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For some years, varied experiments in the field of phosphorus recovery from wastewater, have begun all over the world. These initiatives have been motivated by different objectives. The basic research, the search for a durable development of the phosphorus industry, which exploits a raw material only renewable on a geological scale, the possibility of obtaining a material presenting lower heavy metal contents than mined P-rock, the use of phosphorus recovery techniques to improve the operation of water treatment plants, …, are some of the many reasons for research in the field.

Faced with this research work, often meeting specific concerns, the CEEP (Centre Européen d’Etude sur les Polyphosphates, the European phosphate industry’s joint research association) decided to start co-ordinating these researches. A first inventory has been made during the first international conference on phosphorus recovery, which took place in Warwick (UK) on 6 and 7 May 1998. The second international conference (12-13 March 2001 in Noordwijkerhout –The Netherlands-) enabled to progress in this effort of synthesis.

At the same time, the CEEP asked advice of experts from the Office International de l’Eau to know the real feasibility of phosphorus recovery in municipal and European wastewater treatment plants. An investigation has been conducted by the Office International de l’Eau on the question: “are the phosphates removed in municipal wastewater treatment plants technically and economically recyclable” This report presents the conclusions of this technical survey that has been separated in two main phases:

(An initial study of the bibliography on a worldwide scale in order to grasp the current and past researches, the techniques used and the main parties involved in the matter.

(An inquiry in the field based on a set of technical interviews of the specialists selected during the first phase in order to get to the root of the bibliographical analysis.

The list of the consulted specialists has been enlarged at the time of the second international conference during which the first conclusions of this study were presented.

I/ Results of phase 1: bibliographical research

The first step of this study has been to carry out a worldwide bibliographical research on research made up to date in the field of phosphorus recovery.

I.1/ The consulted databases

Many databases have been consulted. The criteria of research, the results from the consulted databases, together with the key words are given in appendix VII.1. It is difficult to be exhaustive in such a research. However, the crosschecking with the technical interviews made during the second phase permits to say that most of the relevant works have been found out.

I.2/ Synthesis of the information found

This report tries to be all encompassing. We will not set out all the processes and their variations known to date, but the main “families” of processes, some experiments, the main parameters of operation, the quality of the recovered phosphorus, and some economic data. We advise the reader to refer to the bibliography in appendix VII.1 or to consult the National History Museum London’s web site (54) for further information. Some examples of P-recovery reactors are given in appendix VII.5.

I.2.1/ Principle of phosphorus recovery.

In this document we will call phosphorus recovery, any technique that permits to precipitate or to crystallise the phosphorus from wastewater into a relatively pure product (calcium phosphate and struvite in most processes developed to date) for purposes of recycling in the phosphorus industry or as fertiliser. 

The transfer of P from wastewater into sewage sludges which are then used in agriculture (land spreading) of course constitutes a form of agricultural reuse. But this cannot be called P-recovery. In the present document we will use the term “P-recovery” only where a mostly mineral product of which P is one of the main components is produced.

Different forms of precipitated or crystallised phosphorus can be recovered:

(Calcium phosphate:

3 Ca2+ + 2 PO43- ( Ca3(PO4)2  (Tricalcic phosphate)

According to S. BRETT and al (18), many other forms can be obtained as from the ratios Ca/P and the conditions of the reaction, like for instance dicalcic phosphate (CaHPO4, 2H2O), apatite hydroxy (Ca5(PO4)3OH), etc ...

These forms are very close to the forms found in the mined phosphate and can thus be recycled by existing thermal route or wet route processes of the P-industry (J.DRIVER and al (20)).

(Struvite (MgNH4PO4) :

Mg2+ + NH4+ + PO43-  ( MgNH4PO4
These two routes of recovery imply alkaline pH values (cf.I.2.3). The stoichiometric conditions of the reaction give the following molar ratio Mg/N/P = 1/1/1, that is to say a weight ratio of 1,71/1/2,21 (G.A.MOMBERG and al (24)). 


Struvite cannot be used in the P-industry’s existing processes but can be used as a fertiliser, either directly or after combination with other products. The fertiliser value remains to be confirmed.

(Aluminium phosphate and iron phosphate (AlPO4 and FePO4):

Al3+ + PO43- ( AlPO4

Fe3+ + PO43- ( FePO4

These two precipitates can be isolated from the organic material when precipitated from P-rich supernatants coming from settling. 

The AlPO4 form can only be recycled in the P-industries using the thermal route. In Europe, the only remaining plant using this process is Thermphos International located in Vlissigen, in Holland, which restricts the possibilities of recycling (cf. III.2.1).

The FePO4 form is more common because ferric chloride (FeCl3) is the most widely used in Europe for the physicochemical P-removal. Iron phosphates cannot be used in existing P-industry processes and probably has low or zero fertiliser value. Its recycling therefore necessites “pretreatments” to release phosphorus from iron that make such route of recovery difficult and expensive (B.HULTMAN and al (19)). The ways of research in this field are given in chapter V.

I.2.2/ Classification of the techniques of phosphorus recovery

During this survey, different techniques for P-recovery have been indentified. Some of these techniques permit to recover the P from the water process of a WWTP, others from the sludge process. In order to use a common vocabulary, we propose hereafter a classification of these techniques according to the location of the recovery:

(Mainstream P-recovery on the water process: 
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The company DHV water proposes this principle of recovery by crystallisation.

The WWTP must be equipped with a biological treatment without P-removal : the P-recovery process effectively playing the role of P-removal.

(Sidestream P-recovery from the water process:
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This principle of recovery inspired by the Phostrip process generates P-rich liquors ([P]>20 mg/l). There are many variations to this process (Woods and al (1), Klapwijk and al (2), etc…). The requirements of the WWTP for this principle of recovery are given in III.1.

(P-recovery from P-rich liquors in the sludge treatment process:

This principle is very close to the former one because the aim is also to recover P-rich liquors. However, these liquors usually come from the thickening liquors, the digestion liquors or the dewatering liquors, all alone or mixed. Further details are supplied in III.1 on the opportunities of P-recovery from these different liquors.

These different techniques permit to precipitate or to crystallise different forms of phosphorus: calcium phosphates (Ca3(PO4)2) and struvites (MgNH4PO4) especially. Other forms of recovery are envisaged today (cf. chapter V).

I.2.3/ Research into phosphorus recovery from municipal wastewater.

Much research has been carried out over these last years. It has been carried out in laboratory, on bench scale units and even on full-scale plants. E.Valsami-Jones (32) and J.Greaves and al (21) expound different works made to date. Some of the published research is listed below:

Experiments on bench scale unit
Experiments on full scale plant

Warriewood’s WWTP (Australia)

R.ANGEL (3)
Geestmerambacht WWTP (the Netherlands)

A.GIESEN –DHV Water-  (7)

Karlsruhe Research Center (Germany)

D.DONNERT and al (4)
Treviso WWTP (Italy)

P.BATISTONI and al (8) 

Thames Water (UK)

S.WILLIAMS (5)

Y.JAFFER and al (6)
Unitika Ltd (Japan)

Y.UENO and al (14)

West Bari WWTP (Italy)

L.LIBERTI and al (9)


Westerbork WWTP 1988–1991 (the Netherlands)

Heemstede WWTP 

Plants stopped today (S.Gaastra)

University of Alabama (USA)

K.OHLINGER and al (10)
Kurita Water (Japan)

Process described by S.BRETT and al (18)

Water Works Zwickau (Germany)

R.SCHULZE-RETTMER and al (11)


Berline Wasser Betriebe (Germany)

B.HEINZMANN (12)


Kitakyushu WWTP (Japan)

K.KUMASHIRO et al (13)


I.2.4/ The main parameters of operation

Through the bibliography, several data on the operation have been found. 

I.2.4.1/ Parameters of P-recovery as calcium phosphate

These parameters especially concern the pH value, the choice of the seeding materials and the problems of carbonate interference and other competitive reactions. As regards the required additions of calcium, they are very variable and greatly depend on the initial properties of the wastewater.

