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ABSTRACT

Based on a data collected from 35 French wastewater treatment plants and on published data, excess sludge production and chemical consumption associated with Phosphorus removal is estimated for the three following phosphorus removal processes : chemical precipitation, Enhanced Biological Phosphorus Removal and hybrid process. The influence of wastewater characteristics on excess sludge production are assessed. Chemical costs and costs associated with sludge disposal were calculated and results for the three Phosphorus removal processes are compared. The global cost for Phosphorus removal is then estimated.
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INTRODUCTION

Phosphorus is considered one of the limiting nutrients in most freshwater lakes, reservoirs and rivers and so a low P concentration may control algae booms and eutrophication. Phosphorus inputs from point sources such as municipal sewage effluents are more amenable to control than from non-point sources. Therefore, regulations for phosphorus discharges in sensitive areas have been set by the EU Urban Wastewater Directive (97/271/EEC). In sewage wastewater, phosphorus comes mainly from human wastes and detergent (about 30% of total P in sewage in France [1]). During wastewater treatment, part of the soluble phosphate is transferred to a solid phase, generally entrapped into the organic sludges. This is achieved during normal biological degradation processes but can also be achieved by Enhanced Biological Nutrient Removal or by a physico-chemical process after chemical addition. It is evident that phosphorus removal increases the cost of wastewater treatment. This is due to investment costs, chemical costs and increased amounts of sludge to be disposed of.

Phosphorus removed from wastewater can be recycled together with sludges for land application, hence decreasing the phosphorus input from fertilisers. However contamination of sludge places this disposal route under more and more financial and social pressure. In addition, the agricultural market now demands a consistent and assured quality. The costs for land disposal of sludges is increasing and P removal may result in further additional costs for sludge disposal (reduction of land application rate and frequencies) [2]. Therefore, P recovery may be attractive if the sludge mass to be disposed of is significantly reduced [3]. 

This paper estimates the excess sludge production and the specific costs (€. Kg-1 Pinfluent) related to P removal in the urban wastewater treatment field. To reach this objective, we first explain the hypotheses made for calculations. Parameters such as wastewater characteristics, type of chemicals and chemical processes used for P-removal, the chemical dosage applied for precipitation, etc. are given based both on bibliographic data and on  data from 35 French wastewater treatment plants where at least an 80% P removal is achieved (from a total  of 77 plants which responded to our survey, 35 achieved this level of 80%). Based on the defined values for these parameters, the excess sludge production due to phosphorus removal is then calculated, considering different strategies for P removal. Specific costs associated to P removal and also the total cost in France is finally estimated. In addition, the impact of phosphorus coming from detergents is discussed.

METHODS

Wastewater characteristics 

Influent wastewater characteristics have a great importance on biological P-removal capacity. The contribution of P by population equivalent was first assessed. Values ranged between 1.7 [4,5,6] or 2 [7] to 2.7 g p.e.-1.d-1 P for wastewaters in England. Nowak [5] observed a decrease in this value when industrial wastewater is mixed with domestic. Our sample survey seems to confirm this tendency with lower values such as 1.3 to 1.5 encountered. A study made by Geoplus [1] gives values of 1.2 to 1.6 g capita-1.d-1 P (mean value 1.4 g Capita-1.d-1 P) for human wastes (urine + faeces), 0.3 g capita-1.d-1 P  for food wastes, and 0.75 g Capita-1.d-1 P for detergents. This leads to a total P amount of around 2.5 g capita-1.d-1 P. A similar value is found from our sample survey. In this study we have therefore considered a value of 2.5 g p.e.-1.d-1 P as representative of P production in France.

For COD production we considered an average value of 135 g p.e.-1.d-1 COD characterised by a BOD/COD of 0.5. For 90 % COD removal, the COD removed will be 120 g p.e.-1.d-1 COD The mean ratios of COD/P and BOD/P are then around 50 and 25 respectively. 

Type of dephosphatation process

The type of processes used and the nature of the chemical added are also required to assess costs associated with P-removal. Data from the survey are presented in this section.
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 Figure 1 : percentage of the different treatment processes for P-removal. Results of the survey of French WWTP (total=47).

