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Abstract This chapter describes the activities in the Dissipation and Recycling
Node of Global TraPs, a multistakeholder project on the sustainable management
of the global phosphorus (P) cycle. Along the P supply and demand chain, sub-
stantial amounts are lost, notably in mining, processing, agriculture via soil
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erosion, food waste, manure, and sewage sludge. They are not only critical with
respect to wasting an essential resource, but also contribute to severe environ-
mental impacts such as eutrophication of freshwater ecosystems or the develop-
ment of dead zones in oceans. The Recycling and Dissipation Node covers the
phosphorus system from those points where phosphate-containing waste or losses
have occurred or been produced by human excreta, livestock, and industries. This
chapter describes losses and recycling efforts, identifies knowledge implementa-
tion and dissemination gaps as well as critical questions, and outlines potential
transdisciplinary case studies. Two pathways toward sustainable P management
are in focus: To a major goal of sustainable P management therefore must be to (1)
quantify P stocks and flows in order to (2) identify key areas for minimizing losses
and realizing recycling opportunities. Several technologies already exist to recycle
P from different sources, including manure, food waste, sewage, and steelmaking
slag; however, due to various factors such as lacking economic incentives,
insufficient regulations, technical obstacles, and missing anticipation of unintended
impacts, only a minor part of potential secondary P resources has been utilized.
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Minimizing losses and increasing recycling rates as well as reducing unintended
environmental impacts triggered by P dissipation require a better understanding of
the social, technological, and economic rationale as well as the intrinsic interre-
lations between nutrient cycling and ecosystem stability. A useful approach will be
to develop new social business models integrating innovative technologies, cor-
porate strategies, and public policies. That requires intensive collaboration
between different scientific disciplines and, most importantly, among a variety of
key stakeholders, including industry, farmers, and government agencies.

Keywords Phosphorus and eutrophication � Environmental costs of phosphate
reduction � Phosphorus recycling in industry � Phosphorus recycling in agriculture� Phosphorus recycling from sewage
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1 Background

Around 191 Mt of phosphate rock (PR), containing 83.3 Mt of phosphorus (P), was
mined in 2011 (U.S. Geological Survey 2012), of which more than 80 %was used as
agricultural fertilizer. Population growth and changing diets are increasing demands
for PR, which is a finite resource, yet much of P is lost along its way through the
supply chain, inmining, in processing, or in fertilizers as themost substantial form of
use. Often P is lost into the natural environment, where it transforms from a resource
into a pollutant of aquatic (Bennett et al. 2001; Ulrich et al. 2009) and terrestrial
(Olde Venterink 2011) systems. Sustainable P management must map its stocks and
flows to identify key points at which to minimize dissipation and increase recycling
opportunities.
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The Dissipation and Recycling Node covers the supply chain from the point
where P-containing waste has been produced by humans, livestock, and industries.
Recycling covers the processing, marketing, and use of recycled waste products,
including biosolids, whereas dissipation refers to the intended or unintended loss
of P in mining, processing, use, and, to a minor extent, recycling. The dissipated P
is, depending on the sink, more or less accessible for subsequent recycling
activities. P-recycling activities span diverse scales and contexts: from farms to
households and to megacities, where food is consumed away from production;
from simple household and livestock waste composting to complex recovery of P
from sewage, food, and industrial waste products; and from large scale, advanced
facilities in industrialized countries to small-scale efforts in developing countries,
where direct local-level recycling would be carried out, e.g., urine diversion.

A very critical challenge for sustainable P management is to make P recovery
economical, reliable, and predictable while ensuring that the use of recycled P
products will not result in adverse health or environmental impacts. It is therefore
crucial to manage P stocks and flows through a system-based approach, linking
dissipation, eutrophication, and recycling. The primary focus is on current and
potential markets, quality and price of products, costs of production processes,
available and future technologies, institutional structures and public perception
and behavior. Stakeholders involved are diverse, including industries creating
waste streams and others focusing on P recovery such as farmers, governmental
regulatory and specialized agencies, public environmental and health organiza-
tions, researchers and agricultural and health NGOs.

The overall aims of the chapter are to (1) give a comprehensive and structured
overview of the current state of knowledge; (2) formulate major research gaps; and
(3) outline potential case studies.

2 Flows, Stocks, and Balances of P

For sustainable management of P, an essential first step is mapping direct and
indirect demands for P in an economy. For example, Fig. 1 shows the substance
flows of P in the Japanese economy, which are estimated to be 618 kt (Matsubae
et al. 2011). Approximately 284 kt of P is applied annually to farms and ranches in
the form of fertilizer, one of the largest input flows in the entire domestic P flow.
Input flows to food and feed sectors also have large values, mainly from world
imports and marine resources (163.1 kt) and domestic crop production from
farmlands (45.2 kt), with the P mainly consumed by humans and livestock (97.6
and 111.0 kt). Livestock grow by eating grass and feed on ranches, and the P in
livestock manure ends up accumulating in the soil, the amount of which (285.3 kt)
is nearly equal to input from fertilizer to farms and ranches. Another main output is
the human waste that ends up flowing down rivers, in the ocean, or in landfill. In
addition, 110.5 kt of P is associated with the steel industry as mineral resources,
most of which is condensed in steelmaking slag.
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Figure 1 reveals a variety of potential P resources within the economy in Japan,
including food waste, sewage sludge, steelmaking slag, and other industrial
wastes, totaling approximately 240 kt per year, which is comparable to the P
demand for fertilizer of approximately 284 kt per year. Hence, an appropriate
nation-wide recycling strategy could potentially provide the majority of P required
for agricultural production in the country. Sustainable P management is also of
economic importance. While the size of the domestic fertilizer market is only five
billion US dollars per year, it supports all the food-related industries and busi-
nesses in the country, whose total sales reach US$800 billion.

In the vegetation process, fertilizer is used for plant growth. Not all of P in
fertilizer, however, is transformed into the harvested products, as loss is caused by
absorption in the pedosphere, diffusion into the hydrosphere, and waste in residual
portions of agricultural products. Substance flow analysis focusing on P contained
in products tends to neglect such P flows. As a new indicator to consider the direct
and indirect P requirements for our society, virtual P ore requirement (VPOR) is
proposed (Matsubae et al. 2011). As in the case of virtual water (Hoekstra and
Chapagain 2007), the estimation of VPOR requires to consider hidden P flows,
which constitute the total P requirement excluding the amount contained in agri-
cultural products, including the loss to the environment, non-edible parts, and
feedstuff for livestock.