(The pH value and the addition of calcium

In order to reach the basic pH value conditions required for the formation of calcium phosphate in municipal waste water streams, a strong base must be added. Many experiments have been carried out of which we give some examples:

Experiments
Added base
Suggested pH value

Geestmerambacht WWTP (the Netherlands)

Westerbork WWTP 1988–1991 (the Netherlands)

A.GIESEN –DHV Water-  (7)
Sodium hydroxide (NaOH)

Calcium hydroxide (Ca(OH)2)
pH value>8

(minimal operating regulations for the Geestmerambacht plant)

Anglian Water (UK)

A.CROOK and al (15)
Calcium hydroxide (Ca(OH)2)
pH = 9,2

optimal value

Kyushu Kyoritsu University

K.MORIYAMA
Not available
 8 < pH value < 9

Water Research Institute (Italy)

D.MARANI et al (16) 
Calcium hydroxide (Ca(OH)2)
pH value = 9

optimal value

University of Karlsruhe (Germany)

Y.SONG and al (17)
Sodium hydroxide (NaOH)
pH value > 8,5



According to Y.SONG and H.HAHN (17), the optimum pH value of the reaction of calcium phosphate precipitation depends on the molar ratio Ca/P. The authors note that:

-optimum pH value > 9 
if Ca/P = 1,67

-optimum pH value > 8,5 
if Ca/P = 3,33

-optimum pH value >8
if Ca/P = 5,00


These works prove that the pH value and the Ca/P ratio are two essential parameters of operation to control and optimise the calcium phosphate precipitation. For widely used ratios in the scientific literature (Ca/P ( 1,3), a pH value (9 is required for the technical optimisation of the precipitation. Different reagents have been used to provide calcium (Ca(OH)2, CaCl2, CaSO4,…). 

 (The seeding materials:
These materials are required to release the reactions of calcium phosphate crystallisation. Different materials have been tested among which:

-Sand: widely used material, especially recommended by A.GIESEN (7) for the DHV Crystallactor(,

-Magnesia (MgO), especially tested by R.ANGEL (3),

-Calcite (CaO), especially tested by D.DONNERT (4),

The element itself is not important, provided that it meets some conditions, among which:

-A sufficient density to avoid that the pellets of calcium phosphates are driven with the upstreams of the fluidised beds.

-A composition that does not disadvantage the further recycling of P.

-A material that may serve several times as seeding material. 

(The reactions of competition:

There are many reactions of competition when calcium phosphate is precipitated or crystallised. We mention, for the record, the risks of unexpected formations of calcium carbonate, magnesium carbonate, but also the rivalling formation of struvites, of magnesium phosphate, of magnesium and potassium phosphate, etc… These competitions may be a problem according to the reuse path of recovered phosphorus. We will not list here all the preventive techniques against these rivalling formations; some of them have been mentioned by A.GIESEN (7). S.Gaastra indicated during the second international conference on P-recovery that if [Mg]>[Ca], the Ca3(PO4)2 formation was inhibited by magnesium.

W.A. HOUSE (40) suggests a more comprehensive presentation of the physicochemical conditions of phosphorus precipitation by calcium.

I.2.4.2/ Parameters of P-recovery as Struvite (MAP, Magnesium Ammonium Phosphate)

These parameters concern the pH value, the molar ratio of the 3 constituent elements and the potential risks of reactions of competition. The choice of the seeding material (to crystallise the struvites) follows the same logic as formerly. However the most widely used way is that of precipitation. 

(The pH value and the addition of Mg

A pH value upper than 7 is essential for the precipitation of struvites. Most authors advise to use a strong base to meet those conditions.

In other respects, different reagents have been used as source of magnesium. Indeed, in a municipal context, the limiting element to the formation of struvites is magnesium. Phosphorus and nitrogen are usually present in big amounts. That is the reason why in a majority of experiments the authors explain that it is necessary to add magnesium to obtain the formation of struvites:

 
 

Experiment
Addition of Mg 
Added base
Suggested

pH value

Thames Water (UK)

Slough’s WWTP

Y.JAFFER et al (6)
MgCl2
Mg(OH)2
Sodium hydroxide (NaOH)

Magnesium hydroxide (Mg(OH)2)
PH  value ( 8,5

Unitika Ltd (Japan)

Y.UENO (14)
Mg(OH)2
Sodium hydroxide (NaOH)
8,2 < pH value < 8,8

Department of Environmental Engineering (Turkey)

I.CELEN and al (22)
MgO

MgCl2
Sodium hydroxide (NaOH)
8,5 < pH value < 9

University of Alabama (USA)

K.OHLINGER and al (10)
Not

Specified
CO2 air striping and addition of NaOH 
PH value = 8,3 ( 0,03

JIWET (Japan)

K.KUMASHIRO and al (53)
Seawater
Sodium hydroxide (NaOH)


PH value ~7,7

Treviso WWTP (Italy)

P.BATISTONI and al (8)
Not necessary
Only a CO2 air striping if the alkalinity is low

 (<1000mgCaCO3/l)
8,2 < pH value < 8,8

According to E.Von Münch and al (23), the efficiency of struvite recovery results directly from the pH value of the reaction. A pH value of 9 seems to be a technical optimum for precipitation.

(The molar ratios

Different Mg/N/P ratios have been studied (Y.JAFFER and al (6)), E.VON MUNCH and al (23), SIEGRIST and al (26).  In order to optimise the reaction, the authors give a ratio of 1,3/1/1. Other data studying the relationships between pH value and optimum ratio are available (N.A.BROOKER and al (25).

The addition of MgCl2 seems better (Y.JAFFER and al (6)). Although more expensive than Mg(OH)2, the dissolution of MgCl2 is much better than that of Mg(OH)2, so the biggest part of the magnesium brought by this reagent is available for the formation of struvites. However it is important to note that the price of reagents varies a lot according to the countries, which represents an important parameter on the cost of the recovery. In some cases low cost sources of Mg may be available, such as sea water used in Japan (13) or low grade magnesium industry by-products.

G.A. MOMBERG and al (24) conclude their publishing pointing out that the techniques of calcium phosphate and struvite crystallisation are very alike and there are only some slight differences in the management of the parameters of control. According to the author, the only important difference is the need to add calcium for the formation of calcium phosphate and the need to add magnesium for the struvites. The proper management of the contents of these different elements permits to promote the formation of one or the other product and thus avoid the reactions of competition.

I.2.5/ The quality of recovered phosphorus

I.2.5.1/ Calcium phosphate

Different data are available on the matter, like for instance: 

Composition in % of the weight
R.ANGEL (3)
S.BRETT and al (18)

Ca3(PO4)2
31 – 90 %
40 – 50 %

P
6,5 – 18,3%
11,2 – 14 % (calculated)

CaCO3
0 – 41 %
10%

Sand
/
30 – 40%

Organic material
Not communicated
10 %

Water
6 - 28%
Not communicated

According to J.DRIVER and al (20), the P-rock coming from Morocco contains 35 % of P2O5 that is to say about 15,2 % of P. When comparing those data with those of the recovered P (optimised system), we observe that the P-contents are much alike. 

I.2.5.2/ Struvites

Different data are available on the matter, like for instance: 

Composition in % of the weight
K.KUMASHIRO (13)
Y.UENO (14)

N
5,5
5,67

P
12,5%
12,74 % (calculated)

Mg
9,6 %
9,7% (calculated)

K (mg/kg)
565
Not communicated

Water
41,8%
Not communicated

The P-contents of struvites obtained with optimised systems are slightly inferior to those of the P-rock..

I.2.5.3/ Heavy metal contents

Contents ppm

Except for UENO (expressed in % of the weight)
Morocco

J.DRIVER and al (20)
Geestmerambacht

J.DRIVER and al (20)
K.KUMASHIRO (13)
Y.UENO (14)

Type of product
P-rocks
Ca3(PO4)2
Struvite
Struvite

Al
200
950
/
/

Cd
40
<6
ND
0,000006%

Cr
357
8
/
ND (<0,01%)

Fe
1600
1260
/
/

Mg
5700
4200
/
/

Na
1700
360
/
/

Ni
67
8
/
ND (<0,01%)

Ti
108
8
/
/

Zn
880
310
/
/

Mn
10
560
/
/

Cu
23
17
/
/

As
5
2
0,7 mg/kg
0,000048%

Hg
/
/
<0,003 mg/kg
ND

(<0,000005%)

The above-mentioned values demonstrate lower heavy metal contamination in the recovered P than in the P rock. Other results would be necessary to confirm the values given by the authors. 

A report from the federal office of environment, forests and landscape of Switzerland (26) indicates the heavy metal contents of some fertilisers made from the P rock. Unsurprisingly, such contents are higher than those of the recovered P.

I.3/ Conclusions of the bibliographical research

The synthesis of the information available in the bibliography, permits to draw the following conclusions:

(The CEEP is aware of most of the bibliography; indeed CEEP has been directly involved in the publication of many works in the field of P-recovery. Indeed very few articles on the subject have been found in the consulted databases (cf. appendix VII.1), other than those already known by CEEP.

