Dear Editor,

This document provides a point-by-point summary of the feedback received from all referees with regards
to the publicly reviewed manuscript ‘Global Phosphorus Recovery for Agricultural Reuse’. The first
section presents the general and frequently recurrent feedback. This is then followed by a chronological
addressing of each of the referee’s specific feedback.

Please also find attached with this document: 1) the revised manuscript, and 2) a marked-up document
showing all changes made.

Sincerely,

On behalf of the authors,
Dirk-Jan Kok

General Feedback recurrent in the reviews of at least two of the referee’s:

1. Absence of an uncertainty analysis with regards to modeling.

Section 3.3.3 is adapted and now titled ‘Model Validation and Sensitivity Assessment’. It
covers briefly the results of a model sensitivity analysis and refers the reader to the
supplementary materials for data on individual parameter sensitivities.

2. Language and spelling

The text has been spelling-checked and proof-read an additional time by the author and
coauthors.

3. Difficult to follow model description

We have adapted our explanation of the trade model in section 2.3.2., ‘Quantification of trade
flows’ (page 10), so that the model may be better understood. Furthermore, one of our main
findings confirms that most phosphorus is recycled locally within the province/region. This is
now highlighted in line 4 of page 16, in the conclusion.



Feedback Referee 1

1.

The referee identified a lack in detailed explanation on how we determine the P coming from
manure.

Line 28 of page 4 now explains that we follow the methodology provided by Sheldrick et al.,
(2003), and gives some background info as to what this method entails.

The referee found equation 2 confusing and remarks that no detail on the input is provided.
The referee also gquestions the introduction of the additional parameters (Tg, AH, and C) into
the equation.

Paragraph starting on line 13 on page 5 now refers the reader to a table in the supplementary
materials that provides details on the input. Paragraph starting on line 21 now explains why it
was necessary to include the additional parameters into the equation.

The referee found it unclear from the manuscript how the demand and supply nodes are
defined, and more specifically how we determine their location.

Section 2.1.3 ‘From raster to nodes’ is introduced (page 6) which explains how we define and
determine the location of the nodes.

The referee wondered if we account for the legacy P or the residual P that accumulates in the
soil.

Line 31 on page 5 now explicitly states that we assume no change in soil stored phosphorus.

See point 1 of ‘General Feedback’

The referee remarked that Table 1 is not clear, and wonders why the values for Livestock
Raster vs Livestock node and Human raster vs urban node are different? He also remarks that
he is unable to find Figure S2a, S2b, and S2c.

We have removed the incorrect reference to figure S2a, S2b and S2c¢ from the text. We have
adapted the contents and caption of table 1 to define more clearly what is presented.

The referee believes it will enhance the reliability of result if we compare the results with
earlier estimates such as Bouwman et al. (2013) for manure; Van Drecht et al. (2009) and
Moree et al. (2013) for domestic.

We expand our comparison of results to include to authors mentioned by the referee
(paragraph starting at line 24 on page 14).



Feedback Referee 2

1. The referee remarked that the manuscript lacks an essential definition of what is understood
as ‘phosphorus wastes’ in section 1.1.

The emphasis on wastewater is now stressed throughout section 1.1. Furthermore, paragraph
2 of section 1.2 now explicitly states that the project focuses only on wastewater and only
through recovery by struvite precipitation means.

2. The referee was confused about the methods used in determining global market price of
phosphorus as resulting largely from a lack of definition in the manuscript on exactly what
product prices are evaluated for.

At the beginning of section 2.2, ‘Determination of Node Prices’ (page 6) we now explicitly
define what we determine price for (line 20).

3. The referee remarks that ‘phosphorus throughput rate’ is not well defined with regards to
formula (1) and that the recovery efficiency depends on the treatment technologies and
collected rates (and other factors). The referee recommends to define and explain the
production density definition and formula more clearly.

Line 14, page 4, now explicitly defines phosphorus throughput rate. Line 31 explains that the
recovery efficiencies depend on the technology, and that we assume recovery rates reported
by (Sheldrick et al., 2003). We adapted the paragraph both proceeding and following the
production density formula so that it explains better what it means.

4. The referee remarks another definition issue with regards to the ‘phosphorus demand density’

Phosphorus demand density is now defined in line 1 of page 5.

5. The referee remarks that in the section 2.2, phosphorus content is treated as only that which is
found in wastewater and therefore does not include that found in solid wastes.

Line 6 of page 3 now explicitly states that we do not consider solid wastes in this
investigation.

6. See point 3 of the ‘General Feedback’

7. The author states that resolving the issues mentioned above will change the results entirely,
requiring a new analysis and discussion of the implications.

We have adapted our definitions according to the original project scope. Results and analysis
have been adjust following the feedback of all referees.

8. The referee recommends to delete figure 1 (we assume, as the figure number is not specified)
from the manuscript considering it presents basic data. Furthermore the referee regards Figure
2 to be confusing, wondering what is meant by phosphate rock; the production, the use or



consumption, theoretic demand, or supply capacity? The referee further suggests to move the
figure 3 and figure 4 to supporting information.

After discussion with the co-authors, we have decided to keep the figures the referee
recommends to remove. Although basic data, they stress the most important premise of this
research which is that the feasibility of phosphorus recovery is spatially and temporally
dependent and therefore has potential. Provided that figures 3 and 4 form an integral part of
the results, we also decided to keep these.



Feedback Referee 3

1. The referee suggests presenting a motivation as to why we chose to use minimum production
costs for production nodes and maximum bid prices for demand nodes instead of average
costs/optimal prices. The referee wonders whether this potentially leads to an overestimation
of trade, resulting in the misbalance of 109% total production to demand.

Line 27 and 28 of page 12 now stresses that prices are not included in the analysis before
point. The previous results (such as the balance), therefore do not consider prices. This is how
in line 31 on page 11: “ indication of the total potential of recovering all excreted
phosphorus” (i.e. not that of trade, and therefore not including prices).

The 109% imbalance the referee mentions derives from a balance made purely using

the statistical throughput figures and population density maps for production, and crop
phosphorus requirements and crop harvest area maps for demand. This is determined before
considering prices and economics.

2. The referee remarks the supply and demand curves in Figure A of the Supplementary
Materials have inverted axis and ought to be concave instead of convex

The axis are inverted and trends have been made concave instead convex.

3. The referee recommends to elaborate on the costs and implications of applying different
technologies for different development regions.

We dedicate most of page 7 to elaborating on the technology choices and costs for each
development region. We also discuss the implications in table 3, ‘Overview of assumptions’.

4. See point 2 ‘general feedback’

5. The referee has doubts about how realistic the model is, and cannot find justification for
selecting the simulation years 2005, 2006, 2011 and 2015. The referee recommends running
the model for all years.

We have included a sensitivity analysis (section 3.3.3, page 13) and have now run the
simulation for all years (2005 to 2015; see Table 2.)

6. The referee asks how labor wage is determined.

We explain to the referee that we cannot pinpoint a globally homogenous labour wage, but
that we estimate the one we’ve used based on non-official source on the internet. A summary
of input data and the sources or inspirations is listed in the Supplementary Materials.

7. The referee asks to explain what ‘resource cost’ stands for.



10.

11.

12.

13.

By the recommendation of the referee (later response), we have renamed the term ‘variable
costs’.

The referee notices that the study does not consider external phosphorus costs such as CO2
emissions and energy demands and recommends to explicitly mention these.

In line 10 of page 14, we present an explanation as to why we didn’t include external costs
and provide a brief assessment of the implications thereof.

The referee wonders if environmentally extended world input-output (EEIO) studies on
phosphorus could make a valuable contribution to a more precise and realistic representation
of phosphorus supply, demand, and in particular trade.

We believe that all studies on phosphorus, of whatever nature, can make extremely valuable
contributions to the effort of stimulating the transitioning to a sustainable phosphorus market
in general, and that EEIO studies can play an especially important role in this at a national
spatial resolution. However our model runs at finer resolution (sub-national), and therefore
EEIO datasets are not easily integrated into- or compared with the results of this study.

The referee mentions that two important aspects for the far-future scenario that are missing in
his view: 1) the high prices of phosphorus, and 2) the availability of new and cheaper
technologies.

We now emphasize in our conclusion (line 10, page 16) that future scenarios will change as
existing and new technologies develop in the future. Also, the table of assumptions now
mentions how it could impact the results if we accounted for this change.

The referee references three additional sources that should be cited with regards to
phosphorus recovery.

We have reference the recommended authors.

The referee recommends to introduce early on that the economic feasibility of P recovery
varies in space as it depends on the concentration of P in wastewater, which is related to the
population and livestock density.

Line 25 to 29 (page 2) now emphasize the relevance of the spatial scale to assessing
economic feasibility. Line 31 now explicitly states that we intend to “evaluate the spatially
dependent feasibility for phosphorus recovery from wastewater”. Line 18, page 4, introduces
the importance of population density maps.

The referee (#3) is led into confusion by improper definition
and inconsistent use of terminology.

The authors recognize this issue and have defined the terms more explicitly. See also
feedback referee 2, point 5 and 6.



Feedback Referee 4

=

6.

See point 1 of the ‘General Feedback’

The referee recommends comparison of phosphorus recovery potential and demand balances with
those of other studies.

We have expanded our comparison of results to seven other studies (Paragraph starting at line 24,
page 14)

The referee questions what role agricultural subsidies could play in influencing the crop market,
and, therefore, phosphorus market.

We mention that subsidies could affect the maximum bid prices of agricultural nodes in the
assumptions listed in Table 2.

The referee misses a comparison between costs and cost savings from struvite crystallization,
where cost savings result from reduced struvite scaling maintenance. Also, the referee
recommends to mention that P recovery from dry sanitation systems would also help to reduce
environmental pollution, which is a value for society and would reduce the costs of the P fertilizer
production.

The resulting difference in struvite price by either including or excluding scaling maintenance
savings is observed in figure 3 where the reader can compare the price for Urb 1-Str. (incl.
savings) vs. Urb 2-Str (excl. savings). Furthermore, making a pure monetary assessment, we do
not include external costs or benefits such as those to the environment (line 10 of page 14). We
do end the manuscript emphasizing the importance of achieving “maximum benefits [...] for both
the environment and the urban community, as well as the livestock and agricultural sectors”.

The referee remarks that the conclusion is more a summary of results than a conclusion
emphasizing the significance of these results.

We have removed the summary of the results from the conclusion. We have adapted the
conclusion to now only emphasize the significance of the results as presented in the results
section.

The author lists a series of recommended changes with regards to language and formulae.

We have adopted all the recommended changes to language and formulae.
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5 Abstract. Phosphorus is asnutrientsnecessary for the development of crops and is thus commonly applied as fertilizer to
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sustain agricultural production. It occurs maturaklyy at indefinite quantitiessof uncertain quality) in phosphate rock formations,
but also accumulates in urban and livestock wastewater wherefrom it is often lost as a pollutant. Recovering phosphorus

from wastewater;showeveruisutechnologicallysfeasiblesandshasuthespotentialy to reduce phosphorus pollution efsthe
environment as well as lower the agricultural demand for artificial P-fertilizers. In this study, we developed a model to assess
hesglobal iainofsP=eril : isualizen I penationalresoluti I

show that humans discharge a maximum of 3.7 [t} P into wastewater; thereby, potentially satisfying 20%»of the global
fertilizer demand. Provided 2015 market dynamics, however, thesmodel=determines that only 4% of this discharge is
technologically and economically recoverable insmarketsthatroffersscheap rock phosphate products alsomThesresultsrofsthis
study demonstrate that phosphorus recovery from wastewater through struvite crystallization offers only a small contribution
to resolving global phosphorus issues provided current economic contexts. Nevertheless, this recovery offers many

wastewater treatment facilities themopportunitymto contribute to creating sustainable communities and protecting the
environment deeallyy while reducing their own operational cost.

