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1. Resumé

Opsamling pa opstart i 2015 og forventninger til det videre forlgb

1.1 Opsamling pa 2015

Dansk fosfornetvaerk blev dannet i 2015 og det fgrste netveerksmgde blev afholdt i november
2015. | forleengelse af dette made blev 4 smaprojekter til understattelse af netvaerkets arbejde
igangsat, og denne opsamling indeholder saledes bade referat fra netvaerksmgdet samt de fire
bilagsrapporter, der er lavet som fglge heraf.

Dansk Fosfornetveerk har til formal at skabe et abent forum for dialog mellem de forskellige
interessenter, der arbejder med genanvendelse af fosfor i Danmark. Det er habet, at netvaerket
yderligere kan skabe grundlag for dialog og samarbejder pa tveers i Europa via de gvrige fosfor-
platforme, der er dannet i andre lande.

Arbejdet i netvaerket er apolitisk og har til formal at skaffe en feelles forstaelse af, hvor vi i Dan-
mark har seerlige styrker i forhold til genanvendelse af fosfor, men ogsa vise, hvor vi har brug
for ekstra indsatser for at kunne indfri regeringens malsaetninger om en effektiv genanvendelse
af fosfor. Ved at gare dette synligt er det habet, at nye samarbejder pa tvaers af brancher kan
etableres, og viden kan deles og understgtte det videre udviklingsarbejde.

P4 opstartsmadet viste det sig muligt at arbejde parallelt med de forskellige veje til genanven-
delse af fosfor fra spildevand og det organiske affald fra husholdninger og servicesektoren.
Deltagerne i netveerket arbejdede aktivt og abent med de muligheder og udfordringer, der
umiddelbart kunne identificeres i de valgte fosforvaerdikaeder.

Det blev konkluderet, at en grundlaeggende forstaelse af, hvorledes veerdikaederne er opbygget
med konkrete vurderinger af styrker og udfordringer b@r danne grundlag for et videre arbejde
med de gkonomiske betragtninger, sa det bliver synligt, hvor de starste falsomheder findes.

Til understgtning af dette arbejde i et videre forlgb er der for Dansk Fosfornetveerk udarbejdet
to undersggelser af Syddansk Universitet (SDU), der belyser markedsprisen pa bade fosfor og
spildevandsslam. Disse er vedlagt som bilag 1 og 2.

Bilag 1: "The Market for Wastewater sludge (Biosolids)” omhandler en vurdering af, hvorledes
spildevandsslam (biog@dning) opfattes som produkt og hvordan det afspejles i markedsprisen
og i afseetningsmulighederne. Dette arbejde understotter draftelser pa netvaerksmadet med en
feelles opfattelse af, at en deklaration af produkter - bade restslam/biogadning og de forskellige
fosforprodukter, der kan udvindes fra spildevand og affald, vil kunne medvirke til at styrke fos-
for-veerdikeederne. Studiet i markedsstrukturen omkring udnyttelse af slam/biogedning pa land-
brugsjord viser, at den miljgmaessige usikkerhed, der er forbundet med "det vi ikke ved om
slam” er en stor udfordring for fosforveerdikaeden, hvor slam/biogedning udnyttes pa landbrugs-
jord i dag. Det papeges, at fosforgadningsveerdien ikke umiddelbart afspejles positivt i mar-
kedsveerdien. Det foreslas, at der arbejdes videre pa at skabe feelles konsensus omkring de
dilemmaer og modvirkende kraefter, der er forbundet med en effektiv udnyttelse af
slam/biogadning pa landbrugsjord, evt. via en feelles konference, med det mal at samle et fael-
les vidensgrundlag at kommunikere fra.
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Bilag 2: "Phosphor price and phosphor reserves” papeger, at fosforreserven generelt stiger
med en gget markedspris pa fosfor, men at pludselige sendringer i efterspargsel giver markan-
te prisstigninger, indtil der er udviklet ny teknologi eller der brydes fosfor fra mindre fordelagti-
ge reserver - dette til en hgjere produktionspris og med stgrre miljgpavirkning til felge. Indtil
den nye ligeveegtssituation er indtradt, vil der kunne opleves voldsomme prisstigninger pa
fosfor og den nye ligevaegtssituation vil indfinde sig pa et hgjere prisniveau end far. | forbin-
delse med denne vurdering papeges det, at fosfor som en begreenset ressource ikke kun
afspejles i storrelsen pa fosforreserven, men ogsa i forhold til flere andre dimensioner som:
gkonomisk, geopolitisk, samfundsmeessigt og miljgmaessigt. Disse forhold tilsammen under-
streger vigtigheden af at gge genanvendelsen af fosfor for at sikre velfeerd og fedevareproduk-
tion til verdens befolkning i fremtidige generationer.

Generelt var der ogsa et gnske fra netvaerket om at fa et feelles overblik omkring udnyttelse af
forskellige P-kilder i marken (tilgeengelighed ift. fosforbinding, jordtype, afgreder mv.) Denne
indsats er indledningsvist igangsat under Dansk Fosfornetveerk, og resultatet er vedlagt som
bilag 3 til denne opsamling.

Bilag 3: "Review af eksisterende viden om plantetilgaengelighed af fosfor i forskellige slampro-
dukter” viser, at selve fosforbindingen i slam/biogadning har klar betydning for produktets
umiddelbare gedningsvirkning, hvor biologisk indbygning af fosfor, fremfor traditionel kemisk
feeldning, giver stgrst gedningsvaerdi. Hvis der arbejdes med en magnesium baseret feeldning
til struvitproduktion, opnas et fosforprodukt med en saerdeles hgj g@dningsvirkning, men der
mangler i denne sammenhaeng studier, der undersgger effekten pa restslammets kvalitet og
gadningsvirkning.

Vedr. genanvendelse af fosfor fra forbreendingsaske, papeges der et forsat behov for udvikling
af metoder til behandling og opgradering af aske, men ogsa et behov for at kigge pa, hvornar
en askeg@dning kan fungere effektivt i anvendelse.

Grundlaeggende ses en stor betydning af spildevandsbehandlingen pa gedningsveaerdien pa
kort sigt og der papeges et behov for neermere afdaekning af disse sammenhaenge.

Generelt er der behov for udvikling af mere standardiserede metoder til at kvantificere nye
slamprodukters- og affaldsbaserede gedningsmidlers relative virkning i forhold til handelsg@d-
ning pa bade kort og lang sigt.

For naermere afdeekning af de nuvaerende teknologiske muligheder blev der i forlaengelse af
mgdet lavet en opsamling pa gennemfarte projekter vedr. fosforgenanvendelse i EU og Nor-
den pr. 2015, der er vedlagt som opslagsmulighed med relevante kildehenvisninger i Bilag 4.

Meadets generelle konklusion i forhold til branchens valg vedr. genanvendelse af fosfor fra
spildevand og organisk affald er:

e Der er i dag ingen rammevilkar, der i sig selv fordrer genanvendelse af fosfor

¢ De nuvaerende veerdikaeder vaelges ud fra andre kriterier end malsaetninger om genanven-
delse af fosfor
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1.2 Det videre forlgb i 2016

Der er af Miljgstyrelsen sagt om og bevilliget penge til at fortsaette netvaerkets arbejde i 2016.
Der arbejdes saledes pé at afholde endnu et netveerksmade, hvor der ogséa denne gang vil
veere mulighed for at ansgge om statte til udarbejdelse af sma-projekter, der kan understatte
netveerket eller medvirke til naermere afklaring pa nogle af de omrader, der er peget pa eller
som bliver aktuelle i det kommende ar.

Der kan ud fra det afholdte fosfornetvaerksmade i 2015 naevnes fglgende potentielle punkter il

videre bearbejdning i netveerket:

¢ Videre bearbejdning af fosforvaerdikaederne med henblik pa at kapitalisere de enkelte led

o Beskrivelse af sammenhaengen mellem spildevandssammensaetning, de teknologiske valg
pa renseanlaeg og de afledte produkters kvalitet.

o Procedure til deklarering af biog@dning/slam — hvordan skabes konsensus? — Hvilken viden
mangler?

¢ Kan der udarbejdes en standardiseret metode til at kvantificere ggdningsvaerdien i nye og
eksisterende fosforprodukter?

o Evaluering af gadningsveerdien/fosforvaerdien pa bade kort og lang sigt?

o Hvilke fosforprodukter efterspgrges pa markedet, i DK og i EU?

o Skal der afsgges nye teknologier i forhold til de fosfor produkter som markedet eftersparger?

o Kan der udarbejdes forslag til regulering, der understgtter en gget fosforgenanvendelse?

e Samarbejder med andre lande og de gvrige fosfornetveerk i Europa
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2. Kommissorium

Dansk netvaerk omhandlende genanvendelse af fosfor fra:
Spildevandsslam og organisk affald fra husholdninger og ser-
vicesektoren

21 Baggrunden for Dansk Fosfornetveerk

Der er gget fokus pa genanvendelse af fosfor i bade Danmark og Europa. | ressourcestrategi-
en er det formuleret, at 80% af fosfor i spildevandsslam skal genanvendes og 55-60% af orga-
nisk affald fra husholdning og servicesektoren skal genanvendes til biogasproduktion med
efterfalgende udnyttelse af naeringsstoffer.

Der er flere mader til genanvendelse af fosfor i bade spildevand og organisk affald, hvor ikke
alle er realiseret i DK i dag.

2.2 Formal med Dansk Fosfornetvark

Miljgministeriet afsatte midler til Dansk Fosfornetvaerk for at skabe overblik over, hvad der
manglede for at kunne realisere genanvendelse af fosfor i de identificerede fosforveerdikaeder,
der er for spildevand og organisk affald. Herved blev det muligt at malrette de indsatser, der
ligger fremadrettet og opna synergi mellem de igangveerende og falgende projekter.

Dansk Fosfornetveerk skal identificere:

1) Hvilke veerdikaeder, der er for fosforgenanvendelse i Danmark

2) Hvad mangler, der for at disse vaerdikaeder kan blive rentable

3) Hvilke projekter skal gennemfgres for praktisk at realisere hver enkelt vaerdikaede
4) Hvilke drivere og forhindringer er der for realiseringen af hver enkelt veerdikaede
5) Hvad kan fremme udviklingen af genanvendelse af fosfor

Dansk Fosfornetveerk skal skabe grobund for @get genanvendelse af fosfor og eksport af
dansk viden om teknologier til fosforgenvinding.

23 Succeskriterier for Dansk Fosfornetvaerk

Fosfornetvaerket skal arbejde apolitisk og sikre, at kommercielle interesser ikke star i vejen for
arbejdet. Deltagende parter i netvaerket skal bidrage aktivt i identificeringen af projekter og
barrierer for realisering af genvinding af fosfor. De forskellige genanvendelsesveje for fosfor
skal i arbejdet ikke veegtes i forhold til hinanden, men i stedet gennemarbejdes hver for sig for
at opna et samlet overblik.

24 Produktet af Dansk Fosfornetveerk

Det endelige produkt af fosfornetvaerket er at skabe overblik over, hvor Danmark er i dag mht.
genanvendelse af fosfor. Dette skal udforme sig som korte beskrivelser af de indsatser, der
mangler for realisering af de forskellige fosforvaerdikeeder. | den forbindelse kan der ansages
om sma opstartsprojekter, der kan daekkes af fosfornetvaerkets midler, og som kan bidrage til
at identificere starre teknologiudviklingsprojekter eller udredningsprojekter, som ligger udenfor
fosfornetvaerkets nuveerende gkonomiske rammer.
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25 Rammer for Dansk Fosfornetvaerk

For at sikre resultaterne fra fosfornetveerkets arbejde er fokus for netvaerket, afgraenset til spil-
devand, spildevandsslam, organisk affald fra husholdninger og servicesektoren samt organisk
affald fra industrien.

Husdyrgadning er udeladt fra fosfornetveerkets arbejde, men det forventes, at de opnaede
resultater helt eller delvist vil kunne overfgres til husdyrg@dningsomradet.

2.6 Organiseringen af Dansk Fosfornetveerk
Miljgstyrelsen er ansvarlig for Fosfornetveerket, hvor Linda Bagge er formand.

Deltagerne i fosfornetvaerket opdeles til netvaerksmader, efter tilkendegivelse af interesser, i
interessentgrupper afheaengig af hvilke fosforgenanvendelsesveje, de har aktiviteter og interes-
ser indenfor.

2.7 Tidsramme for Dansk Fosfornetveaerk
Fosfornetvaerket blev etableret i november 2015 og afsluttet i 2015, hvortil der var afsat midler.
Der er bevilget midler til fortsaettelse i 2016.

2.8 Midler afsat til Dansk Fosfornetvaerk
Der blev afsat 400.000 kr. til fosfornetvaerkets aktiviteter i form af stette til smaprojekter og
afklaring af samarbejdsmuligheder pa tvaers nationalt og internationalt.

29 Evaluering

Der udarbejdes en kortfattet evaluering af netveerkets opstart og aktiviteter med udgang af
2015. Heri er der angivet en anbefaling til det videre forlgb.
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3. Opstart af Dansk Fosfornetvaerk

Opsamling pa opstartsmade november 2015

3.1 Baggrund for dannelse af Dansk Fosfornetvaerk

Der er gget fokus pa genanvendelse af fosfor i bade Danmark og Europa. | ressourcestrategien er det formuleret, at 80%
af fosfor i spildevandsslam skal genanvendes og 55-60% af organisk affald fra husholdning og servicesektoren skal
genanvendes til biogasproduktion med efterfalgende udnyttelse af naeringsstoffer.

Der er flere mader til genanvendelse af fosfor i bade spildevand og organisk affald, hvor ikke alle er realiseret i Danmark
i dag.

Dansk Fosfornetveerk har til formal at identificere:

1. Hvilke veerdikeeder, der er for fosforgenanvendelse i Danmark

Hvad mangler at blive gjort for at ggre disse veerdikeeder rentable

Hvilke projekter skal gennemfares for praktisk at realisere hver enkelt veerdikeede
Hvilke drivere og forhindringer er der for realiseringen af hver enkelt veerdikeede
Hvad kan fremme udviklingen af genanvendelse af fosfor

o kowbn

Dansk Fosfornetvaerk skal saledes medvirke til at skabe overblik over, hvad der mangler for at kunne realisere genan-
vendelse af fosfor i de identificerede fosforvaerdikeeder, der er for spildevand og organisk affald. Herved bliver det muligt
at mélrette de indsatser, der ligger fremadrettet og opna synergi mellem de igangvaerende og fglgende projekter

Dansk Fosfornetvaerk skal skabe grobund for gget genanvendelse af fosfor og eksport af dansk viden om og teknologier
til fosforgenvinding.

3.2 Deltagere pa opstartsmgde
Denne opsamling betragtes som et referat fra dagen, hvor alle deltagere deltog aktivt i arbejdet med at synliggare op-

bygningen af de nuveerende danske fosforveerdikeeder.

Linda Bagge fra Miljgstyrelsen var projektleder og formand for Dansk Fosfornetvaerk, mens Mette Dam Jensen fra Kri-
ger har forestaet sekretaerfunktionen.

Mgadet blev afholdt d. 11. november 2015 hos DTU i Lyngby med deltagelse af fglgende:
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Deltager

Linda Bagge, Arranger
Mette Dam Jensen, Sekreteer
Ulla Boje Jensen

Bjarne Foged Larsen

Helle Kayergd

Christian Eriksen

Anita Rye Ottosen

Morten Bragger Kristensen
Tine Ngrregard Olsen
Peter Tychsen

Jan T. Hykkelbjerg

Per Halkjeer Nielsen
Lisbeth Ottosen

Sven Sommer

Nicholas Gurieff

Erik E. Olesen

Bjarne Bro

Kasper Reitzel

Annette Vibeke Vestergaard
Nadia Glaesner

Peter Balslev

Firma
MST

Kriger

Furesg-Egedal Forsyning

Daka

DANVA

Niras

Rambagill
BGORJ
Combineering
Kriger
Stjernholm
AAU

DTU

SDU
Novozymes
HedeDanmark
Billund Vand
SDU

Seges

KU

Aarhus Vand

Folgende meddelte afbud til deltagelse eller har siden gnsket at modtage info om netvaerkets
arbejde i det fglgende forlgb:

Afbud Firma

Nana Winkler Dansk Affaldsforening
Inge Werther DAKOFA

Sune Aagot BGORJ

Dines Thornberg BIOFOS

Peter Jgrgensen BIOFOS

Jan Ravn Herning Vand

Jacob Magid KU
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3.3 Dagsorden for made:
Madet blev afholdt efter felgende dagsorden:

10.30 Ankomst og kaffe

11.00 Velkomst /Linda Bagge, Miljgstyrelsen

11.10 Praesentation af kommissorium for netvaerkets arbejde / Mette Dam Jensen
11.30 Arbejde i interessegrupper med udvalgte fosforveerdikaeder:

A) Fosforgenanvendelse pa renseanleeg fra spildevand og spildevandsslam

B) Fosforgenanvendelse fra spildevandsslam ved udnyttelse i landbruget

C) Fosforgenanvendelse fra slamforbraendingsaske

D) Fosforgenanvendelse fra organisk affald fra husholdninger og servicesektoren
E) Fosforgenanvendelse fra industriens organiske restprodukter

12.30 - Feelles frokost -

13.30 Opsamling pa formiddagen

14.00 Videre bearbejdning af fosfor vaerdikeeder i interessegrupper

15.00 Opsamling pa veerdikeedebetragtninger, identificering af nye indsatser og
muligheder

16.00 Tak for i dag — mulighed for netvaerk omkring smaprojekter

3.4 Diskussionsoplag til arbejdet i interessegrupper
Deltagerne arbejdede gruppevis efter interesser (A-E vist i dagsorden)

Falgende diskussionsopleeg blev brugt i 1. session:

e Optegn de veerdikaeder for genanvendelse af fosfor, som | kan identificere i faellesskab.
Tegn meget gerne som overordnede rutediagrammer

¢ Diskuter for hver vaerdikaede hvilke udfordringer, der er forbundet med realisering af denne,
eller hvordan man i hgjere grad kan udnytte netop denne veerdikeede

¢ Diskuter hvilke afledte effekter — udover genanvendelse af fosfor — som de enkelte veerdi-
kaeder har. Opstil pa punktform for hver veerdikaede bade positive og negative effekter

Gruppearbejdet blev viderefert i 2. session ud fra falgende diskussionsoplaeg:

e Opstil pa punktform, hvad der er de vigtigste rammevilkar, der pavirker den enkelte veerdi-
kaede. Dette kan eksempelvis veere: Lovgivning, afgifter, kultur, gkonomi, markedsstruktur

¢ Diskuter om der er nogen faellestraek/gengangere med hensyn til udfordringer og muligheder
mellem de identificerede vaerdikaeder

e Kan der formuleres nogle "projekt-overskrifter”, der kan afdaekke de vigtigste udfordringer og
muligheder? Dette kan vaere med fokus pa alt fra eksempelvis grundforskning til teknisk ud-
vikling og markedsfaringsmodeller.

3.5 Opsamling pa arbejdet i interessegrupper, session 1:
Pa fglgende figurer er de identificerede fosforveerdikaeder optegnet som rutediagrammer med
primeert fokus pa de behandlingstrin, hvor fosforressourcens form forandres eller udnyttes.

P& diagrammerne er interessegrupperne fra mgdets form vist med bogstaverne A-E.

P& Figur 1 er opsamlingen fra mgdet samlet pa en side for at understette sammenhaengen i
rutediagrammerne. Diagrammer ses enkeltvist i de falgende kapitler pa Figur 2 - Figur 5
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Figur 1: Opsamling pa de identificerede fosforveerdikaeder fra spildevand og organisk affald, der blev identificeret pa opstartsmadet.
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3.6 Fosforgenanvendelse pa renseanlag fra spildevand og spildevandsslam (A)
Som illustreret pa Figur 2, afhsenger mulighederne for at genvinde fosfor fra spildevand og slam i hgj grad af prioriterin-
gen af grundlaeggende krav til spildevandsrensningen, der forsat er den primeere opgave for spildvandsselskaberne.

Disse krav er forudsaetninger for valg af teknologier i den fglgende veerdikaede for fosfor og skal saledes fastlaegges,
inden en evt. fosforgenvindingsstrategi for spildevandsforsyningen udarbejdes.

Opbygning af fosforvaerdikaeder for spildevand og organisk affald

Spildevand
Variable sammenszining af Organisk affald
opland og udformning af
) aflebssystem 11 1
R {
Dosering | Variabel opbygning H:HSFIDMHIHQET' @SEF:L‘IC& e Indusi'rieT@

Fe /Al af renseanlag = $ $
e | @ Emballeret Uemballeret
" L
Intern I I l l
Biogas = fosforgenvinding & = = = = = Biogas

Foder Fraktionering

Restslam === Restslam

Biogedning Biogedning

—

WV monoforbranding

Renset vand ift. :l;

recipientkrav

Slamaske

C B

P-genvinding ved udnyttelse

P-genvinding fra aske pd landbrugsjord

Figur 2: Skitsering af de pa opstartsmgdet identificerede fosforveerdikeeder.

Her naevnes de identificerede forudsaetninger med afgarende betydning for fosforgenvindingsmulighederne pa et rense-
anleeg:

Hvordan er renseanlaegget belastet?

¢ Maengde og sammensaetning af byspildevand og evt. industrispildevand

e Fosformeengder samlet set

¢ Spildevandssammensaetning mht. organisk stof og kveelstof

e @vrige mikroforureninger som: Tungmetaller, MFS' , medicinrester, mikroplast

Hvordan afledes spildevandet til renseanlaegget?

¢ Er der behov for svovlbrintebekaempelse i oplandet og kan dette bedst sikres ved dosering af jernsalte? (Svovlbrinte er
kilde til lugt- og korrosionsproblemer i aflabssystemet og bekaempes bl.a. ved dosering af jern, der udfeelder svovlbrin-
ten. En sadan dosering begraenser muligheden for at lave bio-P fjernelse pa renseanlaegget, allerede fgr vandet nar til
anlaegget)

o Er oplandet flles eller separatkloakeret

' MiligFremmede Stoffer
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Til hvilken kvalitet mht. fosfor skal vandet renses (krav fra recipienten)?
o Dette betinger teknologivalg i opbygningen af renseanlaegget

P4 renseanleegget kan fosfor i dag primaert udvindes ved udfeeldning af struvit pa interne stramme. Dette er i dag den
mest afprgvede teknologi, hvis fosforressourcen gnskes isoleret fra restslammet/biogadningen. Dette betyder ikke, at
struvitudfaeldning er den eneste teknologiske mulighed, men alternative lgsninger vurderes at veere pa udviklings-
/demonstrationsstadiet og er ikke behandlet konkret pa opstartsmadet.

| et evt. fremadrettet forlgb, kan der arbejdes naermere med de konkrete nuvaerende og alternative teknologiske Igs-
ningsmuligheder, hvis fosfor skal udvindes pa renseanlseggene.

Hvis spildevandsforsyningerne i stedet gnsker at anvende fosforveerdikeederne B (via udnyttelse af restslam/biog@dning
til jordbrugsformal) eller C (via slamforbreending og fosforgenvinding fra forbraendingsasken), er der ogsa valg pa rense-
anlaegget, der pavirker den felgende veerdikaede, som illustreret pa Figur 1.

| kraft af, at fosforudnyttelsen via rute B og C kraever indbygning af fosfor i slammet, vil metoden til indbygningen pavirke
den fglgende nyttiggerelse. P& renseanlaegget geelder dette, med de nuveerende teknologiske muligheder, valget mellem
typerne af kemisk feeldning af fosfor og af mulighederne for at lave biologisk fosforfiernelse (Bio-P).

Rammevilkar for anvendelse af veerdikaede A

Det, der pavirker valget mellem teknologier til fosforfijernelse fra spildevandet, er:

¢ Grgnne afgifter pa udledning af fosfor til recipienten (dette motiverer den fosforrensegrad, der vaelges i forhold til ud-
ledningstilladelsen fra renseanleegget). Der opnas generelt den laveste koncentration af fosfor i udlgbet, hvis der an-
vendes kemisk feeldning af fosfor fremfor biologisk fosforfiernelse)

e Prisen pa afsaetningen af restslam/biogadning. Da brugen af faeldningskemikalier medfarer en produktion af kemisk
slam, vil en lav afsaetningspris understgtte et stgrre forbrug af feeldningskemikalier, mens en hgj afseetningspris vil un-
derstgtte det skonomiske incitament til at lave biologisk fosforfijernelse, da dette reducerer den kemiske slamprodukti-
on

e Prisen pa faeldningskemikalier

o Hvis aflgbssystemet er kilde til lugt for borgerne i oplandet, vil lugtbekaempelse via jernfaeldning af svovlbrinte have
betydning for mulighederne med bio-P péa anlaegget, da jernindholdet i spildevandet @ges, inden det nar renseanlaeg-
get.

Safremt rammebetingelserne for spildevandsrensningen fordrer det, og det overvejes at etablere en intern fosforgenan-
vendelse pa renseanlaegget (A), vil de faktorer, der pavirker dette valg, veere:

o Kan fosforproduktet deklareres og salges

o Er der et marked for genvundet fosfor pa den givne form, og hvordan er prisen

o Er det muligt at genvinde fosfor via udbringning af restslam/biog@dning ift. Slambekendtggrelsen

o Er der politisk anske om denne type af teknologi

Der er identificeret falgende indsatser, der vil kunne understgtte brugen af denne fosforvaerdikaede A: Fosforgenanven-
delse pa renseanlaeg fra spildevand (og afledt deraf ogsa ved anvendelse af spildevandsslam pa landbrugsjord):

o En generel godkendelsesprocedure for fosforprodukter, udvundet fra spildevand og slam

e Der kunne gives statte til salg af fosforprodukter, pa tilsvarende vis som ved salg af biogasbasseret el-produktion
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3.7 Fosforgenanvendelse fra spildevandsslam ved udnyttelse i landbruget (B)
Gruppen arbejdede med fosforveerdikaeden vist pa Figur 3. Sa snart fosfor er bundet i restslammet/biogedningen, sa
sker der oftest ikke en videre behandling, inden slammet udbringes efter slambekendtggrelsens retningslinjer.