(Some of the items of information in the bibliography look sometimes vague or even contradictory. As a consequence it was very difficult to try and answer the question: “is it possible to recover phosphorus in the municipal wastewater technically and economically speaking”. In order to remove all doubts, to precise the real technical conditions, to try and approach the problems from an economic point of view, it has been necessary to organise a set of technical interviews. These interviews enabled to have technical discussions with the main parties involved in the subject.

I.4/ Phosphate removal from urban wastewater

This theme that has been largely dealt with in the scientific literature is not recent. However, hereafter we unfold the basics to be aware of in order to understand the content of the next chapters. Since the presentation is not exhaustive, we advise to consult for instance the paper of E. PAUL and al (52).

The phosphorus contained in the municipal sewage is present in majority as soluble orthophosphates. So to remove the phosphorus from wastewater, it must be turned into a particle-like form that can be settled, which permits, via a transfer in the sludges, its removal from the treated water.

This transformation usually takes place in the WWTP in two different ways, but which can be combined:


I.4.1/ Physicochemical phosphate removal

The addition of iron or aluminium salts generally permits to precipitate the phosphorus in the sludges of the WWTP or sometimes with a tertiary treatment in more mineral sludges. The pH value as well as the Fe/P and Al/P ratios are important parameters of operation.

This technique of treatment causes an increase in sludge production between 10 to 20% (53). Moreover, it creates a significant problem when thinking of a P-recovery. Indeed, in most cases, the P cannot be recovered from FePO4 and AlPO4 compounds (cf. I.2.1). 

I.4.2/ Biological phosphate removal

This more recent technique (EBPR process) has the advantage of using no reagent for the P precipitation. The principle is based on the alternation of phases (anaerobic then aerobic) in separate compartments to permit the selection of dephosphating bacteria (Poly-P bacteria). The initial passage of the biomass in the anaerobic area results in a release of orthophosphates from the dephosphating biomass to the liquid medium. As soon as the biomass is in aerobic conditions, it overassimilates between 2 and 4 times more phosphorus than the biomass of a classical process. This phenomenon seemingly comes with a simultaneous transfer of other soluble elements (K+, Mg2+), as proved by the works of N.JARDIN and al (28 and 28bis) as well as Y.COMEAU’s (29).

Further on in this report, we will use the terminology first release for the release made within the EBPR process.

These phenomena of overassimilation generate an overproduction of sludge estimated as 3,1 g SS/P removed for N.JARDIN and al or to 1,6 g SS/P removed for Y.COMEAU.

These quantities of P stored in the bacterial cells are susceptible to be released once again if the biomass is in anaerobiosis, which is the case in anaerobic sludge digestion. Consequently, the release transfers back into solution a big part of the overassimilated P. We will speak then of a second release. It is this released phosphorus that we are going to try and recover (precipitation or crystallisation) when we speak of phosphorus recovery. 

Seemingly these releases come with a decrease in the amount of SS between:



(2 to 2,4 g SS / g P released (N.JARDIN (30))

(1,6 g SS / g P released (Y.COMEAU (31))

The technologies which appear as technically feasible for P-recovery require prior biological P-removal to concentrate a P solution. This point of view will be discussed through the next chapters that summarise the technical interviews. 

II/ Results of phase 2: Consultations, questionnaire survey and technical interviews 

II.1/ The questionnaire
On the basis of the information collected in the bibliography, a questionnaire was prepared.

The questionnaire is divided in 4 parts, in order to understand better:

(The national context encouraging or not the P-recovery

(The strategy and techniques of P-recovery

(The costs of this recovery (investment, operation)

(A set of more generic parameters.

A copy of the questionnaire is produced in appendix VII.2.

A simplified version intended for specialists who are not technicians of the subject has been made. 

It is important to note that it has been particularly difficult to have appointments or answers by fax or e-mail (when the trip was not possible). One of the first conclusions of this questionnaire survey is that the subject is often far from the concerns of the different contacted companies with however varying interests in each country.

To date, in spite of many follow-ups, some companies did not answer or did not want to answer. 

However, thanks to the statements of the people who answered, we learnt interesting lessons on the feasibility of P-recovery. As emphasised by E.Valsami-Jones (32), a lot of work has been done these last years on P-recovery (basic research, laboratory tests, bench scale tests or full-scale realisation of P-recovery processes). Nevertheless, these works are very technical and centred on specific concerns. Seemingly, no global approach of the subject has ever been published to date. The second international conference held in Noordwijerhout (Holland) from 12 to 14 March 2001 partly permitted to remedy this problem.

II.2/ The selected persons and specialists

The selection of specialists has been made according to different approaches:

II.2.1 Initial selection

This selection has been made looking for:

(In the bibliography, the authors of the most relevant and/or of the most advanced articles on the subject.

(The best placed persons to grasp the national contexts.

(The technicians specialised in phosphorus removal for some big private companies treating water

II.2.2 Selection during the study
According to the meetings, it appeared that some people who had not been selected initially could bring relevant ideas. So they have been added to the list of contacts in order to improve the quality of the questionnaire survey. 

III/ Technico-economic feasibility of P-recovery in the municipal wastewater

III.1/ Is it possible to recover P with the current technologies?

We will tackle this technical feasibility through the synthesis of the questions asked to the specialists of the subject:

(The specialists’ names written in Italics indicate that their interview is summarised in appendix VII.2) 

III.1.1/ Where is it technically possible to recover P in a WWTP?
III.1.1.1/ Mainstream techniques

Most of the opinions agree that mainstream processes are not suitable in a municipal context. As explained by S.Gaastra (Uitwaterende Sluizen) and A.Giesen (DHV Water), this type of process is technically conceivable when P-contents in the wastewater ([P]ww) are superior to 10-12 mg/l. A.Giesen underlines that when the [P]WW is below 10 mg/l, the process becomes very expensive and it is technically difficult to recover the P. This situation is systematically found in Europe, in the countries where P-detergents are forbidden (Germany, Sweden, Holland, Switzerland, Italy, …). The experiment of the Westerbork WWTP (Holland) is a good illustration of this situation, because once P-washing powders have been forbidden (1991), the [P]WW fell below 10 mg/l, which led to stopping the mainstream P-recovery installation.

So this technique is not appropriate to a municipal context such as found in Europe, but rather in an industrial one (cf. experiment of industrial water treatment of a Mercedes plant by D.DONNERT and al (4)). 

III.1.1.2/ Sidestream techniques on the water treatment process

When working on a P-rich flow ([P]>20mg/l) and with a supernatant containing few SS, it is really possible to recover P. Some of the persons met, like for instance B.Klapwik (Wageningen University), S.Gaastra and B.Heinzmann (BWB)) think that this technique is better because it is easier to operate. 

III.1.1.3/ Sidestream technique on the sludge process

Some specialists believe that this version is better because it demands fewer investments than the previous technique. It is especially the opinion of J.Churchley (STW), P.Pearce (TW) and M.Day (WRC).
P.Battistoni (Treviso University) summarises well the situation: the choice between a sidestream technique on the water treatment process or on the sludge process depends on what is looked for:



-To avoid P-concentrated returns in head and have no problem of struvites (cf. III.2.2), the best location for the recovery is on the supernatants, filtration and centrifuge liquors produced on the sludge process and returning in head of WWTP.



-To get rid of the problem of struvites, then it is better to recover P before or after the digestion tank for the sludge process, or directly on the water treatment process.

As regards the location of the recovery processes, refer to chart 1 appendix VII.3.

III.1.2/ The technical requirements for P-recovery
Phosphorus can be recovered technically by precipitation or crystallisation (cf. I) when fulfilling the following conditions (not exhaustive list):

(Liquid stream with a minimal P content: [P] ( 10 mg/l (sidestream processes (cf.III.1.1) permit these contents)

(Liquid stream with low SS contents: (150-200 mg/l (A.Giesen), to avoid: 

(too many impurities in the recovered P,

(for the processes of crystallisation, a clogging of the nozzles permitting to feed the reactors

(for the processes of crystallisation, a crystallisation around these SS whose density is lower than that of sand, which would create risks of loss of the constituted material with the effluent.

(Adapt the molar ratios necessary for the formation of the researched compounds (cf. I.2.3); by adding if need be the appropriate reagents

(Create an increase in the pH value in order to reduce the solubility of Ca3(PO4)2 or of MgNH4PO4 and so generate phenomena of precipitation or of crystallisation.

(Reactor or settler enabling recovery of the obtained products (cf. appendix VII.6)

Although this presentation may look simplistic, it sums up the technical conditions required for the P-recovery at this stage of research. H.Hahn (Karlsruhe University) indicates however that it is far more complicated to optimise this recovery.

III.1.3/ Infrastructure constraints
(The WWTP must use the activated sludge process.