Figure 2 illustrates the example of VPOR for the Japanese economy in 2005.
The economy consumed 3,662 kt of P ore in overseas countries to produce the
agricultural products. While the amount of real P ore import was 774, 6,160 kt
(=3,662 ? 407 ? 240 ? 1,077 ? 774) of P ore was required in total. The left side

Fig. 1 Substance flows of P in the Japanese economy (2005). Source (Matsubae et al. 2011)
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of the figure shows where that amount of ore came from, and the value refers to the
direct and indirect demand of P ore by country of production. The largest virtual P
ore supplier for Japan is China, followed by the USA and Morocco. Although there
was no actual P ore imported from the USA, 20 % of VPOR came from the USA
through fertilizer and food imports.

VPOR indicates the direct and indirect demand of P ore transformed into
agricultural products and fertilizer. The amount of embodied P ore flow associated
with commodities imported to Japan was 3,743 kt, which was based on 6,160 kt of
VPOR. Approximately half of the imported embodied phosphate ore was trans-
formed into fertilizer and utilized to produce agricultural products. An amount of
763 kt of P ore was actually eaten, and the rest ends up being dissipated in soil and
water. The results suggest that P consumed in agricultural products accounts for
only 12 % (=763/6,160) of VPOR. As the sites of direct and indirect P con-
sumption are different, VPOR is useful to analyze the global network of P ore
requirement derived from the consumption of agricultural products. For sustain-
able P resource management, it is very important to recognize the virtual P ore
demand for the agricultural product consumption through the international P
demand and supply network.

In the case of EU 27, it is estimated that an average of 8 kg P/ha per year has
been accumulated in agricultural lands (Richards and Dawson 2008). There are
significant national and regional differences. For instance, the Netherlands, with a
high density of intensive livestock farming, accumulates 20 kg P/ha per year on
average (Smit et al. 2009), whereas regions with a low livestock density often
show a P deficit, resulting in nutrient mining from agricultural land (Albert 2004).

Fig. 2 Virtual P ore requirement of the Japanese economy (2005). Source (Matsubae et al. 2011)
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P is mostly lost in crop waste, food spoilage, as well as livestock and human
waste. As an indicator of the scale, it is estimated that one-third of the global food
production is discarded during its production and consumption process
(Gustavsson et al. 2011). This does not only mean that considerable amounts of
fertilizer and other resources for food production are used in vain, but also that a
significant part of the contained P is lost in various waste streams. It is estimated
that 70–80 % of the P mined in PR for food production actually never reaches the
plate of the end consumer (Cordell et al. 2009) (see Chap. 1). Solid organic wastes
such as slaughterhouse waste (bone, blood, etc.) and inedible parts of agricultural
products are frequently mixed with other types of solid waste and thus are dumped
into landfills or lost in the form of disposed incinerator ashes. Similarly, P caught
in liquid wastes such as livestock manure and human excrement often ends up in
bodies of water, where it is very difficult to recover from.

Figure 3 shows simplified substance flows of P for Switzerland based on a
detailed substance flow analysis for phosphorus. In Switzerland, like in the rest of
Europe, there are no natural phosphorus deposits. The most important factor for
the phosphorus yield of the country is the return of farmyard manure and harvest
residue back into agriculture. For decades, however, large quantities of phosphorus
have been imported for feeding humans and animals. In the meantime, investi-
gations have shown that the amount of phosphorus bound in sewage sludge per
year is approximately the same as the quantity imported into Switzerland, with
around 7.5 million inhabitants, in mineral fertilizer—approximately 6 kt per year.
This is roughly the same ratio compared to the Japanese case discussed above. The
P balance for Switzerland also indicates that there still remain losses to hydro-
sphere, despite of very effective modern sewage treatment plants removing large
amounts of phosphorus out of sewage water to avoid environmental problems, i.e.,
eutrophication. Also, it reveals the remaining accumulation of phosphorus into the
soil during agriculture activities. Besides the losses into the hydrosphere, the
substance flow analysis for Switzerland also demonstrates the dissipation rate of

Fig. 3 Simplified illustration of P balance in Switzerland. Source (AWEL 2008)
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waste management activities. At the time, being only about 1 kt of P in the form of
compost is recycled in a year. From the total P potential of about 11 kt of P per
year in waste fractions for recycling, including 5.6 kt of P per year in sewage
sludge, currently more than 90 % of it is dissipated. With the disposal to a large
extent in municipal waste incinerators (MSW) and cement kilns, P could be
recovered for future use. If we could manage to treat the total amount of sewage
sludge in monosludge incinerators and landfill the incinerator ash in interim
monocompartment storage or apply phosphorus retrieval procedures from ash
directly, approximately the amount of P equivalent to the yearly imported mineral
fertilizer into Switzerland could be substituted. Compared to Japan, there are no
activities related to the steel industry or other phosphorus-based industries in
Switzerland with associated P consumption. A more detailed P balance for
Switzerland can be found in Binder et al. (2009).

The mapping of stocks, flows, and balances of P provides critical data for
understanding where P accumulates and dissipates, based on which we will be able
to identify where we could intervene for promoting recycling of P effectively and
efficiently. This analysis also illustrates the importance of collecting and analyzing
accurate data on the quantity of flows and stocks, with geographical distributions
of P supply and demand and potential gaps between them, for designing and
implementing sustainable P management.

3 P Dissipation and Eutrophication1

3.1 Eutrophication and Dead Zones

Until recently, P has been recognized as a nutrient that, in some circumstances, can
cause nuisance bloom of microalgae known as the eutrophication problem.
Excessive input of P to lakes, bays, and other surface waters causes algal bloom. In
some cases, when algal bloom occurs, dissolved oxygen is consumed as the cells
are decomposed. Economically important fishes and other aquatic organisms
cannot survive under oxygen-depleted conditions. In addition, a toxic substance,
called algal toxin, may be released from the bloom. This also causes a difficult
problem in drinking water supply (Falconer 1993).

Eutrophication is attributed to such factors as the increase in human popula-
tions, lack of tertiary sewage treatment, intensive cropping, increased use of
fertilizers, and increased cattle and hog production, all of which increase the loads
of biowastes to the watershed. In particular, the use of phosphate fertilizers in
agriculture has been associated with most cases of eutrophication (World
Resources Institute 2012).