Fosforvaerdikaeder for anvendelse af restslam/biogadning

e
\B)
P-genvinding ved udnyttelse
pd landbrugsjord

v v

Kompostering Terring Anden forbehandling?

| I

Udbringning jf.
slambekendtgerelsen

Figur 3: Skitsering af de pa opstartsmgdet identificerede fosforveerdikeeder. Fokus pa B: Fosforgenanvendelse fra spildevandsslam ved udnyttel-
se i landbruget.

Grundlaeggende identificeres 3 typer af veerdikeeder, der bgr arbejdes videre med parallelt:

1. Den fysiske fosfor-strem (ved opstilling af massebalancer)
2. Den gkonomiske veerdikaede (skonomi/tal pa de enkelte trin i keeden)
3. Samfundsveerdien ved veaerdikaeden (ved identificering af afledte miljg- og klimameessige pavirkninger)

Det blev skitseret af arbejdsgruppen, at starstedelen af alt spildevandsslam/biog@dning udnyttes pa landbrugsjorden i
dag. (jf. affaldsstatistikken er dette ca. 73 %). Safremt den resterende biogadning skal udnyttes med denne fosforveerdi-
kaede, er det forventeligt nedvendigt med ny teknologi.

Det vil veere interessant at ansla selve produktionsprisen pa et kg fosfor i restslammet/bioggdningen som fglge af for-
skellig spildevandssammensaetning. Sammensaetningen af spildevandet pavirker bade produktionen og kvaliteten af
bioggdningen.

Det blev igen papeget, at forstaelsen af tilgaengelighed og udnyttelse af fosfor med forskellige fosforformer og land-
brugspraksis er et vigtigt omrade at belyse yderligere, for at kunne beskrive og @ge nytteveerdien af restslam-
met/biogedningen. Dette gaelder ikke kun for fosfor, men ogsa for organisk stof, N, K og mikronaeringsstoffer, der recirku-
leres med fosforen. | denne veerdikaede, ber der derfor arbejdes med en made at synliggere dette pa.

Der kan med fordel arbejdes mere malrettet med "produktudvikling”, sa der er muligt at ggde med biogadningen efter

behov. Ifelge SEGES v. Anette Vestergaard arbejdes der pt. pa definitioner af fosforgedningsbehov, som maske kan
give et godt afseet for en videre indsats omkring dette punkt.
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Det er forsat nedvendigt at have fokus pa handtering af skadelige stoffer i spildevandet (tungmetaller og andre MFS).
Der bear fortigbende anvendes risikovurderinger. "Kildesortering” af spildevand (hvor forskellige spildevandstyper holdes
adskilt) kan veere en mulighed pa den lange bane for at opna den gnskede sporbarhed og kunne deklarere biog@dnin-
gen.

Hvis restslam/bioggdning skal udvikles som produkt, skal der arbejdes med holdninger til anvendelsen. Bl.a. naevnes
Arla’s forbehold mod anvendelse af slam, samt dele af vandbranchens gnske om anvendelse af forsigtighedsprincippet
mht. beskyttelse af omrader med indvinding af drikkevand.

Mulighederne for anvendelse af biog@dning/restslam pa gkologiske jorde er ligeledes et fremadrettet indsatsomrade.

Det papeges, at regulering er et vigtigt instrument til fosfornyttiggarelsen

Rammevilkar for anvendelse af veerdikaede B
Der er identificeret fglgende vigtige rammevilkar:

@konomi:

Branding: Information om produkt, nye produktnavne mv.
Produktionsomkostninger

Transportomkostninger

Veerdi i forhold til andre produkter med dokumenteret eller velkendt effekt/pris
o Afgifter pa forbreending o.a

Lovgivning:

o Jkologiregler

e Administration / Indberetning (tung)
o N-udnyttelseskravet

Desuden papeges det, at der kan veere gode eksportmuligheder for teknologier fra Danmark til udnyttelse af restslammet

som biog@dning, hvor Danmark er langt fremme i forhold til andre lande. Dette kreever bade fokus og midler for realise-
ring af denne mulighed.
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3.8 Fosforgenanvendelse fra forbraandingsaske (C)

Udvinding af fosfor fra slamforbraendingsaske eller andre bioasker er i dag ikke en fosforvaerdikaede, der praktiseres i
Danmark, og der findes kun f& demonstrationsanleeg i verden, hvor dette gennemfares i praksis. Erfaringerne fra disse
anlaeg er, at der kraeves store maengder for at kunne opna en attraktiv forretningsmodel.

Arbejdsgruppen har skitseret falgende principielle rutediagram, der vises pa felgende Figur 4. Pa denne figur er en mulig
sammenhaeng med "A”: Fosfor genvundet pa renseanlaeg ogsa illustreret med fokus pa produktion af faerdig fosforgad-
ning til anvendelse pa landbrugsjord.

Fosforveerdikaeder for forbreendingsaske samt genvuandet fosfor pa renseanlaeg

/,—\ P
& &)

| Produkter fra intern
fosforgenvinding pd

renseanlaeg

P-genvinding fra aske

Aske med Fe Aske med Al Andre asker

I |
v ¥

Termisk Kemisk

P-genvinding . . P-genvinding

Restprodukter
Produkter

|
v v

Urent fosforprodukt Rent fosforprodukt

v l/\f v

Forarbejdning
2  Ferdig gedning

&

Industriel

anvendelse

¥

Produkter

Figur 4: Skitsering af de pa opstartsmgdet identificerede fosforveerdikeeder. Fokus pa C: Fosforgenanvendelse fra forbraendingsaske.
Overordnet set illustreres to metoder til fosforgenvinding fra aske:

1. Ved en termisk proces
2. Ved en kemisk proces

Uanset hvilken metode, der veelges, vil fosforveerdikaeden veere fuldt afheengig af de valg, der er truffet pa renseanleeg-
get og dermed ogsa athaengig af de rammevilkar, der geelder for spildevandsrensningen, som beskrevet i afsnit 3.6.

Grundlaeggende opdeles askerne i tre typer ud fra den nuveerende viden om askens karakters betydning for genvin-

dingsmulighederne. Dette er med fokus pa hvilke metaller, asken indeholder. Det er desuden vist pa figuren, at der kan
indteenkes andre bioasker i samme processkema, som eksempel kad- og benmelsaske eller lignende.
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Som for anvendelse af vaerdikaede B: Udnyttelse af restslam/biogedning pa landbrugsjord, er der ogsa for denne veerdi-
keede nogle afledte effekter, der er identificerede som vigtige parametre at medtage i vurderingerne. Dette gaelder pri-
meert:

Produktion af CO2 neutral energi ved forbraendingen

Sikker handtering af mikroforureninger i slammet (tungmetaller, MFS, medicinrester, mikroplast)
Tab af kveelstofressourcen og kulstoftilfgrslen til jorden

e Reduktion af transport

Bedre mulighed for at flytte fosforressourcen over stgrre afstande

En hygiejnisk Igsning

Rammevilkar for vardikaede C

En vigtig forudseetning for at kunne gare brug af vaerdikeede C er selvsagt, at slammet forbraendes. Dette betyder, at de
afledte effekter ved denne veerdikaede bliver betydende forudsaetninger og rammevilkar. Her teenkes konkret pa risiko-
vurderingerne i forhold til handteringen af mikroforureningerne i slammet, der reguleres via slambekendtggrelsen, samt
prioriteringen af produktion af CO; neutral varmeenergi.

Da der med veerdikaede C kan produceres rene fosforprodukter, der let kan lagres og transporteres, vil markedsprisen pa
fosfor have stor betydning for rentabiliteten ved disse teknologier. Dette geelder ogsa for deponi/handteringsprisen pa
asken, der i dag er alternativet til at genvinde fosforressourcen, nar slammet forbreendes

De identificerede rammevilkar for Danmark oplistes som fglger :
Slambekendtgerelsens regulering

Dansk energipolitik

Dansk afgiftspolitik

Markedsprisen for fosfor

Affaldshierarkiets definitioner

Nye teknologier

EU lovgivning

End of Waste

Da genvinding af fosfor fra forbreendingsasken har et stgrre internationalt potentiale, kan andre rammevilkar i andre dele
af verden bidrage vaesentligt til udviklingen af nye teknologier.

Med de nuvaerende teknologier, rammevilkar og prisstrukturer, er der ikke grundlag for udnyttelse af denne fosforvaerdi-
keaede i Danmark. Det er gruppens vurdering, at markedsgkonomien ikke kan lgfte udviklingen i sig selv.

Ved et videre arbejde med denne fosforvaerdikaede er en falsomhedsanalyse af afggrende betydning, da det med det
nuvaerende vidensniveau er ngdvendigt med mange antagelser for at kunne opstille denne.
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3.9 Fosforgenanvendelse fra organisk affald fra husholdninger, servicesektoren
og den organiske industri (D+E)

Organisk affald spaender over mange typer med forskellige anvendelsesmuligheder. Dette er illustreret pa nedenstaende

Figur 5 og pa den tidligere viste Figur 2, der har det organiske husholdningsaffald med, samt affaldet fra servicesektoren.

Pa meadet var der en grundlzeggende forstaelse af, at det kan veere alt organisk materiale, der ikke ledes til kloaksyste-

met.

Opbygning af fosforveaerdikader for organisk affald fra industrien
(ikke komplet)

Industrien -

| I | I I

Vegetabilsk ; ; Biomasser ; ; ; ;
Fl e Animalsk produktion P Pharma,/Biotek Dode dyr Kat. I Ingrediens industri

fermenteringsrester

—_————————

I L Al 1
Produkt Rdvare/Foder Renseanlzg Energi
Biogas
Restslam

Biﬂgﬂd]’liﬂg'//-’\\

B

P-genvinding ved udnyttelse
pd landbrugsjord

Figur 5: Skitsering af de pa opstartsmadet identificerede fosforveerdikeeder. Fokus pa E: Fosforgenanvendelse fra industriens organiske restpro-
dukter.

Feelles for fosforveerdikeederne D+E er, at bioforgasning af det organiske materiale oftest indgar forud for udnyttelse af
fosforressourcen ved anvendelse pa landbrugsjorden via rute B: Fosforgenanvendelse ved udnyttelse af rest-
slam/biogedning i landbruget.

For konkrete produkter findes der andre specifikke muligheder for genanvendelse, der ikke er naermere beskrevet pa
mgdet, men som kan afdaekkes i et evt. fremadrettet forlgb.

Rammevilkar for vaerdikeede D og E
Der er identificeret falgende vilkar og udfordringer i forbindelse med anvendelse af vaerdikaederne D og E:

¢ §19 tilladelse er administrativt tungt at ansgge om, hvis det organiske affald ikke er optaget pa bilag 1 i forvejen.

o Kvalitetskriterier for nye affaldsprodukters nyttigggrelse. Slambekendtgarelsen fglger ikke med udviklingen med nye
biomasser

¢ Genanvendelse af fosfor fra disse kilder savner ogséa et alternativ, hvis kvaliteten ikke gar det muligt at nyttiggere
restmaengden som biogadning pa landbrugsjorden. Denne mulighed kunne vaere ved realisering af vaerdikeede C:
Genvinding af fosfor fra forbraendingsaske.
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3.10 Identificerede udfordringer, muligheder og indsatser for oget realisering af
de fundne fosforvaerdikader

For at fa en forstaelse af fosforvaerdikaedernes styrker og udfordringer ber der arbejdes videre med disse, sa de gkono-

miske betragtninger kommer med for hvert led og det bliver synligt, hvor de starste falsomheder findes.

Der er igangsat mindre projekter under Dansk Fosfornetvaerk, der skal give indsigt i prisstrukturen omkring fosfor og
fosforprodukter. Disse er indsat som bilag til denne opsamling.

Desuden er en generel feelles forstaelse af malssetningen med eget fosforgenanvendelse i Danmark vigtig for at kunne
saette eventuelle indsatser i kontekst. Hvis der skal arbejdes med en bedre forstaelse af konteksten, vil en opdateret P-
massebalance for DK veere god.

Sammen med en naermere beskrivelsen af konteksten, kan virkningen af malrettede indsatser for de forskellige fosfor-
veerdkaeder bedre bedgmmes og prioriteres.

Nar dette er vigtigt, er det ud fra mgdets samlede konklusion:
o Der er i dag ikke nogen rammevilkar, der i sig selv fordrer genanvendelse af fosfor
e De nuveerende veerdikaeder veaelges ud fra andre kriterier end malsaetninger om genanvendelse af fosfor

P& medet blev det for alle veerdikaeder neevnt, at en deklaration af produkter - bade restslam/biogadning og de forskelli-
ge fosforprodukter, der kan udvindes fra spildevand og affald, vil kunne medvirke til at styrke fosfor-vaerdikeederne. Hertil
er der behov for indsamling og synliggarelse af den tilgeengelige viden om produkterne og ogsa en synliggerelse af de
procedurer, der skal gennemfgres rent administrativt for at kunne deklarere og dermed markedsfgre nye og eksisterende
produkter ud fra et gnske om fosforgenanvendelse.

Generelt var der ogsa et feelles gnske om at fa et faelles overblik omkring udnyttelse af forskellige P-kilder i marken (til-
gaengelighed ift. fosforbinding, jordtype, afgrader mv.) Denne indsats er indledningsvist igangsat under Dansk Fosfornet-
vaerk og resultatet er vedlagt som bilag til denne opsamling.

Handteringen af de organiske restprodukter fra samfundet skal fglge affaldshierarkiet, men det blev generelt papeget, at
der ved manglende efterlevning af affaldshierarkiet ikke er nogen konsekvens, og dette regulerer derfor ikke praksis i
dag.

Der er undervejs pa madet blevet peget pa falgende mulige indsatser:

o Der kunne med fordel laves en afdaekning af muligheder med alternative teknologier end de, der er medtaget under
medet (eks. andre P-genvindingsteknologier fra spildevand og andre slambehandlingsteknologier som eks. pyrolyse).

o DK kunne blive hjemland for international P-konference, evt. arrangeret af Dansk Fosfornetveerk — dette kunne giver
sgede muligheder for internationalt samarbejde og synliggarelse af dansk know how og teknologier mhp. @gede ek-
sportmuligheder.

Der blev i gvrigt identificeret nogle opmeerksomheder, der noteres til det videre arbejde med vaerdikaederne:

e Pa nuvaerende tidpunkt gennemfgres en del undersggelser omkring mikroplast i spildevand. Safremt disse unders -
gelser peger pa, at spildevandet er en problematisk kilde til mikroplast i omgivelserne, kan dette pavirke bade valg af
renseteknologier og nyttiggarelsen af restslammet/biogadningen.

¢ Der blev desuden rejst spargsmal om brugen af polymer: Kan dette binde fosfor i slammet og er polymer en kilde il
mikroplast i sig selv?
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Introduction

The treatment of wastewater in sewage treatment plants produces sludge. Sludge primarily consists
of settleable solids sedimented in the primary clarifiers of the water treatment plant. It is often rich
in nutrients (nitrogen, phosphorus, potassium, organic matter), but also contains a number of
harmful substances that must be removed, diluted or processed to make it recyclable. Both the
nutrients and pollutants emanate from the wastewater which comes as a mixture of domestic
sewage, industrial effluents, run-off from pavements and roads, etc.

The problem background of the following analysis is that despite long-standing efforts to clean
the sludge to make it recyclable, Danish farmers are still being paid for receiving it. The aim is to
identify the main factors underpinning supply and demand for treated sludge in relation to
agriculture. Understanding the barriers to demand is not only important from a business point of
view. From a wider perspective, highlighting the barriers to recycling is a key element in the
transition towards a circular economy.

Section 1 below briefly presents the method applied. Section 2 gives a brief overview of the
issues pertaining to wastewater sludge — issues which are obviously related to its contents. Section 3
briefly considers the “the sludge process”, i.e. the generation, treatment and use or depositing of
sludge. Against this backdrop Section 4 discusses the major supply and demand factors and touches
upon their likely future evolution. Although the agricultural market for sludge absorbs the bulk of it,
competing market opportunities are considered as well. Based on the presentations of Sections 2, 3
and 4, Section 5 goes on to combine the two sides of the market and discuss its likely evolution in
light of foreign developments. Section 6 concludes.

1. Methodology

Ideally, we would want to build a resource economic model, quantifying the relevant factors on
both sides of the market and estimate their impact on quantities and prices. However, at this stage
the available data does not allow us to do so. Instead, a rather more analytic approach has been
adopted to identify the relevant determinants on both sides of the market and get an impression of
their relative importance. Based on these as well as on experience from abroad the prospective
development of the biosolids market is discussed.

As mentioned above, this analysis is based mainly on a qualitative approach. It basically consists
of two elements, a literature review and a number of interviews with key informants. The literature
review provided important information on 1) “the sludge process” (the generation, treatment and
use or depositing of sludge), 2) relevant supply and demand factors, and 3) prospective
developments in technology and markets. The interviews were very helpful in providing an insight
into the relative importance of these factors and the key issues involved.

2. Wastewater sludge — content and issues
Wastewater includes all forms of water from housing, companies, run-off from pavements, etc. The
so-called Wastewater Announcement (Spildevandsbekendtggrelsen, Retsinformation 2016)



distinguishes several types of wastewater, depending on the source of it. At the most general level,
three types of wastewater are distinguished:

e Domestic wastewater, typically including organic matter and nutrients such as organic
nitrogen, ammonium and phosphorus.

e Roof and surface run-off from surfaces without any special pollution.

¢ Industrial or process wastewater, i.e., wastewater from businesses, industrial processes or
polluted surfaces. This category of wastewater may contain a broad range of organic as well
as inorganic pollutants. However, businesses discharging wastewater to public treatment
facilities need to obtain a sewer connection permit, based on an application specifying
expected levels of production, wastewater quantities and content of pollutants.

Some major environmental concerns

Nutrients

Eutrophication of the marine environment has been a major issue in a Danish context since the early
1980s (Ngrring and Jgrgensen, 2009). An overload of organic matter and nutrients may give rise to
algal bloom, which in turn has caused oxygen depletion and, in a number of cases, massive fish kills
in Danish waters. The first so-called Action Plan for the Aquatic Environment was passed in
Parliament in 1987 in response to such an event'. The Action Plan introduced mandatory fertilizer
plans to reduce the discharge of nitrogen from farms and initiated huge investments in sewage
cleaning removing N and P. Since 2000, the European Water Framework Directive (2000/60/EC)
committed member states to ensure the status of all water bodies on a range of criteria by 2015. It is
generally recognized, however, that the general limits imposed by the Action Plans have been
insufficient to reach the original targets of the WFD.

Heavy metals

Heavy metals are another major source of pollution present in small quantities in sludge. In
sufficient quantities they may give rise to serious health effects, such as abnormalities, cancer,
cardiovascular diseases, diabetes, or other medical conditions. Other metals, such as engineered
nanomaterials in consumer products, have also been found to adversely impact plants and micro-
organisms in field experiments (Colman et al., 2013). In a review article, Chibuike and Obiora
(2014) concluded: “plants growing on heavy metal polluted soils show a reduction in growth due to
changes in their physiological and biochemical activities. This is especially true when the heavy
metal involved does not play any beneficial role towards the growth and development of plants.”
Fortunately, effective bioremediation is possible, e.g. by plant uptake (phytoextraction).

Other xenobiotic substances
A wide range of substances come under this category. Pharmaceutical or industrial compounds
such as antibiotics, anticonvulsants, antidepressants, dioxins, estrogens, flame retardants, phthalates,

! The summer of 1986 saw very serious problems of oxygen depletion in Kattegat. Dead lobsters were caught by
fishermen in Gilleleje and displayed on tv. A 1987 consensus conference on the causes of this incident concluded that
an excess discharge of nitrogen (mainly from agriculture) and phosphorus (mainly from sewers) was the main culprit.



phenol, etc. have been found in sewage sludge in international studies. It is obviously beyond the
scope of the present paper to cover the plethora of potential hazards from exposure to all such
substances. To name but one example, the gender-bending effects of man-made substances came to
the fore in the early 2000s but had been detected in studies since the 1970s (Matthiesen and Gibbs
1998).

Since the establishment of the first sewers and the development of the invention of the activated
sludge process by Edward Ardern and William Lockett in the UK in 1914, the emergence,
detection, regulation and gradual solving of sludge-related environmental problems has been an
ongoing process. Unknown unknowns have become known unknowns (i.e., realized problems,
catching the attention of at least a few scientists), they have been studied and gradually turned into
“knowns” (well understood problems), and, in many cases, resolved. The literature on this topic
clearly reflects that this process continues (see e.g. Clarke and Smith 2011; Eriksen et al. 2009;
Chibuike and Obiora 2014). This process sets the scene for the central dilemma pertaining to
sludge: how to recycle it without contaminating the environment.

3. The sludge process

The treatment of sludge follows EU Directive 2008/98/EC on waste. Inspired by a life cycle
philosophy, the Directive defines a waste hierarchy, aimed at minimising quantities of waste while
maximising its utilization. The hierarchy ranges from the most favoured option (prevention) to the
least favoured option (disposal).

e Prevention

e Reuse and preparation for reuse
e Recycling

e Energy recovery

¢ Disposal

Nearly all of the wastewater in Denmark is treated using mechanical treatment, biological
treatment, nitrification, denitrification, and chemical treatment. Primary sludge consists of settleable
solids sedimented in the primary clarifiers of the water treatment plant. Secondary sludge is sludge
settled after biological/chemical cleaning. Secondary sludge may be applied to agricultural land,
provided it meets the requirements laid down in the Sludge Announcement (Slambekendtggrelsen).
This category of sludge is referred to as A-sludge, whereas B-sludge is sludge that fails to meet the
limits defined for xenobiotic substances and must be composted. Finally, C-sludge contains too
high concentrations of heavy metals and will typically be incinerated.

4. Markets for sludge

As mentioned in the Introduction, the aim of this report is to analyse the market for sludge. Despite
its content of nutrients, the price of sludge to the farmer remains negative, i.e., farmers are being
paid for receiving it. Against this background, we wish to analyse the factors determining prices of
sludge, focusing in particular on the barriers to applying it to agricultural land.



Table 1. The use of wastewater sludge (thousands of tonnes) 2008-2013.

2008 2009 2011 2012 2013
Recycling in 80 75 81 80 80
agriculture
Composting 22 22 11 12 12
and other
recycling
Incineration 29 31 38 38 35
Depositing 1 1 3 1 1
Total 133 130 133 131 129

Source: Miljgstyrelsen (2015) Affaldsstatistikken, 2013, Tabel 3.16, p. 32

As noted in Affaldsstatistikken (Waste Statistics), the percentage applied to agricultural land varies
from 58 to 65 per cent of the total amount of sludge2. The publication observes that

“the level is below what it was in the 1990s, when up to 80 per cent was recycled on agricultural land.
This decline should be seen in relation to the fact that in 1997 and 2000 the restrictions on the content
of xenobiotic substances were tightened for agricultural applications of sludge. The tightening of
regulations concerned a range of tar substances known as PAH’s, the wash active substances LAS,
nonyphenols, NPE, as well as the plastic softener DEHP.”

(Miljgstyrelsen 2015, p. 32).

Note also that incineration has increased, possibly as a consequence of a reduced incineration levy.

It is questionable, however, whether or not it makes sense to talk of one single market for
wastewater sludge, even for agriculture. On the supply side, the water treatment plants have to get
rid of their sludge. Due to the role of transport costs, the market structure may perhaps be described
as a special form of monopolistic competition in which suppliers do not have full control over
supplies. As argued in Section 3, their choice is between more or less costly outlets, and to some
extent this choice is dictated by the quality of sludge. Despite this it makes sense to consider the
general factors affecting supply and demand (cf. Table 2 below).

Some of the wastewater companies sell their sludge directly to farmers, whereas others sell it
through intermediaries. A 2014 study by DANVA showed substantial differences in the prices paid
by the individual Water Treatment Works for having their sludge removed. The study included 16
wastewater companies, and the prices ranged from less than 1,000 to more than 3,000 DKK per
tonne of dry matter.

The two companies that paid the lowest prices handled the “sale” of sludge themselves and did not
use intermediaries. These two companies also had their own storage facilities, which may well have
improved their bargaining position vis-a-vis the farmers.

? The amount of sludge applied was particularly low in 2009. In 2009 fertilizer prices were particularly low (cf.
http://www.indexmundi.com/commodities/?commodity=dap-fertilizer&months=120&currency=dkk ) and so too was
the total amount of sludge available.




The content of dry matter turned out to be a major determinant of price, presumably due to its
impact on transport costs.

Table 2. Factors underpinning the supply and demand for sludge for agricultural purposes

Quantities in
Supply Demand
¢ Number of households or e Higher crop prices
Increasing companies e Higher fertilizer prices/reduced
e  (Quality of treatment supplies of other fertilizer inputs.
e Industrial composition e Nutrient content of sludge
e Rainfall e Perception of sludge/Biosolids
e Higher transport costs e Alternatives
. e Alternative outlets for sludge e Higher content of pollutants
Decreasing e Alternative storage opportunities e Stricter environmental regulation
e Stricter environmental regulation

Turning to the demand side, the demand for sludge is obviously a derived demand®. However,
regulation interferes with the demand function. Thus the mandatory fertilizer plans impose a ceiling
on the total amount of nutrients that can be applied to agricultural land in the form of waste
products and animal manure. Below this ceiling a higher content of nutrients should make sludge
more valuable, whereas the ceiling itself could have the opposite effect. As farmers tend to fertilize
up to the ceiling, this is bound to have some impact on the demand for sludge.

As shown below, the demand for sludge could actually be inversely related to the content of
nutrients in the sludge. Thus, reducing the nutrient content of the sludge need not reduce the price at
which farmers are willing to accept it. In the DANVA study phosphorus content did not appear to
be related to price. “As the data set is relatively small, one cannot rule out the possibility that e.g.
phosphorus does have an effect. A possible effect may not be strong enough to generate a
statistically significant result.” (Junggreen Lassen & Ifversen, 2015, p. 46). Still, it goes without
saying that if it becomes possible to extract and purify the nutrients — as in the production of
struvite, for example — this could seriously undermine the arguments for applying sludge to
farmland.