(The WWTP must be equipped with a biological phosphorus removal (EBPR process or Bio-P process). That is compulsory to create an overassimilation of the P, which is then released, this generating a high P concentrat liquor.

(The sludge must effectively undergo a second phase of release, generated by anaerobic conditions. This may result from an anaerobic compartment which may already exist on the WWTP (anaerobic sludge digestion) or may be specifically created for the P-recovery (stripper tank of the Phostrip process for instance). 

(After this second release, the sludge must go through a separating unit (settling for instance), permitting to generate P-rich flows with low suspended solid levels on which the P-recovery will take place.

These different phases are summed up in chart 2 appendix VII.3.

All the persons interviewed on this subject confirmed the importance of these requirements. 

Moreover, we also wondered whether there was a critical size for the WWTP from which a P-recovery was technically conceivable. At the sight of the arguments asserted by the specialists we retain 3 general ways of tackling this question even though the viewpoints vary in each country:

(The critical size is the size commonly admitted for a biological P-removal. A.Vachon, P.Vioget (SESA), P.Battistoni, H.Hahn, think that this size is of 30 000 p.e.

(The critical size is of 100 000 p.e, which permits to justify better with the P-flow the likely investments, according to J.Churchley and F.Nauleau (STEREAU)

(The critical size is between 150 and 200 000 p.e, which corresponds to the critical sizes for processes of thermal drying according to J.M.Audic and E.Vanden Bossche (CIRSEE)
These remarks constitute a first approach that must be sharpened according to the local context. However, in Heemstede (Holland) a P-recovery unit has been installed. This installation had not a big enough P-flow (35000 p.e) to justify the important costs (chemical reagents especially) caused by the recovery. According to S.Gaastra, these costs were at the origin of the decision of stopping the installation. 

In other respects, S.Gaastra, P.Roeleveld (STOWA), A.Vachon, M.Gousailles (SIAPP), J.M.Audic (CIRSEE), agree to say that the raw water arriving at the WWTP must have a sufficient BOD5/P ratio (BOD5/P > 20) in order to encourage the biological P-removal and then a further maximum potential of release. Indeed, the more phosphorus caught in the sludge is released, the more will then be available to be recovered. 

In the case of calcium phosphate crystallisation, when the water is hard and contains many carbonates, A.Giesen insists on the necessity of removing a maximum of these carbonates to limit the reactions of competition due to the formation of calcium carbonates and avoid that the recovered product is poor in P. This removal is usually made by CO2 striping in acid medium (pH value ( 5). In terms of running, this operation has many consequences because it makes the process more complicated and increases its cost due to the use of chemical reagents (generally H2SO4). J.Churchley reminds that any further impurity (CaCO3, organic material,…) is harmful to the quality of the recovered product. This problem may be less significant in the case of struvite precipitation.

A.Giesen explains that technical constraints are mainly linked to the context of the WWTP and to the location of the P-recovery. M.Gousailles indicates that it is important to provide for techniques of drainage, dewatering, and if need be of drying of the recovered product in order to get a dry product easy to handle. Similarly, proper storage areas and easy approaches for the vehicle transporting the recovered product must be provided for. JP.Krier (SIAAP) reminds that there is not always enough space on the existing WWTP.

H.Hahn, P.Pearce, R.Palfrey (WRC) feel that one of the main constraints is to avoid to generate additional costs that could modify for instance the price of water.

III.1.4/ Technical limits of P-recovery.

The scientific literature and all of the questioned people indicate that iron and aluminium salts used to remove P limit the possibility of recovering phosphorus as calcium phosphate or as struvites. In plain language, it means that the greater the use of aluminium and iron salts is, the less chances of having “free” phosphorus, ready to be recovered. Such a remark is also true in the case where raw wastewater would arrive on the WWTP with important iron or aluminium contents. That could be the case in an industrial context or when a plant producing drinking water discharges its hydroxide sludge in the sewer system. As well as from the potential solutions currently being researched (cf. V), it is important to mention here the Dutch exception as regards aluminium salts (cf. I.2.2 and III.2.1). Indeed, as confirmed for instance by B.Klapwijk, P-recovery from AlPO4 is possible at the Thermphos International P-industry process  at Vlissingen (Holland).

M.Gousailles and JM.Audic indicate that any important fluctuation, that may disturb the quality of the biological treatment (rainy weather, effluents contaminated by toxicants,…) will have direct consequences on the working of the biological P-removal and so on the efficiency of the P-recovery. JM.Audic insists reminding that the fluctuations in the inflows on WWTP are one of the major constraints that concern almost every day the people who treat water. 

III.1.5/ Technical consequences on the operation of the WWTP

III.1.5.1/ Technical consequences on the sludge treatment and reuse process

(The first consequence is to limit the P-flows that return in head of the WWTP (returns to head), so that the efficiency of the biological P-removal is more reliable.

(In the WWTPs where there are problems of unexpected struvite precipitation, the P-recovery permits to limit the technical and financial impacts resulting from these problems (cf. III.2.2).

(According to most specialists no other significant consequence is expected on the sludge treatment process (thickening, dewatering, stabilisation,…)

(The sludge production could very slightly decrease (cf. III.2.2) 

(Some significant consequences are expected as regards the final disposal of the sludges and more particularly the agricultural reuse, the incineration in the cement works (cf. III.2.2) and the reduction in sludge incineration ash.

III.1.5.2/ Consequences on the operational management of the WWTP

At present there are not enough returns of experiments on full-scale plant available to draw global conclusions. Nevertheless S.Gaastra and P.Battistoni pointed out some indicators, that must be compared with the national context:

(S.Gaastra indicates that in the case of the Geestmerambacht WWTP, the specific operation time varies between 1 and 2 H/ day apart from failures (control of the efficiency, management of the reagents, maintenance of the equipment,…). JM.Audic and F.Nauleau mention that these times are already significant and will have an impact on the balance sheet of operation. However, the Geestmerambacht Crystallactor is a very complex installation and it might be hoped that simpler processes can be developed.

(P.Battistoni explains that in the case of the Treviso WWTP, there is no noticeable difference in terms of working time, which seems optimistic to us.

(According to most of the persons questioned, the staff of a WWTP has the skill to run this type of process. A specific training from 2 to 10 days (according to the opinions) would be necessary to learn the instructions of operation, the risks and safety regulations linked with the use of reagents.

(The energy consumptions have not been specifically estimated to date. It seems however that they are inferior to 10% of the total requirements of the WWTP. 

(Some global costs have been calculated (cf. III.2)

III.1.6/ Limit of efficiency of the P-recovery.
This limit is defined by the ( efficiency of recovery, established after the following formula:

( =(recovered flow / inflow on the WWTP) *100

Two general opinions seem to come out of the interviews:

(Since the maximal recovery integrates the P requirements for bacterial development, the regular limits and the efficiency of the recovery units produce a potential of recovery between 50 and 75% of the inflow on the WWTP.

Let’s say that these are optimistic efficiencies implying the optimisation of processes. As an example, S.Gaastra indicates that at Geestmerambacht, the efficiency is at present of 43% because the units are underloaded, but a 60% efficiency is completely possible with these units at rated load. 

(For the specialists who consider that it is only the P necessary for stopping problems of struvites or too-rich in P returns in head (P.Pearce, P.Battistoni) that must be removed, the objective of the recovery could be only 30%.

In other respects, P.Roeleveld and J.Churchley pointed out that, in some cases, an excessive P-recovery (low residual phosphorus content) increased the risks of scale formation downstream the stage of P-recovery. This observation can be accounted for by the sequestrating nature of phosphorus (vis-à-vis calcium), which impedes calcium to combine with carbonates to form scale. This property is indeed why phosphates are used as a component of detergents. J.Churchley explains that in some cases, additions of EDTA (same sequestrating property) have been made to stop the problem. 

Such phenomena appear complicated however because not systematic and require further research. If they were confirmed, these phenomena would directly constitute a limit to P-recovery.

III.1.7/ Conclusions

The mechanisms of precipitation and crystallisation are not recent and have been used for a long time in the chemistry industry. The specificity of phosphorus recovery in wastewater mainly results from the specific medium from which phosphorus is going to be removed. Indeed, we may recall that in this medium there is a combination of complex physical, chemical and biological phenomena, which makes it particularly complicated. We may also recall, as underlined by JM.Audic, that the variations in the inflows on a WWTP are a strong technical constraint imposed to operators. This specificity explains that the rules deriving from returns of experiments of the chemistry industry in the field of precipitation and crystallisation cannot directly apply to the water industry.