Key words: Phosphorus, circular economy, wastewater, struvite, fertiliser

.1 Importance of Phosphorus

20 Phosphorus (P) is an element necessary for the development of all living beings as it forms an unsubstitutable, key structural

component of DNA and RNA. It is-also-a limiting nutrient; and: therefore growth is often restricted by the natural lack of P

a much more prevalent issue (MacDonald, Bennett, Potter, & Ramankutty, 2011). For this reason, phosphorus is often
applied to croplands in the form of organic fertilizers or synthetically as single or triple superphosphate, or mene=
25 Ammenium or di-Ammonium Phosphate (RAP)mihesesfertilizers are easy to transportyand distribute over fields, whilesalso
readily absorbed by plants. The most essential resource for the production of artifieiab phosphorus fertilizersis phosphate

rock.

The rates at which we exploit phosphate rock formations is out of proportion to the rates at which they form - essentially

30 classifying phosphate rock as a non-renewable resource. Peak production of phosphate ore could occur as early as 2030

(Cordell et al., 2009) with economically extractable P resources becoming scarce or exhausted within the next 50 to 100
years (Smil, 2000; Steen, 1998; Van Vuuren et al., 2040)xOthersauthors;predictimoresoptimisticallysthatireservesywillslast

the remaining ore because it will be too costly to process due to its poor quality (i.e. low phosphorus and high heavy metal
@
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content). Gradual depletion pf economically-extractablewreservesywill result in further reduction imsaceessibilitysto fertilizer,
by small-holder and subsistence farmers that comprise areas already struggling to cope with food shortages (Pande and
Savenije, 2046)» Sub-Saharan Africa js one such region, as nearly 75% of its agricultural soils are nutrient deficient;
contributing significantly to the crop yield gaps (Sanchez et al., 1997). @hesprospectrofsphosphorussdepletiongultimately,

threatens global food security where especially regions of poor soil nutrition levels are vulnerable to its effects.

1.1 The Environment, Humanity, and Phosphorus

The introduction of intensified (P) fertilization during the Green Revolution of the @960°sy demonstrated P’s significant
potential to improve crop yields but also the dangers it poses to the environment. Through seepage and runoff precesses
(Bouwmanyetralz2009)y as well as the discharge of improperly treated wastewaters(\VansRrechtretralz2009;sMioréeretraly
2048)y phosphorus and other nutrient excesses come into contact with open, surface waters As a limiting nutrient, even the
smallest quantity of ® in water can spark the growth of large algal blooms. These @algallbloems have a detrimental effect on
aquatic ecosystems, in causing the suffocation of aquatic life through eutrophication, resulting in a loss of habitat and
biodiversity (EPA, 2010). Such deoxygenated “dead zones” can be found in both lakes and seas, and affect an estimated
245,0000km21ofimarinerecosystemsi(Corcoranietraln2010)) If excess fertilization @ndawatengpellution is a major threat to
water quality around the world, then why not extract this excess from the water system and put it back in the food chain?
Proper nutrient management practice in tandem with nutrient recovery from rural and urban water systems may potentially
be an important strategy to reduce phosphorus pollution by reducing phosphorus discharge to the environment while

simultaneously increasing phosphorus supply for food production.

There exist a broad range of sources that contribute the phosphorus loads in urban wastewater, ranging from excrements to
detergents, to toothpaste, dishwashing liquids, medicines, food preparation wastes, food leftovers. There also exist numerous
technologies that may be employed to recover this phosphorus from wastewater (Egle et al., 2016). Unfortunately, they are
oftenndeemedutooncostlymtomimplementyandwoperatenwhiley their recoverymefficienciesmvaryy among others, with local
wastewater composition and existing wastewater treatment infrastructure. Adoption of thesestechnologies is therefere often
challenged by (perceived) economic infeasibility or daeking economic incentives and social stigma. ¢Yety economic feasibility
of recovery is not globally homogeneousy but varies in space and time. Spatially, the global accretion of phosphorus in
wastewater provides recovered products with a (diffused) docation=defined competitive advantage over the geographically

concentrated rock phosphate mines (fig. 1). MWhileptemporally; the appealnforprecovenswillpimproveyovenstimepwith the |

increasing price trends for rock=based fertilizers (exguRAR) (fig. 2).1

1.2 Turning brown waste to green gold

Tonounsknowledge; there existenosstudiessthatwevaluate the spatially dependantyfeasibility, for phosphorus recovery from
wastewater, at sub-national resolution, in a global and economically dynamic context. Insights provided by such a study,
howeven, could accelerate thesefficientytransitioning) to @moressustainablesphosphorusfertilizenmarket by illustrating where |

recovery may gconomically be most-feasible=Westhereforesaimstosdeterminesthe totalyphosphorus recovery potential from

E Over the past 15 years the phosphorus price of DAP has increased from 665 [$ t1] to 1,552 [$ t1]. In that same period, the price has been
as high as 5,217 [$ t1] (2008) and as low as 656 [$ t1] (2002) (IndexMundi, 2017).
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human water systems perspective. A socio-hydrological approach is endeavored as both these attributes are here expressively
and emphatically accounted for (Sivapalan et al., 2012). The social component, however, of this coupled human-phosphorus
system is confined to the characteristics of a distinct economic nature. The materials and methods employed in assessing the
15 recovery potential of P from wastewates at global scale is therefore interdisciplinary and extensive, govering largely

economics within a sciences context.
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‘materials and methods section:
20 1. Identification of sites and quantities: Identifying the locations=of=wastewater=accumulation=sites and
agricultural eroplands and assessing the potentialyassociated) phosphorus production and demand quantities.
2. Determination of node prices: Approximating the minimum production costs of gecoveringsP=fertilizersratithey
\wastewatersaccumulations(recovery) sites, and thesmaximum paying prices forsP=fertilizersyatsthesagricultural
: i
25 3. Modelling international trade in phosphorus, invelvings
a. Determination of global market price: Determining an international, free-market price for phosphorus
as a function of phosphorusiquantitiesrand prices, asswellzassthe distances between the different sites.
b., Visualizing tradesflows:Ereating a realistic network of P=tradesfluxes atssubnationalresolution:

(Thesmain:toolsiemployedsinsthissinvestigationsaresGeographic Information System (GIS) toolsjusedstosprepare;thesspatial
30 datay (Q-GIS 2.14) (Quantum GIS Development Team, 2047);randsPythons3:63 used to build the trade network models

2.1 Identification of Sites and Quantities
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"wastewater,as well as theeconomicfeasibilityforthisrecovery,ina global assessment.Thisisachievedbyintegratinggeospatial data,statistics,andfindingsfromotherstudies intoa model thatidentifiesandconnectsphosphorusrecoveryanddemandsitesbasedonlocation,quantities,andprices.Because ofthe wide arrayofpathwaystophosphorusrecovery,thesubjectofthisinvestigationisconstrainedtotherecoveryofphosphorusfromurbanandlivestockwastewaterasa struviteandcompost pellet fertilizerproduct,only.Phosphoruslost via otherfluxes(e.g.municipal solidwaste)are therefore excludedfromthisassessment.The sole reasonforfocusingonrecoverythroughthe struviteprecipitationtechnologyisbecause ofthe fertilizerpotential ofstruvite andthecurrentindustrial-scale implementationofthe technologyitself(Cornel andSchaum,2009).2MaterialsandMethodsThe phosphoruscycle isdelineatedbya combinationofbothsocial andphysical attributes andassuchdemandsa coupled"
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ps fonmhumansy(CIESINN2016)pcattiepswinemandspoultny) (Robinson et al., 2014), tosdeterminesthe
hosphorus excretion rates globallysThisispatialidistribution of thesmass phosphorus preducedsperunit
“a phosphorus production densitys(asmap)umitsideterminationsperunit:areasonsthis

@

m organic phosphorus production density [kg km2a]; @ is the population density [h km™];® is the
t rate [kg h'a?]; and @ is the estimated base recovery efficiency (lmForshumansythesphosphorus

AOSTAT, 2018 ing the methodology of Sheldrick

(see section 2uix8)y
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Similar to the phosphorus productiomdensitysthesphosphorus demand density maprepresentsipenunitiareathesyeanlysamount
of phosphorus required by agriculture [kg km? a*]. It is determined following a comparable methodology to that of
(phosphorus;production;where:crop:densitiesyas:approximated through crop harvested area maps (IMeonfredaetial2008)pare
harvest:

5@

fon six major eropsi maize, wheat, rice, sorghum, soy bean, and (potatomsThenwater=constraineduyielduis, determined by
@dapting the evaporation-transpiration deficit gquation (Steduto et al., 20&2)stosthesfollowing (eq. 2):

)
1=t (1o ety ®
Em
where ¥g is the actual yield [kg km? @)% is the optimal yield [kg km? a™]; &g is the crop coefficient [-]; &g is the
cumulativesactual evaporation-transpiration pefyeas [mm a™ Area™']; @ is thesdurationsof the crop growing period [d]; @z is

15 the fractional area harvested [-] g is the gvaporation-transpiration for optimal yield pemhanvest [mm a™* km?]sand Ci[=]isiay
“ is assumed equal to the crop water requirement for optimal y|eId Global

optimum and to achieve a total, global phosphorus demand that approaches observed values for these crops.

30
In this investigation, we assume no change in soil stored phosphorus. The yearly phosphorus demand per area therefore
reflects only the crops yearly phosphorus uptake as a function of a crops water-constrained yield and harvested area. This
(ehosphorusidemand is describedrassa linear regression between yield and P-fertilizer requirementithrough eq. 8

35 Dpp = ;2% Ay * Pl ®)
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where Dgg is the calculatedsphosphorussdemandsdensitysfkg ha™a™]; @5mis the crop specific (m)sR=requirementsfor optimal
yield kg ha]; and @g is the crop harvested area [ha']. The parameters per crop are @gaim summarized in Table S2 of the
Supplementary Materials. @Ehessix crops evaluatedsfan make up roughly 56% of the global demand (Heffer, 2009). Although
spatially inaccuratesto the actual global phosphorus demand distribution, the totalmglobalsphesphorus demand guantitysis
approached by dividing eachrarea’ssvaluesfor the six major crops by 0.56 (56%). The @demandsdensityamapssforsagriculturey

major production and consumption @ensitiespdetermineduins2sisinands2:d92y are aggregated into nodes that are

coordinate position, a class (group: urban or livestock, or crop type), and a quantity of yearly phosphorus

1d. Eacl iegi icall itionedsi farl fauni i-higl

S.A ia, Russia, C Nodes with a production waluessof less than three kilo tonnes
ed insignificant in the global context and are therefore excluded from further considerationminsthes

his constrains the total number of actors, reduces the complexity of the network, decreases the

proves visualization of the results. Thisipreselectionreduced;thesglobal:P=recovery quantity:by:15%;

85% of the global recovery potential.

their values are determined based solely on the mass

possible between a demand and a production node depends on the transportation and production costs of the

e and the maximum bid price of the demand node. Althoughghavinggidentifiedpthreepdifferentgpreducers

ion cost of each producer is defined by: i) an investment cost for infrastructure, and ii) a variable cost per mass P

(Ehemcostufonurecovenyu(izesuproductionmeost) varies depending on the recovery technology whose feasibility for
implementationginiturny depends on wastewater composition and existing infrastructure. In this study, municipal wastewater
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composition is assumed roughly, globally homogenousmiheySustainable Development Goals (S2G) dataset on percent of

urban population with access to sanitation is them used to @pproximateshowsdeveloped existing sanitary infrastructure issin

different parts of the world (WHO/UNICEF JMP, 2015). This estimation is then used as an indicator for the feasibility to

impl . logiessHowsthesSDGrdatasetsissusedstosi feasibilitysforsimpl ionyof
i logiesgi hbel