1 Parts of this section are derived from an unpublished report, Food and Water Security
in the Lake Winnipeg Basin—Transition to the Future (Malley et al. 2009).
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Large amounts of phosphate fertilizers are important in today’s agricultural
systems. At this stage of P use, particularly in industrial fertilizers, the goal of
agriculture to increase crop yields and the goal of environmental quality of aquatic
ecosystems are essentially working at cross-purposes, though not intentionally.
Nevertheless, it is not the total P, but the water-soluble, available form of P, i.e.,
dissolved reactive P, that is the most effective form in causing eutrophication and
should be the focus of management of P losses from agricultural land (Foy 2005).

Unlike the often-conspicuous responses of freshwater ecosystems to severe
eutrophication, the signs in oceans are often not directly visible. Rather, the oceans
respond to the wasteful addition of nutrients, including P, washed from the land
with dead zones. Dead zones are areas of low oxygen in the world’s oceans and
large lakes that can no longer support most marine life. Incidences of dead zones
have been increasing since oceanographers began noting them in the 1960s. These
occur near inhabited coastlines, where aquatic life is most concentrated. In March
2004, the first Global Environment Outlook Yearbook reported 146 dead zones in
the world oceans where marine life could not be supported. Some of these were as
small as 1 km2, but the largest dead zone covered 70,000 km2. A total area of
more than 245,000 km2 is affected, functioning as a key stressor on marine eco-
systems, which is shown in Fig. 4 (Selman et al. 2008). Their formation has been
exacerbated by the increase in primary production and consequent worldwide
coastal eutrophication fueled by riverine runoff of nitrogen (N) and P in fertilizers
and the burning of fossil fuels. It is estimated that more than 0.212 Mt of food is
lost to hypoxia in the Gulf of Mexico, an amount which would be enough to feed
75 % of the average brown shrimp harvest (Biello 2008).

Fig. 4 Locations of hypoxic areas, areas of concern, and areas of recovery. Source (World
Resources Institute 2012)
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3.2 Processes Involving P in Soils

For the development of sustainable land management practices for agroecosys-
tems, a fundamental understanding of the chemical, biological, and physical
processes in soils is required, as they affect the availability of P to terrestrial plants
and ultimately to humans and animals (Pierzynski et al. 2005). The fertility of
agricultural systems and the protection of aquatic ecosystems from eutrophication
both depend on a thorough understanding of soil chemistry and soil management.
P cycling in soils is complex. It is influenced by the inorganic and organic solid
phases present, forms and extent of biological activity, chemistry of the soil
solution involving pH, ionic strength and redox potential, and environmental
factors such as soil moisture and temperature. Soils, plants, and microorganisms
all interact within the soil system. The largest challenge in agricultural manage-
ment of P comes from its low solubility. While the P in soil solution must be
replenished many times over the life of the growing plants to meet their P
requirements, it is also prone to be removed by erosion in runoff or to become part
of the sediment load and delivered to the aquatic ecosystems. Managing the soil P
concentrations involves dissolution–precipitation, adsorption–desorption, miner-
alization–immobilization, and oxidation–reduction processes. In solution, P moves
within soils primarily by diffusion. Crop removal is the main route by which P is
removed from soil, whereas erosion and surface runoff are the environmentally
significant removal processes.

3.3 Environmental Costs of P Dissipation

Environmental costs related to P dissipation need to be taken into account in
considering P recycling. There are difficulties in measuring them accurately,
however, although many methodologies have been proposed to deal with the
problem, for example, contingent valuation methods. This issue will have
important implications for policy intervention for incorporating the costs into
market and pricing mechanisms.

An economic analysis is conducted on the impacts of higher mineral P prices
and externality taxation on the use of organic P sources in US agriculture
(Shakhramanyan et al. 2012). This study examines alternative hypothetical sce-
narios concerning the prices for PR-based mineral fertilizers and the taxation of
external damages from the application of the latter fertilizers. These scenarios
reflect both an increasing scarcity of PR, which led to substantial price increases in
recent years, and increasing political efforts to address and correct adverse
externalities from land use. To adequately depict adaptation of producers as
well as adjustments in agricultural commodity markets, the authors modified
and applied a price-endogenous agricultural sector model of the USA. They
considered alternative fertilizer options which substitute mineral phosphorous by
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manure-based organic phosphorus sources and link phosphorous supply from
livestock manure to phosphorous demand from crop production. The results
indicate that substantial reductions in the use of mineral phosphorus in US agri-
culture are possible, if the price and tax signals are strong enough.

The results do not indicate a severe physical scarcity of organic phosphorus
sources. Low rates of organic phosphorous at a low cost for mineral sources reflect
mainly the cost of manure application. The shadow prices on the regional manure
supply–demand balances remain zero or at fairly low levels throughout all examined
scenarios. Thus, the substitution of mineral by organic phosphorus is primarily an
economic or regulatory issue. Furthermore, the overall impact of a higher cost of
mineral phosphorous would have little impact on aggregate crop and livestock
production, trade, and prices, because of sufficient supply of organic P sources.

4 Recycling of P-Containing Wastes

In this section, four major domains are selected to describe P management and
recycling practices in more details, namely manure, wastewater, solid wastes, and
industrial wastes.

4.1 Manure

One of the main sources of P for recycling is animal manure. Manure is a valuable
source of plant nutrients and organic matter. In the case of intensive livestock
farming, P is imported to the farm with the animal feed. In particular, monogastric
animals, such as chicken and swine, take up only a small portion of the P contained
in the feed and most of the P is excreted in the manure (see Table 1). P in manure
is mostly present in the inorganic form and similar to commercial fertilizer in that
it is readily available for plant uptake. Substitution of inorganic fertilizers by
manure, however, is often not a preferred choice because of higher transportation
cost, difficulty to define the appropriate manure application rate, the risk of
transmitting pathogens, and undesirable odor effects. Currently, 0.9 % of the
agricultural land is organic; by region, the highest shares are in Oceania (2.9 %)
and in Europe (2.1 %), and within the European Union, 5.1 % of the farmland is
organic (Willer and Kilcher 2012). In principle, manure could be applied far more
on cropland, mitigating the risks that arise from excessive concentrations of
manure and replacing high-priced commercial fertilizers (MacDonald et al. 2009).
As a result of the transport problems, animal manure is repeatedly spread on fields
in the vicinity of the livestock farm, resulting in P surplus and causing water
contamination. It is estimated that to balance the areas of P surplus and deficit in
England (UK), 4.7 kt of P (2.8 Mt of manure) must be exported annually from the
areas of livestock farming in the west to the areas of arable farming in the east of
the country (Bateman et al. 2011).
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In contrast to sewage sludge biosolids, inorganic pollutants (heavy metals) are
not an issue in the case of animal manure, although organic pollutants such as
veterinary medicines, antibiotics, and biocides could be problematic as well
as pathogens. Thus, the main technological issues to be resolved are how to
increase the transportability of P within the manure matrix and how to extract P
from the manure matrix for further processing, for example, through crystallization
as struvite or calcium phosphate. The P-depleted manure may then be applied on
fields with a reduced P load.