In the sample survey carried out in this study, the proportion of physico-chemical, EBPR and hybrid EBPR + physico-chemical processes is about 47% / 17% / 36%  (figure 1). Simultaneous precipitation represents the majority of the physico-chemical processes used for P-removal. 
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Figure 2: proportion of the different physico-chemical treatment processes for P-removal. Results of the survey of French WWTP (total=39).
Chemical dosage
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Figure 3 : proportion of the different chemical agents used in chemical treatment processes for P-removal. Results of the survey of French WWTP (total=36). 
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Figure 4 : proportion of chemical agents used in chemical treatment processes for P-removal. Results of the survey of French WWTP (total=36). 

Ninety three percent of the plants surveyed use Fe-based chemicals of in which FeCl3 (commercial 40% ferric chloride solution) represents 70%. This is certainly due to the simplicity of use of this liquid product. These observations lead us to base our calculations of excess sludge production and costs considering only ferric chloride. As the molar weight of Fe is higher than that of Al, the mineral excess sludge produced will be higher. The price of aluminium based product is much higher than the price of Fe-based product resulting in a significant increase in the specific cost (€.kg-1P).
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Figure 5 : mean price for the different chemicals used in the French WWTP concerned by the survey
Price variations are important and can be attributed to market fluctuations, transport costs and local parameters (such as distance from producer industries or equipment line…). For our calculations, we have considered the iron based chemicals to have a mean price of 100 €.t-1.

Chemical dosage 

Chemical dosage is an important parameter for cost estimation. The physico-chemical mechanisms of P-removal in wastewater treatment are very complex. In the case of iron salts, iron(III) ions form strong complexes with pyrophosphate and tripolyphosphates, which are probably removed by adsorption onto iron(III) hydroxo-phosphate surfaces [7] Competition between hydroxyl and phosphate ions for iron ions at the point of addition, the reaction of bicarbonate ions forming iron hydroxides, and the need to destabilise iron phosphates and other colloids probably account for the stoichiometric excess or variations of iron required for phosphate precipitation. With the objectives imposed by the EU Urban wastewater Directive (97/271/EEC), i.e. an 80% P removal yield (based on P content of the raw wastewater) or 1 mg total P in the effluent, the molar ratio Fe/Premoved used in practise varies between less than 0.5 and 2. Using results obtained at various treatment plants, [8] showed that the lower the Fe/P ratio, the higher the dispersion in the effluent P concentration. Results of the sample survey showed Fe/Premoved values ranging from 0.8 and 2 for wastewater treatment plants whose phosphorus removal yield was higher than 80%. It has to be pointed out that, in our biomass growth conditions, a typical molar ratio of 1 mole of Fe/ mole P removed corresponds to a molar ratio based on total phosphorus in the raw wastewater of around 0.6 mole Fe/mole P.

Pre-, post- and simultaneous precipitation is encountered at wastewater treatment plants. The chemical dosage required is higher for pre- and post-treatments than for simultaneous removal process and generally largely exceeds the stoichiometry. For simultaneous precipitation the reaction time for P-removal is a function of the Solids Retention Time (SRT). In spite of some good removal performances obtained at sewage works using a molar Fe/Pinfluent of less than 1 (around 0.6-0.8), we chose for our calculations for simultaneous precipitation, a Fe/Pinfluent of 0.9 which corresponds to Fe/Premoved of 1.5.

Excess sludge production 

In an activated sludge process, sludge production is due to the net growth of the microorganisms the accumulation of refractory organic compounds and minerals. The latter can be significantly increased when P-removal is practised. Biological sludge production has been studied at our laboratory. The observed yield of organic sludge production followed the classical relationship described in equation 1.
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  with Y=0.44 gVSS. g-1 COD consumed and Kd = 0.05 j-1.

So for an SRT of 15 days, Yobs is 0.251 gVSS.g-1 COD consumed. A constant VSS/TSS of 0.8 is applied giving a Total Solid production of 0.31gTSS.g-1 COD consumed. 

Excess sludge production due to physico-chemical processes

For an Fe/P ratio of 1, which is the theoretical stoechiometric requirement, it is considered all Fe is used for P removal as FePO4. Iron in excess is removed as Fe(OH)3. The corresponding sludge production quantifying both FePO4 and Fe(OH)3 is presented in table 1. With a molar ratio of 1 - 1.5 mole Fe / mole P, [9] estimated the sludge production to be 5 - 7 kgSS.kg-1 P.