A high JQational percentage of urban population with access to sanitationu(>90%) is likely to be indicative of
highly developed countries that observe stricter effluent standards and that therefore have, or are working towards
upgrading, conventional wastewater treatment plants (WWTP) for biological nutrient recovery (BNR) or chemical
phosphorus removal. The phosphorus recovery costs for theseshighlysdeveloped nodes are those associated with the
investment in a large Ostara® Pearl Reactor for struvite precipitationsFhesproductionscostsforsthisshighlysdeveloped
group is reduced by the savings in uncontrolled struvite scaling maintenance and sludge handling, that are associated
withmecontrolledustruvitemprecipitationm Although other struvite recovery technologies are available, @stara®=Pearh
[Reactors=wereschosen given thein commercially effective implementation in various different countries. iheresexists

other recovery technologies that allow for absolute greater recovery amounts (see Egle et al., (2016)), but few of these

'WWTP through struvite precipitation.
Areas with intermediate urban access tossanitations (40-90%) are assumed to be serviced by simple, centralised

wastewater treatment faeilitiess The technology investment cost for these nodes are the same as for the highly
developed infrastructure group but excluding this time the sludge handling cost savings. {Ehegrecoverysefficiencysis
. | fthesindl

lzow urban access tossanitation (<40%o) is taken to be indicative of low sanitary development and thus offers the
flexibility to adopt more novel, less water dependant forms of sanitation. The technology applied for these areas are
source separating-, dry composting toilets, where urine and faeecal compost are collected separately. The urine is
collected by 40,000 litre tank trucks and processed at a centralized struvite precipitation facility. Eaeeal compost is
collected, dried and processed into compost pellets alse at a central facility. A Q0%mefficiency is  easily Echieved when
struvite js precipitatedufrom) source-separated urine (Wilsenach et al., 2007). dtsissfurthermoresassumedsthatsalisof the
faecal phosphorus is retained in the compostation, drying and pelletization processes.

i | jesi i | . iried) and pelletizedyal o |
faeces of dry composting toilets, the pelletization of manure from livestock farms occurs not at a centralized facility,
| ite:d highwol i | o

For alb production nodes, a generalized phosphorusirecovery) cost canshesdeseribedsas:follows (eq. 4):

ﬁ:'%'q 4)
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where (figpis the minimum price for phosphorus produced at node i [$ t]; R is thesvariablescostipentonnesParecoveredn(izes
the imagnesiumycostiforsstruvitesprecipitation;sthespelietization cost fomcompostipelietization) [$ t*] P; B fixed operational
cost [$];Spp is the total phosphorus gecevery, potential [t]. Furthermoremwheresrelevant, S is the struvite scaling and sludge
5 handling cost savings pemtonnesParecovered [$ t] P (i.e. for BNR plants); T is the intracity transport cost of collection [$ t
#]p(izey for wrinemandufaecesnfromusourcesseparating toilets); and @ is the proportion of phosphorus by weight of the
transported material [kg kg?], which are 0.066% and 0.46% for urine and dried, faecal, toilet compost respectively
(innerdsy 2001). The annual fixed operational costs are taken as the annual costs minus the resource costs as reported im the
dissertation of Eglex(md:)pTWUsWieny For BNR plants, a struvite and sludge handling cost savings is included of 0.89 [$kg]»
10 struvite removed (Shu et al., 2006)s This essentially allows BNR plants to supply struvite for free (excl. transportation costs)m
which common occurrence for struvite precipitating BNR WWTPs in The Netherlands. The additional variable cost for the
dry-toilet solution is attributed to the collection of waste and a pelletization cost of $30 [$ t™] compost (Masayuki Hara,
2001). A summary of these and other data values are presented in Tables S3, S4 and S5 of Supplementary Materials.

(Thelintracity transport'costT? is described as followed (eq. 5):
15

__
A Where Dz is the average distance of a return journey for a tanker truck in servicing the gityspensfulisload [km]; Pz is the
price of diesel [$ L]; Egp is the fuel efficiency of the tanker touek [L km]; digp is the labour wages[$ h™']; W is the average

20 velocity of the truck in the ity [km h™*]; @ is the truck load weight [t]. The transpontationscostyfronythegprocessingsfacility
to the consumer is included in the final sale price [$ t*] of the producer and is therefore not accounted for yet at this stage.

Y . ichPri
@Ehesmaximum price that demand nodes are willing to purchasesphosphorussat depends on the marginal value of phosphorus.
25 This varies per crop type and can be described as followed (eq. 6):

Fa =S s ©)

where (fiaxis the maximum price for phosphorus [$ T, ¥opmis the optimal yield [t ha]; (€478 the crop price in year a [$®

30 1]; P5pzis the optimum fertilizer dosage rate (equal to total P-requirement for optimal, water constrained yield) [t ha™]; and

(R™ is the ratio of fertilizer cost to total production costs [-], for crop n.

2.2.3 Transportation cost
Lastly, the transportation costs lpetweemsthesproductionzandsdemandssites are determined with as-the-crow-flies distances and
35 the parameters given in Table S3 (Supplementary Materials) substituted into the following transport cost equation (eq. 7):
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where Tci‘” iS the transportation cost from node i to node n [$ t™]; D™ is the distance between node i and node n [km]; @y is
a bunker fuel price (shippingsfuel) [$ t]; @3 is the price of diesel [$ L]; & is the fuel efficiency of a containersmainlinen
ship [t d'];&p is the fuel efficiency of a 2x30 tonne truck combination [L km]; @p is the fixed costs per ship [$ d1]; &g is
the labour wage [$ h'']; @y is the average velocity of the ghip over water [km d*];#pis the average velocity of the truck
over land [km i3 is the fullzship weight [t]; @ is the fulb truck weight [t]. @ and #p are the fractions of the total
distance that is travelled over land and over sea. The model at present does not distinguish between the transportation over
land and over sea based on observed geography. Instead the model employs a cumulative probability curve that
approximates the proportion of the total distance likely to have been traversed over water, @& (eq. 8); and over land, @ (eq.

9)mitnis assumed that at least 15% of the total distance is always transversed over land.

s ®)

1+e

FL =i sg_u + 15 (g)

1+e S

where L and S are function shape constants of 500 and 100 [-], respectively.

45,2.3 Trade model

20

25

30

A model ispconstructedutondeterminemi) the markets price for international phosphorusptrademmandmii)mwhatgamountsyof
phosphorus are being traded between which nodes. Market prices emerge as a function of the individual
production/consumption prices and associated supply/demand quantities, which will vary depending on which actors are
included in the market. The phosphorus recovery potential is therefore assessed for three different combinations of actors
that represent, respectively, the current, potential near-future, and potential far-future markets:

1) Current market - mine supplied products only: The current phosphorus market is strongly rock-phosphate oriented.
When the model runs the data for a ‘current market’ scenario, only rock phosphate products are available on the
market. This scenario serves mostly a model validation purpose.

2) Future market - both mine and recovered products: Recovered phosphorus imay, become a more important product
in the future market. When the model runs the data for a ‘future market’ scenario, it is assumed that both rock
phosphate as well as recovered phosphorus products partake.

3) Far-Future market - only recovered products: In the far future market, most rock phosphate reserves will have been
depleted. When the model runs the data for a ‘far-future’ scenario, it is assumed that rock phosphates no longer take

part in the market which is then solely dominated by sustainable, recovered products.

2.3.1. Determination of global market price
The global market price is determined as the price at which total quantity of phosphorus demanded (sumpofgagricuitural

demandpquantities)yis equal to the quantity supplied (sunpofiP=productionyquantities)mityis approximated as the point where

9
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global demand function (definedrasicumulativesphosphorus @demandsvsmmaximumgbuyingsprice)y intersects the global supply
functiony(cumulativesphosphorusiproductionsvsmproductiongprice)sThe demand function is the locus of the maximum prices

at which demand nodes are willing and able to purchase phosphorus, and the supply function is the locus of minimum prices
at which supply nodes can sell certain amounts of phosphorus without going out of business (i.e. without making a loss).
Wi . | ketsforsPyisicl | i | L I | ices (e |
[Debreupt954)y The Supplementary Text provides an illustration of how market prices for the three scenarios are determined
(followingithisprineipley and how transportation costs complicate thissmethod of price determinations

2.3.2. Quantification of Trade Flows

The quantity of phosphorus traded for each scenario is determined following a method of reduction and elimination. Firstly,
a list of all possible combinations of supply and demand nodes is ereatedmEachscombinationsofisupplysandidemandsnodesyis
passed through two *filters” that removes some pairs provided simple conditional statements. This reduces the list down to a
selection of trading node pairs for each market scenario, for each year.

[Beforemanythingmuthey first filter inmthemmaodels removes the pairs that can never trade with each other based on their

combination of the minimum production costs, the maximum @iddingspricey and transportation costs associated=with the data
of that years(e:gmfuelicostmwastewatersflowsgete)s The second filter them removes node pairs which cannot trade with each

other at a given ‘hypothetical market’ price imposed on the network. Eithersthesproductionscostumaysbesabove=morsthey
maximum bidding price may be below the imposed market price, implying that the nodes cannot trade. If both the

production cost isgbelow=randabiddingsprice is above the imposed market pricemthensthesnodespairgissleftainpthenlistsforsthat
“theoretical” market price. After these two filters, the list of potential trade partners is reduced significantly and assessment
‘may be made as to whether the saved pairs actually trade and then with what quantities.

In the model, phosphorus consumers will look for the cheapest suppliers. The matter becomes obscure here as, in reality,
there are no cheaper or more expensive suppliers for a single market pricemSupply nodes that couldishowever; supply at
prices far lower than the set market price (due to lower production costs) have a competitive advantage over those that
cannot. At the same time, agricultural demand nodes that are willing to pay much more than the hypothetical market price,
| i al . bic iculturalgnod | . . N | |
hypothetical market price. The difference between this market price and i) the production and transportation costs for
(eroductiongnodesyandpii)ymaximumgbid price fomdemandimedespshows how competitive a node gain is. If a node is able to
produce and transport at prices much lower than market price, and if a demand node is able to pay much more than the
market price, then the model assumes that trade jetweensthesesmostscompetitivesnodesyoccurs first. {herefore; the distof
remaining node pairs is sorted according to the greatest difference between production + transport cost, and maximum bid
price, with market price.