The perception of sludge is undoubtedly a major barrier to accepting it. In the United States the
term biosolids was introduced in 1991 by the Water Environment Federation (formerly known as
the Federation of Sewage Works Associations). In Denmark the concept of “bio fertilizer”
(biogpdning) was similarly introduced in 2015 by the Industrial Association for Recycling of
Resources for Agricultural Purposes (BGORJ).

In a leaflet to farmers, Hededanmark, a company providing sludge to farmers, gives the
following reasons for accepting it:

? Derived demand is the demand for factors of production (e.g. labour, capital or land) required to meet the demand for
other final or intermediate goods.




e  “You reduce your fertilizer expenses significantly

® You add organic matter to your soil

® You add phosphorus, nitrogen and a number of micro nutrients

® You get the sludge and have it spread in the field

e With HedeDanmark as your supplier, you can be sure everything happens according to
existing regulations

® You can be sure of a stable supply of fertilizer over the coming years

¢ Depending on season and geography you may receive an economic subsidy”
http://www.ressourcegenanvendelse.dk/media/Lgsblad - Spildevandsslam.pdf

Despite these arguments and despite the fact that the Danish EPA (Miljgstyrelsen) approves of
using sludge, there still are significant barriers to the use of it. For example, organic farmers are not
allowed to use sludge*. With 6.9 % of all agricultural land’ (in 2012) organic farms represent only a
relatively small potential source of demand. For some years organic farmers have been working on
phasing out the use of ‘“conventional” slurry and animal manure. It is clear, however, that
alternative sources of fertilizer will be needed to keep up production, and the option of recycling
sludge has been discussed intensely. Sociologist Jesper Lassen of Copenhagen University
conducted five focus groups interviews, each of them with eight consumers of organic foods, to
analyse how this would go down with consumers. He concluded that it would be very “uphill” to
gain acceptance for the use of sludge among these consumers.

Similarly, The Danish Dairy Board tends to be opposed to the use of sludge. Its industry policy
(Mejeriforeningen, 2004) rests on the following guidelines:

e Milk producers do not spread wastewater sludge in the fields.

e Milk producers do not spread degassed slurry in the fields, if the slurry comes from bio
gas plants receiving wastewater sludge.

e Milk producers do not use purchased roughage grown in fields to which wastewater
sludge has been applied during the past 3 years.

The practical details of the policy implementation need not deter us here. It is important to note,
however, that farms with dairy cattle accounted for 19.6 per cent of the total agricultural area in
2014. Thus, in quantitative terms this policy is bound to exert a significant impact on the demand
for sludge.

In an interview in Maskinbladet in 2006, Carsten Fricke, project manager at Arla Foods’
Environmental Department, explained that “we can’t be talking about hard-core science, as long as
the sludge is being screened for only a selection of substances and does not impose any limits on,
say, the disputed oestrogenic substances ... Legislation does not take account of the ethical and
emotional dilemmas among the consumers, which we have to address ... Legislation is bound to lag

* Videncentret for Landbrug, Regler for gkologisk planteavl.
https://www.google.dk/?ews_rd=cr,ssl&ei=81GiVVFB6vrKA7e AlleB#q=%C3%B8kologisk+landbrug+slam
> Ministeriet for fgdevarer, landbrug og fiskeri (2013), Statistik over gkologiske jordbrugsbedrifter 2012, p. 10




behind, at least when it comes to the food sector ... for new substances emerge all the time, the risk
of which can be estimated only after some time. This is basically the unknown factor, we are trying
to handle.”

In an interview with the author (20 January 2016), Jan Johannesen, Sustainability Director at
Arla Foods, confirmed these concerns, adding that markets for some products, such as baby food,
may be particularly sensitive to any unwanted residues that might be detected.

Following the food scandals of the 1990s (e.g., the BSE-scandal) traceability became a major
issue. Thus article 18 of the EU’s General Food Law Regulation 178/2002 lays down that the
“traceability of food, feed, food-producing animals, and any other substance intended to be, or
expected to be, incorporated into a food or feed shall be established at all stages of production,
processing and distribution... To this end, such operators shall have in place systems and
procedures which allow for this information to be made available to the competent authorities on
demand.”

In the above interview in Maskinbladet Carsten Fricke was quoted as saying: “As long as the
municipalities do not separate the wastewater from private households from industrial wastewater,
we choose to stick to the precautionary principle at Arla, for it is impossible to know for sure what
substances will come with the household wastewater.” The problem, of course, is that separating the
two sources of wastewater would take huge investments in the sewerage system.

In connection with the present study five randomly chosen farmers were contacted to hear about
their views of sludge. Two of them explained that they were not allowed to use it and had not really
considered the issue seriously. Two others had decided not to apply sludge. Finally, one farmer was
happily applying the sludge, explaining that he saved a considerable amount of money on this
account.

Refsgaard and Magnussen (2006) conducted a survey entitled Attitudes, experience and
knowledge among farmers to recycling of sludge, and concluded:

In a survey answered by 1050 farmers, attitudes, experiences and knowledge towards use of
sludge were investigated. Reasons for use were soil conditioner properties and compensation
schemes. Reasons for non-use were fear of toxic compounds and infectious remnants,
restrictions on use of land and unfamiliarity with use. There was more knowledge among users
than among non-users. Compensation for sludge among farmers implied a perception of sludge
as a waste. If farmers must accept sludge, then reliable and complete information from trusted
sources is required: economic arguments about agronomic benefits are not sufficient and
confidence with other stakeholders and a feeling of justice in solving environmental problems
are central aspects.

Refsgaard and Magnussen (2006, p. 49)

A new survey would obviously be required to find out to what extent attitudes have changed. One
of the farmers interviewed for the present study explained that he was concerned about future
regulations and the possible implications with respect to the value of his land. “In the worst case it
could become unsaleable”, as he put it. Confronted with this statement, Mogens Jensen of
Miljgservice Vejen remarked that “we hear that less often nowadays”. Similarly, in an article in
Teknik og Miljp, HedeDanmark’s Sune Aagoot Sckerl, went as far as claiming that “farmers are



now comfortable with the quality and documentation, that the general quality of wastewater sludge
has improved year on year and that prices of an integrated farming solution have become highly
competitive compared to alternatives.” Although this may be an overstatement, it is conceivable
that attitudes have changed towards a higher level of acceptance.

Finally, it should be mentioned that a year ago, Nordjyske Tidende (20 January 2015) reported
that “a significant majority in Frederikshavn’s City Council wants to put an end to the application of
sludge from wastewater treatment plants to cultivated farmland.... This is a marked departure from
the prevailing view of sludge as a resource to be recycled...”

To round off this overview of the demand side, it should be mentioned that farmers do have
access to alternatives. For example, Novo Nordisk offers a product called NovoGro, while
LeoPharma sells Fertigro. Mash from breweries can also be used to fertilize soil. It has not been
possible to find quantitative information on the volumes of such products applied.

5. Market interactions — a theoretical synthesis

As mentioned above, the available data does not allow us to quantify interactions between supply
and demand and measure the relative impact of various factors. A quantitative survey of farmers’
attitudes and behaviour with respect to the use of sludge and other inputs would be required to do
so. Yet, it is possible to provide a theory-based interpretation of the market behaviour observed in
practice.

As regards the supply side, it seems reasonable to assume that it must be relatively price
inelastic. Suppliers are forced to dispose of their sludge one way or the other, and agricultural
recycling constitutes a major outlet that cannot easily be replaced (cf. Table 1 above). The large
price differences found in the DANVA study is consistent with this interpretation.

The demand for sludge is bound to be somewhat more complicated, partly due to the regulations
imposed. In the following we shall consider how the demand for sludge will depend on

e Qutput prices
e The perception of sludge
e The content of nutrients in sludge

The Sludge Announcement (Slambekendtgprelsen) lays down that the combined amount of
fertilizers from animal manure, sludge and other waste products per hectare is not allowed to exceed
90 kg of phosphorus every three years and 170 kg of total N per year. To illustrate the implications
of this, let us consider a simplified mathematical model.

Suppose we have N nearly identical farms. While on each farm the quality of the soil is perfectly
uniform, soil quality varies from farm to farm.

e (s the ceiling on the amount of nutrients that may applied.

e §is the amount of sludge purchased (if any).

e S is the content of nutrients in S

¢ 1S measures the farmer’s expected negative economic value of pollutants in the sludge.
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The economic value of applying the sludge on farm i is
7 =7r,=8,p,=St=x,—(p,+1)S, (1]

If 7; is positive, the farmer applies S; = C/n in order to fertilize up to the ceiling. Otherwise, no
sludge is purchased by the farmer since his land is assumed to be of uniform quality.
Suppose farms are numbered so that

Z,=0—pB"i (2]

o and S being positive constants. Thus, low values of i have high-quality soil and vice versa.
As S; = C/n for those who choose to apply the sludge, it follows from [1] and [2] that profits will be
positive only for

C
a—(p,+1)—
a-pi>(p,+H)— & ——" > [3]
n

B

Summing all farms’ demand for sludge yields

D =

s

C
n

B

Figure 1 The market for sludge

e High trust

- = = Low trust

Blocking

Quantity of sludge

Figure 1 describes the supply and demand for sludge as the model describes it. With perfect trust in
the product, the solid topmost demand schedule would apply, and prices and quantities would be
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determined by its point of intersection with the supply curve. A general reduction of trust would
displace the demand curve downwards, as indicated by the broken low-trust curve. More
realistically, if some farmers trust the product more than others, this will make the demand curve
somewhat steeper. The impact of “blocking” refers to the fact that some farmers (organic farmers or
dairy farmers) who might otherwise want to buy sludge, are prevented from doing so by their
respective organizations. It should be noted that these institutional barriers prevent a substantial
proportion of farmers from buying it. Thus, organic farms and (other) dairy farms account for at
least 20 per cent of the total agricultural area, and both of these (partly overlapping) groups are
prevented from applying sludge on account of the policies of their respective organizations.

Note also that the prices of farm output do not seem to influence the demand for sludge. This is
because farmers have been assumed to fertilize “up to the ceiling” — an assumption based on the
interviews made. If food prices were to fall sufficiently, this assumption might be invalidated, of
course, but in the current situation the quantitative regulations appear to sever the normal ties
between input and output prices, at least as concerns sludge.

The demand for sludge obviously depends on its content of nutrients. The question is: how?
Equation [4] shows that two opposing forces are at work. While the first factor of the equation (C/n)
shows that each of the farmers who buy sludge will have to buy more to reach the limit imposed on
the total amount of fertilizer that can be applied, the second factor shows that the number of buyers
will be positively related to the content of nutrients.

Figure 2. The impact of nutrient content on demand

Price

4 e n=(0.15

—n=0.05

\\ Quantity

As illustrated in Figure 2, the combined effect of these two forces seems to be that at low prices the
demand for sludge may actually be inversely related to its content of nutrients. This may explain
why Ljunggreen and Lassen found no price effect of reducing the phosphorus content in sludge.

The fact remains, however, that a serious reduction in the content of nutrients is bound to curtail the
possibilities of making the sludge market profitable.
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6. Conclusions and perspectives

The results of the present study leave little doubt that environmental concerns — and concerns about
possible consumer reactions — continue to present a major obstacle to the agricultural demand for
sludge. The key issue is how to address these concerns.

The wastewater treatment industry and intermediaries such as HedeDanmark with vested
interests in developing the market for sludge may have something to gain from renaming it into bio
fertilizer (or biosolids in the US). However, there is usually more to a brand than a name. From the
perspective of the farmers and the food industry the stakes are high. Past food scandals have alerted
them to the importance of traceability. While some of the past scandals have been due to fraud (e.g.
the horse-meat or olive oil scandals), others (e.g. BSE, listeria, salmonella, dioxins, etc.) have been
unintended. The EU’s General Food Law of 2002 with its demand for traceability came in response
to such scandals. Arla’s Jan Johannesen explained in an interview for this paper that “it is not what
is being tested for, but what is not being tested for that worries us”.

From a wider perspective, this question points to a central dilemma relating to recycling in
general: How will it ever be possible to recycle sludge, if this can be blocked by the possibility that
it may contain some unknown harmful substance not tested for? If recycling has to wait until all
untreated waste is perfectly safe, it will never happen. On the other hand, recycling based on
imperfect treatment systems is likely — or perhaps even bound — to give rise to occasional
“scandals”.

One possibility, of course, is to separate wastewater sources as well as treatment facilities to a
much higher degree than is currently being done. Even the traceability of industrial wastewater
contents disappears as soon as it enters into the public sewerage system. In fact, it disappears before
then whenever the industrial wastewater contains run-off from roofs and pavements, lawns, etc. The
challenge is that establishing parallel wastewater treatment systems with perfect traceability will be
highly expensive, perhaps even prohibitively so.

A second possibility is to continue improving the treatment of sludge. It is technically possible to
impose even stricter regulatory standards on sludge for specific purposes, to label it, and market it.
However, this does not rule out the possibility that it may still contain some unknown harmful
substance not tested for. The suspicion lurks, therefore, that even this approach has its limitations —
limitations which are basically rooted in a (mis-)conception that there exists an absolutely no-risk
alternative to the use of sludge.

A third alternative is to extract the nutrients from sludge. The extraction of struvite by
Stjernholm (Miljgstyrelsen 2014) is a pertinent — and highly promising — case in point. This
approach is bound to reduce the agricultural value of the remaining sludge, as shown in the previous
Section, requiring some it to be disposed of in alternative ways.

Perhaps a kind of Consensus Conference involving lay citizens as well as industry representatives,
NGOs, authority representatives and researchers would be helpful in addressing the above
dilemmas and mapping the road forward.
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ABSTRACT

Despite a constant exploitation in the past, reserve estimates of phosphate
rock today are as high as never before. The reason behind this constant
increase in reserve estimates are on the one hand technological progress
and on the other hand an constantly increasing price due to increased
demand (e.g., growing population). Both developments make current eco-
nomic unviable reserves economic viable in the future. In this report we
find that the price of phosphate rock is determined by various demand-
and supply-side factors and that a sudden change in the quantity de-
manded can lead to a strong price increase in the short run, which ini-
tiates new exploration activities. Due to more overburden, deeper mines,
challenging environments, lower grade ore and increased processing costs
marginal production costs for new deposits are expected to be higher, and
therefore the new long run equilibrium price will be higher. Although cur-
rently phosphate rock reserves are increasing with the price of phosphate
rock, the resource will be scarce in various other dimension, e.g., eco-
nomical, geopolitical and environmental. This multidimensional scarcity
makes supply- and demand-side measures, like increasing the rate of re-

cycling, essential to sustain the welfare of future generations.
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Summary

On the 26" May, 2014, the European Commission added phosphate rock in its revised list of critical
raw materials for which supply security is at risk and economic importance is high. Phosphate rock is
a finite mineral resource and it is essential in the interest of long-term food security. Despite a
constant exploitation in the last century, reserve estimates today are as high as never before. The
reason behind this constant increase in reserve estimates are on the one hand technological
progress, which makes extraction cheaper and gives access to phosphate rock deposits, which have
not been accessible before (e.g., offshore deposits), and on the other hand an increasing price due
to increased demand (e.g., growing population). Both developments make current economic
unviable reserves economic viable in the future. Following this logic this would imply that with a
constant increasing price availability of phosphate rock will increase as well, which puts the scarcity

risk of phosphate rock into question.

In this article we find that the price of phosphate rock is determined by various demand- and supply-
side factors. A sudden change in the quantity demanded can lead to a strong price increase in the
short run, which initiates exploration activities to find new deposits of phosphate rock or to start
exploiting reserves, which have been economically unviable beforehand This will increase the
productive capacity in the long run and a new long-run equilibrium price will establish. The time of
transition from the short run equilibrium price and quantity to the long run equilibrium will
determine the length of the price spike. Further, due to more overburden, deeper mines, challenging
environments (e.g., underground or offshore mining), increased processing costs and lower grade
ore marginal production costs for new deposits are expected to be higher, and therefore the new

long run equilibrium price will be higher as compared to the initial short run equilibrium.

Although at present phosphate rock reserves are increasing with the price of phosphate rock, the
resource will be scarce in various other dimension, e.g., economical, geopolitical and environmental.
This multidimensional scarcity makes supply- and demand-side measures, like increasing the rate of
recycling in all sectors and from nearly all waste streams, i.e., from mine tailings to wastewater and

human excreta, essential to sustain the welfare of future generations.



1 Introduction

On the 26" May, 2014, the European Commission presented a revised list of critical raw materials
for which supply security is at risk and economic importance is high. A raw material, which is added
in the updated list, is phosphate rock. The European Union based the decision to classify phosphate
rock as a critical raw material on its essentialness and not-substitutability to produce fertilizers and
on the increasing derived demand for phosphate fertilizers for agricultural production due to an

increasing world population and growing need for food.*

Phosphate rock is a finite mineral resource. In the last decade the price of phosphate rock has
increased continuously. Following a classic resource economic framework a rising price of a non-
renewable resource can be seen as a scarcity rent (Hotelling 1931). But, despite a constant
exploitation in the last century, reserve estimates today are as high as never before. For 2014
worldwide reserves of phosphate rock are estimated to be around 67 billion metric tons (U.S.
Geological Survey 2015). The reason behind this constant increase in reserve estimates is, firstly,
technological progress, which makes on the one hand extraction cheaper and on the other hand give
access to phosphate rock deposits, which have not been accessible before (e.g., offshore deposits),
and, secondly, an increasing price due to increased demand (e.g., population growth). Both
developments make reserves, which are economic unviable in the present, economic viable in the
future. Following this logic this would imply that with a constantly increasing price availability of

phosphate rock will increase as well, which puts the scarcity risk of phosphate rock into question.
Based on this setting in this report following research question is going to be answered:

“Does the joint development of increasing price and increasing reserve estimates of
phosphate rock imply that scarcity of this limited resource will not be an issue in the

foreseeable future?”

To answer this question we review and discuss existing literature and base our analysis of the price
dynamics of phosphate rock on a simple supply and demand model, in which we especially take the
intermediate good characteristic of phosphate rock and subsequently phosphate fertilizer into

account.

Our findings suggest that the price of phosphate rock is determined by various demand- and supply-

side factors and the recent price volatility and increase is not a symbol of impending resource

! European Union press release IP-14-599 and memo MEMO-14-377 retrieved on the 26/05/2014.
http://europa.eu/rapid/press-release IP-14-599 en.htm
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depletion. A sudden change in the quantity demanded can lead to a strong price increase in the
short run, which initiates exploration activities to find new deposits of phosphate rock or to start
exploiting reserves, which have been economically unviable beforhand. These measures will increase
the productive capacity in the long run and a new long-run equilibrium price will establish. The time
of transition from the short run equilibrium price and quantity to the long run equilibrium will
determine the length of the price spike. Further, we argue that it is reasonable to assume that due
to more overburden, deeper mines, challenging environments (e.g., underground or offshore
mining), increased processing costs and lower grade ore marginal production costs for new deposits
are expected to be higher, and therefore the new long run equilibrium price will be higher as in the
initial short run equilibrium. Finally, we will argue that although in the present phosphate rock
reserves are increasing with the price of phosphate rock, the resource will be scarce in various other
dimension, e.g., economical, geopolitical and environmental. This multidimensional scarcity makes
supply- and demand-side measures, like increasing the rate of recycling or the degree of efficiency in

use, essential to sustain the welfare of future generations.

The remainder of this report is organized as follows: In chapter 2 definitions and terminology are laid
out and the current state as well as the historical development of the phosphate rock resource and
reserve is analyzed. In chapter 3 we revise the current and historical development of the price of
phosphate rock and discuss the recent increase in its volatility. Further, due to the fact that
phosphate rock is an intermediate good and the demand for it is a derived demand the development
of related final commodities as well as production inputs are put in relation. Chapter 4 then
describes the factors underlying the demand for and supply of phosphate rock and finally joins them
in a supply and demand model of phosphate rock which helps us to understand the underlying
mechanisms of its price dynamics. In chapter 5 we discuss our findings and reflect on the

multidimensionality of phosphate rock scarcity. Chapter 6 concludes.

2 Phosphate rock resource and reserve

2.1 Phosphate rock, phosphate and phosphorous - Definitions

Phosphate rock is a naturally occurring mineral assemblage, which contains a high concentration of
phosphate minerals. Current phosphate rock deposits can be differentiated between sedimentary
deposits and igneous deposits. They differ in mineralogical, structural and chemical properties.
Phosphate rock deposits can be differentiated by their grade and quality. The grade of phosphate

rock is defined by its phosphate content. The higher is the phosphate (P,0s) content, the greater is



the economic potential of the rock. The quality of phosphate rock depends on both — the grade and
the level of impurities. If phosphate rock contains very low levels of phosphate or impurities it must
undergo further processing, like beneficiation, drying or calcining and grinding. Finally, worldwide
rock deposits not only vary in type and concentration, but also differ in the size of the area and the

depth of the resource deposits.

80 percent of the world production of phosphate rock stems from marine sedimentary phosphate
rock deposits. They often occur as relatively flat-lying thick beds, which can extend over hundreds of
square kilometers. They are formed as a result of biological and chemical precipitation of
phosphorous in coastal areas that are close to the equator. Countries with large sedimentary
phosphate rock deposits are countries in North Africa and Middle East, like Morocco, Tunisia,
Algeria, Egypt, Syria, Iran and Israel. But also the United States and China have large sedimentary
phosphate rock deposits. Sedimentary phosphate rock is mainly of high grade with a phosphate
concentration of around 30-35% (Mckelvey 1967).

Igneous deposits account for about 20 percent of world production of phosphate rock. They are
formed by differentiation of minerals in partly melted magna. These deposits consist of phosphate
rock of low grade with often a phosphate concentration of less than 5%. But succeeding
beneficiation allows an upgrade in concentration to more than 35 — 40% (Van Kauwenbergh 2010).

Igneous deposits mainly occur in Russia, Brazil, South Africa and Finland.

Phosphate is used to make fertilizer, which, as a compound, contains phosphorous and oxygen.
Phosphorous, as single element, is essential for plant growth and is the component of agronomic
interest in phosphate rocks. Phosphate rock minerals are the only significant global resource of

phosphorus (Jasinski 2015).2

2.2 Resources and Reserves

We follow the definitions of the US Geological Survey (USGS) and describe the availability of
phosphate rock in terms of resources, reserves and reserve base. Resources are the concentration of
the minerals in the earth crust, which can be identified or undiscovered and extraction can be

currently or in future economic viable. Reserve base is the part of the identified resource which

2 Phosphate can be also extracted from guano stemming from seafowl and to a smaller extend from bats and
other cave-dwelling mammals and birds. Seafow! deposits are mainly confined to islands and coastal regions in
low latitudes. The largest lie along the west coasts of Lower California, South America, and Africa, and on
islands near the equatorial currents. Over time many of the fossil accumulations of seafowl guano have been
exploited. The remaining production accounts only for an insignificant small amount of phosphorous
production.



reaches the minimum criteria for current mining and production practices like grade quality,
thickness and depth. The reserve is the part of the resource base that can be extracted profitable
with current market conditions but extraction facilities do not need to be in place and running.
Earlier the United States Bureau of Mines (USGS) defined phosphate rock which can be extracted
with costs less than US $40/ton as reserves and phosphate rock which can be produced for less than
US $100/ton as reserve base (Van Kauwenbergh 2010). Undiscovered resources are divided in the
USGS classification in hypothetical and speculative resources. Hypothetical resources are
undiscovered resources similar to known mineral bodies, which may be expected to exist in the
same producing region under similar geological conditions. Whereas, speculative phosphate rock
deposits are defined as deposits, which may exists under favorable geological setting, but where no
discoveries have been made yet (Edixhoven, Gupta, and Savenije 2014). Deposits with no reasonable
prospect of economic viability in foreseeable future are listed as other occurrences and form no part
of the current resources. Based on USGS and Edixhoven et al. (2014) Figure 1 illustrates the different

terms to classify the availability of phosphate rock.
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Figure 1 Reserve - Resource classification (based on USGS and Edixhoven et al.(2014))

Estimates on phosphate rock reserves are dynamic: They may be reduced if phosphate rock gets
mined or extraction feasibility diminishes. On the other hand they may increase if new phosphate

rock deposits are being discovered, extraction technology changes, economic demand increases or



political circumstance in a country changes. In other words phosphate rock reserves can be seen as
working inventory of mining companies’ supply of the economically extractable part of the mineral
commodity. Therefore, the magnitude of this inventory is determined besides others by the cost of
drilling, taxes and subsidies, price of phosphate rock, and the demand for it. Figure 2 illustrates this
dynamic aspect in the resource-reserve classification scheme. This implies that resources available
today can become reserves in the future and the other way round (Scholz and Wellmer 2013).
Further, it necessitates that any estimate of the longevity of phosphate rock deposits includes

resources, occurrences and unknown geocapacity (Edixhoven et al. 2014).

Decreasing degree of geological certainty

Identified Resources
Undiscovered Resources

Demonstrated Probability Range
Inferred
Measured Indicated Hypothetical Speculative
2
S Economic Reserve Inferred
=
Q : Reserve I
IS Marginall ;
E € .y I Undiscovered
g Economic Base Basi e
3 1
L fur ic k i
— ot dynamic boundaries L B = ==
2 Subeconomic I ’ l I ¢
a i
S
o
(8]
@
Q

Other

Includes nonconventional and low-grade materials
Occurences

Figure 2 Resource - Reserve classification with dynamic boundaries (based on Scholz et al. (2013))

Future supply of phosphate rock will come from reserves and other identified resources, currently
undiscovered resources in deposits that will be discovered in the future, and material that will be
recycled from current in-use-stocks of phosphate or from phosphate already leached out into the
environment.> For example, a type of deposit, which is not mined today, but can become
significantly relevant in future, is offshore phosphorite nodules in the open sea. Figure 3 shows a
map of the spatial distribution of marine minerals in general and phosphorite deposits in specific.