Table 1: Excess mineral sludge production due to precipitation of P using ferric chloride.

Molar Fe/ Premoved
g salts . g-1 Premoved

1
4.87

1.5
6.59

2
8.32

Excess sludge production due to Enhanced Biological P Removal (EBPR)

In EBPR processes, phosphorus can be removed mainly by three mechanisms [10]. One is the classical P assimilation for metabolism and growth as nucleic acids, phospholipids and nucleotides. Second is P storage as poly-P (Men+2 PnO3n+1, n indicates the chain length of poly-P and Me represents a metal cation). Usually, Mg2+ and K+ are associated with poly-P synthesis. Finally, precipitation and adsorption can also occur. Jardin et Pöpel [10] showed that the additional non volatile solids production in EBPR is approximately 3 gTS.g-1 P.  Henze [9] assumed a polyphosphate composition of (K+)0.3 (Mg2+)0.15 (Ca2+)0.2 (PO43-). The bio-P sludge production can then be calculated as 3.4 kgSS.kg-1 P. When mechanical thickening systems (centrifuge, flotation, screening drum) are present, P-release is normally very low. However if these facilities are not present P-release may be important. Precipitation can occur and it is very difficult to evaluate the excess mass of mineral sludge produced. In our calculations, we consider that for EBPR, 3 gTS is produced in excess by each g P removed.

Excess sludge production for a hybrid process (chemical precipitation + EBPR)

In hybrid processes, EBPR is used and chemical dosage of ferric chloride is carried out in order to improve the P removal. In some plants, chemical dosing would be required at least during winter months to comply with EU regulations. Loss of performance in biological phosphorus removal is due to a low concentration of easily biodegradable matter. Indeed, EBPR performances are highly dependent on the quality of the biodegradable COD contained in wastewater. Bio-P bacteria use only the readily biodegradable COD (RBCOD), or more accurately volatile fatty acids (VFA) for growth and phosphorous accumulation. COD characterisation of French wastewaters showed that this COD fraction ranged from 1.5 to 16% of the total COD in wastewater [11].

Biological phosphorous removal (FP,EBPR) was calculated for different RBCOD:COD ratios. With the phosphorous content of sludge as 0.016 gP.g-1 TSS for normal heterotroph bacteria, and 0.3 gP.g-1 TSS for Bio-P bacteria [12] comes the following expression :

FP,EBPR = 0.016 (1 - RBCOD:COD) Yobs COD + 0.30 (RBCOD:COD) Yobs COD

From the assumption that EBPR produced 3 gTS in excess for each g P removed and chemical precipitation produced 6.59 gTS.g-1 P removed (considering that 1/3 of ferrous is converted in Fe(OH)3), the total excess production of sludge linked to biological and physico-chemical processes becomes :

FX,excess = 3 . (0.30-0.016) (RBCOD:COD) Yobs COD + 6.59 (0.8*2.5 - FP,EBPR)

Costs for sludge disposal

Sludge is disposed of to land or landfill or is incinerated. The disposal cost will depend strongly on the disposal route used but in our sample survey the average prices given by the treatment plant operators are mostly around 150 €.t-1 DS. 
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Figure 6 : proportion of sludge disposal routes. Results of the survey of French WWTP (total=47). 

As shown on the figure representing the proportion of the different disposal routes in our case study, application of sludges to land is widely used (about 64%). We have assumed a mean price for sludge disposal in France of 150 €.t-1 DS. This price may be significantly higher for example in big cities and in areas where land application is under pressure.

Results

Increase in the sludge production due to P-removal

The specific mineral and organic sludge production has been estimated for the chemical precipitation and EBPR processes, respectively. These sludge productions are now compared to the normal activated sludge production for various operating conditions and wastewater characteristics (BOD/P and RBCOD/COD).

