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Yellow Sea, China 

Baltic, EU Great Lakes, US 

Florida, US 

Global problem, large economic damages 

Economic damages: Hoagland, 2006, Sanseverino 2016;  



Additional actions needed 
88 % of all sewage plants comply to EU UWWT for advanced P removal  
 
BUT, of all EU lakes:  

–  38% do not meet water quality standards (Voulvoulis, 2017) 

–  15% do not meet WHO risk thresholds for recreational use (Carvalho 2013) 
 

MAIN SOURCES: 
 

Agriculture Sewage effluent 



health effects, associated with less severe symptoms such as skin

irritations and gastrointestinal illness. These cell densities can be

converted to a biovolume (mm3 L!1) by multiplying by a typical

cyanobacterial cell volume. We have adopted here the equivalent

biovolumes of 2 mm3 L!1 and 10 mm3 L!1, outlined in WHO

(1999), based on a spherical cell with a diameter of 5"7 lm.

Results

Exploratory analysis of the data highlighted that cyano-

bacteria are generally absent, or in very low abundance,

in low-alkalinity lakes (<200 l equiv. L!1) with the sum-

mer median abundance and upper percentiles all clearly

increasing with increasing alkalinity class (Fig. 1).

Low-alkalinity lakes are predominantly found in Northern

Europe, where only 5% of lakes have mean summer

biovolumes exceeding the WHO low risk threshold of

2 mm3 L!1; a much higher proportion of lakes (37%) are

at risk in Central Europe, where high-alkalinity lakes pre-

dominate (Table 1).

MEAN RESPONSE

Considering the whole lake data set together, there is a

positive linear relationship between (log10) cyanobacterial

biovolume and (log10) TP concentrations (r2 = 0"295,
P < 0"001, deviance 138"7). Despite the significance, the

relationship is still relatively weak. Because of the general

absence or low abundance of cyanobacteria in low-alka-

linity lakes, further analysis was, therefore, carried out on

a subset of 807 medium- and high-alkalinity lakes drawn

from all regions. A GAM (Fig. 2; r2adj = 0"342,
P = <0"001, deviance = 128"9) and a 3-parameter nonlin-

ear model (Fig. 3; deviance = 129"4) of the mean cyano-

bacterial response fit the data better. Both nonlinear

models indicate a take-off in the mean cyanobacterial

response above a TP concentration of approximately

10 lg L!1. For the GAM model, a strong positive

response is apparent up to about 300 lg L!1 (Fig. 3),

whereas for the parametric nonlinear model, there is a

flattening of the mean response at a threshold of about

100 lg L!1 (Fig. 2). Below about 5 lg L!1 and above

about 300 lg L!1, there are few data points and, there-

fore, less confidence in the modelled relationships outside

this TP range (Fig. 2).

QUANTILE RESPONSES – MEDIUM- AND HIGH-

ALKALIN ITY LAKES

Comparison of AIC values for linear and nonlinear non-

parametric quantile regression models highlight the much

poorer fit of linear models for most quantiles (Table 2).

The exceptions to this were the models for the lowest

quantiles examined (0"05, 0"10 and 0"25), which were

linear and had the lowest AIC values (best fit). This was,

however, a statistical artefact due to the very large

Fig. 1. Boxplot of cyanobacterial biovolume (log10 mm3 L!1) in
lakes of low, medium and high alkalinity (<0"2, 0"2–1"0, >1"0
mequiv. L!1, respectively).

Fig. 2. Generalized additive model (GAM) for cyanobacteria bio-
volume in response to total phosphorus for medium- and high-
alkalinity lakes (n = 807).

Fig. 3. Scatter plot for log10 cyanobacteria and log10 total phos-
phorus for medium- and high-alkalinity lakes (n = 807). Quantile
regression curves (0"50–0"95) using a fitted 3-parameter sigmoid
nonlinear model are displayed. nl = nonlinear regression fit to
mean of data. Thresholds relating to approximate WHO (2003)
low and medium risk thresholds are also indicated.
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Fresh water: P is the limiting nutrient 

P 

Lake 226 

Divider Curtain 

EU lakes 
Carvalho, 2013  

Lake 227, Canada 
Schindler, 1974  



Example Florida 

10 Million $ prize! 



Ultra low P removal 
10 mg P/l 

 
 

1 mg P/l 

 
 

0,1 mg P/l 

 
 

0,01 mg P/l 

 
 

Influent wwtp Effluent wwtp 

Coagulation & 
Sand filtration 

100 mg P/l 

 
 

Struvite 
precipitation 

Constructed wetlands 

Adsorption? 

Agricultural run off water 

Chemical precipitation & 
enhanced biological P removal 

Good ecological quality (?) 

