PLANT RESEARCH INTERNATIONAL
WAGENINGEN [TEH

Sustainable Use of Phosphorus

EU Tender ENV.B.1/ETU/2009/0025

J.J. Schroder, D. Cordell, A.L. Smit & A. Rosemarin

Rﬂm
tion [""

Drnevggguli_ﬁ_;t"‘

S E I Report 357







PLANT RESEARCH INTERNATIONAL
WAGENINGEN [T

Sustainable Use of Phosphorus

EU Tender ENV.B.1/ETU/2009/0025

J.J. Schroder?, D. Cordell?, A.L. Smit! & A. Rosemarin?

! Wageningen University and Research Centre
2 Stockholm Environment Institute (SEI)

Plant Research International, part of Wageningen UR
Business Unit Agrosystems Report 357
October 2010




© 2010 Wageningen, DLO Foundation

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted, in any
form or by any means, electronic, mechanical, photocopying, recording or otherwise, without the prior written
permission of the DLO Foundation, Plant Research International, Business Unit Agrosystems.

The Foundation DLO is not responsible for any damage caused by using the content of this report.

Disclaimer:
The contents of this report do not necessarily represent the position of the European
Commission

Plant Research International, part of Wageningen UR
Business Unit Agrosystems
Address : P.0.Box 616, 6700 AP Wageningen, The Netherlands

: Wageningen Campus, Droevendaalsesteeg 1, Wageningen, The Netherlands
Tel. : +31317480524

Fax : +31317418094
E-mail . info.pri@wur.nl
Internet  :  www.pri.wur.nl

Stockholm Environment Institute (SEI)

EcoSanRes programme
Kraftriket 2B

SE-106 91, Stockholm
Sweden




Table of contents

page

Preface 1
Executive summary 3
1. Introduction 7
1.1 Global cycling of phosphorus 7

1.2 The introduction of fertilizer 7

1.3 Food security and fertilizers 7

1.4 Losses 8

1.5  Governance of phosphorus-resources 8

1.6 Overview of the report 8

2. Areview of the phosphorus situation in the world 9
2.1  The significance of phosphorus scarcity 9
2.1.1  Defining sustainable phosphorus use 9

2.1.2  Phosphorus scarcity linked to food security and fertilizer accessibility 10

2.2 Phosphate rock availability 12
2.2.1  USGS data: phosphate rock reserves, reserve base and resources 14

2.2.2  Other data sources 16

2.2.3  Data uncertainty and reliability 16

2.3 Peak phosphorus 17

2.4 Geopolitical aspects 18

2.5 Demand 19
2.5.1  Current consumption of fertilizer phosphorus 19

2.5.2  Estimates of future demand and associated consequences 21

2.6 Conclusion 28

3. Inefficiencies and environmental impacts of current phosphorus use 31
3.1  Global phosphorus flows through the food production and consumption system 31

3.2 Mining and beneficiation losses 35

3.3 Fertilizer production and distribution losses 37

3.4 Sources of phosphorus loss in agriculture 37
3.4.1 Introduction 37

3.4.2  Soil surface balances 38

3.4.3  Food production, processing and retailing 44

3.4.4  Excretion and solid waste management 44

3.5 Environmental impact of phosphorus use - from mine to fork 44
3.5.1  Overview of environmental impacts 44

3.5.2  Impacts during mining and fertilizer production 45

3.5.3  Impacts during fertilizer application and use in agriculture 48

3.5.4  Impacts during organic waste treatment and recovery 49

3.5.5 Life cycle energy consumption - from mine to field 50



3.6 Country/Regional Case studies
3.6.1 Introduction
3.6.2  Switzerland
3.6.3  The Netherlands
3.6.4  Baltic Sea Region
3.6.5 Ireland and Spain: similar but different
3.6.6  Synthesis of the case studies
3.7  Conclusion