An approach to increasing the transportability of P in manure could be to use
manure as feedstock for energy production, although manure-to-energy projects
are not currently in widespread use (MacDonald et al. 2009). Current available
technologies include combustion power plants (Hermann 2011) and anaerobic
digestion systems designed to capture methane gas and burn it as fuel for elec-
tricity generation. Anaerobic digestion does not consume the nutrients in manure
and leave them in residuals. Anaerobic digestion reduces pathogen counts and
denatures weed seeds in raw manure, and the odors of raw manure are greatly
reduced in the effluent, thereby easing the storage, movement, and application of
manure nutrients. During combustion processes, most nitrogen nutrients are
burned, whereas the ash residues from combustion retain P and potassium in
concentrated form. The resulting ashes would be free of organic pollutants and
could be easily processed into P fertilizers (Schoumans et al. 2010).

4.2 Wastewater

Wastewater is a significant source of P; globally, wastewater contains approxi-
mately 4.6 Mt P per year, corresponding to more than 2 % of the world PR
production. In 1890, approximately 90 % of P in global wastewater was recycled,
which decreased to 30 % by the end of the twentieth century (Liu et al. 2008).
A prerequisite for P recycling from wastewater is an adequate sanitization infra-
structure, including wastewater treatment. Nutrient recycling in fast-growing
urban areas is needed to address nutrient imbalances and to return P to the places
of food production. The urban population is expected to double from currently
3.5–6.5 billion in 2050. By then, 4.7 Mt of P per year will be emitted to waste-
water in urban areas alone.

Table 1 P content in manure

Liquid pig Liquid dairy Liquid poultry Solid dairy Solid beef Solid poultry
kg P/l kg P/t

Average 1.4 1.0 1.0 1.4 1 9
Minimum 0.1 0.1 0.3 0.5 0.3 0.5
Maximum 3.8 10.1 1.7 7.7 5.9 25.2

Source (Government of Manitoba 2008)
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4.2.1 Centralized Measures

Wastewater treatment plants may become important sources of P recovery and
recycling. The removal of P from municipal wastewater is well established and
widely applied; typically, 80–90 % of influent P is transferred from wastewater to
sludge solids by chemical precipitation (Al3+ or Fe3+) or biological uptake (Petzet
and Cornel 2011). Chemical precipitation is less amenable to P extraction and
recovery because it forms insoluble phosphate precipitates within the sludge
matrix, whereas biologically removed P is readily released as soluble phosphate
and can be further recovered as struvite or calcium phosphate (Hirota et al. 2010).
Complete recovery of P from wastewater is technically feasible using current
technologies (Petzet and Cornel 2011) (Fig. 5).

P recovery from concentrated wastewater in wastewater treatment plants by
crystallization as struvite (MgNH4PO4) or calcium phosphate (Ca10(OH)2(PO4)6)
is a simple and proven technology, which in some cases is economically feasible.
The overall recovery potential is limited, however, since it can only be applied to a
certain type of wastewater treatment process, namely enhanced biological P
removal. Even in this case, the recovery is limited to 30 % of the P contained in
wastewater with existing sewage treatment systems; the rest remains in the sewage
sludge and the effluent. While biological P removal is increasingly showing a
higher performance of removing P, especially in places where P discharge limits
are very low, chemical removal would be applied and crystallization technologies
might not be feasible.

Sewage sludge

Land application 
of ashes**

Raw material for 
Thermphos*** 

AshDEC***          
Other P-recovery

Co -Incineration 

wastewater

WWTP Effluent

Recovery from 
liquid phase***

Max 40 % P

100 % P

10 % P

Mono incineration

Mephrec*** Land application*

Mono-landfill for 
future recovery**

Disposal

*** P recovered, heavy metals and organic pollutants and pathogens removed No P-recovery

** P recovered, organic pollutants and pathogens removed

* P recovered

90 % P
50 % P

Fig. 5 Diagram of complete P recovery from sewage sludge and incineration ashes. Source
(Petzet and Cornel 2010; Petzet and Cornel 2011)
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A full-scale struvite crystallization plant for P recovery was constructed at
Matsue city in Japan more than twenty years ago. Without this P recovery,
spontaneous struvite precipitation often causes difficult fouling problems in
pipelines. To remove it, the reactor and downstream pipelines need to be repeat-
edly washed with acids, which is very time-consuming and costly. To address
these problems, a relatively simple technology is being developed to recover
P from P-rich liquor using amorphous calcium silicate hydrate (A-CSH) as an
inexpensive adsorbent. A-CSH particles are put into P-rich liquor, and after
10 min mixing, P-binding A-CSH particles are recovered by settling without using
any chemical coagulant. Most importantly, the recovered particles can be directly
used as a by-product phosphate fertilizer. If a feasible business model is estab-
lished, a cement company can produce A-CSH particles at low costs and deliver
them to wastewater treatment plants using agitation trucks. The recovered A-CSH
particles can be delivered to a fertilizer company and used as by-product phos-
phate fertilizer. Importantly, A-CSH can be synthesized from unlimitedly available
resources such as calcium and silicate.

Many microorganisms can accumulate high levels of P in the form of poly-
phosphate (Hirota et al. 2010), a unique long-chain polymer of inorganic phos-
phate residues having a chain length of 1,000 or more. Enhanced biological
P removal relies primarily on the ability of sludge microorganisms to accumulate
polyphosphate. Anaerobic sludge digestion is a well-established process to stabi-
lize waste sludge and to reduce its volume by methane production. If anaerobic
sludge digestion process is available, P can be readily released from poly-P-rich
sludge biomass to the liquid phase.

Recycling of processed (e.g., digested or composted) sewage sludge (biosolids)
to land, the simplest method to recycle P from wastewater, is in some cases
impeded by legal bans (e.g., Switzerland and Japan) due to concerns about
potential organic and inorganic contaminants in the sludge, or by a lack of agri-
cultural land in the vicinity of large urban agglomerations.

An increasing amount of sewage sludge (for example, 50 % in Germany) is
incinerated in monoincineration plants or coincinerated in power plants, municipal
waste incinerators, or cement kilns, where P is usually not recycled. In the case of
coincineration of sewage sludge, P is permanently tied to the resulting ashes and
products, and recovery is not economically and/or technically feasible. In the case
of monoincineration, P and non-volatile metals are concentrated in the ashes,
which are good raw material for P recycling.