They occur in four seafloor settings (Hein, Mcintyre, and Piper 2005; Rona 2003, 2008): (1)

3 Phosphorous can be recycled in all sectors and from nearly all waste streams, i.e., from mine tailings to crop
waste and finally from wastewater and human excreta. A detailed list of possible phosphorous recycling
options is given in Table 3 later in this article.



continental shelves and slopes off the west coast of landmasses where easterly winds blow offshore
(latitudes 30°N to 30°S) and induce upwelling (offshore Peru, Chile, Namibia, eastern Australia, Baja
California in Mexico, the Atlantic margin of Morocco — see Figure 3); (2) phosphorites formed by
cementation and replacement of carbonates on submarine plateaus and banks (Blake Plateau off
southeastern United States, Chatham Rise off New Zealand — see Figure 3); (3) islands and atolls
where the source of phosphorous is primarily guano and phosphorite has been mined (e.g., Nauru);

(4) intra-plate seamounts which remain to be investigated.
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Figure 3 Resource of the sea floor (Rona 2008)

The size of production, resources and reserves is almost exclusively described in tons of phosphate

rock, which does not have a fixed concentration and will vary between different deposits.

2.2.1 Resource Data

Data on phosphate rock resource is only limited available. Today, the USGS publishes data on
worldwide resource stocks but not on country level. For 2014 the USGS estimates a world resource
stock of phosphate rock of 300 billion metric tons (U.S. Geological Survey 2015). This is in line with

the 2010 resource stock estimates of Van Kauwenbergh (2010) where a total worldwide resource
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stock of 288 billion metric tons is estimated.” Van Kauwenbergh (2010) also gives country estimates
of phosphate rock resource stocks as listed in Table 1. Morocco is the country with the largest

resource estimates followed by United States and China.

Table 1 Resource estimates of phosphate rock

Country Resource stock | Country Resource stock
Morocco 170000 Syria 2000
United States 49000 Jordan 1800
China 16800 Israel 1600
South Africa 7700 Tunisia 1200
Russia 4300 Togo 1200
Australia 3500 Senegal 250
Egypt 3400 Canada 130

Brazil 2800 Other countries 22380

=> Total resource stock =288 000 000 000 mt

Notes: Estimates in million metric tons of phosphate rock. Based on Van
Kauwenbergh (2010)

2.2.2 Reserves Data
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Figure 4 Worldwide Phosphate Rock Reserves 2014

4 Including hypothetical resource stocks the number is even higher and worldwide resource stocks sum up to
490 billion metric tons of phosphate rock.
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Today, worldwide reserve stock of phosphate rock are estimated to be around 67 billion metric tons
(U.S. Geological Survey 2015) and is situated in just around 20 countries (Figure 4). It is unevenly
distributed, which means, that just the 4 countries with the largest reserves accounts for about 85
percent of the world wide phosphate rock reserves. Table 2 lists the 10 countries with the largest
estimated reserves and their shares on world total reserve stocks. In 2014 Morocco was the country
with the by far largest estimated phosphate rock reserve of 50 billion metric tons of economic viable
reserves. These stocks account for about 74 percent of worldwide phosphate rock reserves. China
with 3.7 billion metric tons and Algeria with 2.2 billion metric tons have the second and third largest

reserves.

Table 2 Largest phosphate rock reserves

Reserve Share of world- Cumulative
Country

estimate wide reserves share
1 Morocco 50000000 0.742 0.742
2 China 3700000 0.055 0.797
3 Algeria 2200000 0.033 0.829
4 Syria 1800000 0.027 0.856
5 South Africa 1500000 0.022 0.878
6 Russia 1300000 0.019 0.897
7 Jordan 1300000 0.019 0.917
8 United States 1100000 0.016 0.933
9 Australia 1030000 0.015 0.948
10 Peru 820000 0.012 0.960

Notes: Reserve estimates for 2014 based on USGS (2015). Estimates are in 1000 metric tons.

Estimates on phosphate rock reserves are dynamic. They may be reduced if phosphate rock gets
mined or extraction feasibility diminishes. On the other hand they may increase if new phosphate
rock deposits are being discovered, extraction technology changes, economic demand increases or
political circumstance in a country changes. Figure 5 shows phosphate rock reserve estimates from

1995 — 2014 based on USGS data (U.S. Geological Survey 2015).
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Figure 5 Rock phosphate estimates 1995-2014 based on (U.S. Geological Survey 2015)

The blue line in Figure 5 illustrates the development of total phosphate rock reserves for all
countries worldwide whereas in the red line Morocco, which is the country with the largest reserves,
is excluded.” Despite a constant exploitation of phosphate rock® reserve estimates are increasing
rather than decreasing over time. This is a common pattern in primary commodities markets and can
be reasoned by exploration of new deposits and technological innovation (Heckenmiiller, Narita, and
Klepper 2014; Radetzki 2008). The volatility of phosphate rock estimates is different for different
countries and for some countries significantly high. Figure 6 shows the development of phosphate
rock reserve estimates for different country groups.” The upper left panel of Figure 6 shows the
development of Morocco’s reserve estimates for the last twenty years, which were stable for the
first 14 years with a small decrease in 1998 and then experienced a sharp decrease in 2011 after
revision due to the revision of its reserves published in the IFDC report of Van Kauwenbergh (2010).
The upper right panel of Figure 6 shows the change in reserve estimates for countries, with on
average large phosphate rock deposits. Whereas the United States and South Africa a relatively
stable over time, China and Irag® have experienced a high degree of volatility in their phosphate rock

reserve estimates. The lower left panel of Figure 6 shows the development of reserve estimates for

> Based on the IFDC report of Van Kauwenbergh (2010) the USGS phosphate rock reserve estimates for
Morocco got revised in 2010-2011 and where significantly increased from 5.700 Mt to 51.000 Mt. This revision
increased worldwide phosphate rock reserves from 16.000 Mt in 2010 to 65.000 Mt in 2011. For a discussion
on this issue see Edixhoven et al. (2014).

® The USGS estimates a total mining of 7.70 Gt of phosphate rock until today (U.S. Geological Survey 2014).

7 Countries were grouped in accordance to their average reserve size for the period 1995-2015. Large reserve
countries are countries with on average more than 1.000 Mt of phosphate rock, middle reserve countries are
countries with on average between 100 to 1.000 Mt of phosphate rock and small reserve countries are
countries with on average less than 100 Mt of phosphate rock.

® The reserves of Iraq were first entered in the USGS database in 2012 with 5800 megatons of phosphate rock,
which made them the country with worldwide second largest phosphate rock deposit. But in 2013 these
reserves were downgraded by 93% due to the low grade of most of it (Edixhoven et al. 2014).
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the group of countries with on average middle sized phosphate rock reserves and in the lower right
panel the estimates for the countries with on average small reserve are displayed. Again, for both
country groups reserve estimates differ in size and degree of volatility. Countries like Saudi Arabia
and Israel have had a relatively stable reserve development, whereas countries like Egypt, Syria and

Senegal have experienced strong increases and decreases in their reserve estimates.
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Figure 6 Phosphate rock reserve estimates 1995 — 2014: Different country groups (U.S. Geological Survey 2015)

As can be seen in Figure 5 and especially in Figure 6 reserve estimates are dynamic and uncertain
and are frequently revised due to exploration activities, technological change and changes in the

price of phosphate rock.’

Finally, future phosphate rock availability is commonly determined by taking the ratio between
reserves and annual consumption or production. In this regard reliable reserve data is of great

importance, because this reserve/consumption ratio is often used as an early warning indicator and

° Another factor which has considerably contributed to the volatility in phosphate rock estimates and the often
large difference in reserve estimates from different sources, like US Geological Survey, British Geological
Survey and International Fertilizer Development Center, is the missing of a common standard in reporting
phosphate rock in ore or concentrate. In this regard concentrate can be defined as ore that has been mined
and upgraded so that it can be sold as a marketable product. The difference in ore and concentrate of
phosphate rock has been hardly taken into account in the past and just in the recent literature a discussion
about this issue has started (e.g., Edixhoven et al. (2014), Scholz and Wellmer (2015)).
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as a reference point for policy making. Based on this ratio and various assumptions on future
economic development, technological progress, population growth, reserve and resource
availability, demand changes and recycling and reuse possibilities studies vary significantly in the
estimated lifetime of phosphate rock deposits, reaching from a bit more than a hundred to more
than 1000 years (Koppelaar and Weikard 2013; Rosemarin et al. 2011; Scholz and Wellmer 2013;
Vaccari and Strigul 2011). In general some of these estimates have to be taken with caution because
they are based on a static reserve measure, which fails to acknowledge the fundamental dynamics in

this issue.

3 The Price of Phosphate Rock

The price of phosphate rock is changing over time and is driven by various factors, like general
macro-economic developments, supply and demand effects, technological innovation, government
policies and market power. The key determinants, which explain the price dynamics of phosphate
rock, are described in more detail in chapter 4. Figure 7 shows the historic mean annual price

development of phosphate rock from 1960 — 2014 in current USD.

By close inspection the price trend of phosphate rock shows three peaks: one in 1974/75, the
second, more extreme in magnitude, in the years 2007/08 and a smaller, subsequent peak in

2011/12.

The first peak in 1974/75 was caused by a specific combination of demand and supply side shocks,
which lead to a strong mark imbalance. Due to two subsequent years of worldwide low crop yields
and an increasing world population, the demand for phosphate fertilizer in this period increased
significantly. Whereas, the supply of phosphor was in the same time strongly restricted by an
informal coordinated behavior of the phosphate rock producing countries (Morocco, Algeria, Tunisia,
Togo and Senegal) to significantly increase world market prices of phosphate rock by reducing the

available amount (Heckenmdller et al. 2014).
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Figure 7 Annual price of phosphate rock (in current USD); Source: (World Bank 2015b)

The second peak in 2007/08 reached a maximum phosphate rock price of US $430 in
August/September 2008 and then fall back to around US $S90 just a year later in September 2009.
This peak was followed later by a second smaller peak, which reached its maximum in in the end of
2011 and the beginning of 2012 with US $202. These peaks can be explained by various demand side
effects, like high food prices, which set strong incentives to farmers to increase their crop yields by
increasing their amount of fertilizers applied, and high oil prices, which increases demand for
biofuels. Whereas the short run supply of phosphate rock remained relatively stable, with
additionally higher production costs due to the higher oil price (Cordell, Drangert, and White 2009;
Heckenmdiller et al. 2014; Van Kauwenbergh 2010).
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Figure 8 Monthly price of phosphate rock (in current USD); Source: (World Bank 2015b)
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Further monthly volatility of phosphate rock increased in the last years. Figure 8 shows the monthly
price development for phosphate rock for two time periods: 1996-2005 and 2006-2015. As can be
clearly seen the monthly price volatility of phosphate rock has increased considerably. For the period
from 1996 to 2005 the mean price of phosphate rock was USS 41 with a minimum of USS 38, a
maximum of USS 44 and standard deviation of USS 2. Whereas, for the latter period the mean price

was USS 146 with a minimum of USS 42, a maximum of USS 430 and standard deviation of USS 87.

Higher food prices can set strong incentives to farmers to increase their crop yields by increasing
their amount of fertilizers applied. This results in a phosphate rock price following food and
agricultural commodity prices, normally lagging some month (Van Kauwenbergh 2010). Therefore,
some of the increasing price volatility of phosphate rock in the period from 2006-2015 can be
explained by a higher volatility in the world’s food and agricultural commodities (Heckenmiiller et al.
2014). Figure 9 shows the monthly development for the FAO Food Price Index for two time periods:

1996-2005 and 2006-2015."°

Monthly FAO food price index Monthly FAO food price index
base 2002-2004=100, 1996-2005 L base 2002-2004=100, 2006-2015
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Figure 9 Monthly FAO food price index (base 2002-2004=100); Source: (FAO 2015)

As with the price for phosphate rock the volatility of the monthly FAO food price index has increased
in recent years. For the period from 1996 to 2005 the mean food price index was 106 with a

minimum of 85, a maximum of 138 and standard deviation of 14. Whereas, for the latter period, the

% The FAO food price index is a measure of the monthly change in international prices of a basket of food
commodities (meat products, dairy products, cereals, oils and sugar), weighted with the average export shares
of each of the groups for 2002-2004.

17



mean food price index amounts to 186 with a minimum of 122, a maximum of 240 and standard

deviation of 33.

Production cost of phosphate rock increases with higher energy prices. In the long run this can
influence supply by making economic viable resource economic unviable and, therefore, impact the
world market price of phosphate rock. Figure 10 shows the development of worldwide energy prices
measured with the World Bank energy price index (World Bank 2015a) for the two periods: 1996-
2005 and 2006-2015."

Monthly World Bank energy price index Monthly World Bank energy price index
in current USD, 1996-2005 in current USD, 2006-2015
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Figure 10 Monthly energy price index; Source: (World Bank 2015a)

Over the total time period the price of energy as well as the volatility has considerably increased. For
the period from 1996 to 2005 the mean energy price index was 75 with a minimum of 32, a
maximum of 177 and standard deviation of 32. Whereas, for the latter period with 215 the mean
energy price index is nearly triple in size and with a minimum of 121, a maximum of 346 and

standard deviation of 50 shows also a higher volatility.

3.1 Phosphate Rock Production

The mining of phosphate rock started in the late 19" century with a sharp and continuous increase
after the Second World War. It once peaked in 1988 at 166 million metrics tons annual production,
which was mainly caused by a decrease in fertilizer demand due to, first, the collapse of the Soviet

Union and, second, an increased awareness of potential negative effects of excessive fertilizer

" The World Bank Energy index is a measure of the monthly change in international energy prices. It is a
Laspeyres Index with fixed weights based on 2002-2004 average developing countries export values, for coal,
crude oil and natural gas.
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application on the environment (e.g., eutrophication of the water bodies) in many western

countries.

Production 2014 in thousand metric tonnes
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Figure 11 Worldwide Phosphate Rock Production 2014 (U.S. Geological Survey 2015)

With the beginning of the 21° century production has increased again due to a growing population
and an increase in meat and poultry consumption in large developing countries (e.g., China and
India) as well as an increased biofuel production (Cordell, Drangert, et al. 2009). Today, world
phosphate rock production amounts to 225 million metric tons (2014) and is projected to increase

gradually to 258 million metric tons until 2018 (U.S. Geological Survey 2015).

Phosphate rock is produced by more than 30 countries worldwide, with only 4 countries accounting
for 76 percent of world phosphate rock production. The, by far, largest producer of phosphate rock
is China, producing around 45.5 percent of the world production followed by Morocco (13.6%), USA
(12.3%) and Russia (4.5%). Other bigger producers are mainly found in the MENA region like Tunisia
(2.3%), Jordan (2.7%), Egypt (2.7%), Israel (1.6%), Syria (0.5%), Saudi Arabia (1.4%) and Algeria

(0.7%)." Figure 11 shows the geographical distribution of the worldwide phosphate rock production.

Further, the countries with the largest reserves are not automatically the countries with the highest

production as can be seen in Figure 12. Whereas, Morocco is the country, which has by far the

2 Numbers are percentage of word total and are based on (U.S. Geological Survey 2015).
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largest reserves of phosphate rock worldwide (70.6% of world reserves), China is by far the biggest

producer of phosphate rock.

M Reserves

M Production

Figure 12 Rock phosphate reserves and production in 2014 (in percent of total)
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4 Demand for and supply of phosphate rock - understanding the

price dynamics

In a competitive market the time-path of the phosphate rock price and therefore the economic
viability of individual mining projects is determined by the supply of and the demand for phosphate
rock.” As shown in Figure 7 and Figure 8 the world market price of phosphate rock has risen steadily
with partly strong volatile spikes the last years. In order to understand the recent price development
and foresee its potential future trend it is important to determine the drivers and mechanisms
behind the global demand and supply for phosphate rock. To do so we start by analyzing the
mechanism behind demand for phosphate rock and explain the concepts of intermediate goods and
derived demand. Then, the drivers behind supply of phosphate rock are determined. Finally, supply
and demand will be combined in a simple generic market model to illustrate how they contribute to

the price development of phosphate rock.

4.1 The Demand for Phosphate Rock

Mineral products, like phosphate rock, can be classified as intermediate goods, which are used in the
production of final demand goods. This means that the demand for phosphate rock is a derived
demand and depends on the demand for the final commodities, like agricultural commodities and
non-food items (e.g., cleaning detergents and cosmetics). The supply of phosphate rock depends on
the price of the deposit and on the price of producing the final commodities. Figure 13 illustrates the
production process from phosphate rock to phosphate fertilizer and then to the final demand goods,

i.e. agricultural commodities like wheat, maize, fruits, soy or meat.*

B Today, the five biggest phosphate rock producing companies account for just 30 percent of the world market
and, therefore, the market can still be described as being competitive with relatively low entry barriers
(Heckenmidiller et al. 2014; Rawashdeh and Maxwell 2011). However, recent developments, like that for the
sake of greater efficiency and cost reductions small producers get overtaken by large producers, and due to
Morocco’s dominant future reserve and production position, point to a monopolistic concentration of the
overall market, where only one (Monopoly) or very few (Oligopoly), often state owned, companies control
nearly all of the global phosphate rock supply. This will potentially result in higher prices, lower amounts of
phosphate rock supplied and higher supply risks as compared to a competitive market situation.

 Another production process of phosphate rock results in the production of non-food items, like cleaning
detergents and cosmetics. Today, 9-10% of the annually mined phosphate rock is used to produce these items.
Due to the main use of phosphate rock in the agricultural sector and the potential substitutability of
phosphate rock in the production of non-food items the focus here will be on the process of agricultural
production.
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Figure 13 Role of phosphate rock production in the production of final agricultural commodities

Each stage in the production process is influenced by various inputs. First, phosphate rock has to be
mined using capital inputs (e.g. land, machinery, energy) and labour inputs (e.g. high and low skilled
workforce). In the second step of the production process phosphate rock in combination with other
labor and capital inputs gets transformed to phosphate fertilizers, which is then used again next to
other labor and capital inputs in the final stage of the process to produce the final agricultural
commodities. The marginal production cost of the final agricultural commodities is therefore not
only determined by the input cost in the last stage of the production process and the technology

employed but also indirectly by the inputs cost of all subsequent stages in these process.

4.1.1 The derived demand for phosphate rock - an analytical model

As shown in Figure 13 phosphate rock is an intermediate good. Rise in the price of an intermediate
good has two effects on the demand: first, producers of the final commodity try to substitute the
now relatively more expansive intermediate good with other factors of production. Second, as the
increase in price of the intermediate good results in an increase in the price of the final commaodity,
consumers are going to substitute this now relatively more expensive good with cheaper

alternatives.
These two effects can be analyzed in a more formal way:*

Assume that the final commodity is produced using, for simplicity, two inputs: phosphate fertilizer
(PF) and all other inputs (0I).* The range of possible combinations of these two inputs to produce a
specific amount of the final commodity is determined by an underlying production function. The

degree by which OI can be substituted by PF is measured by the elasticity of substitution, s, which is

 This section builds strongly on Campbell (1999).

'® For the sake of simplicity the step between phosphate rock and phosphate fertilizer is subsumed and the
production process of the final commodity is therefore reduced to two dimensions: phosphate fertilizer and
final agricultural commodity. Making this simplifying assumption does not change the outcomes of the model.
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the change in relative expenditure on factor inputs (Ol and PF) relative to a price change of one
input. In other words how much PF can be substituted with OI to produce a fixed output of the final
commodity given a percentage increase in the price of PF. Assuming that the prices of the other

factor inputs (OI) remain constant following relation can be derived:

G(PF) = G(OI) — sG(Ppr), (1)

where G(.) represents a growth rate and Ppp the price of phosphate fertilizer. The meaning of
equation (1) can be expressed by the two extreme values of s: no substitution (s = 0) where
equation (1) reduces to G(PF) = G(0I) which implies fixed proportions; an in the case of perfect

substitutability (s = o0) a rise in Ppy will result in zero demand for PF.

Further, assuming constant return to scale'” in the production of the final commodity the following

relation holds between the growth of phosphate fertilizer and the growth of the other inputs:

(1= a)G(OI) + aG(M) = 0, (2)

where a is the share of phosphate fertilizer in the total cost of production of the good. Substitution

of equation (2) in equation (1) leads to:

G(PF) = —(1 — @)sG(Ppp). (3)

This means that an increase in the price of phosphate fertilizer leads to a decrease in the quantity
used as an input to produce a specific amount of the final commodity, and the size of the decrease

depends on the elasticity of substitution between phosphate fertilizer (PF) and other inputs (0I).'?

The second effect of a price increase of the intermediate good leads to an increase in the price of
the final commodity, and hence to a reduction in the quantity demanded. The amount of reduction
in the quantity demanded is determined by the price elasticity of demand for the final commodity, e,

and can be described by:

G(Q) = —eG(P), (4)

Y7 Constant return to scale refers to a situation in which output doubles when all inputs are doubled.

¥ Further, the higher the elasticity of substitution of phosphate fertilizer and other inputs the lower is the
share of phosphate fertilizer in the cost of producing the final commaodity in case of an increase in phosphate
fertilizer prices.
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where G(Q) is the growth rate of the final commodity and G(P) the growth rate of its market price.
Assuming a perfectly competitive market™ the growth rate of the market price will be the same as

the growth rate of the unit cost of production and is given by:

G(P) = aG(Ppp), (5)

which means that the growth rate of the price of the final commodity is given by the share of
phosphate fertilizer in the unit cost of production multiplied by the growth rate in the price of
phosphate fertilizer. Assuming identical growth rates of the final and intermediate goods and

combining equations (4) and (5) leads to:

G(PF) = —eaG(Ppp). (6)

Finally, combining the effects of substitution in production (equation (3)) and substitution in final
demand (equation (6)) gives the impact on the change in quantity demanded of phosphate fertilizer

in response to a change in the price of it:

G(PF) = —{(1 — @)s + ae}G(Ppp). (7)

Dividing equation (7) by —G(Ppr) gives the elasticity of derived demand for phosphate fertilizer,

epr:

epr = {(1 —a)s + ae}. (8)

Equation (8) implies that the derived demand for phosphate fertilizer is more elastic the higher the
substitutability of phosphate fertilizer with other input factors in the production of the final
commodity and the higher the elasticity of demand for the final commodity. And, therefore both

producers and consumers can adjust to higher phosphate fertilizer prices through substitution.

' As discussed in footnote 13 the phosphate rock market can be expected to change to an oligopolistic or even
monopolistic market, in which prices will be higher as compared to the perfect competitive situation.
Depending on the market power of the company(ies) in a monopolistic (oligopolistic) market the growth rate
of the market price and the growth rate of the production cost can be quite different. Due to the low
substitution possibilities in regard with phosphate rock as input in production market power is expected to be
considerably high.
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In other words these results infer that the demand-price relationship for phosphate fertilizer and
subsequently for phosphate rock very much depends on the substitution possibilities between, first,
phosphate fertilizers and other inputs in agricultural production and, second, agricultural products
differing in their intensity of phosphate fertilizer input. Up to now no substitute exists for phosphate
fertilizer in agricultural production and therefore phosphate fertilizer can be seen as an essential
factor input, which means that the elasticity of input substitution is very small. Hence, demand for
phosphate fertilizer as production input is only minor affect by price changes. Further, final
agricultural commodities differ in their phosphate fertilizer intensity. Therefore, a small substitution
possibility exists between agricultural commaodities, which need a high level of phosphate fertilizer
input (e.g., meat, soybeans, wheat) and agricultural commodities, which need a low level of
phosphate fertilizer input (e.g., potatoes, rice). This means, that the size of the price elasticity
depends on the nutritional needs of the population. In other words, in case of an increase in the
price of phosphate fertilizer demand may shift from phosphate fertilizer intensive goods to
phosphate fertilizer less intensive goods. To conclude it is reasonable to assume that the elasticity of
derived demand for phosphate fertilizer will be small and changes in price of phosphate fertilizer will

only minor affect the quantity demanded and vice versa.

The demand for phosphate rock and subsequently phosphate fertilizer is dynamic. It is affected by
factors like population change, nutrition transition, technological change and environmental

awareness.

Following factors potentially affect current and future phosphate fertilizer demand:

e Population growth: Currently, world population is growing by 1.18 per cent per year, which
means an additional 83 million people annually. The world population is projected to
increase by more than one billion people within the next 15 years, reaching 8.5 billion in
2030, and to increase further to 9.7 billion in 2050 and 11.2 billion by 2100 (United Nations
2015). This significant increase over the next 85 years will have a major impact on food
demand and the derived demand for phosphate fertilizers and phosphate rock.

e Nutrition transition: Due to a continuous economic growth in developing countries a
transition in the daily diet from a vegetable based nutrition with a low phosphate fertilizer
demand to a meat, dairy and sugar based phosphate fertilizer intensive “western diet” can
be observed today and will proceed in the near future (Headey 2013). Besides others this
transition takes place in countries with large populations like China and India and will
therefore have a strong impact of future demand of phosphate fertilizer (Cordell, Drangert,

et al. 2009).
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e Farming technologies: The most essential factors to increase current agricultural production
are water and fertilizers inputs. Development in farming technologies like a more demand
focused precision farming could potentially stabilize or even decrease future needs for these
inputs (von Horn and Sartorius 2009).

e Energy plants: Future developments in the use of agrofuels for a smooth transition from an
oil and carbon intensive industry to a renewable less carbon intensive industry may play a
significant role in the future demand for agricultural commodities, like corn, sugarcane, soy
and other crops, and therefore for phosphate fertilizer.

e Increased environmental awareness: Historically, phosphate fertilizer over-application was a
common strategy in many developed countries to achieve higher yields and to raise the
soils’ stocks to ensure higher yields in the subsequent years (Heckenmiiller et al. 2014). With
increasing soil saturation and increased run-off of phosphorous to the adjacent water
bodies, which has caused serious negative environmental effects, phosphate fertilizer
demand has decreased in these regions over the past 20 years. Contrary, in developing
countries soils are still largely phosphorous deficient and will, therefore, experience a future

increase in the demand for phosphate fertilizer (Scholz et al. 2013).