4.  Sustainable strategies for improving phosphorus use management

4.1  Reducing mining losses and increasing recovery
4.2  Efficiency in agriculture
4.2.1  Introduction
4.2.2  Optimising land use
4.2.3  Preventing erosion
4.2.4  Maintaining soil quality
4.2.5 Improving fertilizer recommendations
4.2.6 Fertilizer placement methods
4.2.7  Improving crop genotypes and promoting mycorrhizas
4.2.8  Adjusting inputs to outputs
4.2.9  Exporting manure
4.2.10 Adjusting livestock diets
4.3 Efficiency in food commaodity chain
4.4 Phosphorus recovery and reuse from waste streams
4.4.1  Drivers for phosphorus recovery
4.4.2  Sources of phosphorus for recovery and reuse
4.4.3  Processes and technologies for the recovery and reuse of phosphorus
4.4.4  Potential recovery of phosphorus from additional sinks
4.4.5  Future challenges and opportunities
4.5  Conclusion

5. Policy implications and recommendations

5.1  Introduction
5.2 Scope and impact of existing policies
5.2.1  EU policies
5.2.2  Lack of global governance of phosphorus
5.3 Shortterm policies
5.3.1  Raising awareness of phosphorus sustainability
5.3.2  Lack of Internalization of costs
5.3.3  Economic measures
5.3.4  Regulatory measures
5.4  Policies directed at more fundamental aspects of phosphorus use
5.4.1 Institutional changes
5.4.2  Reforming agriculture
5.4.3  Facilitating recycling
5.4.4  Population size and consumption patterns
5.5  Research recommendations
5.6 Conclusion

6. References
Appendix I.  Data requirement of a phosphorus balance

Appendix Il. Available technologies

page

52
52
55
60
64
68
69
70

71

71
72
72
73
73
74
74
76
76
77
77
78
78
79
79
80
85
92
93
95

97

97
97
97
98
99
99
100
100
102
103
103
104
106
107
107
108

111

pp.

pp.



Preface

There is a growing awareness that the European way of life is as yet based on a gradual depletion of fossil reserves
and that this cannot last forever. Until recently, phosphorus was not thought of as being one of these finite reserves.
Instead of recovering phosphorus for reuse from our ‘waste’ streams, we keep on extracting phosphorus from non-
renewable phosphate rock deposits elsewhere in the world and use it to replace the phosphorus that is lost or
dumped as waste.

Because it is an essential element for our present and future food security with no substitute, the handling of this
element must change towards more sustainable practices. The urgency is in part determined by the remaining
amount of high quality phosphate rock considered economically extractable. Estimates of these amounts are made
by the United States Geological Survey (USGS). Their figures have recently been revised by the International Fertilizer
Development Centre (IFDC), however the IFDC’s report had not been made public at the time of writing. We have tried
in vain to get a draft copy of the report and so all estimates of reserves and the reserve base rely on figures from
the USGS. The findings of the IFDC report, and future prognoses, have been annotated by the Global Phosphorus
Research Initiative (GPRI; http://phosphorusfutures.net/files/GPRI_Statement_responselFDC_final.pdf). The GPRI
concludes that findings of the IFDC report will only have a marginal effect on the time available to identify, develop
and implement effective methods to fully close the global phosphorus cycle. The report does not affect the finiteness
of the resource as such.

We are grateful that the European Commission has acknowledged that phosphorus deserves due attention and that it
was decided to support the present project. The Commission has asked us to make an estimate of current and
future phosphorus supplies and demand, to identify where phosphorus is lost between ‘mine and fork’, and to review
the environmental implications of these losses and other issues associated with the use of phosphate rock. Last but
not least the Commission wanted us to focus on the identification of measures, both technical and managerial, aimed
at reducing phosphorus losses and a promotion of sustainable use and reuse.

We would like to thank the Directorate General for the Environment (DG Env) of the European Commission for their
supervision of the project. Mr Leonardo Nicolia and Mrs Agnieszka Romanowicz are gratefully acknowledged along
with the several other attendees of meetings at DG Env, for the fruitful discussions that we have had during the
production of the report.