Excess sludge in chemical precipitation

A mass balance on P, based on 1 p.e, (2.5 g.p.e. -1 d-1 P) and a molar Fe/P of 1.5 is performed around the biological reactor (figure 7). Part of this influent P is removed by the net cell growth, the complementary mass being removed by chemical precipitation. The former depends on the observed growth yield and hence, on the organic load of the biological reactor and the operating conditions. 
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Figure 7: mass balance on P and sludge production for chemical co-precipitation (Fe/P=1.5)
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Figure 8 :excess sludge mass associated with chemical P removal for various Fe:P molar ratios as a percentage of the total sludge generated by a conventional process

The excess mineral sludge production deduced (ratio between the amount of excess sludge and the total sludge production of a conventional process) is presented in figure 8 for different BOD/P ratios. For a conventional wastewater, the BOD:P ratio ranges from 20 to 30. For an Fe/P of 1 the excess sludge production is between 15 to 27 %. For an Fe/P of 2.5 the excess sludge production increases to 55%. Therefore, this excess mineral sludge production greatly depends on the influent BOD:P ratio and on the applied molar Fe/P.

Excess sludge in Enhanced Biological Phosphorus Removal

For a global 80% P-removal efficiency and a BOD/P of 25, the excess sludge production due to EBPR is 4.5 g.p.e. -1d-1TSS. Therefore, a 12 % excess sludge production is obtained. This excess sludge production becomes 9% to 16% for the BOD/P ratio of 30 to 20 respectively. 

Comparison of excess sludge production between EBPR and chemical precipitation

In the BOD/P ratio of 30 to 20 the extra sludge production resulting from the phosphorus removal in a EBPR process is between 30 to 60% of that obtained with a chemical process for Fe/P from 1 to 2.5. Henze [9] found values between 50 to 70% for Fe/P between 1 to 1.5. 

Comparison should be performed not only between the excess sludge produced by EBPR or chemical precipitation processes but also considering the total solid production. In this case, the increase is much less significant. Total solid production obtained with EBPR process represents between 0.75 and 0.95 of the total solid production obtained by a process with chemical precipitation (Fe/P of 1 to 2.5). For the BOD/P of 25, which is typical value for a French wastewater, the range becomes 0.8 – 0.93 for Fe/P of 1 to 2.5 respectively.
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Figure 9 : relationship between excess sludge production associated with P removal and the BOD:P ratio at different RBCOD:COD ratios ; Fe/Premoved=1.5

Excess sludge production due to combined EBPR and physico-chemical processes

The figure 9 shows the effect of the BOD/P and RBCOD/COD ratios on the excess sludge generated due to P-removal compared to a conventional process. 

For a BOD:P ratio of 25 and an Fe/P of 1.5, the excess sludge removal associated with P removal is between 12% and 25%, for RBCOD:COD values of 16% and 1.5% respectively. The wastewater characteristics have a significant effect on the extra mass of sludge produced.

Phosphorus from detergents represents 30% of the total P in raw wastewater. From figure 9, a decrease in P content of the raw wastewater due to the removal of P from detergents leads to shift from a BOD/P of 25 to a BOD/P of almost 36. In that case, for a typical French wastewater with a RBCOD/COD of 8%, P removal of 80% should be achievable using only EBPR, without specific adaptations (VOC feed, sidestream P removal), resulting in a decrease in global costs.

Cost calculation for the different strategies used for P-removal

Costs for chemical precipitation

For a mean cost of the commercial 40% ferric chloride of 100 €.t-1, i.e. 0.72 €.kg-1Fe, the chemical cost depends directly on the Fe/P molar ratio (table 2). 

Table 2: Costs of chemical precipitation using ferric chloride for different Fe/P molar ratios.

Fe/Prem.
Cost for chemical

(€.kg-1Premoved)
Excess mineral sludge production (kgTS.kg-1Premoved)
Sludge elimination cost €.kg-1TS)
Sludge elimination cost (€.kg-1Premoved)
Total cost (€.kg-1Premoved)

1
1.3
4.87
150
0.74
2.04

1.5
1.94
6.59
150
1.0
2.94

2
2.6
8.32
150
1.27
3.87

2.5
3.25
10.04
150
1.5
4.75

Enhanced Biological Phosphorus Removal

Operating costs for P removal using EBPR is primarily due to excess sludge production. As the additional non volatile solids production in EBPR is approximately 3 kgTS.kg-1Premoved, the operating cost related to EBPR is 0.45 €.kg-1Premoved. This value is much lower than the cost for P-removal using physico-chemical processes. On the other hand, the higher investment costs and more complex operation (control and trained operators required) need to be taken into account.