4.2 The Supply of Phosphate Rock

Worldwide deposits of phosphate rock vary in size, type and concentration. Long-run supply of
phosphate rock depends mainly on the trade-off between the potential cost-reducing effects of
technological change and the cost-increasing effects of resource depletion. With increasing
exploitation low-cost deposits are being more and more depleted and exploration efforts have to be
undertaken to potentially discover new reserves. Due to more overburden, deeper mines,
challenging environments (e.g., underground or offshore mining), lower grade ore and increased
processing costs, marginal production costs for theses deposits are expected to be higher. Figure 14
illustrates this situation in case of phosphate rock. Each rectangle in Figure 14 picturize the different
costs of extraction for the known deposits of phosphate rock in a specific point of time. Worldwide
deposits vary in size, type and concentration and differ, therefore, also in extraction costs. The small
rectangle on the left side in the graph shows the deposit where extraction and supply of a unit of
phosphate rock is the cheapest. The rectangle on the right side of the graph shows the deposit with

the highest extraction costs.
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Figure 14 Change in cumulative cost curves

For a given world market price of phosphate rock an amount will be supplied, where the price
intersects the cumulative marginal cost curve. In this situation the owner of the mine with the
lowest extraction cost will make the highest profit, whereas the owner of the mine, for which
marginal extraction costs equals price, will have zero economic profits. The reserves above the world
market price would make a loss and therefore don’t supply phosphate rock. In course of time
phosphate rock will be exploited and mines will get depleted (light shaded rectangles on the left side
in Figure 14). Exploration will happen and new mostly higher cots mines will be found, which will
enter Figure 14 as rectangles on the right side of the graph. This will result in a situation where
either a smaller amount is supplied for a given world market price or the amount will be held stable,

which will result in a higher price (as illustrated in the right-hand figure in Figure 14).

Following factors potentially affect current and future phosphate fertilizer supply:

e Exploration: There is a long and excessive process before mining can start. It involves
locating potential reserves through aerial and satellite imaginary, sampling and analysis of
rock drilled and extracted from deep below the earth’s surface and, finally, evaluating the
financial feasibility of mining. Exploration is a long term process with very high costs, which
makes it a risky investment for mining companies, because projects may be canceled out of
environmental, technical or political reasons. Therefore, changes in the supply of phosphate
rock are very slow (as it is generally observed in the supply of minerals) in response to
changes in the price of phosphate rock. In other words it is reasonable to assume that the
supply of phosphate rock is price-inelastic in the short run. In the long run, after exploration

and mine development has been realized, supply can be assumed to be rather price elastic.
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e Environmental reasons: The main environmental impacts of phosphate rock production are
air emissions, water contamination and changes in the land surface. They occur in all stages
of production: mine development, extraction, handling, beneficiation, waste disposal and
finally mine closure. The type and extend of environmental effects depend on the
characteristics of the ore and overburden, the surface land profile, the local climate and the
surrounding ecosystem (United Nations Environment Programme and International Fertilizer
Industry Association 2001). Increasing awareness of these potential negative effects may
impact future supply of phosphate rock. For example the growing competition on
increasingly scarce water bodies in many producing countries (e.g., Morocco, Tunisia and
Algeria) can drive up future extraction costs of phosphate rock. Or the increasing liability of
mining companies in many developed countries can lead some companies to close down
potential risky mining operations.

e Technical reasons: In recent years society became increasingly aware about the inefficient
use and loss of phosphate rock during its overall lifecycle. Today, only 1/5 of the phosphate
rock mined and aimed for food production is actually consumed by humans. The rest of the
mined phosphate rock is lost in inefficient mining and production processes, by soil erosion
and run-off in water bodies, by food chain losses and final by inefficient use of human
excreta (Cordell, Drangert, et al. 2009). Technological change to improve the efficiency in
this process, which will be especially initiated with a rising phosphate rock price, can be
expected to have a strong effect on the future supply of phosphate rock.

e Political reasons: Worldwide phosphate rock reserves and production are highly
concentrated. Around 85 percent of worldwide phosphate rock reserves are held by only
four countries.”® Further, the production of only four countries accounts for 76 percent of
world phosphate rock production.”’ Therefore, geopolitical developments, as recently
occurred in the Middle East and North Africa (MENA) region, have significant impacts on
global phosphate rock supply and distribution. Another example of political contention is
Morocco and the phosphate rock rich Western Sahara region, for which separatist
movements aim to gain independence.

e Market reasons: Although, phosphate rock production is highly geographically concentrated
the degree of concentration in regard with firms is moderate. Today, the five biggest

phosphate rock producing companies account for relatively moderate 30 percent of the

20 . . . .

These countries are Morocco, China, Algeria and Syria.
2 The, by far, largest producer of phosphate rock is China, producing around 45.5 percent of world production
followed by Morocco (13.6%), USA (12.3%) and Russia (4.5%).
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world market and the market can still be described as being competitive with relatively low

entry barriers (Heckenmiller et al. 2014; Rawashdeh and Maxwell 2011).

However, recent developments suggest that phosphate rock supply will be increasingly
affected by state intervention and restrictive measures in future. This intervention could be
access restrictions, trade barriers, export quotas and other forms of protectionistic
measures. A recent example of state intervention in the market for phosphate rock was the
introduction of high export tariffs and low export quotas in China to secure that China’s
domestic supply of phosphate rock meets its domestic demand. These export restrictions

are said to be one of the reasons of the significant price increase in 2007/08.

Another development, which can be observed, is the oligopolistic trend in many countries
that for the sake of greater efficiency and cost reductions small phosphate rock producers
get overtaken by large producers. Further, due to Morocco’s dominant future reserve and
production position a monopolistic concentration of the overall market, where one country
and one state owned company controls 80-90 percent of the global phosphate rock supply,
can be expected. Both developments will potentially result in higher prices, lower amounts
of phosphate rock supplied and higher supply risks as compared to a competitive market

situation.

4.3 The market model of supply and demand

As we have discussed earlier the price of phosphate rock is changing over time and is driven by
various factors, which are either influencing the demand for or the supply of phosphate rock. Based
on our discussion on the supply- and demand-side factors for phosphate rock we are now able to
join these two elements in a graphical expression of a supply-demand model of phosphate rock. This
model enables us to describe the price development of phosphate rock and to understand, for

example, the mechanism underlying the significant price increases in 1994/75 and later in 2007/08.
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Figure 15 Market model of supply and demand - A change in demand

Consider the following characterization of phosphate rock supply and demand shown in Figure 15,
(which illustrates a change in demand) and Figure 16 (which shows a change in supply). Based on our
previous discussion phosphate rock supply is assumed to be price inelastic in the short run (Ssg)*
due to capacity constraints, but relatively price elastic in the long-run (Siz)**. Demand (Dy) for
phosphate rock depends on the real price of the mineral, on the economic activity and growth, the
population growth and the structural transformation of the economy. As previously discussed it is
reasonable to assume that the elasticity of demand for phosphate rock will be price inelastic and

changes in price of phosphate rock will only minor affect the quantity demanded and vice versa.*

We start by determining the impact of an increase in demand on the price-quantity relationship in
our supply and demand model. Consider, for example, a shift in the derived demand for phosphate
rock caused by a nutritional transition in the developing countries from a vegetable based nutrition
to a meat, dairy and sugar based phosphate fertilizer intensive “western diet”. This increase in
demand is represented by a rightward shift of the demand curve from Dy to D;. The shift in demand

along the very inelastic short run supply curve (Ssg) will cause phosphate rock prices to rise sharply

2 This is picturized by a steep short-run supply curve where price changes only have small effects on the
supplied quantity of phosphate rock. This means in situations with a sudden, unexpected price change due to
an underlying demand change, phosphate rock producers are very much bound by the capacity constraints of
the existing well developed mines and can only minor react to this situation by for example increasing the rate
of exploitation or reducing some inefficiencies.

% This is shown by a relative flat long-run supply curve, where represents the suppliers’ ability to react to price
increases by increasing the quantity supplied through exploration activities and exploitation of new mines.

** This is shown by a relatively steep demand curve for phosphate rock.
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from Py to P;. The short run price increase will be higher the lower the price elasticity of the short
run supply of phosphate rock. This explains for example the very sharp price increase in 2007/08,
which was caused by a sudden increase in demand, due to a combination of droughts and an
expanding agrofuel sector, facing an inelastic supply, which was even more constraint by a very high
oil price and a Chinese export quota. In the long run the higher price of phosphate rock (P:) will
induce exploration and an expansion in the productive capacity, which is captured by the price
elastic long run supply curve (Sir). Prices will decrease again to a new equilibrium price level P; and a
quantity Q;. The degree of the price fall from P; to P; depends on the slope of the long run supply
curve. The flatter the curve the stronger will be the price decrease in the long run. The slope of the
long run supply curve will be influenced by technological change, new reserve characteristics and
political and market issues. The magnitude and duration of the demand shift and the speed of
adjustment of suppliers (the time delay to shift from the short run equilibrium (P; Q:) to the long run

equilibrium (P2 Q:)) are the key determinants to understand the price dynamics of phosphate rock.

Now let us consider a shift in the short run supply of phosphate rock as shown in Figure 16. Assume
an export quota on phosphate rock to protect domestic supply and demand is introduced in some

major producing countries.

Price
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Figure 16 Market model of supply and demand - A change in short run supply

This will shift the short run supply curve from Ssr: to Ssgz, which will lead to a decrease in quantity

from @y to Q; and an increase in the equilibrium price from Py to P;. Due to the higher price
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countries, which are not facing the export quota, will increase their exploration and exploitation
activities. This will increase the productive capacity in the long run, which is captured by the long run
supply curve Siz. Due to an increase in the supplied quantity from Q; to Q. the new long run

equilibrium price will decrease from P; to P.

The speed of adjustment to bring markets from the short run equilibrium to the long run equilibrium
price and quantity depends on various factors, e.g., degree of technological change or market
conditions, and cannot be clearly stated for phosphate rock markets in the moment. In general the
speed of adjustment for mineral markets is assumed to be between two to seven years (Cuddington
and Zellou 2013; Radetzki et al. 2008; Tilton 2006a, 2006b) but can even be much longer with an

investment cycle up to 15 years (Cuddington and Jerrett 2008; Radetzki et al. 2008).

5 Discussion and Future Development

Phosphate rock is an essential and scarce resource. It is essential, because phosphate fertilizer is an
input, which is hardly substitutable with other inputs, to produce agricultural commodities. In the
last ten years the volatility in the price of phosphate rock has increased considerably and overall an
upwards trend in the price from around USD 42 to today 115 USD is observable. Following a classic
resource-economic framework by Harold Hotteling (1931) an increasing resource price can be seen
as a symbol for an increasing scarcity of the resource. As discussed in this article the phosphate rock
price is determined by various demand and supply factors and the recent price volatility and

increase is rather not a symbol of impending resource depletion.

As we have seen in our simple supply and demand model a sudden change in the quantity
demanded can lead to a strong price increase in the short run, which initiates exploration activities
to find new deposits of phosphate rock or to start exploiting reserves, which have been economically
unviable beforehand. These measures will increase the productive capacity in the long run and a
new long-run equilibrium price will establish. As we have shown and discussed in Figure 14, it is
reasonable to assume that due to more overburden, deeper mines, challenging environments (e.g.,
underground or offshore mining), lower grade ore and increased processing costs, marginal
production costs for theses deposits are expected to be higher, and therefore the new long run
equilibrium price will be higher as in the initial short run equilibrium. Finally, we have shown by
explaining the phosphate rock price spike in 2007/08 that our simple supply and demand model is
capable to describe the underlying mechanisms and to explain the price dynamics of phosphate

rock.
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The increasing price trend of phosphate rock can lead to the conclusion that economic unviable
resource deposits are becoming economic viable in the present and therefore the availability of
phosphate rock is not seen to be limited in the foreseeable future. When we look at the historic
development of worldwide phosphate rock reserves in general and in the last decade in specific

some validation of this conclusion can be found.

Annual price of Phosphate Rock and Reserve Estimates
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Figure 17 Reserve and price development

Figure 17 shows the development of phosphate rock price and reserve estimates for the last twenty
years. As can be seen the estimates of economic viable phosphate rock deposits are following the
resource price with a delay of 2-3 years. This suggests that despite a continuous exploitation of the
resource — the USGS estimates a total mining of 7.70 Gt of phosphate rock until today (U.S.
Geological Survey 2014) — the size of economic viable reserve is constantly increasing, which can be

next to technological improvements partly reasoned by an increasing price of the resource.

But does this price-reserve interaction makes phosphate rock reserves limitless in the foreseeable
future? As we have discussed in the previous chapters supply of phosphate rock depends on various

factors and the resource is scarce in various dimensions (Cordell and White 2014):

e Physical scarcity: Phosphate rock resource stocks are estimated to be very large with huge
potentials not even know today. But as discussed earlier low cost mines are typically mined

first. Therefore, only low-grade, impure, difficult accessible and “high extraction cost”
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deposits will be left in future. This resource quality dimension can be seen as a potential

physical scarcity.

Economic scarcity: Access to phosphate fertilizers can be limited due to financial capacity or
constraints in labor and time. The farm-gate cost of phosphate fertilizers can play an
important role in the economic viability of farming operations. This is especially true for
developing countries, where a large amount of farmers are small-scale farmers with a
limited access to credit. With an increasing price of phosphate rock and subsequently a
higher farm-gate price of phosphate fertilizer these farmers can face an economic barrier of

access and therefore another form of phosphate rock scarcity.

Geopolitical scarcity: Phosphate rock reserves are unevenly distributed in the world, in
which just a few countries control nearly 90 percent of the resource. Geopolitical
developments like political unrest and conflicts inherit significant supply risks and can limit

the future availability of the resource.

Market scarcity: As shown in the previous chapters recent situations suggest two potential
developments. First, an oligopolistic trend is observable, where for the sake of greater
efficiency and cost reductions small producers get overtaken by large producers. And,
second, due to Morocco’s dominant future reserve and production position a monopolistic
concentration of the overall market, where one country and one state owned company
controls 80-90 percent of the global phosphate rock supply, can establish. Both
developments will potentially result in higher prices, lower amounts of phosphate rock
supplied and higher supply risks (e.g., access restrictions, trade barriers, export quotas and
other forms of protectionistic measures), as compared to a competitive market situation.

These developments can limit the future supply of this resource.

Environmental scarcity: Production of phosphate rock and later use of phosphate fertilizer
has significant negative impacts on the environment, like landscape change, greenhouse gas
emissions, excessive fresh-water consumption, radioactivity, cadmium accumulation and
fluorine emission (Cordell, Drangert, et al. 2009; United Nations Environment Programme
and International Fertilizer Industry Association 2001). The limited assimilative capacity of
the environment, e.g., uptake of heavy metals like cadmium, can limit the future potential of

using this resource.
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e Finally, Cordell and White (2014) also state limiting factors in the national and international

management and government of the phosphate rock resource which can have some impact

on its scarcity.
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Figure 18 Scenarios of long-term future phosphate rock demand (Cordell et al. 2011)

To deal with the potential future scarcity and the pollution issues of phosphate rock, sustainable
management of this resource is needed. Figure 18 illustrates different scenarios of trends in future
phosphate fertilizer demand (Cordell et al. 2011). It indicates that future phosphate fertilizer
demand can either be influenced by demand-side measures to reduce demand for it, or by supply-
side measure, like increasing the recovery rate of phosphorus from human excreta, manure, food

waste and mining waste.

Table 3 lists several demand- and supply-side measures for a sustainable management of phosphate
rock (Childers et al. 2011, 2013; Cordell and White 2013, 2014; Cordell, Schmid-Neset, et al. 2009).
Whereas demand side measures concentrate mainly on increasing efficiency and changing diets,

supply side measures are focused on recycling technologies and new sources of phosphate rock. For
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example, phosphorous can be recycled in all sectors and from nearly all waste streams, i.e., from
wastewater and human excreta to crop waste. Further efficiency improvements in the use of
phosphate rock range from an improved fertilizer application in agriculture to a reduced amount of
food waste by producing food closer to demand. To conclude, physical limits in the amount of
phosphate rock is just one dimension of its scarcity. Following the increasing trend of phosphate
rock production and application will create severe challenges and adverse impacts on future
generations and the environment. Increasing recycling of phosphorus, establishing a nutritional
transition to a less phosphorus intense diet and increasing the degree of efficiency in the
management and application of phosphate fertilizer are important strategies to cope with these

challenges.

6 Conclusion

Phosphate rock is a finite and essential mineral resource and is the only significant global resource of
phosphorus. Phosphorous, as single element, is essential for plant growth and is the component of

agronomic interest in phosphate rocks.

In the last decade the price of phosphate rock has increased continuously, which following Hotteling
(1931) can be seen as a symbol of increasing scarcity. But, despite a constant exploitation in the
past, reserve estimates today are as high as never before. The reason behind this continuous
increase in reserve estimates are technological progress, which makes on the one hand extraction
cheaper and on the other hand give access to phosphate rock deposits, which have not been
accessible before (e.g., offshore deposits), and an increasing price due to increased demand. Both
developments make deposits, which are currently economic unviable, economic viable in the future.
Following this logic this would imply that with a constant increasing price availability of phosphate

rock will increase as well, which puts the scarcity issue of phosphate rock into question.

Our findings suggest that the price of phosphate rock is determined by various demand- and supply-
side factors and the recent price volatility and increase is not a mere symbol of impending resource
depletion. A sudden change in the quantity demanded can lead to a strong price increase in the
short run, which initiates exploration activities to find new deposits of phosphate rock or to start
exploiting reserves, which have been economically unviable beforehand. These measures will
increase the productive capacity in the long run and a new long-run equilibrium price and supplied
quantity will establish. The time of transition from the short run equilibrium to the long run
equilibrium will determine the length of the price spike. Further, due to more overburden, deeper

mines, challenging environments (e.g., underground or offshore mining), lower grade ore and
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increased processing costs marginal production costs for new deposits are expected to be higher,

and therefore the new long run equilibrium price will be higher as in the initial short run equilibrium.

Finally, although current phosphate rock reserves are increasing with the price of phosphate rock,
the resource will be scarce in various other dimension, e.g., economical, geopolitical and
environmental. This multidimensional scarcity makes supply- and demand-side measures, like
increasing the rate of recycling or the degree of efficiency in use, essential in the interest of long

term food security and to sustain the welfare of future generations.
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HIGHLIGHTS

Et litteratur review af i alt 19 studier og undersggelser (potte- og markforsgg) af den umiddelbare
fosfor (P) ggdningsvirkning af forskellige typer spildevandsslam og afledte produkter i forskellige
plantearter og jordtyper er gennemfgrt med henblik pa at opggre den relative ggdningsvirkning pa kort
sigt i forhold til en uorganisk handelsggdning som fosforkilde. Sammenstillingen viser at:

e Fosfortilgeengeligheden af slamprodukter varierer, afhaengig af hvordan produkterne er afledt og
behandlet i spildevands- og slamprocessen.

e Struvit og slam fra spildevandsrensning med biologisk P-fjernelse viste sig at veere de
slamprodukter, der i gennemsnit giver den hgjeste ggdningsvirkning, idet de fleste studier viste
samme eller hgjere plantetilgaengelighed af fosfor i disse produkter sammenlignet med
handelsgpdning.

e Kemisk feeldet slam viste varierende resultater, formodentlig afhaengigt af faeldningsbetingelserne.
Desuden viste pH-vaerdien af slamproduktet samt jordens pH sig at have betydning for planternes
udnyttelse af fosfor i slamproduktet.

e Stabiliseret slam i form af anaerob og aerob udradning var sveert at isolere fra andre
behandlingsprocesser for slammet, og det var derfor ikke muligt at vurdere hvilken indflydelse
stabilisering af slam har pa fosfortilgaengelighed

e Termisk t@rring af slam reducerede generelt dets fosfortilgaengelighed

e Ubehandlet slamaske viste stor variation mellem studierne, men havde generelt en relativt lav
godningsvirkning i forhold til handelsggdning

e Behandlet slamaske har i flere studier vist samme eller hgjere plantetilgeengelighed end
handelsggdning, og viste klart hgjere plantetilgeengelighed end ubehandlet slamaske




FORORD

Neervaerende projekt er finansieret af Miljgstyrelsen med henblik pa at understgtte arbejdet i dansk fosfor
netvaerk. Projektet har til formal at gennemfgre en litteraturscreening og review af eksisterende nyere viden
(videnskabelige artikler savel som konferencebidrag og rapporter) om tilgaeengeligheden af fosfor (P) i de
vigtigste af samfundets affaldsstremme og afledte produkter, fgrst og fremmest forskelligt behandlet
spildevandsslam (bioggdning) og andre produkter fra spildevandrensning (f.eks. udfaeldede salte eller aske fra
afbraending af slam). Vi forsgger i rapporten at opsummere, hvordan de forskellige bioggdninger og relaterede
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1. INTRODUKTION

Fosfor er et essentielt naeringsstof for afgrgdeproduktion i jordbruget. Forsyning af afgrgderne med fosfor sker
i Danmark hovedsageligt via tilfgrsel af husdyrggdning, men ogsa via handelsggdning og andre organiske
godninger. Andre organiske ggdninger er iseer spildevandsslam (ogsa kaldet bioggdning) fra rensningsanlaeg
og industrivirksomheder (fgdevare og fermenteringsvirksomheder), men i stigende grad ogsa digestat fra
biogasanlaeg, der fades med bade husdyrggdning og andet organisk affald.

De globale fosforreserver forventes at udtgmmes inden for en overskuelig fremtid, hvilket har faet EU til at
feje fosfor til list of Critical Raw Materials”. @get recirkulering af fosfor fra rest- og affaldsprodukter indgar
derfor i hgjere og hgjere grad i internationale savel som nationale ressource-strategier. Spildevandsslam er en
fosforholdig ressource som allerede benyttes i udstrakt grad pa dansk landbrugsjord, enten direkte eller
indirekte (ca. % af al spildevandsslam, Sckerl 2012).

Der har i perioder vaeret diskussioner i jordbrugserhvervet i forbindelse med brug af slam som fosforressource,
dels pa grund af usikkerheden om forurening med tungmetaller og miljgfremmede stoffer, men ogsa fordi den
generelle forstaelse har vaeret, at fosfor er bundet mere eller mindre hardt i kemisk feeldede slamprodukter,
der gor fosfor relativt utilgaengelig for afgrederne pa kort sigt.

Der foreligger efterhanden en lang raekke videnskabelige studier, som afdaekker usikkerheden omkring
miljgfremmede stoffer, og tungmetalindholdet i slam er faldet vaesentligt i de senere ar (Ingvertsen et al.,
2010). Der er dog usikkerhed om, hvor stor plantetilgaengeligheden er af den fosforpulje, der findes i slam og
afledte produkter, hvilket giver usikkerhed om ggdningsvaerdien af disse ved brug pa landbrugsjord og
vanskeligggr vurdering af effektivitet og behovet for yderligere behandling. Generelt kan man sige, at fosfor-
tilgeengeligheden fra forskellige restprodukter afhaenger af dels ggdningstypen (dvs. fosfors bindingsform,
reaktivitet, oplgselighed, bionedbrydelighed) og dennes P-koncentration, pH og oprindelse, dels af
afgrgdetype (vaekstleengde, rodudvikling, etc.), dels af jordtype (tekstur, mineralogi, P status, pH).

Koncentrationen af plantetilgaengeligt fosfor i jord er generelt meget lav, sa planter er afhaengige af bade den
fosforpulje der er i jordvaesken (meget lav) og af den fosforpulje der kan frigives fra bindingssites pa
jordpartikler, hvilket komplicerer billedet af fosfortilgeengelighed ved forskellige fosforggdninger. Da det alene
er det oplgselige uorganiske orthofosfat i slamprodukter der er umiddelbart plantetilgaengeligt, er den
potentielle plantetilgeengelighed af det resterende fosfor afhaengig af mineralisering af organiske fosforpuljer
og/eller muligheden for at de udfzeldede eller mere hardt bundne uorganiske fosfatpuljer bringes i oplgsning.

Med gget fokus pa at udnytte spildevandsslam og afledte produkter som ggdningsressource pa landbrugsjord,
har Miljgstyrelsen gnsket den eksisterende viden om ggdningsvardien af slamprodukter til brug pa
landbrugsjord belyst. Formalet med denne rapport har derfor vaeret at reviewe og sammenstille den nyeste
litteratur omkring plantetilgaengelighed og gadningsveerdi af fosfor i forskellige slamprodukter.

2. OVERBLIK OVER SLAMPRODUKTER I DANMARK

Slamprodukter er et resultat af den rensningsproces spildevand gennemgar pa et rensningsanlag, sa det
rensede spildevand kan udledes sikkert til vandmiljget. De afledte slamprodukter er derfor affaldsprodukter,
men pa grund af disses hgje indhold af naeringsstoffer er de ogsa potentielle ggdningsprodukter. Der er derfor
i disse ar stort fokus pa at udvikle nye spildevands- og slambehandlingsprocesser, som i hgjere grad muligger



udnyttelse og recirkulering af fosfor i spildevandsstrgmmen, se Kabbe et al. (2015), Adam et al. (2015) og Egle
et al. (2015) for mere uddybende sammenligninger af processer og metoder.

Tabel 1 giver en oversigt over typiske spildevandsprocesser der anvendes pa rensningsanlaeg i Danmark og
som kan formodes at pavirke fosfortilgaengeligheden af slamproduktet. Der benyttes ofte en kombination af
de nzevnte processer, hvorfor det kan vaere vanskeligt at skille effekten af de enkelte faktorer.

En af de nye processer, som der internationalt samler sig betydelig opmaerksomhed omkring som en meget
lovende spildevandsteknologi er struvitfeeldning, som der imidlertid pt. kun er implementeret pa ganske fa
rensningsanlaeg i Danmark. Der findes endvidere adskillige metoder til at behandle aske fra tgrret og
forbraendt spildevandsslam, se Kabbe et al. (2015) og Egle et al. (2015)., men mest fokus har samlet sig
omkring termokemisk behandling (Adam et al., 2015).

Tabel 1. Typiske processer der leder til slamprodukter i Danmark (og som kan have betydning for plantetilgeengeligheden
af P) og nogle alternative processer, der potentielt vil fa udbredelse til P recovery.

Proces til fosforfjernelse i spildevandsprocessen:

Biologisk e  Bio-P eller EBPR=Enhanced biological P removal
Kemisk o Al-salte
e Fe-salte
e (Ca-salte
e Al+Fe
Kemisk + biologisk e Kombination af ovenstaende
Noter Der findes kun fG anleeg med ren Bio-P i DK, dvs. anlaeg helt uden tilseetning af

kemikalier. Typisk vil Bio-P/EBPR altsd vaere kombineret med tilsaetning af
kemikalier. Typiske kemikalier i DK er Al- og Fe-salte.