Various options exist for P recovery from ashes, which depend on the chemical
composition; in Germany, 30 % of the ashes with low heavy metal content can be
directly recycled as fertilizers, although there is a debate about the plant avail-
ability of the P. In contrast to sewage sludge, organic contaminants (pharmaceu-
ticals, endocrine disruptors, pathogens) are destroyed, and P can be solubilized by
the addition of acid (Petzet and Cornel 2011). Some ashes can be directly recycled
as a raw material in the production of yellow P. At least technically speaking, PR
can be substituted with suitable sewage sludge ash. One requirement for both
direct recycling options is a low iron content of the ashes, which can be achieved
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by using aluminum instead of iron as the precipitant in wastewater treatment or by
using biological nutrient removal.

In cases where direct recycling of either sewage sludge or sewage sludge ashes
is not possible, technologies are required to remove organic or inorganic pollutants
and to transform P into a bioavailable form or into a raw product that can be used
by the P industry. Many innovative approaches have been investigated, which can
be divided into thermal and wet chemical processes; some of these are now ready
for implementation: The ASH-DEC process removes heavy metals as chlorides by
a thermochemical treatment of ashes. The Mephrec process is a smelting gasifi-
cation technology for sewage sludge that simultaneously recovers energy and P as
a P-rich slag. Both technologies have been successfully tested at pilot scales, and
their full-scale implementation is envisaged. Wet chemical leaching procedures,
including bioleaching, for sewage sludge and ashes have been extensively inves-
tigated. Usually, P is leached together with metals, followed by different separa-
tion steps that can be combined, such as ion exchange, liquid–liquid extraction,
precipitation, and nanofiltration. Wet chemical processes have been tried on a
large scale for sewage sludge in Germany; while they are technically feasible, they
have high operating costs due to chemicals (Petzet et al. 2012).

Where P removal is operating in sewage works, sludge monoincineration ash
contains P at concentrations similar to those of rock phosphate. A full-scale plant
for P recovery from sludge incineration ash has recently started operation at Gifu
city in Japan (Goto 2009). The full-scale plant is now making a great contribution
to the sustainability of local agriculture, because the quality of recovered P mat-
ches well the local demand. There are critical challenges, however, including the
high capital cost for plant construction and the difficulty in establishing stable
channels for distribution and sale of recycled P, which might discourage expanded
uses of this technology.

In Switzerland, similar to other countries in middle Europe, nutrients (P, N,
etc.) had been used as a resource from sewage sludge through their direct appli-
cation in agriculture since the construction of efficient sewage purification systems.
But for the last 40 years, questions have been raised in connection with this use
(heavy metals, persistent organic pollutants, BSE). Quality demands of consumers
and wholesalers on agricultural products (e.g., organic farming, high environ-
mental awareness, ‘‘no risk’’ strategy) have increased. These concerns led to the
ban on the direct use of sewage sludge in agriculture from 2006 in Switzerland,
based on the precautionary principle. From that time, thermal treatment of sludge
to destroy the pollutants or to concentrate and store them safely (e.g., waste
incineration plants) or to bind them in a mineral matrix (cement plant) was
mandatory. This trend, however, was also associated with the fact that nutrients in
sludge are no longer able to be used.

In 2006, it was recognized in the Canton Zürich that capacity bottlenecks are to
be expected with this disposal concept from 2015. The Canton Zürich is the most
populated canton of Switzerland, with roughly 1.4 million inhabitants and an area
of about 1,600 km2. Also, the knowledge that phosphorus is severely limited as an
important nutrient became increasingly evident. Both factors were then used as an
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opportunity to define a new sludge recycling strategy based on the goals of modern
waste and resource management under consideration of the optimized conserva-
tion of resources regarding phosphorus (Morf 2012). With this new strategy, the
three most relevant general conditions have been defined in a resolution in 2007
for the planning in the Canton Zürich: (1) the (later) retrieval of phosphorus is
possible; (2) the renewable energy in sludge is used; and (3) regardless of the
place, it is treated in the optimum economic manner.

In a long-term and holistic-oriented approach developed and defined during the
last six years, the Canon Zürich managed to change from a decentralized resource-
inefficient to a very efficient centralized system in less than eight years. The
selected concept based on one single sewage sludge monoincinerator avoids fur-
ther phosphorus dissipation to a large extent and secures this scarce resource
starting in 2015. This strategy allows to roughly substitute the total phosphorus
imported in the form of mineral fertilizer. It is planned to enable successful direct
P recovery from incinerator ash soon, in order to avoid intermediate storage costs.
Therefore, a project to evaluate in detail direct P recovery from monoincineration
ash with the focus on wet chemical extraction similar to primary phosphate
production (LEACHPHOS�-Process) has been started since 2012. The project
incorporates (a) the technical evaluation with a first full-scale test at the end of
2012, (b) detailed investigations regarding product quality and management
(phosphorus fertilizer or secondary raw material, e.g., for white phosphorus
production), and (c) market and economical aspects. The wet chemical extraction
process was compared with two alternatives, namely a thermochemical process
(ASHDEC�-Process) and a phosphoric acid treatment (RECOPHOS�-Process) at
the moment.

4.2.2 Decentralized Measures

Urine diversion is a relatively established technology and has been tested in
several places in Germany and Sweden, with consequent nutrient recycling to
agriculture (GTZ Deutscher Gesellschaft für Technische Zusammenarbeit 2005a;
Tanum Kommun 2008; Sustainable Sanitation Alliance 2010). While urine con-
stitutes no more than 1 % of the total volume of wastewater, it contains 50 % of
the P (Vinneras and Jonsson 2002). Urine is almost free from heavy metals and
pathogens and is easily hygienized by storage (Kvarnström et al. 2006), ozone, or
UV light. Urine can also be evaporated or precipitated as struvite, as, for example,
by local solar-driven systems in Nepal and Vietnam (Etter et al. 2011; Antonini
et al. 2012). Through fertilization with separately collected urine, the input of
heavy metals in general, and the disputed cadmium in particular, to agriculture
could be remarkably decreased, compared with spreading of sewage sludge from
combined systems (Remy and Jekel 2008). Although human urine contains
ingested pharmaceuticals and hormones, the level of concentration is much lower
than in animal manure, which is commonly used as crop fertilizer today (Lienert
et al. 2007; Winker 2010).
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In blackwater diversion, the whole toilet wastewater is transported either by
gravity or by vacuum to a decentralized or semi-centralized treatment site and
treated separately. Blackwater contains little pollutants as their main sources are
the household greywater and urban stormwater (Vinnerås 2001; Lamprea and
Ruban 2008; Hernandez Leal 2010). Addition of urea or ammonia reduces
eventual pathogens in blackwater (Winker et al. 2009). Blackwater is then treated
aerobically by liquid composting, storage, or ammonia treatment. Alternatively, it
is treated anaerobically to produce biogas as an additional product. The anaerobic
digestion process results in mineralization of nutrients in the digested sludge, and,
in particular, nitrogen becomes more plant-available (Meinzinger 2010). Black-
water separation is being applied on a building scale as well as a district scale in
Sweden (GTZ Deutscher Gesellschaft für Technische Zusammenarbeit 2005b;
Karlsson et al. 2008).