Forseach of nodespaindistssfomthesdifferent ‘hypothetical market” prices, frade is executedsand the listyupdatedsAften each
tradey the list ispupdated) in terms of total phosphorus quantity (Q) demanded by demand node (D) number n, or supplied by

supply, node (S) number i (Bg3 and (8§, for demand and supply respectively). The amount traded (@) between each node

pair is taken to be equal to the minimum of supply or demand as formulated below (eq. 10):
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Sh  if D} > Sk;

Q(i,n) = _ (10)

The supply available and quantity demanded at each supply demand nodes are updated as follows (eq. 11),
5

By eq. 11, one of the nodes will have 0 production capacity or demand after each trade, and so all possible trade
10 combinations with that node are removed from the list of possible trade partners for that iypetheticalymanketsprice. iihestrade
(ismecordeduinyasseparatenlistrofs'successfullysexecutedstrades’ This process is continued until the list is empty and thus all
feasible trade fomthatspriceshas been conducted::Plotting:the;cumulativesphosphorusitrade:for eachshypothetical:market:price
simulated, results in a combined version of the supply and demand curves of 2.3.1, where the apex coincides with the

determined=marketsprice. The trade pairs gavedmimtheslistzofa‘successfullysexecutedntrades’ are then connected through a
15 series of coloured vertices on maps to visualize the trade networks

2.4. Simulation years

Thesmodel is setupsusing human populationdensity; livestock population density;:andscroplands:data:for2005:This:datasis

adjusted usingsconstantsgrowthyrates when simulating other years. For example, ingextrapolating the human population

density (CIESIN, 2026)pand therefore phosphorus production potentialifrom:2005:to another year, the modelsiemploys the
20 following equation:

Py = Paoos(1 +0.0122)7720%% (12)

Where @ is the population density for anwareasin year y; Ps558 is the population density for anwareasim 2005; and 0.0122
25 represents the 2005 to 2015 averaged, global human population growth rate of 1.22% per year (World Bank, n.d.). The social

[ehenemena of migration and urbanization are not considered in the process. Alsopcontrastingsgrowthyratesyofsthesdifferent

earlysdatasand itsssources is presented in Table S4 of the Supplementary Materials. (@hississfellowedsupsbysTable:SSawhich
. i i
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excreted phosphorus, everywhere. For 2015, these are determined to amount to 3.7 [Mt a'] P for humans, and 17.39 [Mt a]
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everywhere. More realistically, recovery will be efficient in areas of high population or livestock density, while fertilisation
will benefit mainly areas of intensive agriculture. By imposing a size constraint on the nodes determined from the
phosphorus density maps (section 2.1.3), a more realistic assessment of the contribution of recovered products to the global
P demand can be made. For 2015, the phosphorus recovery potential from high density urban sites is estimated at 1.73 [Mt a®
1] P, which is 48% of the original 3.7 [Mt a*']. This percentage approaches the percentage of global population urbanized,
recovery to the high potential, urban sites only. Recovery from livestock is reduced from 17.39 to 8.8 [Mt a'] P, now
accounting only for the most intensive animal hushandry sites in the world. With a demand of 16.81 [Mt a*] P from areas of
intense agriculture, approximately 10% and 52% of the demand may be satisfied by recovery from urban wastewater and
livestock, respectively (62% total).

The resultsiof thesesoptimisticirecovery:potentials:are;summarized; per continent; in Table 1. Some continents (i.e. South and

North America) show significant disproportionalities in recoverable P from waste vs. phosphorus demand for crop
(eroductionm(Virtual) phosphorus trade (e.g. soy bean products) can play an important role in determining these continental
budget surpluses and deficits. In the end, however, the tetab phosphorus budget is only slightly off balance at 109% ofsthes
total production potential to demandsforsthendensitysmapsy This global @%» surplus suggests that there is an inherent
overestimation of the phosphorus preductions(exeretion) or underestimation of the demands(agriculture)y or that some degree

of soil nutrient mining by the crops is considered in the phosphorus requirement values presented in ‘Fertilizers and Their
Use’ (FAO & IFA, 2000). Another explanation for this dispropertionality is that non-agricultural consumers of phosphorus

(e.g. medicine and detergents industries) are not considered as actors even though their consumed products are included in

the wastewater discharge figures. ineludingitheseswouldpraisesthe demand and dikelyselosesthe deficits

3.3. Phosphorus recovery potentials including economic dynamics

[Phosphorus quantities, pricespand the distances between the nodes are used to determine market prices at which ghesphorus
trade may occur globally: Thisuissused to assess the morexrealistic;uspatiallysdependantsand economically constrained;
(phosphorus recovery potential | The production:costs for phosphorus for the differentactors:aressummarized in figi3y

In a 2015 market where sustainable products compete with rock-based fertilizers (scenario 2), the model determines that
approximately 0.15 [Mt] can be economically recovered, thereby satisfying 0.8% of total agricultural demand. In a market
without rock-based fertilizer products, approximately 7.92 [Mt] can be economically recovered, satisfying 41% of the total
@gricultural,demand::Duestodifferences in total:supply and demandsamongstithe scenarios;both the market prices gnd total
quantitiesstradedswillavarymOptimal trade in a near=futuresseenario of recovered and mined phosphorus products (scenario 2)
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occurs at a market price of 2,039 [$ &%]» For a market of only recovered products (scenario @)mwherestheresexistssarstrong
deficitiiniphosphorusisupplysforagriculture; optimal trade occurs at muehshigherprices of 5,700 [$ E*]umhermodelpricerand
inations for2045 | izedin Table:2

S Associated with these quantities and prices are network trade maps. Although easily created for every year and for every
price, only those relate to scenario two and three, for 2015, are presented in figures 5 and 6, respectively. The high recovery

potential and close proximity of recovery nodes to agricultural demand nodes makes phosphorus recovery in Asia
particularly competitive in both scenarios. The struvite scaling maintenance and sludge handling cost savings in developed
areas (withsBNRrequippedsWWTPs) results in potential competitive trade in Europe and the United States also., Because
10 compost pellets, which due to their low P-density are far more expensive per tonne phosphorus than other products, the
market prices for phosphorus are driven upwards in the®38™ scenario. This is a result of the model economics, where the
different commaodities (struvite vs. compost pellets) are treated as products acting on the same market ==discriminated only
based on their phosphorus content. When struvite producers observe consumers buying thesrelatively expensive (dellarsipen
@mountsR) compost pellets due to the depletion of struvite suppliers, the initiab struvite sellers will adjust their prices upwards
15 forcing consumers to pay ' more for the same amount for Pasimplysbecausestheyscans(theysaresprofitzdriven)s The inverse
would be true also if agricultural consumers observed cheaper trades occurring among other actors. They would then demand

lower prices from their producer or switch producer all together, resulting in lower market prices.

eh\Validati Sensitivi
20 Due to the hypothetical nature of global phosphorus recovery from wastewater, model performance can only be assessed by
ingut i i juced elsfont . o iox)owi I
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25 delayed response to price stabilization after the price inflations of 2008 and 2011, respectively.
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What is remarkable is the sensitivity of the optimal price and quantity of sustainable trade with variations in transport
parameters. An increase in ship velocity or carry load, for example, results in gignificantlyslowersmarketspricesmAlsomity
increases the competitive position of geographically concentrated, artificial fertilizers, and therefore reduces the quantity of
recovered products traded. Oppositely, the model results show to be insensitive to changes in recovery parameters,

5 suggesting that at global scale the transportation cost of products have a much greater weight in determining the feasibility
for trade than the production costs do.

10 Many generalizations, assumptions, and simplifications have been made in this study. The lack of consideration for
immediategon=sitegrecyelingy trans-Atlantic mevement; assumptions of free trade, and other economic simplifications, are
@monguthose possibly contributing to errors in market price determination and patterns of trade flow. Eurthermorepexternaly
costs such as those associated to environmental impacts (e.g. CO2 emissions and energy requirements) for the various
fertilizer production/recovery chains has been neglected to keep the economic analysis simple. Including these costs would

15 likely significantly improve the favourability of phosphorus recovery from wastewater considering the reduced
transportation distances and relatively CO. neutral recovery technologies (Molinos-Senante et al., 2011). Many of  the

| assumptions @fthissstudy are partially justified by the global and explorative nature of this imvestigation on potentials. An

20 heslack of studies on the global economic potentials for recovery andgphesphorusstradespatternsyatisubnationalgresolutiony

(inhibits;comparisonsof thisistudy s primary:resultsziThesmodel results on total potentials and struvite pricingishowever are
well aligned to those of other studies. Above we determined that imm2045y 3.7 [Mt a'] of phosphorus is dischargedsinto

wastewater, satisfying 20% of the reported 18.52 [Mt a*] agricultural demand (Heffer and Prud’homme, 2016), and &9%uof
determined 19.51 [Mt a*] agricultural demand.
25
Smil (2000) found 3 ([Mtral]) potentially recoverable, which would account for 20-25% of the global agricultural
demand. Extrapolating Smil’s (2000) figure proportionally with a population growth of 1.22% per year would result
in a potential urban production of 3.6 ([Mtia])in 2015, a less than 3% difference from the modeldetermined:potentialy
Mihelcic et al. (2011), through a study on diets and phosphorus excretion, concludes that the phosphorus excretion
30 rates per individual can vary as much as from 0.18 P [kg a] in the Democratic People’s Republic of Congo, to 0.73 P
[kg a!] in Israel. This confirms that our ‘Western’ approximation for phosphorus excretion of 0.77 P [kg a'] is on the
global high end. For 2009, nonetheless, Mihelcic et al. (2011) determines that 3.4 P [Mt a!] of human waste produced
could account for 22% of the 15 [Mt a] of global phosphorus demand.

35 variables to determine a phosphorus discharge of 1.3-3.1 [Mt a'] to wastewater systems in the period 2000 to 2050.
1950 to 2000. These are lower estimates than the ones produced in this study, suggesting that our assumptions of i)
everyone being connected to some form oand --———-——-

. . —
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(2013) also determines that, over that same period, 0.08 [Mt a™] of P was recycled back to agriculture, which is lower,

(utsinrangestogoun estimated @conomicirecovery potential of @:3i[Mta]ifor2015)

Bouwman et al., (2013), also using slaughter weights, determined that 17 [Mt a] of P is produced by livestock in

2000, matching closely the model determined 17.11 [Mt a™]. Bouwman et al. (2011) notes the potential for recovery
5 imvindustriali ieswhichisinslinewith the btrad indi

(Koppelaamands\Weikands(2013)sestimates4.2 (M) P domesticydischargey which is 25% of their 16.7 P [Mt a”]

agricultural demand. They also estimated total domestic animal manure production ef 28.3 [Mt a®],P. This is
distinetly higher than this study’s 17.11 [Mt/year] P fromslivestocks This jis dikelysinspantiduesto the factothat they
@accountfarasmuch dargervariety, of livestock types than the cattleppoultrymandsswinesconsidered in this study.
10
The model estimates struvite production costs ranging from 0 to 670 [$ &%) variable with the nature and location of the
recovery site (fig. 3; converted prices?). Phosphorus market prices for a market that also offers rock phosphate products
range from 273 to 391 [$ t™] over the different years (figadimconvertedsprices); The supply deficit resulting from a scenario
without rock phosphatesproductspdrives these sale prices upwards to a range of 570 to 955 [$ t™X]. These costs and (ricesp
15 (likesthesrecoveryspotentialsy are difficult to comparegprovided no found study has evaluated the pnieesgfen economic gecoveny:

potential gt global scale. Instead, there exist case-studies on the feasibility for phosphorus recovery at specific sites.

Ueno and Fujii (2001) observed that struvite obtained from wastewater in Japan is sold to fertilizer companies at
rates of 300 [$ t1]. A market study by Muinch and Barr (2001) revealed that struvite can be sold in Australia for
20 between 220 and 370 [$ t1]. Shu et al. (2006), however, estimated that the market price of struvite is around 550 [$ &
#]» Based on fertilizer market estimation, Dockhorn (2009) estimated far higher prices than those mentioned before,
and walues recovered struvite at 900 [$ t1]. Dockhorn’s high recovered product prices are approached in the model by
the 2015 struvite market price, 955 [$ t], for a market scenario with no rock phosphate competition and a severe P
supply deficit. It appears that the model determined price range for global struvite production covers the spectrum of

25 different production costs as determined in various different other studies.