However, for already many years, WWTP operators have used physicochemical treatments to precipitate some pollutants (physicochemical P-removal, rapid settling through physicochemical treatment, sludge conditioning before thickening or dewatering,…).

In our opinion and after two months of investigations throughout Europe on the subject, we believe that phosphorus can technically be recovered from municipal WWTP, although P-recovery on full-scale plants is only in its early stages. Of course, the stage of a perfectly optimised treatment has not been reached yet, but the techniques permit this recovery.

To the question, is it possible to recover P in a majority of European WWTPs, the answer is NO for two main reasons:

(There is a gap, variable according to the countries, between the existing WWTPs and the requirements implied by P-recovery. As underlined for instance by J.STRICKLAND (33), the English WWTPs are not appropriate at present for P-recovery. This remark also applies with some differences to other countries (Switzerland, France, Italy, Ireland, Germany, and Finland). According to J.STRICKLAND again (33), a large-scale P-recovery can only be installed at the cost of significant changes: 

(Feasibility studies

(More or less important modification of the existing WWTPs. 

(Training of the operating staff

However, there could be a synergy between the rehabilitation of old WWTPs to meet specifications (nitrogen and phosphorus treatment) and the instalment of P-recovery processes, as emphasised by P.Pearce during the second international conference on P-recovery. It was in such a context that the operators of the Geestmerambacht WWTP decided to install the DHV Crystallactor(.

 (Most of the interviewed persons agree to say that the P-recovery is expensive. Generally, it is not the technique that is a limit. But the costs resulting from this technique are often a limit to pass from research to industrial application. This notion directly refers to the second part of the question that was asked: is it possible, economically speaking to recover P in the municipal wastewater? The continuation of this report summarises the replies that we collected on the subject.


III.2/ The economic prospects of P-recovery 

III.2.1/ Synthesis of the collected data


There are not enough elements and returns of experiments to know precisely the global cost of P-recovery on a municipal WWTP. Indeed, as far as we know, there are few full-scale plants implemented in a municipal context (2 in Japan, 3 in Holland and 1 in Italy). So it is difficult to make comparisons or a general rule out of the national context. Nevertheless, we have been supplied with some data:

(S.Gaastra presents the costs of P-recovery (expressed in €/kg recovered P) on the Geestmerambacht plant (230 000 p.e) (recovered P as Ca3(PO4)2) :


Global current costs (( = 43%)
Estimated costs after optimisation (( = 60%)

6,13 €/kg removed P
4,72-5,66 €/kg removed P

12,26 €/kg recovered P
9,14-11,32 €/kg recovered P

According to the information supplied by S.Gaastra during the second international conference on P-recovery, the costs are allocated as follows:

Allocation of the costs of P-recovery at Geestmerambacht

We note that the “reagents” item is one of the most important expense items.

 (P.Battistoni explains that in the case of the Treviso plant (70 000 p.e) (P recovered as struvites):

For an objective of recovery of around 30% of the inflow on the WWTP, the costs are:


(~3,57 € / p.e (investment costs) 


(~0,03 €/ m3 of treated supernatant (operation costs)

(A.Crook (46) points out that the works carried out by Anglian Water prove that the recovered product must be sold at 86£/ton of calcium phosphate for the recovery to be economically viable.

(Y.JAFFER (6) indicates that in the case of the Slough WWTP (TW) 250 000 p.e, the estimated cost of the reagents required to produce 84.3 tons of struvites would be of at least 50 000£, that is to say around 620 £/ton of struvites. By selling this production at 200 £/ton of struvites, the revenue of the sale would be of 17000£/year, which would only cover 1/3 of the expenses resulting from reagents only.

(We may also mention E.VON MUNCH’s paper (34), which suggests an economic approach based on the simulation of a financial plan for the creation of a company specialised in the P-recovery as struvites in Australia.

There are also data and references in the scientific literature on the estimated or real sale cost of struvites (especially in Japan (35)). It is clear from these data that struvite sale prices depend a lot on a local and/or national context (cost of the sludge disposal processes, cost of the reagents used, average cost of fertilisers,…). 

Overall, it appears that there is often a big gap between the cost of the recovered P and the cost of P rock:

Comparison for P recycling in the industry

Optimised costs recovered P

(S.Gaastra)- average value -
P rock costs (Northern Europe) 

(1 and 20)

10,2 € / kg P

that is to say ~10200 € / ton of P
30£/t P rock or ~45US $ / t P rock*

that is to say ~200£/ton of P ( 320 € / ton of P

Comparison for P recycling as fertiliser

A.CROOK (46°
Y.JAFFER (6)
Kurita Ltd

(1)
Treviso

P.Battistoni
Fertiliser average price

K.Smith-M.Marks(1)
Web Site ADEME(2)
Fertiliser average price

DAP (36)

86 £/t of recovered product**
200£/t str***
150 à 200 US$/t str****
0,34€/kg str*****
300 £/t P205(1)
3300 F/t P205(2)
233£/t P205

?
2667 € /t P

estimated costs
1235 à 1647 €/t P

real costs
2833 €/t P

estimated costs
1104 €/t P

1153 €/t P
858 €/t P

*P rock contains ~35% of P205 that is to say ~15% of P (1)

** Purity of the recovered product not transmitted 

***1 kg of struvites contains ~12% P (this number only comprises 1/3 of the cost of reagents

****1kg of struvites contains ~13,5%P

*****1 kg of struvites contains ~12%P

It emerges that the real selling costs of struvites, as published, are near the average prices of traditional fertilisers, which tends to prove an alignment of these selling prices with market prices. 

K.Smith (ADAS UK) and M.Marks (FRCA Department of agriculture UK) agree: at present the sale of struvites as fertiliser is possible in so far as the selling cost of struvites calculated to the ton of P is equal to the most to the ruling price of traditional fertilisers. 

S.Gaastra specifies that the agreement with Thermphos International, which takes the recovered phosphates presently stipulates that Thermphos collects these from the sewage works on a no cost – no payment basis.

The P-recovery has a cost. The economic feasibility of the recovery raises the problem of knowing who is going to pay the cost of the recovery. The comparison of the aforementioned costs and the statements of the private companies that have been consulted (France and England especially) permit to assert that the market value of the recovered product will not be the first motivation for the water industry to install P-recovery.

Moreover, the survey carried out throughout Europe reveals that the motivations expressed by the water industry are really variable in each country.

At the moment, the economic feasibility of P-recovery cannot be defined on a large scale. In our view it directly depends on the national context.

III.2.2/ Influence of the national context on the implementation of the P-recovery

This part does not claim to be exhaustive. It only tries to demonstrate that the national context strongly and differently (according to each country) influences the possibilities of a large scale P-recovery. The parts hereafter are based on the different meetings and exchanges made during the survey.

III.2.2.1/ The situation in Holland

(The Netherlands is one of the pioneer countries of phosphorus recovery. 3 full-scale plants have been installed at municipal WWTPs (Geestmerambacht –230 000 p.e-; Heemstede -35 000 p.e-; Westerbork). Today, only the Geestmerambacht plant is still working (cf.III.1.1.1 and III.1.3). It is important to note that in Holland the regulations governing the maximum heavy metal content of the sludges from WWTP going to agricultural reuse are among the most severe in Europe. One of the consequences of this situation is the massive use of incineration (around 60% according to P.Roeleveld). The relatively short distances from one end to the other of the country probably promoted the grouping of incineration on two sites on the national territory. Moreover, as mentioned during the second international conference, the P requirements in the soils are weak and largely met by dressings of animal waste, mineral fertilisers.

So the P-recovery as fertiliser is not promoted in such a context. 

(The presence of the industrialist Thermphos International favoured the recycling in the P-industry. Besides, as clearly specified by W.SCHIPPER (37), Thermphos International decided to play an active part in developing P-recycling in Holland, by fixing a company objective of replacing 40 000 tons of P205/year of P rock by recovered P, which represents about 12,5% of the annual needs.

So it is clear that there is a synergy coming out in Holland on the principle of a durable development and it is very specific to the national context. The consequences are significant because there is a reliable outlet for the recovered P. Actually, as unfolded by W.SCHIPPER (37), it is the industrialist who determines the qualities of the product that must be reached. Moreover, the recyclable product must be calcium phosphate or aluminium phosphate and not struvite. As a consequence of this situation, the process that must be used preferably in Holland is the sidestream process according to W.Schipper.

This specificity leads us to think that this situation cannot be transposed in other countries at the moment.

III.2.2.2/ The Swedish context

Since the end of the year 2000, as explains B.WALLGREN of the Swedish EPA (38), the Swedish government has decided to make of P-recovery a national objective. The objective to recover 75% of the P contained in the wastewater and animal waste within 10 years has been fixed. 