Finally, we would like to express the hope that this report will contribute in its own way towards a more sustainable
use of phosphorus both within the EU and abroad.

The authors

October 8, 2010






Executive summary

Phosphorus is essential for food production, however its use is not without implications. Attention to sustainable
phosphorus use is no longer solely focused on reducing detrimental environmental impacts, but also explicitly linked
to food security. That is, sustainable phosphorus use must ensure that all the world’s farmers have sufficient access
to phosphorus in the long run to produce enough food to feed humanity, whilst minimizing adverse environmental and
social impacts.

While the European Union has for many decades seen itself as a food secure region, this report demonstrates the
ways in which the EU food system is in fact highly vulnerable to future phosphorus scarcity. Without phosphorus,
agricultural production will be lower and, consequently, less food can be produced. At this moment the EU is almost
entirely dependent on imported phosphate rock, phosphoric acid, phosphate fertilizers and feed supplements
containing phosphorus. The world’s main source of phosphorus is phosphate rock. It is a non-renewable resource.
Cheap, high-quality reserves are becoming increasingly scarce.

There is currently a vigorous debate regarding the lifetime of remaining high quality phosphate rock reserves, with
estimates varying from a few decades to a few hundred years. Despite the uncertainty, there is general consensus
that the quality of remaining reserves is in decline (both in terms of P,O5 content and the presence of heavy metals
and other contaminants), that phosphate layers are becoming more physically difficult to access, that more waste is
being generated and that costs are increasing. At the same time, the global demand for phosphorus is expected to
increase - primarily due to an increasing demand for food from a growing world population. The increasing popularity
of meat and dairy products (which require more phosphorus to produce) in developing economies, and phosphorus
demand for non-food uses, may further increase global demand.

Further, regardless of the exact lifetime of reserves, the uneven geological distribution of phosphate rock means that
China, Morocco, the US, South Africa and Jordan control 85% of global reserves, making the EU as a phosphate
importer vulnerable to geopolitical tensions in these countries, and to volatile prices (as demonstrated during the
recent 800% spike in the price of phosphate rock in 2008).

The phosphorus situation for individual member states varies, depending on several local factors and drivers. For the
EU27 as a whole import of phosphorus is dominated by concentrated products for the fertilizer industry. Phosphorus
imports with feed or food take place to a lesser extent. However, in countries with an extensive livestock production
phosphorus imports with feed materials dominate.

If the amount of phosphorus entering a spatial entity (field, farm, region, country, continent) exceeds the amount of
phosphorus exported from that entity, there is a so-called phosphorus surplus. Such an imbalance of import and
export of phosphorus leads to either accumulation in agricultural soils, accumulation in the waste sector or to
emissions to the environment. The present report shows that a better internal recycling of phosphorus allows for a
reduction of imports and, thus, the surplus. It is illustrated that such return flows of phosphorus from industries and
urban areas back to agriculture is currently small for various reasons, an important one being the concern for
contaminants, e.g. in sewages sludge.

Only about onefifth of the mined phosphorus is eventually eaten. Each step between mine and fork is associated with
losses. Losses do not always reflect emissions into water bodies because a fraction of it is stored in phosphogyp-
sum stock piles, in agricultural soils, in landfills, in ash deposits or in construction materials. Although not lost in the
sense of dissipation, potential re-use is often limited for technical and economical reasons. A considerable fraction of
the difference between mined phosphorus and ingested phosphorus, however, is truly lost to water bodies leading to
eutrophication and loss of quality. Losses should also be reduced because the use of phosphorus is linked to other
unwanted environmental effects, such as the loss of landscape quality, green house gas emissions, excessive fresh
water consumption, radio activity, cadmium accumulation and fluorine emission. Pathways of phosphorus loss and
the character of environmental effects differ considerably from country to country and depending on the position in



the chain from mine to fork. The typology of losses is important because it can help to develop specific response
strategies. That is why strategies to abate losses and improve the use efficiency of phosphorus must differ as well.