5 Conclusion

Despite thessimplifying assumptions, the maodel» developed insthissstudysgenerates realistic trade networks for different
35 phosphorus supply scenarios, for different prices, at assubnational resolution. However, the credibility of model outputs is

only supported by an accurate simulation of DAP prices hecause data and/or other studies on the purely hypothetical nature

of global trade in sustainably recovered Pgare lacking. INeverthelessy the modelsseissasbasissthatsprovidesssomesgeneraly
2Prices in this study are mostly represented as U.S. dollars per tonne phosphorus. For comparison purposes, we can convert
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indication of the spatially-dependant:recovery:feasibilitysof phosphorus frommwastewatensitrissfurthermoresablestosprovidey
this indication for potentially any recovery technology for which there exists adequate economic data.

hresul ranrelativelysmi iabyof icall itabi itesferil juction from
S his recovery thussappearsstoroffersaslimitedscontribution to resolving the global phosphorus issuessof the 225t century:
(Nevertheless;yatiasmoreslocalyscales(namely in theshighly populated cities pf developedscountries)ithis recovery offers
wastewater treatment plants the opportunity to contribute to creating sustainable communities and protecting the

_ ilereducingsthei ional

10 Aithoughsrecognizing, that there is no single solution te solving phosphorus pollution and insecurity issues (Cordell and
White, 2011), recovering:phosphorus:fromsallwastessources may eomesto provide @igreatencontribution as populations grow
and wurbanize;stechnologiesydevelop; and theseconomicallysextractables phosphorus reserves depletessForsthissreasony it is

essentiab to determine how the widespread implementation of f recovery technologies impactspphosphorusymarketsdynamicsn
©nilyathen can wesstimulates and regulate its recovery in such a way that maximum benefits are achieved for both the
15 environment and the urban community, as well as the livestock and agricultural sectors. "
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Figure 1. Estimated global phosphorus reserve distribution. The vast majority (73%o) of estimated natural reserves lie in Moroccan

and West-Saharan territories (USGS, 2017).
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Figure 2. Nominal Phosphate rock and DAP price trends (IndexMundi, 2017). The rock phosphate and DAP price trend can be
© characterized as Eradually increasing and vulnerable to market dynamics (i.e. the 2007 global economic recession).
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Figure 3. Minimum production costs per ton of recycled P for supply nodes. Urb1-Str shows the prices for struvite from WWTP in

© countries with highly developed sanitation systems (BNR), where the struvite is offered for free (excl. transport costs) because of

the maintenance and sludge handling savings by controlled struvite precipitation; Urb2-Str, from nations with slightly less

developed sanitation systems; Urb3-Str, of source-separated urine collection and struvite precipitation in nations with

lunderdeveloped sanitation systems; Urb3-Pellets, the price per tonne P (0.1%) in urban compost pellets; and Livestock shows the
price per tonne P in livestock pellets (0.1% P)'L
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Figure 4. Plausible phosphorus price ranges at which trade can occur at global scale for different years: observed prices (grey)
versus modelled scenarios (Sc. 1, pink; Sc. 2, blue; Sc. 3, green). The ends of the whiskers on the grey boxes for the observed prices
represent the maximum and minimum prices for DAP that year, the box itself shows the upper and lower quartiles for that data
and the orange line indicates the median. For the modelled scenario the whisker-ends show the maximum and minimum prices as
approximated by the model, and the box the most likely price range. Noticeable is that the price determinations for the current
mines only scenario are in close proximity with observed price ranges. Scenario 2 and 3 are hypothetical scenarios and therefore
cannot be compared. INevertheless; they show predictable and realistic behaviour.
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Compare: Insert�
text
"Model Trade and PriceDeterminations"

Compare: Insert�
text
"Scenario1"

Compare: Insert�
text
"Scenario2"

Compare: Insert�
text
"Scenario3"

Compare: Insert�
text
"Units"

Compare: Insert�
text
"2005"

Compare: Insert�
text
"MaximumTraded"

Compare: Insert�
text
"15.01"

Compare: Insert�
text
"15.01"

Compare: Insert�
text
"5.59"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"SustainablyTraded"

Compare: Insert�
text
"0"

Compare: Insert�
text
"0.12"

Compare: Insert�
text
"5.59"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"% oftotal demandmet"

Compare: Insert�
text
"100"

Compare: Insert�
text
"100"

Compare: Insert�
text
"37"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"% oftotal demandmet sustainably"

Compare: Insert�
text
"0"

Compare: Insert�
text
"0.80"

Compare: Insert�
text
"37"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"Optimal Price"

Compare: Insert�
text
"1276"

Compare: Insert�
text
"1189"

Compare: Insert�
text
"4000"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"Minprice for90% ofmax.trade"

Compare: Insert�
text
"1000"

Compare: Insert�
text
"1000"

Compare: Insert�
text
"3700"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"Maxprice for90% ofmaximumtrade"

Compare: Insert�
text
"21000"

Compare: Insert�
text
"2100"

Compare: Insert�
text
"4000"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Replace�
graphic
The following graphic attributes were changed: 
   fill color

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
text
"2006"

Compare: Insert�
text
"MaximumTraded"

Compare: Insert�
text
"15.46"

Compare: Insert�
text
"15.46"

Compare: Insert�
text
"5.89"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"SustainablyTraded"

Compare: Insert�
text
"0"

Compare: Insert�
text
"0.12"

Compare: Insert�
text
"5.89"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"% oftotal demandmet"

Compare: Insert�
text
"100"

Compare: Insert�
text
"100"

Compare: Insert�
text
"38"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"% oftotal demandmet sustainably"

Compare: Insert�
text
"0"

Compare: Insert�
text
"0.78"

Compare: Insert�
text
"38"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"Optimal Price"

Compare: Insert�
text
"1559"

Compare: Insert�
text
"1460"

Compare: Insert�
text
"4300"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"Minprice for90% ofmax.trade"

Compare: Insert�
text
"1100"

Compare: Insert�
text
"1100"

Compare: Insert�
text
"3800"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"Maxprice for90% ofmaximumtrade"

Compare: Insert�
text
"2300"

Compare: Insert�
text
"2300"

Compare: Insert�
text
"4300"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
text
"2007"

Compare: Insert�
text
"MaximumTraded"

Compare: Insert�
text
"15.91"

Compare: Insert�
text
"15.91"

Compare: Insert�
text
"6.59"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"SustainablyTraded"

Compare: Insert�
text
"0"

Compare: Insert�
text
"0.12"

Compare: Insert�
text
"6.59"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"% oftotal demandmet"

Compare: Insert�
text
"100"

Compare: Insert�
text
"100"

Compare: Insert�
text
"41"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"% oftotal demandmet sustainably"

Compare: Insert�
text
"0"

Compare: Insert�
text
"0.75"

Compare: Insert�
text
"41"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"Optimal Price"

Compare: Insert�
text
"1780"

Compare: Insert�
text
"1674"

Compare: Insert�
text
"5500"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"Minprice for90% ofmax.trade"

Compare: Insert�
text
"1500"

Compare: Insert�
text
"1500"

Compare: Insert�
text
"4000"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"Maxprice for90% ofmaximumtrade"

Compare: Insert�
text
"2900"

Compare: Insert�
text
"2900"

Compare: Insert�
text
"5500"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
text
"2008"

Compare: Insert�
text
"MaximumTraded"

Compare: Insert�
text
"10.03"

Compare: Insert�
text
"10.03"

Compare: Insert�
text
"7.12"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"SustainablyTraded"

Compare: Insert�
text
"0"

Compare: Insert�
text
"6.91"

Compare: Insert�
text
"7.12"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"% oftotal demandmet"

Compare: Insert�
text
"62.69"

Compare: Insert�
text
"62.69"

Compare: Insert�
text
"45"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"% oftotal demandmet sustainably"

Compare: Insert�
text
"0"

Compare: Insert�
text
"43.19"

Compare: Insert�
text
"45"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"Optimal Price"

Compare: Insert�
text
"4551"

Compare: Insert�
text
"4445"

Compare: Insert�
text
"6900"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"Minprice for90% ofmax.trade"

Compare: Insert�
text
"4700"

Compare: Insert�
text
"3500"

Compare: Insert�
text
"3500"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"Maxprice for90% ofmaximumtrade"

Compare: Insert�
text
"6900"

Compare: Insert�
text
"6900"

Compare: Insert�
text
"6900"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Replace�
graphic
The following graphic attributes were changed: 
   fill color

Compare: Insert�
graphic
Matching graphic not found

Compare: Replace�
graphic
The following graphic attributes were changed: 
   fill color

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
text
"2009"

Compare: Insert�
text
"MaximumTraded"

Compare: Insert�
text
"16.81"

Compare: Insert�
text
"16.81"

Compare: Insert�
text
"6.82"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"SustainablyTraded"

Compare: Insert�
text
"0"

Compare: Insert�
text
"0.16"

Compare: Insert�
text
"6.82"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"% oftotal demandmet"

Compare: Insert�
text
"100.00"

Compare: Insert�
text
"100.00"

Compare: Insert�
text
"41"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"% oftotal demandmet sustainably"

Compare: Insert�
text
"0"

Compare: Insert�
text
"0.95"

Compare: Insert�
text
"41"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"Optimal Price"

Compare: Insert�
text
"2355"

Compare: Insert�
text
"2299"

Compare: Insert�
text
"5500"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"Minprice for90% ofmax.trade"

Compare: Insert�
text
"2100"

Compare: Insert�
text
"2100"

Compare: Insert�
text
"4000"

Compare: Insert�
text
"[$t-1] P"

Compare: Insert�
text
"Maxprice for90% ofmaximumtrade"

Compare: Insert�
text
"2900"

Compare: Insert�
text
"2900"

Compare: Insert�
text
"5500"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Replace�
graphic
The following graphic attributes were changed: 
   fill color

Compare: Insert�
graphic
Matching graphic not found

Compare: Replace�
graphic
The following graphic attributes were changed: 
   fill color

Compare: Insert�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Replace�
text
[Old text]: "phosphorusmarketprices"

[New text]: "%"
The following text attributes were changed: 
   font, fill color, size

Compare: Insert�
text
"2010"

Compare: Insert�
text
"MaximumTraded"

Compare: Insert�
text
"17.26"

Compare: Insert�
text
"17.26"

Compare: Insert�
text
"7.13"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"SustainablyTraded"

Compare: Insert�
text
"0"

Compare: Insert�
text
"0.16"

Compare: Insert�
text
"7.12"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"% oftotal demandmet"

Compare: Insert�
text
"100.00"

Compare: Insert�
text
"100.00"

Compare: Insert�
text
"41"

Compare: Insert�
text
"[-]"

Compare: Replace�
text
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "5,700"

[New text]: "total demandmet sustainably"
The following text attributes were changed: 
   font, fill color, size

Compare: Insert�
text
"6618"

Compare: Insert�
text
"2444"

Compare: Insert�
text
"2534"

Compare: Insert�
text
"Optimal Price"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"41"

Compare: Insert�
text
"0.93"

Compare: Insert�
text
"0"

Compare: Replace�
text
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "t1]with6.42 [Mt]being traded.All"

[New text]: "t-1]P"
The following text attributes were changed: 
   font, fill color, size

Compare: Insert�
text
"Minprice for90%"

Compare: Replace�
text
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "this"

[New text]: "max."
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "issustainablebutisonlyabletoaccommodate38%"

[New text]: "2200"
The following text attributes were changed: 
   font, fill color, size

Compare: Insert�
text
"25"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"3400"

Compare: Insert�
text
"2200"
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Compare: Insert�
text
"Maxprice for90%"

Compare: Replace�
text
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "demand.5ContinentalPhosphorusBudgets"

[New text]: "maximumtrade"
The following text attributes were changed: 
   font, fill color, size

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"6600"

Compare: Insert�
text
"3400"

Compare: Insert�
text
"3400"

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Replace�
graphic
The following graphic attributes were changed: 
   fill color

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
text
"2011"

Compare: Insert�
text
"MaximumTraded"

Compare: Insert�
text
"17.71"

Compare: Insert�
text
"17.71"

Compare: Insert�
text
"8.16"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"SustainablyTraded"