Whatever the final level is, it is clear that the motivations that will bring all the parties involved (among which the water industry) to fulfil this national objective represents in future a regulatory constraint, which constitutes a first in the world in that field.

In order to reach objectives that may look ambitious, the choice of techniques (B.HULTMAN and al (19)) and the strategy of recovery are very specific to the national context.

III.2.2.3/ The situation in Switzerland 

The protection of environment and more precisely the fight against risks of eutrophication of surface water completely form part of the objectives of the Swiss Federal Republic. P.Vioget explains that there are 3 complementary means of action to reach this objective: reduction at the source (P-detergents banned since 1986), improvement of the efficiency of the sewer system and pollutant removal within the WWTP. P regulatory guidelines are very severe. According to M.Koch, the regulatory limit is 0.8 mgP/l in Switzerland. But each canton has the right of choosing more severe limits. For instance, some cantons (Zurich especially) have very low levels, fixed at 0.2 mgP/l. In order to reach such results the physicochemical P-removal (mainly with iron salts) has been preferred to the biological P-removal. As to P.Vioget only 10% of the P is biologically removed.

In view of the situation, it is technically difficult to envisage a P-recovery in Switzerland. The search of a maximal protection of surface water led Switzerland to mainly choose chemical techniques of P-removal incompatible with the current techniques of P-recovery, hence the specificity of this national context. 

III.2.2.4/ The approach in Germany, England, France and Italy

In these countries, the P-biological removal is enough used to permit a priori a P-recovery, without changing radically practises of P-removal. According to the different persons that have been consulted in these countries, it clearly appears that there is not a specific context motivating the P-recovery, like in Holland or Sweden. This recovery can be made on an ad hoc basis, but it is obvious that apart from a regulatory change (D.Crétenot), the question that often turns up is: What is the interest of the water industry in recovering P? 

Some persons (Y.Jaffer, B.Heinzmann, P.Battistoni, F.Nauleau) underline the advantages of this recovery, advantages that they estimate big enough to justify local investments (cf. III.2.3). Others, JM.Audic, D.Crétenot, A.Vachon, do not see any immediate interest in the water treatment and point out that the P-recovery is not a priority. It is important to specify that in France the use of the anaerobic digestion is less frequent, which is an explanation to the fact that there are no problems of struvites

Seemingly, this recovery will only be implemented when the water industry finds an interest, a motivation in it (cf. III.2.3).

III.2.2.5/ The Japanese context

Japan is together with Holland a pioneer country in the field of P-recovery with a number of full-scale and pilot P-recovery operations documented. 

The works of Y.UNEO and al (14) for instance are based on a 3-year full-scale experience of P-recovery and P-recycling in the industry of fertilisers. As indicated by Y.UENO during the second international conference, the search of means to limit P-concentrated returns in head has been the first motivation of the Unitika Ltd company. Precipitations with aluminium polychlorides have first been tried. Then, because of difficulties in the steadiness of working and especially because of the overproduction of sludges (resulting from P-precipitation), the P-recovery as struvites has been explored. Actually the huge costs of sludge disposal motivated this choice (~720 €/ton DS): a precipitation with aluminium salts causes an overproduction of sludges resulting in a cost overrun whereas the crystallisation of struvites creates a product that can be sold whilst meeting the initial objective (limit P-concentrated returns in head of WWTP). According to Y.UENO, this choice permitted to divide by 7 the extra costs caused by the initial management of the P-concentrated returns in head.

In the Japanese national context, the huge costs of sludge disposal orientated the decision of P-recovery to the detriment of a more traditional process consisting in removing the P before its return in head of WWTP. Besides, this argument has already been suggested in the scientific literature (1).

Through these 5 examples, it is clear that the national context (regulations, synergy in the development of new durable techniques, important costs of sludge disposal) strongly influences the prospect of a P-recovery on a national scale.

III.2.3/ P-recovery: the motivations put forward by the water industry

This part sums up the main motivations mentioned by the different parties involved in the water industry that we met during the study. These motivations may justify according to them and in some cases the cost of the recovery.

III.2.3.1/ Optimisation in the management of returns in WWTP head
It is the argument most frequently put forward (F.Nauleau, P.Pearce, B.Heinzmann, P.Battistoni, Y.Uneo). 

The sludges from the biological P-removal release the overassimilated phosphorus as soon as they are in anaerobic conditions. The phosphorus that is then in liquid phase and has to be returned to the head of the WWTP and thus diminishes the BOD5/P ratio, which limits the efficiency of the biological P-removal. As a consequence, the doses of coagulant are increased in the case of a combined P-treatment (biological and physicochemical phosphate removal). When the treatment plant is only equipped with a biological P-removal, the quality of the disposal is directly threatened. 

Although the P-concentrations of those returns are variable, they may in some cases result in a loading that may reach 100% of the inflow of the WWTP (N.JARDIN and al (28 ter)). 

The combination at a WWTP of a biological P-removal and an anaerobic digestion generates a high risk of P-concentrated returns in head. 

According to F.Nauleau, it is the argument that orientated the STEREAU company to suggest for a big French city an option of P-recovery through calcium precipitation. 

P.Pearce, D.Crétenot, among others, underline that the fact of blocking these returns to the head via the controlled formation of struvites also permits to reduce ammonium returns, which limits the needs in terms of nitrification and permits to envisage energy savings.

 III.2.3.2/ Limitation of problems due to unexpected struvite precipitations
The problems generated by an unexpected struvite precipitation are not recent. In 1972 already, J.BORGERDING (39) mentioned the problems encountered during the sixties on the Hyperion WWTP of Los Angeles.

As specified by J.STRICKLAND (33) among others, several factors promote struvite precipitation:

(Important Mg concentrations (nitrogen and phosphorus are largely present after an anaerobic digestion).

(Increase in the pH value, usually resulting from the natural phenomena of CO2 striping that happen at the outlet of digestion tanks, because of pressure changes and the turbulences generated by valves and pipe bends.

(Decrease in the temperature that happens naturally at the outlet of heated digestion tanks. Above 25°C, the kinetics of precipitation is slowed down.

The consequences of these unexpected precipitations are largely evoked in the scientific literature (particularly by S.WILLIAMS (5), A.E DURRANT and al (44) and S.PARSONS (41)):

(Reduction in the diameters of pipes (increase in the cost of pumping)

(Total or partial clogging of valves, pump casings and pipes

(Clogging of the belts in filter belt press and filter press processes.

(Deposits in the digestion tanks and especially on the sludge heating circuits

(Phenomena of abrasion of some rotary appliances (centrifuge, water wheel of centrifugal pumps) (MOHAJIT and al (42)).

(More generally, a more complicated operation of the WWTP

As specifies J.STRICKLAND (33), the P-recovery permits to get rid of those problems in so far as unfavourable conditions (negative potential of precipitation) to the precipitation are maintained up to the recovery unit where struvites are precipitated or crystallised (positive potential of precipitation).

We are not aware of global financial balance sheets permitting to estimate the extra costs resulting from those phenomena. Nevertheless, J.Churchley explains that a rough estimate (certainly underestimated) has been made for the Severn Trent Water (STW) WWTP. The yearly global cost is estimated at about 65000 €, including:

(The time necessary to remove manually the scale formations

(The cost of the reagents used to dissolve those scale formations in the pipes.

(The cost of renewal due to the premature ageing of the appliances

(The costs of out-of-service time of the appliances under repair

The P-recovery on the WWTPs where such problems occur is a very strong motivation (Y.Jaffer, B.Heinzmann, J.Churchley). However H.Hahn recalls that these phenomena are not frequent in Germany. 

The unexpected struvite precipitation is favoured as soon as there are at the same time a biological phosphate removal, an anaerobic digestion and strong magnesium contents in the wastewater. 

III.2.3.4/ Phosphorus, a limiting factor for sludge spreading in agriculture.

The principle of calculation of the quantities of sludge that may be spread per hectare is quite the same all over Europe, only the limit contents in undesirable compounds (organic trace and metallic compounds) vary according to legislations. An agronomic study defines the nitrogen and phosphorus requirements of cultivations. When those needs are known, it is the N and P concentration in the sludges and their biodisponibility that will define the amount of sludge that must be spread per hectare.

As explains D.EDGE (44), in practice, especially nitrogen and phosphorus are the limiting parameters of agricultural reuse. However there are some exceptions in Europe, like Sweden or the Netherlands, where the limit contents in heavy metals are so low that they are at the level of what we call the background noise and impede the agricultural reuse. 