4.3 Solid Wastes2

A study of P flows for the EU 27 and for a municipality in Sweden recently
showed that solid waste contains as much P as does the sewage sludge
(Kalmykova and Harder 2012; Ott and Rechberger 2012). For the EU, per capita
discharge through wastewater is larger: 0.6 kg P/cap per year, compared to
0.45 kg P/cap per year, through biowaste from households, restaurants, and can-
teens. P contained in a range of other waste materials, however, is not included:
wood (0.31 kg P/t TS), textiles (0.14 kg P/t TS), paper and cardboard (0.24 kg P/t TS),
porcelain, and chemical products (variable). Moreover, 20 % of the sewage sludge
in the EU is landfilled directly, while another 11 % is incinerated before being
landfilled. Also, equally large stocks of P were measured in the municipal solid
waste incineration (MSWI) residues and the sewage sludge in Sweden (Kalmykova
and Harder 2012).

Solid waste represents an underestimated sink of P and needs to be taken into
account for sustainable P management. Extraction of P from untreated solid waste
has not been investigated thoroughly. Incineration is a commonly used method for
treatment of waste before landfilling, to reduce volume and sometimes also to
recover energy. MSWI residue offers a relatively homogeneous and concentrated
stock for mineral recovery, and methods for P recovery have been developed
recently (Kalmykova and Karlfeldt Fedje 2012).

An estimation of the P flows in municipal solid waste based on the generation
rates, waste composition, and subtracting recycling (recycled fractions are only
available for OECD) results in 94,400 t of P per year for 60 % of the world’s
population, that is, OECD, China, India, Brazil, Russia, and South Africa

2 Parts of this section are derived from the report, Food and Water Security in the Lake
Winnipeg Basin—Transition to the Future (Malley et al. 2009).
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(Organisation for Economic Co-operation and Development 2008). Generation
rates for 2005 have been used, and the landfilled sewage sludge, wood, and
industrial wastes are not included. The biodegradable waste (biowaste) fraction is
known to decrease with increasing affluence of the population. While the fraction
of biowaste is 30 % for the EU, North America, and Australia, it is 60–80 % for
China, India, Bangladesh, Latin America, and African countries. Therefore,
potentially even larger quantities of P are landfilled in the developing countries.

4.3.1 Food Waste

Food and food-processing wastes are a major source of P in solid waste due to both
the large quantities and high P content of 0.4 kg P/t TS. The extreme wastage of
food is a unique modern phenomenon. A report by the UN FAO, Stockholm
International Water Institute, and the International Water Management Institute
indicates that close to half of all food produced worldwide is wasted (Lundqvist
et al. 2008). This amounts to about 1.3 billion tonnes per year, even though
calculations are still uncertain due to large data gaps (Gustavsson et al. 2011).

Developed and developing countries differ in their characteristics in food loss
and waste. In developing countries, more than 40 % of the food losses occur at
post-harvest and processing levels, while in industrialized countries, more than
40 % of the food losses occur at retail and consumer levels (Gustavsson et al.
2011). It is argued that the per capita food loss and waste by consumers in Europe
and North America is 95–115 kg/year, whereas in sub-Saharan Africa and South/
Southeast Asia, this amounts to 6–11 kg/year (Gustavsson et al. 2011). In the
developing world, lack of infrastructure and technical and managerial skills in
food production is a key driver in the creation of food waste. Consequently, the
majority of uneaten food is lost, with P included in it also lost.

In the developed world, in contrast, the majority of the food waste is driven by
the low price of food relative to the income, consumers’ high expectations of food
cosmetic standards, and the increasing disconnection between consumers and the
place where food is produced (Parfitt et al. 2010). Astonishingly, much of the food
wasted in the developed countries is in entirely edible condition. For instance, in
the EU, around 90 million tonnes of wasted food includes losses from agricultural
production due to quality standards, which discharges food items not perfect in
shape and appearance (39 %), distribution and retail (5 %), food services and
catering (14 %), and final household consumption (42 %), due to, e.g., inconsis-
tency in date labels (Commission of the European Communities 2010). Britain, for
example, throws away half of all the food produced on farms, amounting to about
20 Mt of food, which would be equivalent to half of the food import needs for the
whole of Africa (Mesure 2008). Approximately 16 Mt of this is wasted in homes,
shops, restaurants, hotels, and food manufacturing. Much of the rest is thought to
be destroyed between the farm field and the shop shelf.

Separate collection and treatment of food waste enable recycling of nutrients
through application of compost, while both energy and nutrients can be recycled
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via biogas production with consequent agricultural application of the residue. In
addition, diverting of biowaste from landfills prevents production of the landfill
gas methane, a greenhouse gas 21 times more potent than carbon dioxide. Separate
collection of food waste is implemented in several countries worldwide. Effective
separate collection, however, is difficult to achieve due to the low collection rate
from households and large non-separated flows from food distribution and retail,
restaurants, and public institutions (Kalmykova and Harder 2012). In Scandinavia
and Canada, 10–15 % of biowaste is composted, with higher efficiency
of 20–40 % in Austria, Germany, the Netherlands, France, Italy, and Spain
(Organisation for Economic Co-operation and Development 2008).

4.3.2 Slaughterhouse Waste

Slaughterhouse waste is another P-rich waste, which contains up to 60 g P/kg TS.
Bones contain even around 100 g P/kg DM (Lamprecht et al. 2011). During the
slaughter process, 33–43 % of live animal weight is discarded as inedible waste,
so-called animal by-products. This waste is processed by the rendering industry
into high-quality fats used by the oleochemical industry and the meat and bone
meal (MBM) used as protein and phosphorous supplements for animal feed. Every
year, 16 million tonnes of animal by-products is processed by renderers and fat-
melters in the EU, 25 million tonnes in North America, and 12 million tonnes in
Argentina, Australia, Brazil, New Zealand, and India (60 % water content).