Compare: Insert�
text
"0"

Compare: Insert�
text
"0.6"

Compare: Insert�
text
"8.16"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"% oftotal demandmet"

Compare: Insert�
text
"100.00"

Compare: Insert�
text
"100.00"

Compare: Insert�
text
"46"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"% oftotal demandmet sustainably"

Compare: Insert�
text
"0"

Compare: Insert�
text
"3.39"

Compare: Insert�
text
"46"

Compare: Insert�
text
"[-]"

Compare: Insert�
text
"Optimal Price"

Compare: Insert�
text
"3481"

Compare: Insert�
text
"3374"

Compare: Insert�
text
"8000"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"Minprice for90% ofmax.trade"

Compare: Insert�
text
"3100"

Compare: Insert�
text
"3100"

Compare: Insert�
text
"3600"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
text
"Maxprice for90% ofmaximumtrade"

Compare: Insert�
text
"4200"

Compare: Insert�
text
"4200"

Compare: Insert�
text
"8000"

Compare: Insert�
text
"[$t-1]P"

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Delete�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Replace�
graphic
The following graphic attributes were changed: 
   fill color

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
text
"2012"

Compare: Insert�
text
"MaximumTraded"

Compare: Insert�
text
"18.14"

Compare: Insert�
text
"18.16"

Compare: Insert�
text
"7.9"

Compare: Replace�
text
[Old text]: "Livestock"

[New text]: "[mt]"
The following text attributes were changed: 
   font, fill color, size

Compare: Insert�
text
"44"

Compare: Insert�
text
"100.00"

Compare: Insert�
text
"99.89"

Compare: Insert�
text
"% oftotal demandmet"

Compare: Insert�
text
"[mt]"

Compare: Insert�
text
"7.12"

Compare: Insert�
text
"0.59"

Compare: Insert�
text
"0"

Compare: Insert�
text
"SustainablyTraded"

Compare: Replace�
text
[Old text]: "Livestock"

[New text]: "[-]"
The following text attributes were changed: 
   font, fill color, size

Compare: Delete�
text
"HumanRaster"

Compare: Replace�
text
[Old text]: "Urban"

[New text]: "% oftotal demandmet sustainably"
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "Agri.Dem."

[New text]: "0"
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "Raster"

[New text]: "3.25"
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "Node"

[New text]: "44"
The following text attributes were changed: 
   font, fill color, size

Compare: Insert�
text
"[-]"

Compare: Delete�
text
"Node"

Compare: Replace�
text
[Old text]: "Raster"

[New text]: "Optimal Price"
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "(fig.S2a)"

[New text]: "3484"
The following text attributes were changed: 
   font, fill color, size

Compare: Insert�
text
"3348"

Compare: Replace�
text
[Old text]: "(fig.S2b)"

[New text]: "7596"
The following text attributes were changed: 
   font, fill color, size

Compare: Insert�
text
"[$t-1]P"

Compare: Delete�
text
"(fig.S2c)"

Compare: Replace�
text
[Old text]: "[MtP]"

[New text]: "Minprice for90% ofmax.trade"
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "[MtP]"

[New text]: "3100"
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "[MtP]"

[New text]: "3000"
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "[MtP]"

[New text]: "3500"
The following text attributes were changed: 
   font, fill color, size

Compare: Replace�
text
[Old text]: "[MtP]"

[New text]: "[$t-1]P"
The following text attributes were changed: 
   font, fill color, size

Compare: Delete�
text
"Asia"

Compare: Replace�
text
[Old text]: "6.75"

[New text]: "Maxprice for90% ofmaximumtrade"
The following text attributes were changed: 
   fill color, size

Compare: Replace�
text
[Old text]: "-"

[New text]: "3900"
The following text attributes were changed: 
   fill color, size

Compare: Replace�
text
[Old text]: "2.29"

[New text]: "3900"
The following text attributes were changed: 
   fill color, size

Compare: Replace�
text
[Old text]: "-"

[New text]: "7600"
The following text attributes were changed: 
   fill color, size

Compare: Replace�
text
[Old text]: "9.30"

[New text]: "[$t-1]P"
The following text attributes were changed: 
   fill color, size

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Insert�
graphic
Matching graphic not found

Compare: Replace�
text
[Old text]: "NorthAmerica"

[New text]: "2013"
The following text attributes were changed: 
   fill color, size

Compare: Replace�
text
[Old text]: "1.98"

[New text]: "MaximumTraded"
The following text attributes were changed: 
   fill color, size

Compare: Replace�
text
[Old text]: "-"

[New text]: "18.61"
The following text attributes were changed: 
   fill color, size

Compare: Replace�
text
[Old text]: "0.31"

[New text]: "18.61"
The following text attributes were changed: 
   fill color, size

Compare: Replace�
text
[Old text]: "-"

[New text]: "8.01"
The following text attributes were changed: 
   fill color, size

Compare: Replace�
text
[Old text]: "3.24"

[New text]: "[mt]"
The following text attributes were changed: 
   fill color, size

Compare: Delete�
text
"Europe"

Compare: Replace�
text
[Old text]: "1.93"

[New text]: "SustainablyTraded"
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Global Phosphorus Recovery for Agricultural Reuse
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Abstract. Phosphorus is is'an'element necessary for the development of crops and is thus commonly applied as fertilizer to
sustain agricultural production. It occurs(naturally)at indefinite ([quantities, of uncertain (quality, in phosphate rock formations,
but also (concentrates itself in urban and livestock wastewater wherefrom it is often lost as a pollutant. Recovering
phosphorus from Wwastewater to (partially meet agricultural demand can contribute to tackling both) phosphorus pollution as
well matural resource depletion. Here we |show that humans discharge a maximum of 3.7 Mt P into Wastewater thereby
potentially satisfying 22% of the global fertilizer demand. Provided 2015 market dynamics, however, we conclude that only
4% of this (throughput is technologically and economically recoverable While rock phosphate products exist. Nonetheless,
through this gecovernyy many wastewater treatment facilities €am contribute to creating sustainable communities as‘well“as
protecting the environment while reducing their own operational cost.

Key words: Phosphorus, circular economy, wastewater, struvite, fertiliser

1 Importance of Phosphorus

Phosphorus (P) is an element necessary for the development of all living beings as it forms an unsubstitutable, key structural
component of DNA and RNA. It is applied to(crop lands in the form of organic fertilizers or synthetically as single or triple
superphosphate, or mono-Ammonium) or di-Ammonium Phosphate (DAP), which are easy to {tansport; to) distribute over
fields, and are readily absorbed by plants. The most essential resource for the production of(synthetic) phosphorus fertilizers

is phosphate rock.

The rates at which we exploit phosphate rock formations is out of proportion to the rates at which they form - essentially
classifying phosphate rock as a non-renewable resource. Peak production of phosphate ore could occur as early as 2030
(Cordell et al., 2009) with economically extractable thigh-quality-and-low-heavy-metal-content) P resources becoming scarce
or exhausted within the next 50 to 100 years (Smil, 2000; Steen, 1998; Van Vuuren et al., 2010)"2. The prospect of
phosphorus depletion threatens-global-food-security;-where-espeeially-regions of (poor soil nutrition levels are vulnerable to
its effects. The gradual depletion process will result in further reduction lof fertilizer aeeissbility by small-holder and

subsistence farmers that comprise areas already struggling to cope with food shortages (Pande and Savenije, 2016).2

L With-the-remaining; non-economically-explotiable-ore-being-too-costly-to-process-due-to-its-poor-quality —i-e-tow-phosphorus-and-high
heavy metal-content:

2-Others-authors-predict that reserves-will-Hast-another 300-400-years-(vanKauwenbergh, 2010)

3 Sub-Saharan Africa (SSA) is one such region, as nearly 75% of SSAPS agricultural soils are nutrient (déficient altéady) contributing
significantly to the crop yield gaps (Sanchez et al., 1997).
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1.1 Turning brown waste to green gold

The introduction of intensified (P) fertilization during the Green Revolution of the #960?8 demonstrated P’s significant
potential to improve crop §i€lds) but also the dangers it poses to the environment. Through seepage and runoff processesj as
well as the discharge of improperly treated @Wastewater; phosphorus and other nutrient excesses come into contact with open
5 surface (VATGFSINGAUSE OO, AN IEAd o aloSS i A UAIE biOdVersity (SIS EUAINI2000)8 As  limiting nuirient, the
smallest quantity of (PHOSPHGTUS in water can spark the growth of dispropertionately- large algal blooms. These have a
detrimental effect on (Water based ecosystems) in Suffocating aquatic life through (@utrophication’(EPA, 2010)53 If excess

fertilization is a major threat to water quality around the world, then why not extract this excess from the water system and
put it back in the food chain? Proper nutrient management practice in tandem with nutrient recovery from rural and urban
10 water systems may potentially be an important strategy to reduce phosphorus pollution by reducing phosphorus discharge to

the environment while simultaneously increasing phosphorus supply for food production.

Numerous phosphorus geeovery technologies are @vailable; their €ffectiveness arying, among others, with local wastewater
composition and existing wastewater treatment infrastructure. (While there exist numerous’ studies on’ the efficiency’ of
15 specific recovery technologies, on the potential recovery from wastewater, and on the duration of the rock phosphate
reserves, there are few studies that evaluate recovery in a global and economic context. As such, the adoption of phosphorus
wecovery, technologies is often challenged by (perceived) economic infeasibility or 1a€k"6f economic incentives and social
stigma. (Hypothetically; hiowever, the cconomic feasibility of recovery is not globally HOMOZENEOUS) but varies in space and
time. Spatially, the global accretion of phosphorus in wastewater provides recovered products with a (diffused) location=
20" defined competitive advantage over the geographically concentrated rock phosphate mines (fig. 1). (Témporally the Eradual

GGpIGHioRIO FoClpHoSPhASIFESEIVESIARG the unstable-but increasing price trends for (iORSUSHNAbIEIPHOSPHARO frtilizcrs
(IndexMundi, 2017), will improve the cconomic appeal for recovery over time (fig. 2)

1.2 Motivation

‘Though various factors such as the political will, technology and knowledge are already there to facilitate the transitioning of

phosphorus recovery at Subnational'scale could accelerate_to fill
APy 4Gy ingnd CONNCERE THOSSRIEa wher there oxi

orighagieuturaldemand: Reveing where recovery may ke_the—
B3076f recovery technologi at lea fu areas tha W 3

|

Over the past 15 years the phosphorus price of DAP has increased from 665 [$ t'] to 1,552 [$ t']. In that same period, the price has been
as high as 5,217 [$ t'] (2008) and as low as 656 [$ t] (2002) (IndexMundi, 2017).
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A\ human water systems perspective. A socio-hydrological approach is endeavored as here both these attributes are gxpressively
and emphatically accounted for (Sivapalan et al., 2012). The social component, however, of this coupled human-phosphorus
system is confined to the characteristics of a distinct economic nature. The materials and methods employed in assessing the
recovery potential of P from Swasteswater at global scale is therefore interdisciplinary and extensive, @nd¢overs largely

5 economics within a sciences context.

‘An integrated approach is required to identify locations and conditions for competitive phosphorus recovery at global scale.
This comprises of:
1. Identification of sites and quantities: Identifying where in the (World phosphorussladen’wastewaters and

10 agricultural GHGASICONCERRENHGASCIVES) and asscssing the (@SSOCIAIGANAPPIONIMALD) phosphorus production and

demand quantities.

2. Determination of node prices: Approximating the minimum production costs of [differént'production sites, and |
maximum paying prices GfVASIE COpSIES FESpeCHVEy)
3. Modelling international trade in phosphorus, Whichlinvolves:?
15 a. Determination of global market price: Determining an international, free-market price for
phosphorus as a function of (PAquantiti€s) prices, @nd'distances between the different sites.
b. Trade flows-correspondingto-the-market price: Visualizing g realistic network of (phosphorus
trade fluxes for different market prices.