According to M.Marks, nitrogen is the first limiting factor. However, he underlines that in England phosphorus will probably also become the real limiting factor in a short date (maybe before 2010), which could motivate the registration of P-recovery as national objective. At present and globally speaking there are already some areas in Europe where the soils have enough P and where P is already a limiting factor. In this context, decreasing the P-concentration in the sludges means reducing the surfaces required for spreading and thus limit the costs of transportation necessary to reach the fields.

Nevertheless JM.Audic and H.Vanden Bossche specify that it is an argument that cuts both ways, because in many cases, farmers accept sludges because the P gives them an undeniable agronomic value (E.KVARNSTROM and al(45)). M.Gousailles and JP.Krier confirm that in the case of the sludges from Achères, the P represents the main argument for these sludges are reused for agricultural spreading.

III.2.3.5/ Phosphorus, a limiting factor for sludge incineration in cement works
Although this technique of final reuse is not much widespread, in some cases it may be an interesting route for thermal valorisation for sludges, especially because it does not produce waste (the ashes are trapped and used in the making of cement). As recommended by an OFEFP technical document (46), a too big amount of phosphorus in the cement lowers the short-term resistance of cement. 

A limit value has been suggested in this study: 0.5% P2O5/cement (% of the weight).
In this case, the P-recovery permits to reduce the limiting effect of P in sludge incineration in the cement works, as emphasised by H.Vanden Bossche. 

III.2.3.6/ Does P-recovery result in a significant reduction in the total sludge production?

According to WOODS and al (1), a reduction in the total sludge production is possible. As to their mathematical model a reduction between 5 and 30% (depending on scenarii) is conceivable in the following comparative processes: WWTP with a Crystallactor( and WWTP equipped with an EBPR process.

We made different calculations with different scenarii to try and identify the order of magnitude of this reduction (cf. appendix VII.4), using as a basis some of the works of N.Jardin (30) and Y.Comeau (31) and proprietary water company models (for this reason the calculations are not published). We compared through calculation the sludge production of a WWTP with EBPR process only and the sludge production of an equivalent WWTP with P-recovery. It is likely that the order of magnitude of the reduction in sludge production is between 2 and 8% of the total sludge production.

Two different opinions prevail among the interviewed specialists:

(The P-recovery does not reduce the sludge production (M.Day, Y.Jaffer, P.Pearce, B.Heinzmann, P.Battistoni, F.Nauleau, D.Crétenot)

(The P-recovery may cause a sludge reduction inferior to 10% of the total production. Anyway this weak reduction is unlikely to be visible given the usual fluctuations that happen almost every day in sludge production. (B.Klapwijk, P.Roeleveld, J.Churchley, A.Vachon, JM.Audic, H.Vander Bossche, H.Hahn) 

It is very likely that a slight sludge reduction occurs, but it may be totally hidden by the usual fluctuations. 

If the P-recovery takes place in a WWTP where sludge is incinerated, the percentage of reduction of incineration ash will be higher. Indeed, the incineration destroys most of the organic matter contained in the sludges and permits a reduction in volume by factor 6. So the percentage of reduction on the ashes will, theoretically be between 12 and 48%. Complementary specific studies are required to confirm this rate of reduction. Moreover, at the moment, there are problems with P-recovery on ashes because of the specifications set by the P-industry (cf. V). Nevertheless, could this way be confirmed, significant savings would be made on the dumping of ashes whose costs vary between 152 and 304 €/t MS.

III.2.4/ Preliminary economic conclusions
There are not enough returns of experience yet to define the economic feasibility of P-recovery out of the national context. Moreover the few data available also depend a lot on the local context: variable needs in reagents to increase the pH value or to get molar ratios permitting the recovery.

It appears quite clearly that the feasibility will depend on the different (negative or positive) economic impacts that P-recovery will have on the working of the WWTP. At present, it is difficult to mention exhaustively all the impacts. Hereafter we only give a list of the expenses and receipts put forward by the interviewed persons:

Expenses
Receipts

-Investment costs

-Depreciation costs

-Consumption of reagents (variable price in each country) and of energy

-Additional operating time

-Specific training of the operating staff


-Potential sale of struvites 

-Savings due to the suppression of problems of struvite deposits

-Possible reduction of transportation distances for the agricultural reuse.

-Savings on the landfill of incineration ashes. 

-Savings due to the optimisation of returns to head. (cf.III.2.2.5)

In the future, it is clear that specific studies should be developed in order to analyse all these parameters among several WWTPs to answer the question.

IV/ Necessity of a durable path to reuse the recovered P.

IV.1/ Reliable re-use routes

Among other examples, we have seen that when the processes of disposal resulted from contracts or agreements with partners likely to make the re-use, the processes were durable. It is the case of Geestmerambacht in Holland (re-use of the product in the P-industry) and also the experience of Y.UENO and al (14) in Japan (re-use of struvites in an industry of fertilisers).

B.Heinzmann and P.Battistoni confirm that they have entered into negotiations to validate routes for re-use for their own WWTP recovered P.

IV.2/ Limits to agricultural re-use of the recovered P 

B.Klapwijk relates an unsuccessful proposal for P-recovery (struvite) from animal waste in Holland. He explains that the anticipated disposal route was based on a direct reuse in agriculture in the North of France, but the local investigation did not permit to put the potentialities of this outlet into effect. In practice the sale of recovered P did not happen, which put an end to this project.

F.Nauleau and P.Baptiste report that there has been a project within the SAUR company to recover P from animal waste in the West of France. It did not completely succeed. Indeed, JY.ROUGELOT (SAUR-Vannes- (48)) confirms that the development of the AVDA process (struvites recovery from pig waste) encountered some difficulties when the economic viability of the system was to be defined. The production cost fixed from the investment and operation costs was not supported by the present partners (fertilisers’ manufacturers), the latter offering a purchase price covering just one third of the production price.

IV.3/ The current uncertainties:

IV.3.1/ Re-use in P-industry: who pays for the costs?

S.Gaastra indicates that at Geestmerambacht, the Uitwaterrende Sluizen (operator) pays the recovery and storage of the product and gives it for free to the Thermphos International company that pays the transportation. In that case, it is the consumer who pays for the recovery when paying his water bill. It must not be forgotten that this experiment enters in the search for a sustainable development in Holland.

It would not be easy to transpose this situation in some other countries. In England, as confirmed by M.Day and R.Palfrey, the water industry must justify the expenses allocated to the price of water. At the moment the expenses due to P-recovery could not be carried over the price of water.

In Germany, H.Hahn insists on the fact that heavy investments have already been made on WWTP and that it is hardly conceivable to increase again the price of water.

In France, A.Vachon explains that since the P-recovery is not a priority, a priori the Water Agencies would not support financially the necessary investments.

On the contrary, if P-recovery turned into a national objective (like in Sweden), the problem of the cost would be different because it could be carried over the price of water. D.Crétenot and JM.Audic confirm that only this national choice could lead the water companies to invest in that field. 

IV.3.2/ The direct reuse of recovered P as a fertiliser: contrasting opinions 

Many of the questioned persons do not really believe in the direct reuse of P in agriculture. It is especially M.Marks’s opinion who accounts for this idea through the current costs. K.Smith confirms that the price and appearance of the product constitute the two decisive criteria in this field.

JM.Audic underlines that the P-recovered even as struvites does not make up a sufficient fertilisation for cultivations (needs in potassium). So like in the case of the agricultural reuse of sludges, two series of fertilisation must be planned: sludge or struvite spreading and then a dressing of the complements, or the struvite must be mixed with other products to make a compound fertiliser.

Indeed, JY.ROUGELOT (48), JM.Audic, D.Crétenot, F.Nauleau think that the only durable possibility of agricultural reuse if to supply (or to sell) the recovered P to the industry of fertilisers so that it may be reformulated into a classical mineral fertiliser. They feel that the people whose job is to treat water should not try to solve problems of agronomy.

The experiment told by Y.UENO (14) testifying to 3 successful years in the field of struvite recycling in the industry of fertilisers is a perfect illustration of this opinion.

However, some other people (P.Battistoni, B.Heizmann, P.Byrne,…) consider that this direct reuse is possible if the costs are acceptable for the farmers.

IV.3.3/ Regulatory status of recovered P: waste or product?

The P-recovery from the wastewater leads to the production of a new product that is differently considered by the parties involved in the process: waste from the water treatment, raw material or fertilising material. There is still an outstanding question: how will this by-product be treated in the regulations?

We may consider that the recovered P, coming from wastewater treatment, is a by-product, which seems to be the case if we follow the regulatory logic of some countries (France, England, Holland, Italy, Finland and Ireland). 