Slambehandling:
Stabiliseringsprocesser e Anaerob udradning
e Aerob udradning (f.eks. STRB=Reed-bed mineralisering)
e Kompostering
e  Basisk stabilisering (tilseetning af kalk)
Processer til at facilitere e Afvanding enten mekanisk separation (centrifuge, skruepresse etc.) eller passiv
slutdisponering af slammet som fx i STRB (som dog ogsa er en stabiliseringsproces)
o  Tgrring (termisk)
e  Forbraending

Noter Der findes flere processer, men de mest relevante er naevnt her. Typisk vil
stabiliseringsprocesser og processer til at facilitere slutdisponering dog flyde
sammen og effekten af de enkelte delprocesser veere sveer at adskille. Mekanisk
afvanding vil stort set altid vaere ngdvendig. Tgrring (som ofte ogsd betegnes som
en afvandingsproces) kan ske enten til et slutprodukt (ca. 85-95% tg@rstof) eller som
forberedelse til forbraending (ca. 30-40% tg@rstof).

Alternative processer med ”P recovery” som formal:

Kontrolleret e Kontrolleret struvitudfaeldning kan ske flere steder i processerne, men oftest pa
struvitudfzaeldning rejektvandsstremmen (vand der kommer ud af slamafvandingen)
Behandling af aske e Termokemisk behandling (eks. AshDec processen hvor slamasken behandles

med Na,SO, MgCl, eller Na,COs under 900-1000°C; Wilken et al. 2015)

Noter Struvitudfaeldning anvendes pt. kun pd tre rensningsanlaeg i DK (Aabyhgj og Herning
i drift, Helsinggr er pt. under indkgring), men forventes implementeret pd flere
indenfor den naermeste fremtid. Der findes adskillige metoder til at behandle aske,
se Kabbe et al. (2015) og Egle et al. (2015).




3. GENNEMGANG AF DE NYESTE INTERNATIONALE OG DANSKE STUDIER
OM FOSFORTILGZANGELIGHED AF SLAMPRODUKTER

3.1 DATAGRUNDLAG O0G METODER

Der er inddraget i alt 19 studier og undersggelser af P ggdningsvirkning af forskellige typer spildevandsslam og
afledte produkter, overvejende publiceret i videnskabelige tidsskrifter, men ogsa et par enkelte undersggelser
fra konference-proceedings eller nationale rapporter er inddraget, hvis de er fundet relevante og af god
eksperimentel standard. Der indgar overvejende potte- men ogsa et enkelt markforsgg, og forskellige
afgr@der/plantearter og jordtyper, yderligere detaljer kan findes i Appendix. Der er kun medtaget forsgg, hvor
der indgar reference behandlinger med en uorganisk handelsggdning som P kilde og hvor der er malt en
positiv respons (udbytte eller P optag) pa denne P tilfgrsel i handelsggdning.

Opgorelsen er grupperet i forhold til hvilke processer, der er anvendt i spildevandsbehandling og
slamefterbehandling. Desuden er de to alternative processer beskrevet i tabel 1 inddraget, da disse er de
eneste, hvor der findes flere solide plante-baserede studier af P plantetilgaengelighed i produktet.

Ggdningsudnyttelsen, er opgjort som ggning i forhold til uggedet i henholdsvis udbytte/plantebiomasse eller P
optag per enhed tilfgrt P i slamproduktet, jf Roberts og Johnston (2015):

Yx —Yo

REy = Upx ~Uo og UExy = %
PX

Fpx

Hvor REy er P Recovery Effeciency af P i ggdningsmiddel X (enten slamprodukt eller referenceggdning, typisk i
form af triplesuperfosfat, TSP, eller lignende lettilgeengelig mineralsk handelsggdning), og Upx— U, er ggningen i
P optag i plantebiomasse/afgrgde tilfgrt ggdningsmiddel X minus P optag i den uggdede behandling, mens Fpy
er maengden af P i det tilfgrte ggdningsmiddel X. Tilsvarende er UEy udbytte effekten (Y) af det tilfgrte
gadningsmiddel X.

I langt de fleste af de forsgg, der indgar i dette review, er der tilfgrt samme mangde total P med slamprodukt
og referenceg@dning, dvs. Fpy eog Fp_rsp €1 €NS.

Den relative P ggdningsvirkning (Relative Fertiliser Equivalent, RFE) af slamprodukt X i forhold til den
uorganiske referenceggdning (TSP) opgjort pa basis af enten P optagelse eller udbytte:

og RFEy = —/—=

RFEx har enheden %, hvor en vaerdi pa < 100% indikerer at ggdningen X har en ringere P virkning end TSP,
mens en veerdi >100% indikerer at den virker bedre.

Det er vigtigt at preecisere at alle de forsgg der indgar i dette review kun kigger pa afgrgderespons over en
vaekstsaeson, et enkelt ar eller i enkelte tilfeelde to ar. Man skal ogsa vaere opmaerksom p3, at den relative
godningsvirkning, RFEy, pavirkes bade af planteudnyttelsen af P i slamproduktet, men ogsa af
planteudnyttelsen af P i referencen, handelsggdning. | korterevarende forsgg (potteforsgg, 1-arige
markforsgg) er planteudnyttelsen af P i handelsggdning ofte relativt lille, og den relative ggdningsvirkning,
RFE, af et slamprodukt kan derfor vaere ganske hgj, men ogsa usikkert bestemt; den vil imidlertid veere det
bedste estimat man kan fa for P ggdningsvirkning pa kort sigt.



3.2 RESULTATER

Figur 1 praesenterer en opsummering af de fundne relative 1. ars ggdningsvirkninger (RFE, middelvaerdi,
median og variation) fra de 19 internationale og danske studier af plantetilgaengeligheden af fosfor i forskellige
slamprodukter som er inddraget i dette review. Resultaterne er grupperet efter den sidste P fjernelses proces
(det var ikke muligt at adskille de forskellige kemiske feeldningsmetoder), slambehandlingsmetode og endelig
to alternative processer (struvit og aske-behandling).
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Figur 1. Relativ 1. ars ggdningsvirkning (RFE) i forhold til handelsggdning af forskellige slamprodukter, beregnet pa basis af
udbytte (A) og fosfor optag (B). Baseret pa data fra de videnskabelige studier i appendix; studierne omfatter overvejende
1. arsvirkning, kun et enkelt inkluderer 2.arsvirkning. Boksen viser 10 og 90% percentiler, error-barer viser de
hgjeste/laveste veerdier, den fast optrukne linje viser median veerdien og den stiplede linje viser gennemsnitsvaerdien.
Grupperingen af resultater henviser til den sidste proces i slamprocessen, dvs. slamprodukterne i kategorien “kemisk
faeldet” indbefatter slamprodukter der er kemisk faeldet samt produkter der har vaeret udsat for biologisk P fjernelse og
yderligere kemisk feeldet; “Udradnet” vil typisk omfatte slam der fgrst bade er biologisk og kemisk fldet; "Komposteret”
og "Tgrret” vil ofte veere bade feeldet og udradnet fgrst. Antal af forsggsled/behandlinger (n) der indgar er opgivet efter
hvert slamprodukt gruppe. NB! Der er alene medtaget data fra forsgg hvor TSP har resulteret i gget plantevaekst
sammenlignet med en uggdet kontrol.

Af figur 1 ses, at der er endog meget stor variation i resultaterne fra de forskellige studier, ogsa indenfor
grupperingen af slamprodukter. Variationen er i en vis grad pavirket af, at der foretages sammenligninger af
differencer mellem de ggdede behandlinger og kontrolbehandlingen, hvor der ikke er givet fosfor, og
sammenligning af differencer giver stgrre variation end sammenligning af absolutte veerdier. Foruden de
tolkningsvanskeligheder variationen i data giver anledning til, er generalisering pa tvaers af de forskellige
studier vanskeliggjort af, at behandlingen af slammet varierer indenfor produkt grupperne, og at beskrivelser
af disse ofte ikke indeholder detaljer eller helt mangler. Derudover er alle studierne udfgrt under forskellige
eksperimentelle forhold. En mere udfgrlig beskrivelse af de enkelte studier (planteart, jordtype/-status/-pH,
mark/potte, ggdningsniveau) kan findes i bilag 1.

Overordnet viser analysen dog, at tilgaengeligheden af fosforpuljen i slamprodukter over det fgrste vaekstar i
hgj grad afhaenger af den proces hvorved produktet er blevet fremstillet. Slam fra spildevandsrensning der kun
er moderat behandlet, har en relativt hgj fosfor-virkning sammenlignet med handelsggdning, saledes viser



slam fra biologisk P-fiernelse i flere studier endda hgjere fosforg@dningsvirkning end handelsggdning,
hvorimod kemisk faeldet slam og stabiliseret slam (aerob og anaerob udradning, kompostering) viser lavere og
meget varierende fosforggdningsvirkning.

Ggdningsvirkningen af disse ma sandsynligvis afhaenge meget af den proces hvorved produkterne er afledt,
sasom hvilke og hvilken koncentration af faeldningskemikalier der er brugt i udfaeldningen, samt af pH i bade
produkt og jorden. Tidligere studier har vist, at Ca-feeldede produkter har stgrre plantetilgaengelighed end Fe-
og Al-faeldede produkter (Soon and Bates, 1982), men dette kom ikke klart frem i vores analyse, som dog ogsa
kun omfattede et enkelt studie med Ca-faldet slam, da Ca-feeldning er i dag ikke en szerlig udbredt metode. De
fleste studier omfattede saledes Fe-faeldning, og det var derfor heller ikke muligt at skelne mellem Fe- og Al-
faeldet slams fosforggdningsvirkning.

Mange produkter var udsat for flere processer fra tabel 1, dvs. bade biologisk og kemisk faeldning, dernaest
eksempelvis udraddning og kompostering. Det var derfor sveert at isolere udradning som stabiliseringsmetode
blandt studierne, da denne proces ofte var kombineret med kemisk faeldning og/eller kompostering eller
termisk t@rring. Derfor var der stor variation mellem disse studier, men overordnet viste kemisk feeldning,
udradning, kompostering og t@rring at give medianveerdier for ggdningsveerdi pa ca. 60 % af handelsggdning.

For slamaske, dvs. termisk behandlet (t@rret) og forbraendt slam, er fosforggdningsvirkningen lavest, iszer hvis
der ses pa P optaget, hvor virkningen i gennemsnit var under 50% af handelsggdning og kun i et enkelt tilfaelde
teet pa 100%. Termisk t@rring viste sig generelt at reducere fosforggdningsvirkning i de fleste studier, hvor der
indgik samme slam uden tgrring. Slamaske viste ligeledes at have stor variation mellem studierne, men
behandling af asken, specielt de behandlinger der inkluderede en syrebehandling af asken, resulterede i gget
plantetilgaengelighed af fosfor i forhold til ubehandlet slamaske. Behandlet slamaske viste medianvaerdier for
relativ ggdningsvirkning pa ca. 85 % i forhold til handelsggdning, baseret pa savel udbytte som P optag. Dette
stemmer godt overens med de overordnede konklusioner af EU projektet P-REX (Kabbe, 2015; Wilken et al.,
2015).

For studierne der inkluderede struvit viser flere end halvdelen af dem en hgjere fosforg@dningsvirkning end
handelsggdning, uanset om der males pa udbytte eller P optag. Dette indikerer, at pa trods af at struvit er et
relativt sveert oplgseligt salt, sa har dette tilsyneladende en god langsomt virkende evne til at forsyne planter
med fosfor.

Flere af studierne har vist, at pa trods af at slamprodukterne generelt har lavere umiddelbar oplgselighed end
kunstg@dning, sa er planteoptaget af fosfor samt udbytte af planterne ofte akvivalent med eller i nogle
tilfeelde hgjere ved tilfgrsel af slamprodukter end med tilfgrsel af handelsggdningsfosfor (dvs. relativt udbytte
eller P optag, RFE, over 100%).

Dette kan forklares med den relativt komplicerede kemi for fosfor i jord, hvor koncentration af oplgst
uorganisk P i jordvaesken kontrolleres af en lang raekke ligeveegte, og hvor den rumlige fordeling af savel den
tilfgrte P kilde, de enkelte ligeveegtsprocesser i jorden og ikke mindst planternes rodnet, har en afggrende
betydning for effekten pa plantens veekst og P optag. Det er derfor ikke usaedvanligt at en letoplgselig P kilde,
sasom triplesuperfosfat (TSP), i nogle tilfaelde diffunderer lzengere ud i jordmatricen, hvor den bindes steerkt,
mens en mere gradvist oplgselig P kilde ikke nar at reagerer med det samme jordvolumen, inden plantens
redder nar at fa adgang til dette. Ligeledes spiller puljen af organisk materiale, som tilfgres med nogle
slamprodukter, en vigtig rolle for tilgeengeligheden af fosfor, idet organisk materiale konkurrerer med
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bindingssites hvor fosfor adsorberes pa jordpartikler, og derfor kan virke til at gge frigivelsen og
plantetilgeengeligheden af fosfor (Kahiluoto et al. 2015). Tilseetning af slam kan ligeledes sendre jordens
kemiske forhold, f.eks. pH, der kan pavirke tilgeengeligheden af jordens eksisterende fosforpulje, hvilket igen
kan give hgjere udbytte og fosforoptag i afgrgderne.

Det skal ogsa bemaerkes at kun ganske fa slamprodukter (aske undtaget) gav en negativ relativ
godningsvirkning (RFE) i de gennemgaede forsgg. Dette betyder altsa at der ikke sker en haemning, hvis der
godes med slamprodukter, hvor fosforet f.eks.er kemisk faeldet, hvilket ellers ofte anfgres som et argument
mod at anvende slamprodukter.

Endelig er det vigtigt at huske pa at langt hovedparten af de studer der kunne leve op til vores kriterier for
valide forsgg (afsnit 3.1) er potte- eller kar-forsgg, og kun et enkelt markforsgg kunne inddrages i dette review.
Dette kan have give bias, da det er velkendt at respons pa vaekstfaktorer ofte er mere kraftig i potte- og
karforsgg end under markforhold, hvor afgrgden har adgang til dybere jordlag, men ogsa kan vaere udsat for
mere stress (t@rke, kulde). Der er imidlertid ikke mange publicerede markforsgg pa dette omrade, og ofte er
de af sa ringe kvalitet eller uden reference eller respons at vi ikke kan inkludere dem i dette review.

3.3 DANSKE FORS@GSRESULTATER
Der er kun gennemfgrt fa underspgelser af effekten af spildevandsslam og -produkter pa fosforoptagelse i
planter og planteudbytte under danske markforhold.

Under det Strategiske Miljgforskningprogram i slutningen af 1990’erne, blev en lang raekke effekter af
spildevandsslam og andre affaldsprodukter pa afgr@gdevaekst og miljgpavirkninger fra potentielle
kontaminanter undersggt (Petersen et al. 2003a), men desvaerre blev kun kvaelstofvirkning (Petersen, 2003)
kvantificeret i forhold til handelsggdning; et studie af fosforoptag med forskellige slamtyper var uden klare
resultater, da der dels ikke indgik reference behandlinger med fosfor i handelsggdning, dels var en relativt hgj
jord P status pa forsggsarealet (Petersen et al. 2003b).

| det igangvaerende GUDP-financierede projekt "Ggdningsvaerdi af fosfor i restprodukter” (G@DP) gennemfgres
forspg med afprgvning af fosforvirkningen i struvit, slam, kildesorteret husholdningsaffald og halmaske pa
jorde med klar fosforrespons (Vestergaard, 2015). Disse resultater indgar i de data der er opgjort i Appendix 1
(ref. 14) og dermed i figur 1 under "kemisk faeldet” og "struvit”. Fgrstears relativ ggdningseffekt malt pa
udbytte i varbyg for de to slamtyper, Fe-faeldet henholdsvis Al- feeldet, svarede i gennemsnit af to forsgg til 45
og 59 procent, mens den for struvit var 100 procent af fosforeffekten af TSP. Resultater for 2. arsvirkning
indikerer dog en stgrre eftervirkning af de to slam-typer end af struvit og TSP. GBDP projektet afsluttes forst i
2016, hvorfor der kan forventes yderligere resultater offentliggjort i det kommende ar.

| indevaerende review har vi valgt at fokusere pa den umiddelbare ggdningsvirkning af slamprodukterne, da
denne ofte antages at vaere langt lavere end tilsvarende handelsg@dning. For fosforholdige ggdninger er det
dog lige sa vigtigt at kende den samlede virkning pa lidt laengere sigt, f.eks. 5-10 ar.

| Kgbenhavns Universitets langvarigt markforsgg i Tastrup (CRUCIAL-marken), som har til formal at belyse
potentielle miljg- og sundhedsmaessige risici ved recirkulering af forskellige typer by-affald til landbrugsjord,
har det ogsa vaeret muligt at detektere effekter pa jordens frugtbarhed, herunder at langtidsvirkningen af
fosfor i affaldsbiomasse varierer. | forsgget har de forskellige affaldsbiomasser veeret tilfgrt i forhold til deres
tilgeengelige kvaelstofindhold og flere har endda ogsa veeret tilfgrt i accelererede behandlinger, hvilket har
resulteret i vaesentligt forskellige totale P tilfgrsler gennem nu mere end 15 ar. Dette vanskeliggar
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sammenligning af fosfor ggdningsvirkning for behandlinger, der har akkumuleret meget forskellige niveauer af
total P i jorden. Men man kan sammenstille malinger af jordens indhold af total P med vandekstraherbart P (i
et meget fortyndet forhold, som et mal for plantetilgaengeligheden af jordens P pulje) som det er gjort i figur 2.
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Resultaterne illustreret i figur 2 kan fortolkes sadan, at produkter, der ligger over den stiplede linje, giver en
bedre langtidsvirkning end gennemsnittet og omvendt med produkter/behandlinger, der ligger under den
stiplede linje (Magid et al. 2016). Dette betyder, at fosfor i spildevandsslam tilsyneladende har en hgj
virkningsgrad pa linje med kvaeggylle og i hvert fald klart hgjere end for tilsvarende P tilfgrsler i kompost.

Kilde: Magid et al. (2016)

Disse tendenser blev bekraeftet i potteforsgg med varbyg (Lemming, endnu upubl.). Yderligere undersggelser
pagar pt. i projektet Integrated Ressource Management and Recovery (IRMAR), der fgrst afsluttes i 2017, sa
ogsa herfra forventes yderligere resultater offentliggjort i de kommende ar.
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4. KONKLUSIONER

Ovenstaende analyse af internationale og danske studier af den umiddelbare plantetilgaengelighed af fosfor fra

slamprodukter viser, at den relative ggdningsvirkning af slamprodukter varierer, afhangig af hvordan

produkterne er afledt og behandlet i spildevands- og slambehandlingsprocessen. Der forekommer imidlertid

betydelig variation forarsaget af andre faktorer, ofte af samme eller hgjere stgrrelsesorden som den direkte
fosforvirkning, hvilket vanskeligggr entydige konklusioner. Pa baggrund af de analyserede kilder konkluderer vi
dog at:

Struvit og slam fra spildevandsrensning med biologisk P-fjernelse viste sig at vaere de slamprodukter, der
i gennemsnit giver den hgjeste relative ggdningsvirkning pa kort sigt, idet de fleste studier viste samme
eller hgjere plantetilgeengelighed af fosfor i disse produkter end for handelsggdning.

Kemisk feeldet slam viste varierende resultater, formodentlig afhaengigt af faeldningsbetingelserne. Der var
indikationer pa at pH-veerdien af slamproduktet samt jordens pH sig kan have betydning for planternes
udnyttelse af fosfor i slamproduktet.

Stabiliseret slam i form af anaerob og aerob udradning var sveert at isolere fra andre behandlingsprocesser
for slammet, og det var derfor ikke muligt at vurdere hvilken indflydelse stabilisering af slam har p3
fosfortilgeengelighed og relativ ggdningsvirkning

Termisk tgrring af slam reducerede generelt dets relative umiddelbare ggdningsvirkning

Der var stor variation mellem disse studier, men medianen for den relative umiddelbare ggdningsveerdi
overordnet pa tveers af kemisk feeldning, udradning, kompostering og t@rring var ca. 60 % af
handelsggdning. Det vurderes altsa at slamprodukter generelt har en relativt god umiddelbar
fosfortilgeengelighed sammenlignet med handelsggdning.

Ubehandlet slamaske viste stor variation mellem studierne, men havde generelt en relativt lav umiddelbar
godningsvirkning i forhold til handelsggdning

Behandlet slamaske har i flere studier vist samme eller hgjere plantetilgaengelighed end handelsggdning,
og viste en klart hgjere umiddelbar ggdningsvirkning end ubehandlet slamaske
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5. VIDENS-HULLER OG FORSLAG TIL VIDERE UNDERS@GELSER

Dette review af nyere videnskabelige studier har klart afdaekket manglende viden pa fglgende punkter:

Betydningen af faeldningsmidler og —processer for P ggdningsvaerdi.

Der ser ud til at vaere klar forskel pa biologisk P fjernelse og kemisk faeldning, men der mangler viden om
hvordan forskellige kemiske faeldningsmidler/metoder og deres dosering pavirker produktets
godningsvirkning, bade pa kort og laengere sigt.

Betydning af struvit-faeldning for restslam kvalitet.

Det ser ud til at struvit som oftest giver en szerdeles hgj relativ ggdningsvirkning nar det teste i potte- eller
markforsgg. Der mangler imidlertid totalt studier der samtidig undersgger struvit-feeldningens indflydelse
pa restslammets kvalitet og ggdningsvirkning.

Der mangler i det hele taget solide studier af ggdningsvirkning pa kort og langt sigt, der muligger reel
sammenligning af forskellige alternativer i spildevands- og slambehandlingsprocesserne.

Dette forudsaetter, at de eksperimentelle behandlinger starter inde i spildevandsprocessen, for at sikre
isolering af de enkelte parametres virkning.

Metoder til behandling og opgradering af slamaske.

Der er udviklet en lang raekke termo-kemiske metoder til behandling af slamaske, men som det fremgar af
Adam et al. (2015) er ikke mange af dem pt. gkonomisk rentable. Der er derfor behov for dels at kigge pa
under hvilke forhold slamaske kan fungere som en effektiv ggdning pa savel kort som laengere sigt, dels at
finde alternative behandlingsmetoder (biologisk-kemiske, mikrobielle) til at gge slamaskens relative
g@dningsveerdi for flere afgrgder og jordtyper.

Der mangler mere standardiserede metoder til at kvantificere nye slamprodukters og affaldsbaserede
godningsmidlers relative fosfor-virkningsgrad i forhold til standard handelsggdning, pa savel kort som
leengere sigt.
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APPENDIX - OVERSIGTSTABEL

Oversigt over de studier og undersggelser der indgar i opggrelsen af P ggdningsvirkning af forskellige typer spildevandsslam og afledte produkter.
Opgorelsen er grupperet i forhold til den sidste proces i slamprocessen, dvs. slamprodukterne i kategorien "kemisk faeldet” indbefatter slamprodukter
der er kemisk feeldet samt produkter der har vaeret udsat for biologisk P fjernelse og yderligere kemisk faeldet.
Antal af forsggsled/behandlinger (n) der indgar, er anfgrt efter ggdningsvirkning for hvert slamprodukt.
Ggdningsvirkning er opgjort som ggning (i forhold ttil uggdet) i henholdsvis udbytte/plantebiomasse eller P optag per enhed tilfgrt P i slamproduktet i
forhold til den tilsvarende ggning ved tilfgrsel af handelsggdnings P (typisk i form af triplesuperfosfat, TSP). Kun forsgg med en positiv respons pa
handelsggdnings P er medtaget. Der indgar savel potte- som markforsgg, og forskellige afgrgder/plantearter og jordtyper (som angivet i tabellen).