Geographic Information System (GIS) #6618 (Q-GIS 2.14) (Quantum GIS Development Team, 2017)/ate used to pre=process

20 (§paial QA FOFMIZAONBY) the trade network HGMENBHIFTPYONS)

2.1 Identification of Sites and Quantities

(Usifig population density maps (Robinson et al., 2014), (globally genieralizeéd phosphorus excretion rates (Barker; Hodges, &
‘Walls, 2001; CBS, 2014; Gilmour, Blackwood, Comber, & Thornell, 2008), and phosphate mine production rates (USGS,
(2002112007 A CFdE EIoBAIPPINE ! phosphorus PROGUSHORISHESHSAEievEANTEISSHaTHaBIe phosphorus production

25 potential is roughly approximated through globally gencralized, maximum phosphorus throughput figures and population-
density maps for humans, cows, pigs and chicken (see Table SI in supplementary materials), which are related through the
following formulation:

Spo = (Poo * Opp) * Erg. (1)

30
where.is the maximum organic phosphorus production density [kg km™ a‘l];.is the population density [h km‘2];.
is the phosphorus throughput rate [kg h''a’']; and{Epg)is the estimated recovery efficiency ([5]'for the @foup’O; of humans,

(pigs. livestock; or poultry) (see section 2:2)y

35 The phosphorus demand density is @ssessed'through crop harvested area maps for six major CFOpSITHE P/demands for maize,
wheat, rice, sorghum, soy bean, and (OOl 4ppFOXiMAIEA aS ERG i U AFOUAOF pHOpSHOFUS HEeded o FealiZEVAIEES
e
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10

constrained-yield-These-yields-are determined fhrough'the evaporation-transpiration deficit(@pproach’(Steduto et al., 2012).)

'The adapted equation is described as followed (eq. 2):

1o (1o gy o

where.is the actual yield [kg km-2-is the optimal yield [kg km '1]'.is the crop coefficient [-]'.is the actual
evaporation-transpiration [mm a- ! Area]; .1s the crop growing period [d]; .1s the fractional area harvested {-};-and-€ [-] |
is a correction factor that -accounts for the indueed-e irati

scaling the maximum yield ratio globatty to-be no-greater than1.—£; is the evaporation-transpiration for optimal yield [mm

a”' (km?], which is assumed equal to the crop water requirement for optimal yield. The @ssociatedphosphorus fequirement) for |
this yield is(determined through a linear regression between yield and P-fertilizer @pplication as'described ifieq. 37

Dr = g2+ Pl + Ay ()

15, whereDpy is the_ha‘la‘l];-the crop specific P2demmand for optimal yield ([ ha']; and@y)is the crop

25

30

35

harvested area [ha™']. The parameters per crop are summarized in Table S2 of the Supplementary Materials. THeSe six crops 1
make up roughly 56% of the global demand (Heffer, 2009). Although spatially nrépresentative’of the actual global
phosphorus demand distribution, the f6tal demand €an'be approached by dividing fhe'pixel'Values) for the six major crops by
0.56 (56%).

The Jareas of major production and consumption (@enSities are aggregated into nodes that are described by a coordinate
position, a class (group: urban or livestock, or crop type), and a quantity of yearly phosphorus supply or demand. Nodes with
a production of less than one kilo tonne-per-year-for livestoek;-and less-than-400 tonnes demand per year for-urban/rural sites;
are considered insignificant in the global context and are therefore excluded from further €onsideration? This constrains the
total number of actors, reduces the complexity of the network, Teduces the processing fimelrequired) and improves

visualization of the results. lfiithe Visualizations) the Fefmainingnodes will be Stylizediovary) in §izeaccording totheir Gfinial

P production and demmand potentials [kt a"] to make the significant actors more casily identifiable.

2.2 Determination of Node Prices

Whether trade is possible between a demand and a production node depends on the transportation and production costs of the

production node and the maximum bid price of the demand node. [The production cost jvaries depending on the recovery

(technology, whose feasibility for implementation’depends on wastewater composition and existing infrastructure. In this

study, municipal wastewater composition is assumed roughly, globally (iomogenous, While'the Sustainable Development
Goals jdataset on percent of urban population with access to sanitation is jused to (derivean approximation on the

(development status of existing sanitary infrastructure (WHO/UNICEF JMP, 2015). A high (>90%) national percentage of

urban population with access to Saniationis likely to be indicative of highly developed countries that observe stricter effluent

standards and that therefore have, or are working towards upgrading, conventional wastewater treatment plants (WWTP) for

4
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biological nutrient recovery (BNR) or chemical phosphorus removal. The phosphorus recovery costs for the"BNR=WWTP
(group of nodes are those associated with the investment in a large Ostara® Pearl Reactor for struvite (precipitation)
FECOVEHNEI20%768 the GMIUEHIWASIEWaLEH S pHoSpHOrUS Ioadiing (SCHOUMARSIEUAIN20TSIPA lthough other struvite recovery
technologies are available, fhis¥ene™was chosen given 8 commercially effective implementation in various different
5 countries. (Phe'production cost for the highly developed group)is feduced due o savings in uncontrolled struvite Scaling)

(mainténance and sludge handling) Arcas with intermediate urban access (40-90%) are assumed to be serviced by a simple,
centralised wastewater treatment fa€ilify? The technology investment cost for these nodes are the same as for the the highly

developed infrastructure group but excluding this time the sludge handling cost savings. [Lasfly; oW urban access (<40%) is
@ssumed’to be indicative of low sanitary development and thus offers the flexibility to adopt more novel, less water
10 dependant forms of sanitation. The technology applied for these areas are source separating-, dry composting toilets, where
urine and f&€al compost are collected separately. The urine is collected by 40,000 litre tank trucks and processed at a

centralized struvite precipitation facility. &€al compost is collected, dried and processed into compost pellets at a central

facility.

(humans;-pigs; poultry,cows): A_fﬁc1ency of 20% of the influent is takeﬁ—fer—s&uﬂte-eiay‘sﬁalhz&&eﬁ—&
an easily be achieved when struvite preeipitation-is(@pplied’on

source-separated urine (Wilsenach et al., 2007). _f 85% and 75% for cattle and swine, and poultry respectively
lisTassumed for pelletization of(composted livestock waster

For production nodes, a generalized SiFNIIEPrECIpIAON cos! (SAETemnEA by e TONOWIRg) cq. 4):

25 Lwhere- the minimum price for phosphorus produced at node i [$ t'];R® is sthe resource cost 8 t1] P;-ﬁxed
operational cost [$];.is the total phosphorus (production potential [t]. Where relevant, S is the struvite scaling and sludge
handling cost savings [$ t'] P (i.e. for for BNR plants); @ is the intracity transport cost of collection [$ @@ for sources
(separating toilets); and'is the proportion of phosphorus by weight of the transported material [kg kg!'], which are 0.066%
and 0.46% for urine and dried, faecal, toilet compost respectively (Bjor' Vinferas) 2001). The annual fixed operational costs

30 are taken as the annual costs minus the resource costs as reported (by Egle(i'd:): The resource costs (el MgCla) are)
calculated separately. Mostly, these are a function of the magnesium chloride price (B,)and the ratio of magnesium
_For BNR plants, a struvite and sludge handling cost savings is included of 0.89 [$Kg

{1 struvite removed (Shu et al., 2006) This essentially allows BNR plants to supply struvite for free (excl. transportation

(€6st8)! The additional resource cost for the dry-toilet solution is attributed to the collection of waste and a pelletization cost

35 of $30 [$ t'] compost (Masayuki Hara, 2001). T is described as followed (eq. 5):

71 =, "l ©
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Where(Dyq is the average distance of a return journey for a tanker truck in servicing the_km];.is
the price of diesel [$ L'];Eppis the fuel efficiency of the tanker EISKIOIOIGNL km™'];Ly is the labour Wage; 10($ h'];

.is the average velocity of the truck in the(Ciy, 50 [km '], W is the truck load (weight; 40 [t].
5

The maximum price that demand nodes are willing to pay) depends on the marginal value of phosphorus. This varies per crop

type and can be described as followed (eq. 6):
[

TS am ©
10
Where-the maximum price for phosphorus [$ t‘l];-the optimal yield [t ha‘l];-the crop price in year a [$®
1];-the optimum fertilizer dosage rate (equal to total P-requirement for optimal, water constrained yield) [t ha™']; and

(R™ is the ratio of fertilizer cost to total production costs [-], for crop n. |

15 Lastly, the transportation costs are determined with as-the-crow-flies distances With'the parameters given in Table S3 (8¢
(Supplementary Materials) substituted into the following transport cost equation (eq. 7):

) ] ()

20 where-the transportation cost from node i to node n [$ t‘l];-is the distance between node i and node n [km];. is
a bunker fuel price [$ t1];(B is the price of diesel [$ L];{Ey)is the fuel efficiency of a il iandy sizebulkicarsien [t d|;E,
I is the fuel efficiency of a 2x30 tonne truck combination [L km‘l];.is the fixed costs per ship [$ d‘l];.is the labour wage
[$ hl; .is the average velocity of the (arrier over water [km d‘l];.is the average velocity of the truck over land [km h®
-is the (carrier1oad weight [t];.is the truck load weight [t]. .and. are the fractions of the total distance that is
25 travelled over land and over sea. The model at present does not distinguish between the transportation over land and over
sea based on observed geography. Instead the model employs a cumulative probability curve thay approximates the
proportion of the total distance likely to have been traversed over water, .(eq. 8); and over land,. (eq. @)y where'if is

assumed that at least 15% of the total distance is always transversed over land.

30 B =—3= )
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where p and S are function shape constants of 500 and 100 [-], respectively.
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2.3 Trade model

First, the model (determines the (©ptimal price for international jphosphorus {frade. Then, a trade network is created that
identifies the nodes involved in trade-and-quantifies the @amounts they exchange at the determined price. These two steps are

taken for three different market scenarios:

1) Current market - mine supplied products only: The current phosphorus market is strongly rock-phosphate oriented.
When the model runs the data for a ‘current market’ scenario, only rock phosphate products are available on the
market.

2) Future market - both mine and recovered products: Recovered phosphorus(is likely to) become a more important
product in the future market. When the model runs the data for a ‘future market’ scenario, it is assumed that both rock
phosphate as well as recovered phosphorus products partake.

3) Far-Future market - only recovered products: In the far future market, most rock phosphate reserves will have been
depleted. When the model runs the data for a ‘far-future’ scenario, it is assumed that rock phosphates no longer take

part in the market which is then solely dominated by sustainable, recovered products.

2.3.1. Determination of global market price

The global market price is determined as the price at which total quantity of phosphorus demanded is equal to the quantity
supplied((i-e. the market for P is eleared;(Arrow-and-Debreu;1954))-This-is approximated as the point where global demand
function for phosphorus intersects the global supply function. The demand function is the locus of the maximum prices at
which demand nodes are willing and able to purchase phosphorus, and the supply function is the locus of minimum prices at
which supply nodes can sell certain amounts of phosphorus without going out of business (i.e. without making a loss)i The
Supplementary Text provides an illustration of how market prices for the three scenarios are determined, and how
transportation costs complicate (the determination of supply function and hence the determination of global-market price for

phosphorus.