In the EU, USA, Australia, and New Zealand, the use of animal by-products is
severely restricted, due to the fear of BSE, what is often called ‘‘mad cow disease’’
(Australian Government 2011; Commission of the European Communities 2002;
United States Food and Drug Administration 2008). Animal by-products are
divided into three risk categories; that is, class 1 must be incinerated, while cat-
egories 2–3 can be composted or digested for biogas production. There are no data
available on the amounts of slaughterhouse waste entering different disposal
routes; therefore, the fraction of P either recycled as compost or landfilled as ash
cannot be estimated. Several techniques have been developed in a laboratory scale
for P extraction from animal by-products or its ash, and carbonization into char-
coal has been tested on a pilot scale in the EU (Someus 2009; Zalouk et al. 2009).

4.4 Industrial Wastes

One of the most economically important pathways would be P recycling in the
manufacturing sector, including some of the high-tech industries. P is used in
surface treatment chemicals, for example, such as the iron phosphate coating
material in the automotive industry. P is also one of the crucial raw materials for
the production of rechargeable batteries such as lithium ion batteries. Furthermore,
P is used in etching agents for aluminum line-patterned substrates in the
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production of computer chips and liquid crystal panels and flame retardants for a
wide variety of industrial products.

In terms of quantity, P recycling in the steelmaking industry is particularly
important. P is present in iron ore and coal at concentrations as low as 0.12 % and
is removed into steelmaking slags at concentrations of 2–3 % at the maximum.
Since the steelmaking is a very large industry, the amount of P emitted as slag is
considerable.

The manufacturing industrial sectors require high-quality phosphoric acid,
which is derived from elemental P. There would be a strong demand for main-
taining domestic elemental P production from the manufacturing industrial sectors.
Although the consumption of elemental P is minor from the quantitative point of
view, it is strategically important especially for high-tech industries.

Industrial chemical processes such as direct hydration of ethylene to ethanol
also use large amounts of quality phosphoric acid as the catalysts. P recovery has
been put into operation in the process of synthetic alcohol production. The
recovered P is reused in fertilizers for agricultural purposes. Edible oil refining
process also uses large amounts of phosphoric acid to remove impurities from
crude vegetable oil. Since no harmful substance is used in the edible oil refining
process, the P recovered from wastes and wastewater is well suited to the use for
agricultural purposes. This is also the case for fermentation wastewater.
Fermentation companies have also been recovering P from the fermentation
wastewater using the HAP precipitation technique. Several companies of elec-
tronic equipment manufacturing have been recovering P from liquid wastes and
are attempting to use the recovered P in liquid fertilizer for urban plant factories.

Pulp and paper production is another industry disposing large volumes of
P-containing waste. Annually 11 million tonnes of the waste is produced in the EU
and 8 and 3 million tonnes in the USA and Japan, respectively (Monte et al. 2009;
Wajima et al. 2006). The waste is usually incinerated in order to reduce the volume.
While a part of the resulting ash is used as a construction material, mainly for
landfill covering layers, most of it is simply landfilled. Although the P content of the
ash is only 0.1 %, because of the large waste volumes, considerable amounts of P
are disposed of as a result. Assuming 60 % of water content of the waste, an amount
equivalent to 20,000 t of P is disposed annually in the EU, USA, and Japan.

5 Work in Global TraPs

5.1 Knowledge Gaps and Critical Questions

The current P management practices and approaches in the different sectors show
diverse characteristics with regard to temporal and spatial scales of the issue;
technological measures, including types of technology, energy consumption, costs
of investment, and operation; key stakeholders involved, such as farmers, industry,
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consumers, and public sectors; and institutional conditions, including public pol-
icies and interventions. Solid understanding of the factors influencing P dissipation
and recycling in different domains will be of critical importance for sustainable P
management.

Potentially, there are three main areas for implementing P recycling as illus-
trated in Fig. 6:

1. Recycling of P contained in food and feed;
2. Recycling of P from wastewater; and
3. Recycling of P from industries using high-quality phosphate.

Recognizing the significance and potential of P recycling, experts and practi-
tioners have started to pay attention to the development of P management and
recycling as a new green industry. Active involvement of industry, however, is still
limited, and there are not many cases in which P recycling is successfully
implemented in practice. At the current stage of development, recycling of P is not
a feasible business opportunity, as the conventional practice of buying normal
fertilizers while wasting water and sludge would be much cheaper. Recycling of P,
therefore, has not yet become a strategic issue for major companies in the industry.
One of the critical issues which we need to tackle is how to establish socially
robust business models in a broader sense, integrating scientific understanding,
technological development, corporate strategies, and public policies, for suc-
cessful implementation of P recycling.
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Based on the key guiding question above, other critical questions are identified
for the node on dissipation and recycling as follows: (1) What are the relationships
between nutrient cycling and ecosystem stability? (2) How can the social costs of P
dissipation into the environment be assessed appropriately? (3) How can supply
security of P and environmental impacts caused by P be balanced? (4) What are
the technological challenges for reducing costs and/or improving the quality of
recycled P? (5) How can we establish a system for effective and efficient matching
between supplies and demands for recycled P? (6) What are the differences in P
recycling between agricultural and industrial sectors? and (7) How can relevant
stakeholder groups become engaged/interested in P recycling?

5.2 Roles, Functions, and Varieties of the Transdisciplinary
Process

In the transdisciplinary process, it is crucial to build partnerships among key
stakeholders to conduct joint problem definition and joint transdisciplinary case
studies (Scholz 2011). Relevant actors in academia, industry, government, and
NGOs need to be actively engaged in identifying the critical challenges (Yarime
et al. 2012; Trencher et al. 2013). While the need for P recovery has been iden-
tified as an important issue by various institutions, actions taken by stakeholders
around the world have been still limited. In the design of a P-recycling system, it is
necessary to approach this issue at multiple levels, including local, national, and
global levels. While the recycling system would be very much conditioned by
local characteristics and contexts, at the same time, it is also influenced by national
resource management strategies and institutional frameworks. Generally speaking,
the recycling of P is not yet considered to be a high priority issue at the national
level, except for a few countries such as Sweden, where a target is set to recover
60 % of P from sewages by 2015. A full commitment to implementing P recycling
is not yet dedicated by the industry, which is increasingly influenced by the fluid
business environment in the global economy.