Hybrid process : chemical co-precipitation together with EBPR

For a typical French wastewater (BOD/P 25 ; RBCOD/COD 8%) and a 80% P-removal, normal biological uptake represents 22%, EBPR 36% and chemical precipitation 22%. Under those conditions, 2.5 kg of excess sludge is produced and 0.6 kg iron consumed per kg of influent P. A total cost of 0.8 €.kg-1Pinfluent is then calculated. 

Operating costs associated with P-removal are summarised in table 3.

Table 3: Operating costs of EBPR chemical co-precipitation using ferric chloride and hybrid process (chemical + EBPR) for a typical French wastewater (BOD/P 25 ; RBCOD/COD 8%) and a 80% P-removal.

Process
Fe/ Prem.
Cost for chemical

 (€.kg-1Pinfluent)
Excess mineral sludge production

(kg TS.kg-1Pinfluent)
Sludge elimination cost

(€.kg-1Pinfluent)
Total cost

(€.kg-1Pinfluent)

EBPR
-
-
1.8
0.26
0.26

chemical precipitation
1.5
1.16
3.95
0.6
1.76

Hybrid 
1.5
0.43
2.5
0.37
0.80

Total cost in France

According to the IEEP study, the total sewage works load in France is 70.6 M p.e., with 20.6 M discharging to sensitive areas (29.2 %). Equivalent figures restricted to agglomerations of >10,000 p.e. are 57.9 M and 15.4 M, respectively. Considering that there are also P-removal plants outside of sensitive areas for 2.5 M population equivalent, this gives a total figure of 18 M  p.e., or 25.5 % of wastewater discharges. Applying this percentage to the total French population (about 60 M inhabitants) gives an estimation of about 15.3 M inhabitants whose discharges will be treated for P-removal after full implementation of the urban wastewater directive.

A somewhat lower estimation can be made on the basis of data published in « L’assainissement des Grandes Villes » (RNDE, 1998). According to this report, 34 M inhabitants live in communities of > 10000 pop. equiv. and discharge 58 M population equivalents. Thus, we can estimate that about 29.2 % of 34 M, ie 10 M inhabitants live in communities of > 10000 p.e. located in sensitive areas as currently designated. 

Nevertheless for precautionary reasons, we will retain the highest value of about 15.3 M inhabitants for the following computations. For a daily production of 2.5 g.p.e. -1d-1 P., these people would discharge about 13 900 TP.y-1. 

Assuming a repartition between co-precipitation (Fe/Premoved=1), EBPR and hybrid precipitation+EBPR (Fe/Premoved =1.5) of 40/20/40, the mean elimination cost is about 1.08 €.kg-1 Pinfluent. The total cost is then 15 M€.y-1. The excess sludge produced is 2.94 kgTS.kg-1 Pinfluent which gives 40 900 T.y-1 dry sludge ( 4.5 % of the annual sludge production from urban wastewater in France).

If only P-based detergents are considered (0.75 gP/p.e.-1d-1P), then people would discharge about 4180 T/y and the total cost becomes 4.5 M€.y-1. The excess sludge produced is 12 300 T.y-1 dry sludge, but should be compared with sludge resulting from substitutes used in P-free detergents.

CONCLUSION

Bibliographic data and results from 35 French WWTPs (from a total of 77 surveyed) were used for estimation of major costs associated with P-removal. The costs considered were restricted to the cost for excess sludge disposal and the chemical cost. 

The strong influence of the wastewater characteristics, i.e. the BOD/P, the RBCOD/COD as well as the Fe/P molar ratio on the excess sludge production and the global costs were highlighted. For a typical French wastewater, an 80% P-removal should be achievable using the EBPR process without specific modifications by reduction of influent P content in detergents.

Chemical precipitation is costly mainly due to chemical costs (2/3) compared to sludge production. EBPR is much cheaper (1/7, on the basis of costs due to chemicals and sludge disposal) and should be widely used. EBPR can also provide more potential conditions for P recovery. 

The total cost associated with P removal for France has been estimated as 15 M€.y-1. This cost should be related to the global cost for wastewater treatment.   
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