2.3.2. Quantification of Trade Flows

The Jfollowing (steps are taken in order to identify trade flows. Firstly, a list of all possible combinations of supply and
demand nodes is (created, which is passed through two ‘filters’ for (@ given ‘hypothetical market® price. The first filter
removes the pairs that can never trade with each other based on their combination of the minimum production costs, the
maximum (price boundary) and transportation costs((which happens when productions costs are higher than the revenues that
a supply node can generate by selling to a demand node). The second filter removes node pairs which cannot trade with each
other at a given ‘hypothetical market’ price imposed on the network. This“eccurs ' when'the production cost jis above the
imposed market price.

In the model, phosphorus consumers will look for the cheapest suppliers. The matter becomes obscure here as, in reality,
there are no cheaper or more expensive suppliers when there'is a single;-set-market-price-(note-that single set market(price is
different from the ‘hypothetical market® price mentioned above). However, supply nodes that ‘could supply at prices far
lower than the set market price (due to lower production costs) have a competitive advantage over those that cannot. The

difference between (these “hypothetical market’- and actual market price shows how competitive a node is. If a node pair is

7
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able to ffade at a much (IGWer price) than market price, then the model assumes that this trade occurs first. ITheséfodesthave
the
(€0 thieiotion of (iYFOUEHEAINHATKEIS) is ESSERUAIITASE to identify most likely-trade-partners-so-that in the EHdIaEIobal
trade network can be created that trades at one global price of recycled P.

For different ‘hypothetical market’ prices, a list of trade partners is (Obtained by executing)the frade’at cach (price) and)
(Updating the list in terms of total phosphorus quantity (Q) demanded by demand node (D) number n, or supplied by supply

[hedeN(S)ftmber i .and. for demand and supply respectively). The amount traded-between each node pair is

taken to be equal to the minimum of supply or demand as formulated below (eq. 10): |

e

The supply available and quantity demanded at each supply demand nodes are updated as follows (eq. 11),

- 5% PE W -
TERE 15, 0

By eq. 11, one of the nodes will have 0 production capacity or demand after each trade, and so all possible trade

(10)

combinations with that node are removed from the list of possible trade partners for that price. This process is continued
until the list is empty and thus all feasible trade has been €onducted for that price. The fraded’pairs are then connected
20 through a series of @olotedivertices on maps to visualize what the trade fietwork looks like)

model is designed around the balances of that year. Variable data and

(parameters'such'as human @nd livestock population (Count; fuel'prices; crop value; etcl)/are adjusted formatch the statistical
(figures for other years when simulating for these other years. For example, the human population density raster used to-

25 determine phospherus-production-petential-was-madefor-200 (CIESIN, 2016). In determining the population density and
therefore phosphorus production (OMGAHANNGR another year, the EHOUEHAIISE the CODSPOPUATOTEIENHOUEHIEMIZIG)
approach a new population estimate.

B, = Pygos(1+0.0122)? 72005 (12)

30

Where.is the population density raster for year y,'-is the population density raster for 2005; and 0.0122 represents the
2005 to 2015 averaged, global human population growth rate of 1.22% per year (World Bank, n.d.). The social (phefiiomena
of migration and urbanization are not considered in the process. (The'model'is run for 2005;°2006; 2011; and 2015 through’
such manner. The adjusted parameters and how their adjusted values compare to the original 2005 data, is shown in Table S4
35 of the Supplementary Materials. (RUnnifgthe model for Several years will ot only reveal changes in [market dynamics; but
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also suits a validation purpose. When the model run for a mines-only (current market) scenario, it produces prices for mined
P that may b validated against the currently recorded prices for mined P.

3.1. Identification of Sites and Quantities

5 (Dl SpAAINGHSHbUION of FHOSHHOS recovery FORAUANEIKEIEY) from livestock ERANMASIASIWEI the EIoBa)
agricultural phosphorus demand, are presented in the Supplementary Figures (1) at a resolution of 0.08 decimal degree in
'WGS84 projection. The associated data is summarized per continent in Table 1.

Some continents (i.e. South and North America) show significant disproportionalities in recoverable P from waste vs.
10 phosphorus demand for crop production (Table 1)) (Virtual) phosphorus trade (e.g. soy bean products) can play an important
role in determining these continental budget surpluses and deficits. In the end, however, the (global'técovered phosphorus
budget is only slightly off balance at 109% total production potential to deémand=*This global {9%)) surplus suggests that there
is an inherent overestimation of the phosphorus €xeretion'rates or underestimation of the @griculfural’phosphorus demand, or
that some degree of soil nutrient mining by the crops is considered in the phosphorus requirement values presented in
15 ‘Fertilizers and Their Use’ (FAO & IFA, 2000). Another explanation for the this (iSproportion is that non-agricultural
consumers of phosphorus (e.g. medicine and detergents industries) are not considered as actors even though their consumed

products are included in the wastewater discharge figures.

3.3. Trade model results
(Based on the methodology presented in section 2, phosphorus quantities, €08ts) and the distances between the nodes are used

to determine market prices at which trade may occur (globally to @valuate the economically €onstrainédirecovery potential.
35
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conventional DAP fertiliser for a quick performance assessment (fig. 4). In addition to this, the model results for the other
5 two (more hypothetical) modelling scenarios are included as well.

15 3.3.2. Trade flows of conventional and recycled P
The-network maps-for the-‘optimum’ market prices from TFable 2-are-presented for seenario-two and fhreein figures'5'and 6,
(fespectively. Optimal trade in a Market of recovered and mined phosphorus products (scenario 2) occurs at a market price of
1,950 [$ t'] with 16.81 [Mt] being traded in total, of which 0.13 [Mt] is traded sustainably (0.8% of total demand). For a
market of only recovered products (scenario(3) optimal trade occurs at@ptice of 5,700 [$ & with 642 [Mi] being traded =
@ll"of whichsustainable’but only Safisfying 38% of the'total'démand. The high recovery potential and close proximity of

recovery nodes to agricultural demand nodes makes phosphorus recovery in Asia particularly competitive in both scenarios.

The struvite scaling maintenance and sludge handling cost savings in developed areas With'Sophisticated wastewater
(treatment plants) results in the potential for competitive phosphorus trade in Europe and the United States also.

demand can be met. Because compost pellets, which due to their low P-density are far more expensive per tonne phosphorus

than other products, the market prices for phosphorus are driven upwards in €hiS scenario. This is a result of the model
economics, where the different commodities (struvite vs. compost pellets) are treated as products acting on the same market =
(discriminated only based on their phosphorus content. When struvite producers observe consumers buying expensive |
30 compost pellets due to the depletion of struvite suppliers, the infial struvite sellers will adjust their prices upwards forcing
consumers to pay pay more for the same amount for BJ The inverse would be true also if agricultural consumers observed
cheaper trades occurring among other actors. They would then demand lower prices from their producer or switch producer

all together, both resulting in lower market prices.

35, 4 Discussion

Several assumptions and simplifications have been made in this study that may have implications on its resuls. Tnaccuracies

L in @SSESSINg) the WFBAM and (iVESIOCKIPFOGNCHONIPOEAIAISIANG to GERGHIZANON) of WFOUZPUINENFES) the lack of

consideration for trans-Atlantic ffade) the @s the crow-flies distance method, assumptions of free trade, and other economic

40 simplifications, @ll possibly €ontribute to errors in market price determination and patterns of trade flow. (Most scrutiny of
10
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s: The supply deficit resulting from a scenario without rock
(phosphates) would'drive these sale prices upwards to a range of 570 to 955 [$ t']. These costs and (pFi€es are difficult to
compareyas) no found study has evaluated the gconomic potential of recovery at global scale. Instead, there exist case-studies
on the feasibility for phosphorus recovery at specific sites. Ueno and Fujii (2001) observed that struvite obtained from
wastewater in Japan is sold to fertilizer companies at rates of 300 [$ t!]. A market study by Miinch and Barr (2001) revealed
that struvite can be sold in Australia for between 220 and 370 [$ t!]. Shu et al. (2006), however, estimated that the market
price of struvite is around 550 [$.Based on fertilizer market estimation, Dockhorn (2009) estimated far higher prices than
those mentioned before, and ¥alued recovered struvite at 900 [$ t']. Dockhorn’s high recovered product prices are
approached in the model by the 2015 struvite market price, 955 [$ t!], for a market scenario with no rock phosphate
competition and a severe P supply deficit. It appears that the model determined price range for global struvite production

covers the spectrum of different production costs as determined in various different other studies. |

5 Conclusion

Despite simplifying assumptions, the developed model"creates realistic trade networks for different phosphorus supply
scenarios, for different prices, at subnational resolution. However, the credibility of model outputs are only supported by an

accurate simulation of DAP prices when—run—for-a-mine-supplyscenario because data and/or other studies on the purely
hypothetical nature of global trade in sustainably recovered P48 lacking.

‘The calculated total potential contribution of recovered phosphorus to the agricultural demand matched the conclusions of
arious other studies. In range with results by Smil (2000), Mihelcic et al. (2011, and Koppelaar and Weikard (2013), this
study revealed that recovery of al (2005) human excreted phosphorus can potentially accommodate 22% of the determined,
total agricultural phosphorus demand. Additionally, 89% of the global agricultural demand can potentially be satisfied
through the recovery of phosphorus from all cattle, poultry and swine populations. More realistically limiting phosphorus

recovery only to centers of high human and livestock population density, only 63% of the total agricultural demand can be
‘met.

Considering cconomic variables, however, it is estimated that in a 2015 market that also offers cheaper rock based fertlizer
alternatives, only 0.13 [Mt '], or 0.8% of agricultural phosphorus demand can be competitively accommodated. In a market
with no rock based alternatives, 38% of the agricultural demand can be met by recovering phosphorous from livestock and
urban centres. This supply deficit will result in very high phosphorus prices. For both scenarios, maps reveal that this
eGoVeIEspecially easibledenseIypopulated citics that lie in-close proximity-to arcas of {HiSHSVEAgHeuIfFEyanAEiaD
are situated far from large P-mines. Particularly Asia shows potential for cconomically competitive phosphorus recovery
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Figure 2. Nominal Phosphate rock and DAP price trends (IndexMundi, 2017). The rock phosphate and DAP price trend can be
A characterized as stable; gradually [incréasing; and vulnerable to market dynamics (i.e. the 2007 global economic recession).

Figure 3. Minimum production costs per ton of recycled P for supply nodes. Urb1-Str shows the prices for struvite from WWTP in

) countries with highly developed sanitation systems (BNR), where the struvite is offered for free (excl. transport costs) because of

the maintenance and sludge handling savings by controlled struvite precipitation; Urb2-Str, from nations with slightly less

developed sanitation systems; Urb3-Str, of source-separated urine collection and struvite precipitation in nations with

10 underdeveloped sanitation systems; Urb3-Pellets, the price per tonne P (0.1%) in urban compost pellets; and Livestock shows the
price per tonne P in livestock pellets (0.1% P).
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Figure 4. Plausible phosphorus price ranges at which trade can occur at global scale for different years: observed prices (grey)
versus modelled scenarios (Sc. 1, pink; Sc. 2, blue; Sc. 3, green). The ends of the whiskers on the grey boxes for the observed prices
represent the maximum and minimum prices for DAP that year, the box itself shows the upper and lower quartiles for that data

5 and the orange line indicates the median. For the modelled scenario the whisker-ends show the maximum and minimum prices as
approximated by the model, and the box the most likely price range. Noticeable is that the price determinations for the current
mines only scenario are in close proximity with observed price ranges. Scenario 2 and 3 are hypothetical scenarios and therefore
cannot be compared. Nevetheless they show predictable and realistic behaviour.
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Figure 5. Phosphorus trade network for trade in both conventional and recycled P (scenario 2) but showing only sustainable trade
flows. Optimal trade occurs at a phosphorus market price of 139507[$ t'] with 16.81 [Mt] being traded in total, of which 013 [Mt]
15 is traded sustainably (0.8% of total demand).
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