As we have seen in the previous sections, there are many actors in different
sectors that have stakes in recycling P. P can be characterized as an essential, non-
substitutable, but low-cost commodity that each person consumes, as well as a
source of environmental pollution. It is crucial to identify who has what kind of
stake within the system and to find out the best way to realize a situation in which a
common solution would satisfy different interests and objectives (Shiroyama et al.
2012). For instance, there can be a potential of implementing P recycling through
close collaboration between cement companies, fertilizer companies, and the local
government. The sewage department of the local government has to extract P to
meet the water quality standard to avoid environmental degradation. Fertilizer
companies need P for producing fertilizer. And cement companies require a low
level of P contained in sludge because sludge with high concentration of P can
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weaken the strength of the product (Ohtake 2011). Currently, one of the most
serious challenges for the recycling of P is how to expand the market for recycled
P. For that purpose, it would be important to maintain the stability of supply and
the quality of products involving recycled P. Institutional measures to accelerate
the closing of the P chain would include the implementation of P discharge criteria
in waste stream regulations and the revision of lengthy and costly permission
procedures and requirements for recovery technologies (Drizo 2012).

We then need to prepare for sustainable transitions by exploring feasible
strategies for social business models, with the relevant stakeholders closely
involved. For that, it would be possible to consider pursuing consensus at two
levels. The first one is whether we should go for a soft or detransformation of
sewage and wastes. While there has been a concern about heavy metals, harmful
chemicals, pathogens, and other biological issues, it is not completely clear what
kind of soft processing including organic matters might be a better option, in
comparison with incineration. This type of consensus building could take place in
a precompetitive arena, although it might also affect industrial activities from a
long-term perspective. Based on that, we could consider what technical process
(thermal or chemical extraction) should be applied, probably in a competitive
arena.

5.3 Suggested Case Studies

To address the key guiding questions and the dimensions of transdisciplinary
processes, we can suggest case studies to be conducted for further research. First, it
is very important to explore how to make an appropriate assessment of the external
costs associated with the dissipation of P into the environment. A case study in
highly contaminated regions would be useful to find out how much is actually
caused and affected by P in a freshwater region in a sea area, for example, the
Manila Bay in the Philippines, where P-based detergents are still used, probably
with significant environmental impacts.

We also need to conduct detailed case studies to examine some of the emerging
cases of successful implementation of recycling P in different sectors and regions.
For example, P recycling in the sewage treatment plant in Gifu, Japan, has been
operating since 2010, and the fertilizer involving recycled P has been sold to
farmers. In Europe, a couple of companies that previously have operated in the
detergent field are now utilizing their extensive knowledge on P for different types
of purification and reprocessing. Ostara has been running five plants for recycling
P in Europe. Companies such as ICL have already joined the Global TraPs project.
It could be possible to conduct case studies at the watershed level such as Lake
Winnipeg in Canada as well as the city level, for example, the case of urban
metabolism in Gothenburg, Sweden. Development and implementation of inno-
vative technologies are currently explored in Germany, and recovery measures in
the water sector and from manure have started to be introduced in the UK.
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The knowledge generated in the transdisciplinary process is expected to be used
by the practitioners in their business and policy decisions for realizing sustainable
use of P, which demands cooperation and coordination across different sectors.
Close collaboration among relevant stakeholders including academia, industry,
and the public sector is urgently required to cope with this critical challenge. In an
attempt to address that, the Phosphorus Recycling Promotion Council of Japan
(PRPCJ 2008) was established in 2008 by inviting experts and practitioners from
academia, industry, and the public sector. This nation-wide association is sup-
ported by the four relevant ministries of the Japanese government and currently
has approximately 140 members, including more than 70 corporate members.
Based on the PRPCJ activities, a national platform for industry–academia–
government collaboration was also initiated in 2011 to discuss and implement
national strategies for robust P-recycling systems.

In Europe, the Nutrient Platform was established in 2011 in the Netherlands,
with more than 20 Dutch companies, knowledge institutes, government authorities,
and NGOs signing the Phosphate Value Chain Agreement (Dutch Nutrient Plat-
form 2011). The Nutrient Platform is a cross-sectoral network of Dutch organi-
zations that share a common concern for the global impact of phosphorus depletion
and the way the society is dealing with nutrients in general. Together with the
Dutch government, the Nutrient Platform is aimed at facilitating the organizations
throughout the value chain in closing the phosphorus cycle. They all share the
ambition of creating a sustainable market within two years, where as many
reusable phosphate streams as possible will be returned to the cycle in an envi-
ronmentally friendly way and where the recycled phosphate will be exported to the
fullest extent possible, as long as surplus exists in the Dutch market, in order to
contribute elsewhere to soil improvement and food production. To achieve the
vision and mission, the platform practices an approach of learning by doing within
a framework of action learning and new types of partnerships.

The first European Sustainable Phosphorus Conference 2013 was held in
Brussels in March 2013, with the purpose of raising awareness about the necessity
for a more sustainable phosphate management within the context of a Resource
Efficient Europe (European Phosphorus Platform 2013). It was aimed at facili-
tating support for a clear and coherent legislative framework to create an enabling
environment for ecoinnovation, a sustainable European market for secondary
phosphorus and more efficient phosphorus use. Different nutrient waste flows and
market possibilities will be connected between stakeholders, including private
sector throughout different sectors, knowledge institutes, government, and NGO’s,
for further development of sustainable nutrient chains within Europe. At the
conference, participants reached consensus to launch the European Phosphorus
Platform to continue dialogues, raise awareness, and trigger actions to address the
phosphorus challenge, with significant implications for ensuring food security,
geopolitical stability, and environmental sustainability.

In North America, a kickoff workshop was organized in May 2013 to launch
Research Coordination Network (RCN) in Washington DC, USA (Sustainable P
Initiative 2013). The workshop was mean to bring together some of the world’s top
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scientists, engineers, and technical experts to spark an interdisciplinary synthesis
of data, perspectives, and understanding about phosphorus to envision solutions
for P sustainability. Key stakeholders from relevant sectors shared their knowledge
and expertise on various dimensions of the global phosphorus system, including
farmers and growers, food processors, fertilizer producers, waste managers, water
quality managers, regulators, legislators, and others. Two challenges of
phosphorus efficiency and phosphorus recycling have been identified. RCN on
coordinating phosphorus research has been funded by the National Science
Foundation to create a sustainable food system.

These experiences of establishing national/regional platforms involving key
stakeholders will provide valuable lessons and implications for implementing
P recycling successfully in different technological, economic, and institutional
contexts.
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