2] . -
Forsggsdetaljer tilforsels- Gedningsvirkning
(planteart, . , Slamprodukt (% i forhold til TSP)
rate @vrige gadnings . Jord P status Jord
Ref. | Markforsgg alle (kg P/ha forhold (behandlings- (ma P/ke) H Jord type Noter
andre ellir som proces) EF/k8 P malt pa malt pa P
udbytte opta
potteforsgg) anfgrt) Y ptag
Biologisk fosforfjernelse i spildevandet
. Ens ggdning, N Biologisk P Total P: . 101-175 66-134
> Bahia-graes 26 -224 overskud fiernelse 18.8-103 >3 sand jord (n=8) (n=8)
. . Biologisk P 4.9- Jord + 73-101
17 Majs 188 Ens gadning fiernelse Lav 71 sand (n=4) Ingen data
Kemisk fosforfjernelse i spildevandsprocessen
80-120 38-87
Ens ggdning, N FeCly Total P: (n=8) (n=8)
Bahia- -224 ’ ' . ' — —
> anhla-grees >6 overskud Biologisk P 18.8-103 >3 | Sandjord 557 45-113
fiernelse + Al (n=4) (n=4)
. Ens gadning, N Lav, Olsen-P: 45-59
14 Varbyg, M 60 overskud Fe eller Al 19-36 - - (n=2) Ingen data
8gP F
13 Rajgraes 0.8 g P/pot Ens gadning € Lav - Sand jord | Ingendata | 283 (n=1)
(model)
. Foderrug gav lavt
Majs, Sorghum, )
15 Amaranth, 200 mg P Ens ggdning Fe Dobb.-laktat-opl.-P: 519 Loamy 78-210 19-69 ud!:)ytte, sorghum gav
/plot 40.1 sand (n=3) (n=4) hgjt udbytte . Amaranth
Foderrug
gav meget lavt P optag
12 E dni N A .-lactat-P:
16 Rajgraes ns geaning, Ca mmon.-facta 6.2 Sand jord 67 (n=1) Ingen data
overskud 3
. . 4.9- Jord + 52-68
17 Majs 188 Ens ggdning Fe Lav 71 sand (n=2) Ingen data




Stabiliseringsprocessesering (anaerob/aerob udradning)

Aerob 60-102 54-112
. Ens ggdning, N Total P: . (n=4) (n=4)
5 Bahia-graes 56 -224 overskud rmeron 18.8 - 103 53 Sand jord 5570 3269
(n=4) (n=4)
. Moderat Lerjord
. E , N- . . Malt efter k
7 Varbyg 80 mg P/kg ns gedning Anaerob total-P:673, ~7-7.5 iblandet 100 (n=1) 34 (n=1) at e e'r un 6 ugers
overskud veekstperiode
blandet med sand) sand
Lav Sandy
18 Majs 20 Ens gadning, N Anaerob total-p: 222 6.2 loam - I skud: | skud: Malt efte.r kun 4 ugers
overskud blandet 129 (n=1) 140 (n=1) | veekstperiode
blandet med sand
med sand
. . . 5.8- Loam og 21-125 59-103 Hgjt udbytte var i hgj P og
1 R 7 P/k E A A Lav P hgj P
ajgraes 87 mg P/kg ns ggdning erob og Anaerob av P og hgj 6.5 ler jord (n=6) (n=6) neutral pH jord
. . Total P: Morane- -12-10
6 Rajgraes 60 Ens ggdning Anaerob 413 5.07 jord Ingen data (n=2)
Lav P optag skyldes enten
. 0.8 g P/pot . . -50-250 . .
13 Rajgraes g P/po Ens ggdning Anaerob Lav - Sand jord Ingen data hgj Fe:P ratio, eller kalk
(model) (n=5) )
tilfgrsel
Ens ggdning, N- Lerjord
19 Varbyg 50 mg P/kg & & Anaerob Lav 6.9 iblandet 76 (n=1) 69 (n=1) Kun 6 ugers vakstperiode
overskud
sand
. 101 : Mehlich-3P: . _ _ Sammenlignet med
3 Vinterhvede 202 Ens ggdning Anaerob 21 6.7 Silt loam 275 (n=1) 162 (n=1) CaHPO,
. A laktat-P: .
Rajgraes 12 mmon.Jakta 6.2 Sand jord 67 (n=1) Ingen data
udradnet 30
16 Varhvede 16 Ens ggdning, N <10 7.2? Ler jord 40 (n=1) | Ingen data | Rajgrees var potte forsgg,
kud Varhved kfi
Rajgraes 12 oversku 30 6.2 Sand jord 67 (n=1) Ingen data arhvede var markiorsgg
udradnet
Varhvede 16 <10 7.2? Ler jord 40 (n=1) Ingen data
Stabiliseringsprocessesering (kompostering)
. 0.8 g P/pot . .
13 Rajgraes (model) Ens gadning Komposteret Lav - Sand jord Ingen data | 183 (n=1)
6 Rajgraes 60 Ens ggdning Komposteret Total P: 5.07 M(?raene- Ingen data | 100 (n=1)
413 jord
Kompostering og Fe
. Ens ggdning, N Total P: . 0-118 24-55 reducerede P
B - -22 .
> ahia-graes >6-224 overskud Komposteret 18.8-103 >3 Sand jord (n=8) (n=8) tilgeengelighed men ikke

Kompostering alene
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Termisk tgrring

Tgrring reducerede P

5 Bahia-graes 56-224 Ensoszinkllr:j’ N T@rret 1;?;?';63 5.3 Sand jord 1((r)]-=181)2 %:;2;5 tilgaenge!ighed meget (i
forhold til samme slam)
6 Rajgraes 60 Ens ggdnin Torret Total P: 6.7 Morane- || cendata | -2 (n=1)
Ie geaning 753 : jord & B
. Moderat, Lerjord ) )
7 Varbyg 80 mg P/kg Ens gadning, N- Terret Total-P: 673, ~7-7.5 iblandet | skud: ! skud: Kun 6 ugers vaekstperiode
overskud 70 (n=1) 63 (n=1)
blandet med sand sand
Struvitudfeeldning
14 Varbyg, M 60 Struvit Lav 100 (n=1) | Ingen data
Majs . . Ca-amm.-laktat-P: 4.7 - Loam og 67-133
10 1.0g2. 3r 60 Ens ggdning Struvit 21.0-24.2 6.6 <and Ingen data (n=12)
Sandy
. 87 mgP . . Olsen P: 6.6 - loam og 96-133
2 R E |
ajgraes Jpot ns ggdning Struvit 11-28 mg/L 71 sandy clay (n=8) ngen data
loam
N status Mehlich-3P: 6.5- | Fine-loam 67-81 59-115 Lavere P optag | hgj P
8 Vérhvede 45-90 forskellig i Struvit ’ ' y optaginel
. 31-44 7.6 to sandy (n=2) (n=2) jord
jordene
Majs,
Sorghum, 200 mg P . . Dobb.-laktat-opl-P: Loamy 228-350 139-210
1 E A
> Amaranth, /plot ns godning Struvit 40.1 >-19 sand (n=3) (n=4)
Foderrug
4-20mg P . . Tilgeengelig-P: Loamy 117-167
I E . |
9 Salat /ke ns ggdning Struvit 19.6 5.9 <and (n=5) ngen data
. 0.8 g P/pot . . . 250 (n=1
13 Rajgraes g P/po Ens ggdning Struvit Lav - Sand jord | Ingen data (n=1)
(model)
. . . 4.9- Jord + 62-106 . .
17 Majs 188 Ens gadning Struvit Lav 71 sand (n=6) Ingen data Lavest i lav pH jord
Ens ggdning, N- Lerjord
19 Varbyg 50 mg P/kg ogverskuil’ Struvit Lav 6.9 iblandet 43 (n=1) 47 (n=1) Kun 6 ugers veekstperiode
sand
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Aske

Ubehandlet
Majs .
’ _ Meget lav udbytte i foder
15 Sorghum, 200 mg P Ens gadning Aske Dobb.-laktat-opl.-P: 519 Loamy -222-270 4-52 (n=4) rug og hgjt i sorghum,
Amaranth, /plot 40.1 sand (n=3) .
lavt P optag i Amaranth
foder rug
Lav,
11 Majs 0.180.52¢ Ens ggdning Aske Ca-amm.-laktat-P: | 7.35 | Sandysoil | -19-2 (n=3) 250
P/pot (n=3)
11.4
. . 4.9- Jord + 19-53
17 Majs 188 Ens ggdning Aske Lav 71 sand (n=2) Ingen data
Ens g#dning, N- Lav, total P: Isoaanr’?i
18 Majs 40 g & Aske 222 6.2 140 (n=1) 98 (n=1) Kun 4 ugers vaekstperiode
overskud blandet
blandet med sand
med sand
Ens ggdning, N- Lerjord
19 Varbyg 50 mg P/kg & & Aske Lav 6.9 iblandet 53 (n=1) 27 (n=1) Kun 6 ugers vaekstperiode
overskud
sand
Behandlet
Majs: 11-75
. Slam-slagger
1.ar (n=2) » "
smeltet med 1725 Cupola slag
2.3 limest i
10 ar 60 Ens gadnin imestone Ca-amm.-laktat-P: 4.6- Loam og Ingen data (n=2)
L 82CANING g endt (P mest pa 21-24.2 6.7 sand & 105-135
) form: Ca,Mg;(PO), (n=2) Hgjest tilgaengelighed 1.
5 ar og Ca;(PO), Cly. 41-48 ar
] x(OH)x) (n=2)
Al faeldet, braendt, 222180 | 17-88 Mriggeé:s"o‘:::&’:elgi‘zdper
syrebehandlet (n=3) (n=4) optag | Amaranth
Majs Al feeldet, breendt,
! CacCl 33-188 49-111 L dbytte i fod
15 sorghum, 200mg P Ens ggdnin eno avazr’met Dobb -laktat-opl.-P: 5.19 Loamy (n=6) (n=8) Iaa\;ltlli o ytae : /-\Om::arr?tgfg
Amaranth, /plot g g genop ’ 40.1 ) sand - - ptag
Foder ru syrebehandlet
g Al feldet, braendt, Meget lavt udbytte i
MgCl,, -267-240 60-206 foder rug og sorghum,
genopvarmet, (n=6) (n=8) meget hgjt P optag i Majs
syrebehandlet og lavest i amaranth
11 Majs 0.18-0.52 Ens ggdning Behandlet med Lav, 7.35 Sandy soil 85-133 76-133
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g P/pot kalk Ca-amm.-laktat-P: (n=6) (n=6)
11.4
Ens ggdning, N- Lerjord
19 Varbyg 50 mg P/kg ogverskuill AshDec, MgCl, Lav 6.9- iblandet 72 (n=1) 54 (n=1) Kun 6 ugers vaekstperiode
sand
Forskellige:
. . AshDec-MgCl,, 4.9- Jord + B
17 Majs 188 Ens ggdning ‘Na,CO,, Mephrec, Lav 71 sand -8-91 (n=8) | Ingen data
LeachPhos
Fe fzeldet, CaCl,, - 15-34 -2-24 Markant faldende
o Silt jord, udbytte og P optag med
genopvarmet P, fra ignition/ : (n=2) (n=3) ) .
. . . 4.5- ler jord, stigende pH og jord P
12 Rajgraes 50 mg P/kg Ens ggdning ekstraktion: 3 cvar Markant faldende
Fe feeldet, MgCl, 119-752 ’ . 85-91 -7-116
enopvarmet ’ lerjord (n=2) (n=3) udbytte og P optag med
genop - - stigende pH og jord P
Referencer:

1. Frossard, E., SInaj, S:, Zhang, L.-M., Morel, J.L. 1996. The fate of sludge phosphorus in soil-plant systems. Soil Science Society of America Journal 60, 1248-1253.
2. Johnston, A.E., Richards I.R. 2001. Effectiveness of different precipitated phosphates as phosphorus sources for plants. Soil Use and Management 19, 45-49.

3. Ebeling, A.E., Cooperband, L.R., Bundy, L.G. 2003. Phosphorus availability to wheat from manures, biosolids, and an inorganic fertilizer. Communications in Soil
Science and Plant Analysis 34, 1347-1365.

4. Petersen, S.0., Petersen, J., Rubaek, G.H. 2003. Dynamics and plant uptake of nitrogen and phosphorus in soil amended with sewage sludge. Applied Soil Ecology
24,187-195.

5. O’Conner, G.A,, Sarkar, D., Brinton, S.R., Elliot, H.A., Martin, F.G. 2004. Phytoavailability of biosolids phosphorus. Journal of Environmental Quality 33, 703-712.

6. Krogstad, T., Sogn, T.A., Asdal, A., Seebg, A. 2005. Influence of chemically and biologically stabilized sewage sludge on plant-available phosphorus in soil. Ecological
Engineering 25, 51-60.

7. Lemming, C., Bruun, S., Jensen, L.S. and Magid, J. (2015): Effects of thermal drying on phosphorus availability from sewage sludge, abstract for poster presented
on’ RAMIRAN 2015 — 16th International Conference, Hamburg University of Technology (TUHH), 8th-10th September 2015’.

8. Massey, M.S., Davis, J.G., Ippolito, J.A., Sheffield, R.E. 2009. Effectiveness of recovered magnesium phosphates as fertilizers in neutral and slightly alkaline soils.
Agronomy Journal 101, 323-329.

9. Gonzalez-Ponce, R., Lépez-de-S3, E.G., Plaza, C. 2009. Lettuce response to phosphorus fertilization with struvite recovered from municipal wastewater.
HortScience 44, 426-430.

10. Cabeza, R., Steingrobe, B., Rdmer, W., Claasen, N. 2011. Effectiveness of recycled P products as P fertilizers, as evaluated in pot experiments. Nutrient Cycling in
Agroecosystems 91, 173-184.

21




11. Severin, M., Breuer, J., Rex, M., Stemann, J., Adam, C., Van den Weghe, H., Kiiche, M. 2014. Phosphate fertilizer value of heat treated sewage sludge ash. Soil
Environment 60, 555-561.

12. Nanzer, S., Oberson, A., Berger, L., Berset, E., Hermann, L., Frossard, E. 2014. The plant availability of phosphorus from thermo-chemically treated sewage sludge
ashes as studied by 33P labeling techniques. Plant and Soil 377, 439-546.

13. Kahiluoto, H., Kuisma, M., Ketoja, E., Salo, T., Heikkinen, J. 2015. Phosphorus in manure and sewage sludge more recyclable than in soluble inorganic fertilizer.
Environmental Science and Technology 49, 2115-2122.

14. Vestergaard, A., 2015 Positiv effekt af fosfor fra restprodukter til varbyg. |: Pedersen, J.B. Oversigt over landsforsggene 2015 - Forsgg og undersggelser i Dansk
Landbrugsradgivning. SEGES Planter & Miljg, Aarhus N, ISBN 978-87-93051-00-3, 238-241.

15. Vogel, T., Nelles, M., Eichler-Lébermann, B. 2015. Phosphorus application with recycled products from municipal waste water to different crop species. Ecological
Engineering 83, 466-475.

16. Delin, S. 2015. Fertilizer value of phosphorus in different residues. Soil Use and Management, 32, 17-26.

17. Wilken, V., Zapka, O., & Muskolus, A. 2015. Product quality: fertilizing efficiency, results of pot and field tests. Online presentation. http://p-
rex.eu/uploads/media/3_P-REX_pot_tests_and_field_trials_Wilken.pdf

18. Lemming C., Oberson A., Hund A, Jensen L.S., Magid J., in review. Early maize root and phosphorus uptake responses to localised application of sewage sludge
derived fertilisers. Plant & Soil, sumitted.

19. Lemming et al. Unpublished

22



INSTITUT FOR PLANTE OG MILIJOVIDENSKAB
K@BENHAVNS UNIVERSITET

Resume

Denne rapport er et litteratur review af i alt 19 studier og
undersggelser (potte- og markforsgg) af fosfor (P)
godningsvirkning af forskellige typer spildevandsslam og
afledte produkter i forskellige plantearter og jordtyper er
gennemfgrt med henblik pa at opggre den relative
godningsvirkning i forhold til en uorganisk handelsggdning
som fosforkilde.

Sammenstillingen viser at fosfor tilgaengeligheden af L
slamprodukter varierer, afhaengig af hvordan produkterne er

afledt og behandlet i spildevands- og slamprocessen. Struvit
og slam fra spildevandsrensning med biologisk P-fiernelse e ' /\
viste sig at give hgjeste fosfor ggdningsvirkning, samme eller / /
hgjere ift. handelsggdning. De laveste fosfor ,
godningsvirkninger viste sig for tgrret slam og ubehandlet .
slamaske. Behandlet slamaske har dog i flere studier vist /
hgjere plantetilgaengelighed end ubehandlet slamaske. |
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Baggrund

Neerveerende projekt er udarbejdet som en del af Miljgstyrelsens smaprojekter il
understottelse af arbejdet i Dansk FosforNetvaerk.

Udviklingen af teknologier mv. med fokus pa eget genanvendelse af fosfor er en
prioriteret indsats nationalt og internationalt. Det kan séledes vaere vanskeligt at have et
overblik over/fglge med i hvilke projekter, der allerede er gennemfgrt, som kan
understotte fremadrettede aktiviteter i Danmark.

Dette projekt indeholder en identificering af eksisterende relevante rapporter og
screening af indholdet af disse.

Projektet opridser, hvor udviklings- og demonstrationsprojekterne har bragt branchen hen
pr. udgang af 2015. Der tages udgangspunkt i de projekter, der er gennemfgrt i EU og i
Norden siden fosforpartnerskabets arbejde i 2011/2012.

Dansk Fosfor Netvaerk vil kunne bruge opsamlingen som en nem tilgeengelig kilde til

indledende informationssggning og vil gare det overskueligt at vurdere, hvor langt
udviklingen er n&et indenfor de forskellige fosfor-veerdikaeder.

Indledning
Arbejdet i Dansk Fosfor Netveerk blev igangsat i 2015 af Miljgstyrelsen og har til formal at
identificere de vigtigste veerdikaeder for genanvendelse af fosfor samt kortlaegge, hvad
der skal til for at realisere disse vaerdikaeder og gare dem rentable.
Der er identificeret folgende overordnede veerdikeeder i Dansk Fosfor Netveerk:

A. Fosforgenanvendelse pa renseanlaeg fra spildevand og spildevandsslam

B. Fosforgenanvendelse fra spildevandsslam ved udnyttelse i landbruget

C. Fosforgenanvendelse fra slamforbraendingsaske

D. Fosforgenanvendelse fra organisk affald fra husholdninger og servicesektoren

E. Fosforgenanvendelse fra industriens organiske restprodukter



Miljgstyrelsen
Smaprojekter til understgtning af Dansk Fosfor

Netveerk Dato: 04. marts 2016
Side: 3

3. Afrapporterede projekter om fosforgenanvendelse

Der er i de senere ar gennemfgrt en lang raekke udviklings- og demonstrationsprojekter i
Europa med fokus pa fosfor. For at give et overblik over disse, er der foretaget en
gennemgang af hjemmesider og rapporter fra perioden 2011 til 2015 med fokus pa
genanvendelse af fosfor fra organiske restprodukter og spildevand.

Resultatet af gennemgangen fremgar af kataloget vedlagt i bilag 1. | kataloget er der
lavet en kort beskrivelse af projektet samt en indikation af hvilke veerdikaeder, projektet er
relevant for. Desuden er der en kildehenvisning til en hjemmeside, hvor interesserede
kan sgge mere detaljeret information.

Nedenfor er relevante projekter der primaert er gennemfgart under MUDP-programmet i
Danmark kort beskrevet.

3.1 Danske MUDP projekter om fosfor
I Miljg- og Fadevareministeriets program "Miljgteknologisk Udviklings- og
Demonstrationsprogram” (MUDP) er der igangsat en raekke projekter, der vedrarer bedre
udnyttelse af vigtige naeringsstoffer som fosfor. Fosfor er et centralt punkt i
Ressourceplan for affaldshandtering 2013-2018, og er ogsa et centralt punkt for Natur-
og Landbrugskommissionen.

| Ressourcestrategien: "Danmark uden affald” er det angivet som forventet effekt, at der i
2018 genanvendes 80 % af fosfor fra spildevandsslam ved udnyttelse af fosfor i asken fra
slamforbraending til gadning og/eller ved udspredning pa landbrugsjord.

Formalet med de naevnte projekter er derfor at udvikle, teste og demonstrere teknologier
til udvinding af fosfor fra spildevandsslam og spildevand. Dette ville kunne bringe en del
af fosforen fra spildevand, som i dag ikke udnyttes, i cirkulation.

3.1.1 Danske fosfor-projekter med stottefinansiering
Partnerskab for genanvendelse af fosfor.
Formalet med projektet var at skabe en platform for et samarbejde om udnyttelse af
fosfor i affald. Partnerskabet beskriver bl.a. bedst tilgaengelig teknologi og identificerer
behovet for videreudvikling og udvikling af henholdsvis eksisterende og ny teknologi til
genindvinding af fosfor fra spildevand. De markedsmeessige betingelser, herunder
barrierer og fremmende betingelser, for markedsudviklingens potentiale for eksisterende
fosforgenanvendelse og for alternative teknologier vurderes samt behovet for udvikling af
regulering for at opna eget genanvendelse af fosforressourcerne i
spildevand/spildevandsslam.

Torring og pelletering af godning. Miljoprojekt nr. 1428, 2012

Efter forbraending af fosforholdige biomasser fas en aske, som indeholder fosfor pa en
form, der er sveer tilgeengelig for planterne. Asken egner sig derfor ikke som gadning. Der
blev udviklet en vadkemisk metode til behandling af udvalgte bioasker, som gjorde
fosforen let tilgeengelig for planterne. Bioaskerne blev tarret og presset til ggdningspiller,
uden aendring af fosforens plantetilgeengelighed.

Fra spildevand til fosforgodning. Miljoprojekt nr. 1658, 2015
Projektet beskriver den fosformaengde, der er til radighed til oparbejdning af fosfor pa
renseanlaeg samt hvilke processer, der bedst kan anvendes til udvinding af fosfor fra
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aske, og som giver det bedste udbytte. Feeldning af fosfor med jern kan accepteres i
forhold til askekvaliteten, men aluminium bgr undgas. Projektet har vist, at det muligt at
oparbejde slamasken til forskelige fosforholdige produkter, men har desuden vist, at det
er vanskeligt at finde en attraktiv afsaetning af disse slutprodukter.

Udvinding af fosfor fra slamaske med elektrokemisk teknik. Miljoprojekt nr. 1702,
2015

Projektet beskriver en teknik til udvinding af fosfor fra asken efter isoleret forbraending af
spildevandsslam samt afprgvning af metoden i laboratorieskala. Den udviklede teknik
bygger pa elektrokinetiske principper og kaldes elektrodialytisk separation. Den blev
afprgvet i laboratorieskalaforseg, som viste, at teknikken virkede og var klar til afpravning
i et pilotskalaforsgg. Endvidere viste projektet, at der var potentiale for anvendelse af
ubehandlet slamaske i produktion af forskellige byggematerialer (tegl, letklinker og
beton).

EDASK - elektrodialytisk genanvendelse af slamaske. (igangvaerende)

Projektet vil i pilotforsgg teste en patenteret metode til fosforudvinding af slamaske ved
elektrodialyse og beregne markedspotentialet for en kommercialisering af metoden.Der er
bl.a. fokus pa udledning af designkriterier for askeomraringen samt den elektrolytiske
proces.

Fosforgenvinding ved struvitudfaeldning (Program for gron teknologi 2013,
afrapporteret)

Potentialet ved etablering af struvitgenvinding fra rejektvand pa Aby Renseanlaeg og
muligheder for at age dette.

Baeredygtig udnyttelse af fosfor fra spildevand. Miljoprojekt nr. 1661, 2015
Rapporten viser, at renseanleeggenes valg af teknologier til fijernelse af fosfor fra
spildevandet har betydning for sammensaetningen og kvaliteten af det fosforprodukt, der
dannes fra spildevandsrensningen. Rapporten foretager en teknisk og gkonomisk
vurdering af de undersggte teknologier til fiernelse af fosfor fra spildevand med henblik pa
at veelge de teknologier, der giver et slutprodukt med starst mulig biotilgeengelighed inden
for en kort tidsperiode.

Godningsveerdi af fosfor i restprodukter - GODP (igangvaerende under GUDP)
Projektet vil undersagge, hvordan man kan genanvende fosfor fra restprodukter, og hvad
der skal til for, at vi kan bruge restprodukterne bedre. Projektets mal er at udvikle en
metode til at bestemme fosfor-gedningsveerdien i restprodukter som spildevandsslam,
aske og struvit samt pa forskellige fraktioner af husdyrgedninger.

Genanvendelse af Fosfor og Kvaelstof ved inddampning af rejektvand (GAFOKIR
afrapporteret 2016)

Inddampning af rejektvand fra afvanding af udradnet spildevandsslam Rejektvandet er i
sig selv for tyndt til at blive anvendt som gadning, men i en mere koncentreret form kan
det anvendes som flydende gadning. Forsgg med et pilotanleeg pa Renseanlaeg Avedare
har vist, at det er teknisk muligt at inddampe rejektvandet 30 gange. | udviklingsprojektet
er opstillet en business case baseret pa data fra pilotforseget samt forudseetninger for
implementering af en fuldskala lgsning p&4 Renseanleeg Avedgre til 320.000 PE. Business
casen viser, at metoden er relativt omkostnings- og energitung.
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RecoverP — (igangvaerende under innovationsfonden 2015- 2018)

Projektet undersgger sammenhasngende mellem det mikrobielle samfund i renseanleeg
og mulighederne for fosforgenvinding som fglge deraf. Massebalancer for fosfor flowet i
renseanlaeg og radnetanke fastleegges og der udvikles nye metoder til genvinding af
veldefinerede fosforprodukter, bl.a. ved brug af membranteknologier, ionbyttere og
krystalliseringsteknologier.

4. Fosfornetvaerk i udlandet

Der er flere lande og regioner, der ligesom Danmark har oprettet et netvaerk, hvor der
fokuseres pa genanvendelse af fosfor. De vigtigste af disse er oplistet her:

Fosfornetveerk Land/ Link
~____Region

European Sustainable EU http://www.phosphorusplatform.eu/

Phosphorus Platform

Deutsche Phosphor-Plattform  Tyskland  http://www.deutsche-phosphor-
plattform.de/

Nutrient Platform NL Holland http://www.nutrientplatform.org/english.html

Phosphate Value Chain Holland http://www.phosphorusplatform.eu/images/

Agreement download/Dutch_phosphate_value_chain_
agreement_-_Oct_4th_2011.pdf

Vlaams Nutriénten Platform Belgien http://www.vlakwa.be/initiatieven/nutrienten
platform/

P-REX EU http./p-rex.eu/

GlobalTraPs Globalt http://www.globaltraps.ch/

Global Phosphate Forum Globalt http://www.phosphate-forum.org/

United Nations Global Globalt http://www.unep.org/gpa/gpnm/Issue.asp

Partnership For Nutrient

Management (GPNM)

International Water Association Globalt http://www.iwa-

Resource Recovery Cluster network.org/cluster/resource-recovery-

(IWARRC) from-water-cluster

North America Partnershipon  USA https://sustainablep.asu.edu

Phosphorus Sustainability

(NAPPS)
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Teknologisk stade i vaerdikaeder

Ud fra de gennemgaede projekter om fosfor i Norden og Europa, er de nuveerende
teknologiske muligheder opsummeret nedenfor, opdelt pa de vaerdikeeder, der er
identificeret i Dansk Fosfor Netvaerk.

A. Renseanlaeg, spildevand og spildevandssiam

Fosfor fiernes fra vandfasen enten ved kemisk faeldning eller ved indbygning i bakterier.
Typisk vil op til ca. 90 % af det fosfor, der tilfgres til renseanlaeg, havne i slammet. Derfor
er der starst potentiale for fosforgenvinding fra slambehandlingen (inkl. rejektvandet) i
forhold til fosforgenvinding fra udlgbsvandet.

De fleste teknologier til fosforgenvinding tager udgangspunkt i rejektvandet fra
afvandingen af slam, der er udradnet i en radnetank, hvor de oplaste
fosforkoncentrationer er hgje og kan bringes til at udfeelde som struvit.

De pt. kendte teknologier, der udfeelder struvit fra rejektvandet i en separat reaktor, er
listet i tabellen herunder. Disse teknologier kan ogséa anvendes pa industrielt spildevand
med hgje fosfatkoncentrationer.

Nogle teknologier kan desuden udfeelde struvit direkte i det udradnede slam. Dette er
tilfeeldet for bl.a. AirPrex og NuReSys teknologierne.

