for this is that the supply of the systems was real 
wastewater, thus differences between their concentrations were recorded. The outflow TP 
concentrations of the three WSP systems, during the period of sampling and measurements, were 
much lower than those found in similar systems. In Haropo WSP system, the average effluent 
concentration was 3.49 mg L-1, in Vamfakofito 3.51 mg L-1, and in N. Skopos 2.67 mg L-1. 
However, these values do not make effluents suitable for reuse, as according to the Greek 



114 M. Gratziou & M. Chalatsi 

 

Legislation, the limit should be ≤2 mg L-1. The TP removal efficiencies of the three systems were 
22.53% for Haropo, 43.60% for Vamvakofito and 19.74% for N. Skopos. The lowest phosphorus 
removal efficiency of N. Skopos and Haropo systems is attributed to lower surface area of 
facultative pond and to lower pH value, as the role of pH is important in TP removal. The pH 
ranged from 6.7 to 8.2 with a mean value ranging from 7.0 to 7.5, which partly explains the low TP 
in the system efficiencies, since in most of these values phosphorus redissolution is higher. Another  
reason of the reduced performance is the increase of sediment in the ponds since the sludge was not 
removed during the years of system operation; therefore, a part of the inorganic and of mineralized 
P, located in the sediments, may have redissolved and was presented in the effluent. 

  
(a)                                                                                                    (b) 
                                           Haropo 

  
(a)                                                                                                       (b) 
                                          Vamvakofito 

 

  
(a) (b) 

N. Skopos 

Figure 6. (a) Relationships of TP effluent mass versus influent mass of WSP systems; (b) Relationships of TP effluent 
concentration versus influent concentration of WSP systems 
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The TP mass removal efficiencies were higher, with values of 25.91%, 46.56% and 20.95%, 
respectively, for Haropo, Vamvakofito and Ν. Skopos. The correlation between the mass of inflows 
and outflows was satisfactory (R2 > 0.97, 0.79, 0.98, respectively). The correlation between the 
concentration of inflows and outflows was less satisfactory (R2 > 0.95, 0.68, 0.62, respectively).The 
higher coefficient of determination in the equations of TP mass inflow-outflow reveals the higher 
reliability of the performance assessment process through mass vs. concentration. The WSP systems 
were more efficient in TP removal during the summer period. In this period, the lower effluent 
concentration values were recorded, due to the higher temperature. The mass efficiency of this 
period was higher due to the stronger evaporation. This phenomenon was more evident in Haropo 
system with the greater ponds surface. But generally, the mass removal efficiencies had not 
significant deviations from the concentration efficiencies. 

The TP removal efficiencies of WSP systems were about half of the BOD5 removal efficiencies, 
respectively. This relationship is reaffirmed by other researchers in similar WSP systems.   

Equations expressing the TP effluent concentrations or mass as function of the influent concen-
trations or mass, respectively, for each system, were also derived. These simple equations work on 
annual or seasonal basis, but it is difficult to use them on momentary basis. First, because there is a 
nominal delay of residence time between inflows and outflows, and second, because the temporary 
increases and decreases in the storage of the systems can affect the instantaneous performance. The 
high coefficient of determination in the equations of TP mass inflows-outflows reveals the higher 
reliability of the performance assessment process through mass vs. concentration.  
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