However most of the questioned specialists feel that the designation of waste is not really suitable for a type a product that has some purity (JP.Krier, A.Vachon, B.Heinzmann,…). Such a designation could be harmful to the prospects of recycling. 

H.Hahn suggests a more original view of this situation: a waste is no longer a real waste in so far as there is a demand to get it.

Most of the specialists met point out that a certification or even a standardisation of the product will be positive to put forward the quality of the product and promote its reuse. 

As reminded by W.SCHIPPER (37), this notion of regulations is fundamental for the prospects of large-scale recycling of a waste, because as soon as a product is considered as a waste, it is more difficult for it to cross frontiers, which limits the potential of recycling. It is true for instance that the localisation of Thermphos International in Vlissigen would easily permit to recycle P coming from the Southeast of England or from the neighbouring coastal countries; but regulations could prevent that waste transport.

 IV.3.4/ Logistic problems of P-recovery

Many of the interviewed personalities emphasised the following problem: the WWTPs are scattered on the national territories (more or less according to the surface of the country and its density of population) whereas the P-industry is very localised. The large-scale P-recycling in the industry (P-industry or fertiliser industry) will necessarily come up with this problem (as struvite alone, or locally mixed with other fertilizer product).

This remark is less true in the case of a local direct or indirect local recycling in agriculture.

IV.3.5/ Conclusions

Several parameters can influence the economic feasibility of P-recovery. The national context, the interests in the water industry, the reliability of the reuse route, the regulatory context linked to this product, the logistic problems are as many criteria that strongly influence the feasibility. So it is impossible, in this context, to give an opinion on the economic feasibility of P-recovery. 

Although there are durable processes that work, too little experience is available to draw general conclusions.

During the second international conference in the Netherlands, the discussions of the workshop on the economic prospects demonstrated that the cost estimation and its allocation were far from being settled. We must not forget that the recovered P is necessarily in competition with the P rock. It is besides what emphasised T.EVANS (CIWEM (Chartered Institution of Water and Environmental Management –UK-)), specifying that the lower the quantity and quality of the P rock are, the more attractive the struvites (recovered P) become on an economic point of view. According to H.Hahn, the argument of a better quality of the recovered P in comparison with the P rock (heavy metals) is the main argument that will maybe permit the development of the P-recovery in Germany.  

Today, it is indispensable to start more extensive researches to determine this large-scale feasibility. 

V/ Research paths and other possibilities for phosphorus recovery

The techniques of P-recovery examined above use well known techniques. Currently, there are however researches to examine other ways of recovery. Some of these investigations are very recent. So we will only summarise the main researches:

 (The most important investigations are carried out in Holland and deal with possibility of recovering P from the ashes of incinerated sludges. The STOWA especially worked on that way (P.Roeleveld). The study has been conducted by Harskoning Consultant (49). It demonstrated that at present the ashes contained too much copper, zinc and iron to permit a P-recycling via thermal route. B.Klapwijk conducted similar investigations that led to the same conclusions. The recovery is technically possible, but the recycling in the P-industry (Thermphos International) is only conceivable at the cost of heavy modifications of the company’s Vlissingen plant, which is not a topical question.

(The works to examine the possibility of recovering P from iron phosphate precipitates make up a second interesting way of investigation.

(I.KARLSSON (50) presented the KRERPO process that permits to recover most of the P contained in the sludges as FePO4. The principle is based on an acidification of the sludge followed by a thermal hydrolysis permitting the P-release. The P contained in the supernatant is then precipitated to be recovered. B.HULTMAN (19) also presents similar works on the CAMBI/KREPO process, where it is again an hydrolysis at 150°C (pH value = 1-2) that permits the P-release. 

These processes look technically operational but demand energy and reagent consumptions that could make them very expensive. In the Swedish context, where P-recovery is a national objective, these costs could maybe be justified. In other countries and according to many of the persons questioned on the subject (JM.Audic, F.Nauleau, H.Hahn…), this type of process is too complex to be conceivable at the moment. Also no reuse route has been identified for iron phosphates to date.

(J.SUSCHKA (51) presents his first results on the possibilities of using sulfate-reducing bacteria to permit the P-release from the FePO4 precipitate. The principle is based on a stronger affinity between sulphides and iron than between iron and phosphates.

In other respects, we may mention a major theme of research at present, as pointed out by JM.Audic is: the reduction in sludge production on WWTPs. When bacterial stresses are used the sludge production can be reduced in laboratory. There are still many limits to the implementation of these techniques on WWTPs. One of them is the concentration of nutrients and especially P. Although these techniques are still at the stage of research, the P-recovery could offer a route for achieving these processes.

VI/ CONCLUSION

To examine the technico-economic feasibility of P-recovery from municipal wastewater in Europe, we conducted an investigation throughout Europe. During the first stage of this study, more than fifty scientific articles have been studied. 33 experts involved in the subject have then been consulted among which: managers of research centres, private and public operators, academics, industrialists, representatives of the water authorities and consultants specialised in fertilisers. The investigation concerned 9 European countries and Japan.

Today, the synthesis of all the data, brings us to think that:

(It is technically possible to recover P in the municipal wastewater. 

Several processes enabling such recovery are already available for water treatment plants. From the analysis of the necessary technical requirements, a favourable context to the recovery seems to come out, implying:

(The choice of a biological treatment plant, of the activated sludge type, equipped with a biological P-removal.

(The implementation of an anaerobic area, where the overassimilated phosphorus will be released,

(A joint separating structure, permitting the formation of a P-rich, liquid supernatant on which the recovery is made either by precipitation or crystallisation.

This context seems to condemn the use of mainstream-located processes given the weak phosphorus concentrations in municipal wastewater.

This recovery implies specific conditions of implementation that determine the conceivable degree of recovery, which is of 75% of WWTP inflow P according to the specialists we met.

The main motivations for phosphorus recovery have been set. They reveal that:

(The quality of the recovered product seems to be better than that of the P-rock, as regards the heavy metal contents.   

(The driving forces for phosphorus recovery for purposes of recycling depend a lot on the national context. 

About this subject, the recovery is already registered as a national objective in Sweden, and this notion of recycling is becoming a regulatory requirement. In the other countries, the P-recovery follows different logics:

(The search of a sustainable development via the recycling of the recovered product in the phosphorus industry. This notion is very strong in the Dutch context.

(The use of techniques of recovery to solve internal problems of sewage treatment plants, operations. In some cases, the P-recovery may permit for instance: 

( To avoid P-rich flows returning to the head of WWTP

( To limit the problems generated by the unexpected precipitation of struvites

( To manage more easily the agricultural reuse, since phosphorus represents the factor that determines the surface area of spreading

( To limit the incidence of phosphorus in the framework of sludge incineration in the cement works

( Last and to a lesser extent, to reduce the total sludge production.

( To reduce ash volumes going to landfill where sludge is incinerated

 (It is impossible to give a final opinion on the economic feasibility of a large-scale phosphorus recovery.

Before recycling a by-product, it is essential to wonder whether there are potential markets. Today the ways of reuse consist in recycling the recovered phosphorus in the industry of detergents or in the industry of fertilisers. Apart from the initiatives observed in the Netherlands, reuse of recovered P in industry is likely to be limited because of distances to plants. The reuse of recovered P (struvite) as a fertiliser remains unproven as a reliable route in Europe. In either case, the selling price of the recovered P will be limited to that of P-rock or fertilisers and would hardly cover the purchase of the reagents implied by the processes of recovery.

If there is an economic feasibility, it is not based at the moment on the revenues of the sales of those products. So phosphorus can be economically recovered if other parties pay for part or the whole of the costs. There are two conceivable prospects:

(The water industry pays the costs, because they permit to develop techniques leading to optimisations of the operation or to sustainable routes of sludge disposal. The costs will then be covered by savings made on the balance sheet of operation of the treatment plant. In that case we may speak of an economic feasibility relating to the specific local context.

(The arguments of sustainable development or of better quality of the recovered product are estimated sufficient to make of P-recovery a national objective. In this case, the consumers and/or taxpayers share the costs, which is the case of the Swedish initiative. Then we may speak of large-scale, regulation-driven economic feasibility. 

In any case, the development of phosphorus recovery strongly depends on the feasibility and reliability of the routes for reuse of the recovered P. In this context, the better quality of the recovered P compared with the P-rock (heavy metals) could be a strong argument encouraging P-recycling as a substitute for mined P-rock. But first of all the regulations should not be an obstacle to this circuit of recycling (classification not as a waste). 
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Répartition des coûts de la récupération du P à Geestmerambacht (S.Gaastra)
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