No harmful 
algae 

blooms 



Constructed wetlands 
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Figure 5B-3. POR time series for all the STAs combined showing (A) annual 
and POR average inflow and outflow FWM TP concentration and inflow water 
volume, (B) inflow and outflow TP load and percent TP load retained, and (C) 
annual inflow HLR and PLR. The STAs were constructed in a phased approach.  
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1 ac-ft = 1,233 m3 = 0.123 ha-m; 1 ppb = 1 µg/L 

1 mt = 1,000 kg

Everglades, Florida 
 
2015: 
4.400.000 m3/day 
83% P retention 
17 ppb P in effluent 
 
Ch. 5B, Florida Env. Report 2016 

 
 



Large area’s required 

Chapter 5B  Volume I: The South Florida Environment 

 5B-2 

2013) to further understand and improve STA performance to meet the water quality based effluent 
limit are presented in Chapter 5C of this volume. 

The STAs are an integral part of the regional restoration efforts and have many stakeholders 
and varied types of audience including scientists, engineers, policy makers, regulators, and 
legislators. The Everglades restoration program has spanned over decades and the permitting, legal, 
design and operation documents associated with the STAs use non-standard reporting units. To 
preserve the continuity of understanding with the stakeholders, the STA performance data is 
reported using a mixture of standard and non-standard units. Phosphorus (P) and hydraulic loading 
rates (HLR) are in grams per square meter per year (g/m2/yr) and centimeters per day (cm/d), 
respectively, TP loads are in metric tons (mt), concentrations are in parts per billion (ppb) or parts 
per million (ppm), surface area in acres (ac), flow in cubic feet per second (cfs), water volume in 
acre feet (ac-ft), and water depth in feet (ft). The conversion factors to express these values in 
standard units are included in the footnotes of the tables and figures and can also be found in the 
Units of Measurement table in the front matter of the final 2016 South Florida Environmental 
Report (www.sfwmd.gov/sfer).  

  

Figure 5B-1. Location of the STAs—STA-1E, STA-1W, STA-2, STA-3/4, and 
STA-5/6—and select major water control structures in relation to Lake 

Okeechobee and the Everglades Protection Area. 
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Stormwater treatment 
area’s (STA): 23.000 ha 

George Barley prize:  
100 x more compact technology required 



Sand filtration 

•  Effluent quality generally >= 0,15 mg/l  
•  Coagulant dose (Fe or Al): Me/P = 3-6 
•  High chemical dosages  
•  Large sludge production 
 
•  US: removal shown to ca 0,05 mg/l 

⇒ High Me/P ratio’s 

 
STOWA, 2006, EPA 2007  



Increasing Me/P ratios for low P effluent 

Hermanoviczs, 2006  

Molar Dose Ratio From Tests 

Slav Hermanowicz, Chemical Fundamentals of Phosphorus Precipitation, 
WERF Boundary Condition Workshop, Washington DC, 2006 
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Adsorption 

Adsorption: small footprint 



Adsorption 
-  Promising for low effluent values 
-  Lots of literature 
-  Often single use: 

-  Iron coated sand 
-  Waste materials impregnated with Fe, La or other doping materials 
-  Fancy high performance adsorbents 
 

•  Very little real life applications 
–  Research is often not directed to economic relevant parameters 

 



Adsorption: capacity 

Equilibrium Concentration  
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qmax 

Kumar, 2018 
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Regenerative adsorption:  
removal & recovery 



Regeneration reduces costs 

Kumar, 2018 More expensive adsorbents  



Pilot stage 10 M$ George Barley prize 
Objectives: 
•  P-removal to 10 ppb 
•  Less than 120 $/kg P 
•  Restricted footprint 
 
•  8 out of 9 teams use adsorption 
•  At least 6 teams regenerate the 

adsorbent 



Take home message 
Ultra low P removal: 
⇒ Adsorption is an interesting & promising approach 
⇒ Close to real life application (George Barley Prize) 
 
However: 

–  Research often not considers practical applications 
•  Affinity at low concentrations, kinetics, selectivity 

–  Regeneration: essential, but is in development 
•  Stability adsorbent 
•  Reuse regeneration liquid 
•  Phosphate product 



Wetsus is co-funded by:  
The Dutch Ministry of Economic Affairs (IOP-TTI); The Dutch Ministry of Infrastructure & Environment; 
The European Community (European Fund for Regional Development and Seventh Framework Programme); 
The Northern Netherlands Provinces, the city of Leeuwarden and the Province of Fryslân 

Ministry of Economic Affairs 
Ministry of Infrastructure & Environment 

Wetsus P-recovery theme members 
 
 
 