En reekke processer anvender syrebehandling af spildevandsslammet for at gge
udtreekningen af fosfor til vandfasen. Det drejer sig bl.a. om processerne Gifhorn,
Stuttgarter, og Budenheim.

Processer til fosforgenvinding fra slam og rejektvand:

Proces Produkt

PEARL Struvit
Struvia Struvit
Struvit (Stjernholm) Struvit
Ecobalans Struvit
NuReSys Struvit
Crystallactor Struvit, CaP
NuReSys Struvit
LysoGest Struvit
RePhos Struvit
PhosPaq Struvit
Gifhorn Struvit, CaP
KREPRO FeP
FIX-PHOS CaP
ANPHOS Struvit
P-roc CaP
Stuttgart proces Struvit
Budenheim proces CaP

Som fosforprodukt anvendt i landbrugssektoren oplgses struvit langsommere end
Calciumfosfat (CaP).
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5.2 B. Spildevandsslam udnyttet i landbruget
Udnyttelse af fosfor i landbruget ved udbringning af afvandet spildevandsslam, er forsat
den mest anvendte teknologi til genanvendelse. Der arbejdes pé forskellige mader til
foragelse af fosforgenanvendelse ved denne teknologi f.eks. ved branding af slammet
som organisk gedning, kaldet "Biogadning”, ved forsat arbejde pa at dokumentere
godningsveerdien og teknisk ved udfeeldning af struvit i slammet far udbringning. En
reekke alternative fosforprodukter udvundet fra spildevand og organisk affald kan
udbringes som supplement til eller sammen med biogedningen og dermed gge
genanvendelsen af fosfor i landbruget.

5.3 C. Slamforbraendingsaske
Den total maengde spildevandsslam, der produceres i Europa er ca. 11.570.000 ton
tarstof. | gennemsnit forbraendes ca. 27 % af spildevandsslammet i Europa, der er store
forskelle landene imellem, men ca. halvdelen af forbraendingen finder sted i Tyskland og
Holland. P-indholdet i aske fra spildevandsslam varierer generelt mellem ca. 8-10 %, men
visse steder forbraendes spildevandsslammet sammen med slam fra industrien eller
andet affald, hvilket seenker P-indholdet i den resulterende aske.

Der findes overordnet to hovedtyper af teknologier til udvinding af P fra slamaske: Vad-
kemisk og termokemisk behandling.

Teknologier/projekter til genindvinding af fosfor fra aske:

LEACHPHOS MEPHREC
P-bac (INOCRE) AshDec
ECOPHOS THERMPHOS
TetraPhos RECOPHOS
RECOPHOS DE KUBOTA
EDS (elektrodialytisk)

| Danmark har malet i ressourcestrategien "Danmark uden affald” om 80 %
genanvendelse af fosfor fra spildevandsslam sat gget fokus pa muligheden for udvinding
af fosfor fra aske, som en made at nd malet pd i forsyninger med slamforbraending.

Ecophos, en stor virksomhed, der beskaeftiger sig med fosforudvinding fra traditionelle
mineralske kilder udvundet ved minedrift, har herudover udviklet en proces til udvinding af
fosfor fra lav-veerdi fosforkilder. Lav-vaerdi, fordi indholdet af fosfor er mindre end i
normale rastoffer udvundet af fosforminer. Som lav-vaerdi kilde kan ogsa alternative kilder
sasom slamaske benyttes. Ecophos ejer flere fabrikker i Europa og anvender pa deres
fabrik i Bulgarien denne proces til udnyttelse af lav-veerdi kilder. Der er desuden planer
om at bygge en fabrik i Frankrig, som efter planen skal st& faerdig i 2017. Denne fabrik
skal ligeledes behandle lav-veerdi fosforkilder som eksempelvis slamaske.
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D. Organisk affald fra husholdninger og servicesektoren

Der er stigende fokus pa udnyttelse af energien i organisk affald ved udradning i
biogasanleeg pa renseanlaeg. Efter en energiudnyttelse ved biogasproduktion udbringes
restslammet pa landbrugsjord som biogadning, hvorved nezeringsstoffer udnyttes.

Som fglge af udradningsprocessen vil vandfasen i bioggdningen have hgjere
koncentrationer af fosfat og dermed potentiale for genindvinding af fosfor med de samme
teknologier, der udvikles til anvendelse pa renseanlaeg.

| det tilfeelde biogadningen udbringes direkte fra en biogasanlaeg, vil vaeskefasen dermed
indeholde en del oplgst fosfor, der kan udnyttes direkte af planter eller veere i risiko for
udvaskning fra jorden.

E. Industriens organiske restprodukter

Ligesom for organisk affald fra husholdninger og servicesektoren, vil en raekke af de
processer, der er udviklet til brug pa renseanleeg vil ogsa kunne anvendes til
genindvinding af fosfor i industrien.

En reekke organiske restprodukter fra industrien udledes med spildevandet til kloakken
eller kares i dag til biogasanleeg eller renseanlaeg, der kan udnytte energi og ressourcer i
restprodukterne.

Der er et stort potential indenfor de naermeste ar for investeringer i industrien i rentable
teknologier til genindvinding af ressourcer, herunder fosfor, fra organiske
affaldsprodukter.

Opsummering

Der er efterhanden en stor portefglje af projekter fra Norden og Europa, hvor forskellige
aspekter af fosforgenvinding og genanvendelse er beskrevet, undersagt og testet. Der er
derfor en stor samlet viden, og der er mange nye teknologier til radighed i Europa.
Skridtet herfra til anvendelse af al denne viden og teknologi i fuldskala inkl. etablering af
et marked for de nye fosforprodukter har dog vist sig kompleks. Videndeling og
opdyrkning af afsaetningsmarkeder for de nye teknologier er stadig et behov, saledes de
mest lovende anvendelser kan identificeres og realiseres.
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Fosforprojekter 2011-2015
Nr. | Titel Land Ar Beskrivelse, dansk Relevant vardikade | Kilde
1 Sea Breeze IV - Phosphorus Project: Danmark 2015 Beskrivelse af status og forvaltning af A B,CD,E http://phosphorusplatf
Sea Breeze IV fosforudledning i Danmark. orm.eu/images/downlo
ad/Report%20Phosphor
usProject%20Denmark
%20for%20ESPP.pdf
2 ARBOR - Accelerating Renewable Tveereuropaeisk | 2011-15 Omhandler udvikling af teknologier og A D, E http://www.vcm-
Energies through valorisation of strategier til baeredygtig udnyttelse af mestverwerking.be/pub
Biogenic Organic Raw Material biomasse, herunder genindvinding af licationfiles/VCM001 R
naeringsstoffer fra udradnet slam. Der er apport 04 LR.pdf
lavet en fortegnelse over nyeste
eksisterende teknologier samt teknologier
under udvikling.
3 ARREAU - Accelerating Resource Tveereuropaeisk | 2014- Udvikling af markedsfgringsplaner samt A, B, C(D,E) http://www.eip-
Recovery from the Water Cycle profitable veerdi-keeder for udvinding af water.eu/ARREAU
ressourcer fra vand cyclussen.
4 BioEcoSIM - An innovative bio- Tveereuropaeisk | 2012-2016 | Udvikling af baeredygtige (D) www.bioecosim.eu
economy solution to valorise jordforbedringsprodukter ud fra
livestock manure into a range of kvaegggdning. Fosfor udvindes som struvit
stabilised soil improving materials for og CaP.
environmental sustainability and
economic benefit for European
agriculture
5 Bio-Refine: Recycling inorganic Tveereuropaeisk | 2011-2015 | Europeeisk netveerk til vidensdeling om A B,CD,E http://www.biorefine.e
chemicals from agro- & bio-industrial genanvendelse af nzerringsstoffer. u/biorefine
waste
streams
6 Biorefine Cluster Europe Tveereuropaeisk | 2014- Europaeisk netveerk til vidensdeling A B,CD,E http://www.biorefine.e
mellem projekter om genanvendelse af u/cluster
nzarringsstoffer og energi.
7 DeBugger - Demonstration of Tyskland 2013-2015 | Udvinding af energi og naeringsstoffer af (D) http://www.kic-

efficient Biomass Use for Generation
of Green Energy and Recovery of
Nutrients

husdyrggdning.

innoenergy.com/innova
tionproject/our-
innovation-
projects/debugger/




Nr. | Titel Land Ar Beskrivelse, dansk Relevant veerdikaede | Kilde

8 EDASK - ElektroDialytisk Danmark 2014-2016 | Elektrodialytisk genvinding af fosfor fra C www.kruger.dk
genanvendelse af slamASKe aske, der stammer fra forbreending af

spildevandsslam. Ved processen isoleres
ogsa tungmetaller, sdledes at der fas et
rent fosforprodukt og en ren askerest.

9 END-O-SLUDG - Marketable sludge Tveereuropaeisk | 2011-2013 | Projektet fokuserer pa at identificere og A, B, (D, E) www.end-o-sludg.com
derivatives from sustainable udvikle innovative Igsninger til at:
processing of wastewater in a highly Mindske slamvolumenet, der produceres
integrated treatment plant pa renseanlaeg,

Forbedre slambehandlingen,

Udvikle hgjkvalitets ggdningsprodukter ud
fra slam,

Forbedre energibalancen pa renseanlaeg

10 | ESPP - European Sustainable Tveereuropaeisk | 2013- Europzeisk medlemsbaseret A B,CD,E www.phosphorusplatfo
Phosphorus Platform fosfornetvaerk, der har til formal at rm.eu

vidensdele om bzaredygtig
fosforforvaltning mellem industri,
vidensinstitutioner og offentlige
myndigheder.

11 | FERTI-MINE - From waste to fertilizer | @strig 2014-2018 | Projekt med fokus pa at udnytte fosfor i A B,CD,E https://forschung.boku.
— phosphorus and carbon waste forskellige affaldsstremme og ved hjzlp af ac.at/fis/suchen.projekt
mining as nutrient recycling strategy termokemiske teknologier (pyrolyse, uebersicht?sprache in
for the future forbraending, gasifikation, hydrothermisk =en&ansicht in=&menu

carbonisation) at producere e id in=300&id in=103
gedningsprodukter, der kan erstatte nyt 02

fosfor fra miner og dermed lukke

fosforkredslgbet.

12 | FERTIPLUS - Reducing mineral Tveereuropaeisk | 2011-2015 | Identifikation af innovative teknologiertil | A, D, E www.fertiplus.eu
fertilisers and agro-chemicals by at omdanne organisk affald fra
recycling treated organic waste as husholdninger og landbrug til veerdifulde
compost and bio-char products gadningsprodukter, der kan erstatte

traditionel fosfor fra miner.
13 | IMPROVE-P - IMproved Phosphorus Tveereuropaeisk | 2013-2016 | Projektet sigter pa at udvikle strategier for | A, B, C, D, E https://improve-p.uni-

Resource efficiency in Organic
agriculture Via recycling and
Enhanced biological mobilization

gkologisk landbrug til at balancere
fosforbudgettet ved at tilfgre alternative
gadningsprodukter.

hohenheim.de/




Nr. | Titel Land Ar Beskrivelse, dansk Relevant vaerdikaede | Kilde
14 | IWARRC - International Water Globalt 2014-2018 | Internationalt netveerk i organisationen A B, C http://www.iwa-
Association Resource Recovery IWA til vidensopsamling om eksisterende network.org/cluster/res
Cluster eksempler pa genindvinding af ource-recovery-from-
naeringsstoffer fra spildevand. water-cluster
15 | NECOVERY - Nutrient and Energy Spanien, 2013-2016 | Pilotskalaanlaeg med biosorption og A B,C http://www.life-
ReCOVERY in wastewater treatment Belgien genindvinding af fosfor ved necovery.eu
plants by pre-concentration and struvitudfaeldning pa rejektvand .
adsorption processes
16 | PHORWater - Integral Management Spanien, 2013-2016 | Struvitudfeeldning fra rejektvand pa A B,C http://phorwater.eu/
Model for Phosphorus recovery and Frankrig renseanlaeg.
reuse from Urban Wastewater
17 | TL-BIOFER - Nutrients and Spanien, 2014-2017 | Udvinding af fosfor fra spildevand ved AB www.life-tIbiofer.eu
Regenerated Water Recycling in Tyskland anvendelse af algekulture.
WWTPs Through Twin-Layer
Microalgae Culture For Biofertilizers
Production
18 | ManureEcoMine Tveereuropaeisk Pilotprojekt med udradning af A, (D, E) http://www.manureeco
husdyrggdning fra kger og grise, mine.ugent.be/
efterfulgt af struvitudfaeldning fra
rejektvandet.
19 | PhoReSE - Phosphorus REcovery from | Graekenland 2014-2015 | Projekt der i pilotforsgg undersgger A www.phorese.gr
Secondary Effluents of municipal kemisk fosforfaeldning pa renseanlaeg
wastewater plants uden bio-P tanke.
20 | PhosFarm - Technologies for nutrient | Tveereuropaisk | 2013-2015 | Pilotforsgg med behandling af organisk AD,E http://www.phosfarm.e
recovery from waste such as landbrugsaffald med enzymer, der u/
agricultural residues udtreekker fosfor som fosfat, der herefter
kan udfzeldes som struvit og
calciumfosfat.
21 | P-REX Tvaereuropaisk | 2012-2015 | Fosfornetvaerk der har til formal at A B,CD,E http://p-rex.eu/

demonstrere udvalgte teknologier til
genindvinding af fosfor og sammenligne
data for en raekke eksisterende
teknologier.




Nr. | Titel Land Ar Beskrivelse, dansk Relevant veerdikeede | Kilde
22 | PROMISE - Phosphorus Recycling of Tveereuropaeisk | 2014-2017 | Undersggelse af potentielle nyttige og B, (A, C, D,E) http://www.mtt.fi/pro
Mixed Substances ugnskede effekter af forskellige organiske mise
og uorganiske fosforggdninger produceret
ud fra genanvendt fosfor.
23 | RecoPhos - Recovery of Phosphorus Tveereuropaeisk | 2012-2015 | Udvinding af fosfor fra spildevandsslam A,C(D,E) www.recophos.org
eller slamaske ved en termokemisk proces
under hgj temperatur og reducerende
forhold ogsa kaldet Wohler-processen.
24 | R3Water - Reuse of water, Recovery | Tveereuropaisk | 2014-2017 | Hydrotermisk carbonisering (HTC) af A,(D,E) www.r3water.eu
of valuables and Resource efficiency organisk stof og udvinding af
in urban wastewater treatment naeringsstoffer.
25 | SusPhos Tveereuropaeisk | 2013-2017 | Forskningsprojekt til undersggelse af A B,CD,E www.susphos.eu
baeredygtigt produktion, anvendelse,
genindvinding og kommerciel udnyttelse
af fosforbaserede processer og materialer.
26 | SuWaNu - Sustainable Water Tveereuropaeisk | 2013-2015 | Vidensnetveerk til udveksling af know-how | A, B, C, D, E WWwWw.suwanu.eu
treatment and Nutrient reuse options om genanvendelse af vand- og
naerringsstofressourcer fra spildevand og
landbrugssektoren.
27 | VALODIM Frankrig 2014-2020 | Formal: at producere ggdning til A D, E http://www.bpifrance.f
konkurrencedygtige priser, herunder r/Vivez-
genvinding af biprodukter fra Bpifrance/Actualites/Pr
biogasproduktion. ogramme-
Investissements-d-
Avenir-4-5-millions-d-
euros-accordes-au-
projet-Valodim
28 | A_Propeau - IWT optimal fosfat Belgien 2014-2018 | Udarbejdelsen af ngjagtige P balancer pa B, (A, C,D,E) http://www.proefstatio

effektivitet

mark-niveau for de vigtigste grgnne
husdyrggdning og efterafgrgder.
Underspge den mest effektive udnyttelse
af mineralsk P-g@dning og optimere
anbefalingerne for nuvaerende fosfor
gadning

n.be/project/iwt-
a_propeau




Nr. | Titel Land Ar Beskrivelse, dansk Relevant vaerdikaede | Kilde

29 | Best Resources from Water - Learning | Holland 72014 Vidensnetvaerk til udveksling af best A B, CD,E http://bestresourcesfro
from best practices on resource practice om genanvendelse af mwater.org/
recovery from water naeringsstofressourcer fra vand.

30 | BIOFECTOR - An integrated project Tveereuropaeisk | 2012-2017 | Interdiciplinzert projekt der sigter mod at B, (A, CD,E) http://www.biofector.in
with the aim to reduce input of udvikle nye tilgange til landbrugsmaessig fo/
mineral fertilisers in European anvendelse af BlO-effektorer, sasom
agriculture by development of mikroorganismer eller naturlige stoffer,
specifically adapted bio-effectors der kan gge effektiviteten af optagelsen af
(BEs) to improve the efficiency of bl.a. genbrugte g@dningsstoffer.
alternative fertilisation strategies,
such as organic and low-input
farming, use of fertilisers based on
waste recycling products and
fertiliser placement technologies.

31 | DIGESMART - Udnyttelse af udradnet | Tveereuropaeisk | 2013-2016 | Malet er at udvikle “grgnne” A B,DE http://www.digesmart.
slam fra biomasseduradning. gedningsprodukter ud fra eu/

naeringsstofferne i det udradnede slam.

32 | FIX-PHOS - Fosforfeeldning i Tyskland 2012 Industriel fosforproducent (Budenheim), A B,D,E http://www.iwar.tu-
spildevandsslammet i radnetanken der har udviklet teknik til udvinding af P darmstadt.de/media/iw
ved tilseetning af calcium silicat fra spildevand i 2010 (patent ansggt ar_abwassertechnik/ab
hydrat (CSH) 2009). geschlosseneforschungs

projekte/FIXPhos Poste
r IFAT2012.pdf

33 | IMPROVE-P - Assessing the suitability | Tveereuropaisk | 2013-2016 | Evaluering af agronomiske og biologiske B, (A, CD,E) https://improve-p.uni-
of recycling phosphorus fertilizers for metoder til at gge planters effektivitet til hohenheim.de/ og
organic farming udnyttelse af fosfor. Undersggelse af http://www.coreorgani

godningseffektiviteten af alternative c2.org/coreorganic2.asp
fosfor g@dninger.

34 | INEMAD - Improved Nutrient and Tveereuropaeisk | 2007-2013 | Fosforkredslgbet pa landbrug og optimal B, (A, C, D,E) http://www.inemad.eu/

Energy management through
Anaerobic Digestion

udnyttelse af nye fosforprodukter.

en/
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35

KRN-Mephrec -

Tyskland

2014-2016

Pilotprojekt. Pilotanlaeg etableres 2016 -
planer om fuldskala efterfglgende.
Omdanne spildevandsslam til energi,
gadning og jern i et enkelt procestrin.
Niirnberg Processen med metallurgiske
fosfor genanvendelse (Mephrec) giver
mulighed for fuld udnyttelse af slam i ét
system pa et sted i et trin. De smeltede
metaller er et biprodukt og afledt af de
tungmetaller urenheder og
jernforbindelser i slammet. Ved
temperaturer pa op til 2000 ° C, vil
spildevandsslam smelte under tilsaetning
af oxygen. Alle organiske miljggifte vil
veaere nedbrudte. De genvundne metaller
kan genanvendes.

A (C)D,E

https://www.nuernberg
.de/internet/krn _mephr

ec/

36

NewFert - Nutrient recovery from
biobased waste streams and residues

Tveereuropaeisk

2015-2019

Geninvinding af fosfor og andre
nzaeringsstoffer fra organisk affald med
henblik pa fremstilling af kunstggdning.

A D,E

http://newfert.org/

37

Nutricycle - Green fertilizers from
digestate and manure

Belgien

2012-2014

Udvinding af naeringsstoffer fra gylle og
fermentat og deres genbrug som grgnne
godningserstatninger. Pilotforsgg med
Struvit, tvungen adskillelse, og NH 3 -

stripping

A DE

http://www.mipvlaande
ren.be/nl/webpage/155
/nutricycle.aspx

38

Nutrient Clearing House

Belgien

2014-

Konsortium til genvinding af
neeringsstoffer fra slam, husdyrggdning,
og udradnet slam.

A DE

http://www.i-
cleantechvlaanderen.be
/#nutrient-clearing-
house/crit og
http://www.royalhasko
ningdhv.com/en-
gb/projects/nutrient-
clearing-house/4990




Nr. | Titel Land Ar Beskrivelse, dansk Relevant vaerdikaede | Kilde
39 | NUTS - Transition towards Finland 2012-2014 | Projekt om baeredygtig A, B,CD,E http://www.nutrient.fi/
Sustainable Nutrient Economy in nzaeringsstofudvinding. en
Finland
40 | OCAPI - Optimisation of Carbon, Frankrig 2014-2018 | Formalet med projektet er at undersgge A B,CD,E http://www.metis.upm
nitrogen and Phosphorus cycles in mulighederne for udvikling af sanitaere c.fr/fr/node/283
the city Paris systemer, som lIgser udfordringer i det 21.
arhundrede: maksimere vaerdiansattelsen
af kulstof-, kveelstof- og fosforressourcer i
spildevandet og samtidig reducere energi-
og ressourceforbrug.
41 | Omzet Amersfoort - energi og Holland 2014-2016 | Projekt, der har til formal at omdanne A,(D,E) http://www.omzetpunt
nzaeringsstoffer fra spildevand renseanlaeg til energi- og amersfoort.nl/english/p
ressourceproducenter. Der vil bl.a. blive roject-description/
udvundet struvit ved PEARL processen.
42 | Phosph'Or - Struvite from manure Frankrig 2010-2014 | Struvitudfzeldning fra husdyrg@dning. (D) http://phosph-
or2014.irstea.fr/
43 | Phosphorus from wastewater Irland 2014-2020 | Undersggelse af baeredygtigheden af A B,CD,E http://www.phosphoru
fosforudnyttelsen i Irland med mal om at s.ie/
udvikle innovative teknologier til
genindvinding af fosfor fra spildevand.
44 | POWER - Renewable P-fertilizer from | Italien ? Udvinding af fosfor fra udledninger fra (D) http://users.unimi.it/rici

livestock effluent to prevent water
eutrophication

husdyrhold og produktion af
fosforggdning ud fra den udvudne forsfor.

cla




Nr. | Titel Land Ar Beskrivelse, dansk Relevant vaerdikaede | Kilde
45 | PProduct - Potential of sewage sludge | Finland 2015-2018 | Projekt med formal at undersgge B http://www.evira.fi/por
phosphorus in plant production potentiale ved anvendelse af tal/en/about+evira/abo
spildevandsslam som g@dning. ut+us/operation+areas/
risk+assessment/curren
t+research+projects/pot
ential+of+sewage+sludg
e+phosphorus+in+plant
+production+and+impa
cts+of+harmful+compo
unds+in+sludge+on+env
ironment+and+food+ch
ain+-pproduct-/

46 | Precover Finland ? Udvinding af fosfor fra spildevandsslam og | A (D, E) http://www.phosphoru

anvendelse til ggdning. splatform.eu/platform/I
inks-and-networks/r-d-
and-projects

47 | R4R - Chemical Regions for Resource | Tveereuropaeisk | 2012-2015 | Samarbejdsprojekt mellem regioner i EU E http://www.regions4res

Efficiency om bedre ressourceeffektivitet i ource.eu/
kemiindustrien.

48 | ReuseWaste - Recovery and Use of Tveereuropaeisk | 2012-2015 | Netveerk til vidensdeling og uddannelse (A, B,C,D,E) http://www.reusewaste

Nutrients, Energy and Organic Matter vedr. ny teknologi til genindvinding af .eu/
from Animal Waste ressourcer fra organisk affald fra
husdyrbrug.
49 | RISE Foundation - The Rural Tveereuropaeisk | 2006- Taenketank til stgtte for en beeredygtigog | (A, B, C, D, E) http://www.risefoundat
Investment Support for Europe (RISE) international konkurrencedygtigt jon.eu/
Foundation landbrugsgkonomi i Europa.

50 | Sustainable Airport Cities Holland 2013- Pilotanlaeg til struvitudfeeldning til D, (A, E) http://www.kwrwater.n
genindvinding af fosfor fra spildevand fra I/tki/sustainable_airpor
lufthavne og fly. t_cities/

51 | ValuefromUrine - Bio- Tveereuropaeisk | 2012-2016 | Udvikling, demonstartion og evalueringaf | A, D, E http://www.valuefromu

electrochemically-assisted recovery
of valuable resources from urine

energieffektive Igsninger til genindvinding
af naeringsstoffer fra urin ved
elektrokemiske processer.

rine.eu/
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52 | VCM Belgien ? Belgisk koordinationscenter for udnyttelse | (A, B, C, D, E) http://www.vcm-
af landbrugsaffald. mestverwerking.be/ind
ex_en.phtml
53 | Wetsus - European centre of Holland ? Europeeisk forskningscenter for A B,CD,E https://www.wetsus.nl/

excellence for sustainable water
technology

bzaeredygtige vandteknologier, med fokus
pa bl.a. genindvinding af fosfor fra
spildevand og husdyrggdning.

phosphate-recovery




Rapport om Opsamling fra fosfornetvaerket 2015

Formalet med fosfornetveerket 2015 var at skabe et abent forum for dialog mellem de
forskellige interessenter, der arbejder med genanvendelse af fosfor i Danmark.

P& meadet blev identificeret falgende 5 udvalgte veerdikaeder:

1. Fosforgenanvendelse pa renseanleeg fra spildevand og spildevands slam
2. Fosforgenanvendelse fra spildevandsslam ved udnyttelse i landbruget

3. Fosforgenanvendelse fra slamforbraendingsaske

4. Fosforgenanvendelse fra orgsnisk affald fra husholdninger og servicesektoren
5. Fosforgenanvendelse fra industriens organiske restprodukter

Fra netveerksmgdet blev der identificeret en raekke punkter, som der skal arbejdes
videre med i 2016. Det vil bl.a. vaere en viderebearbejdning af de ovenfor naevnte
veerdikeeder; evaluering af gedningsveerdien/fosforveerdien pa kort og lang sigt ; kan
der udarbejdes forslag til regulering, der understatter en gget fosforgenanvendelse
samt samarbejde med andre lande og de @vrgie fosofrnetvaerk i Europa.

Miljgstyrelsen
Strandgade 29
1401 Kgbenhavn K

www.mst.dk
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