Measures to improve the use of phosphorus are identified and outlined in detail in this report. Sustainable phos-
phorus use will require an integrated approach that combines efficiency and reuse, in order to reduce current phos-
phorus losses, minimise environmental impacts, conserve a finite resource and ensure all the world’s farmers have
access to phosphorus. Improving the efficiency of phosphorus use will buy the time needed to implement more
fundamental sustainable phosphorus use measures, as in the end only efficiencies close to 100% will make the use
of phosphorus sustainable. Improvements in efficiency can be achieved by reducing losses in mining, fertilizer
production and agriculture. They can also come from changing the ways we handle wastes containing phosphorus in
processing industries, and in the way we use phosphorus in our households and specialized waste-treatment
installations. An important aspect of sustainable phosphorus use is that recovery of phosphorus from waste streams
is not just needed to reduce water pollution, but for the sake of sustainability phosphorus must be recovered in an
uncontaminated and plant-available form. Not all current recovery methods yield these types of fertilizer substitutes.
Numerous examples of the strengths, weaknesses, opportunities and threats of measures along the path from mine
to fork are given in the form of research findings and practical examples. It is concluded that ‘end of pipe’ measures,
including the suggestion that phosphorus could be recovered from seawater, do not seem realistic, if only because
of the energy consumption they would involve.

As sustainable phosphorus use will sooner or later become essential for global food security, action is needed. As
far as the required actions are concerned, the report has identified shorttem and long-term policy options which
could improve the current level of phosphorus use efficiency in agriculture. The report emphasizes, however, that
policies should not be developed in isolation, let alone for agriculture only, but that all parts of the chain, that is
primary production, processing and consumption, should be addressed in an integrative way. The current reliance on
imported rock-based phosphorus (‘3 kg P per European citizen per year’) can not be continued in the long run. To
become truly sustainable, phosphorus use efficiency must approach a level close to 100% in each chain. Therefore,
a full recycling of phosphorus will become a condition sine qua non for global and European food security. The
urgency of policies and measures needed for that will be determined by the phosphate rock reserves considered
exploitable (including geopolitically and legally accessible), the prevention of accumulation and losses, the size of the
global population and its preferences in terms of food, feed, fibers and fuels, and its appreciation of biodiversity.
This will require drastic adjustments to the way we manage agriculture, and it may also require adjustments to our
society as a whole, including the processing of our ‘wastes’. In preparation of that it is recommended to:

o establish a representative and global platform representing all key stakeholders dealing with phosphorus in
different parts of the food system, to facilitate an effective governance of phosphorus, given the uneven
distribution of supply and demand in space and time,

o raise public awareness of the scarcity of phosphate rock, whilst presenting policy options and measures
showing a way out of the problem,

o promote independent assessments of long-term phosphorus supplies and demand, taking into account
available techniques, population size and alternative consumption patterns, in order to identify solutions and
adapt these to local conditions and requirements,

o discourage the use of phosphorus for other purposes than safeguarding food security,

o internalize the costs associated with the negative effects of phosphorus use into the price of phosphorus
commodities,

o develop a concerted set of economic incentives and regulatory measures directed at the reduction of
phosphorus losses per unit area and per unit produce, and the promotion of optimized re-use of phosphorus
recovered from ‘wastes’,

o initiate research to determine how production, processing and consumption of food could be improved into an
integrated strategy in order to maximize the re-use of phosphorus whilst minimizing energy consumption,

o consider the development of a EU directive on phosphorus linked to food security.



Glossary and abbreviations
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FAO
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Phosphorus
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making their future exploitation potentially feasible
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United Nations

US Geological Survey

World Health Organization of the United Nations

World Trade Organization
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1
has been used.

Struvite is also referred to as MAP (magnesium-ammonium-phosphate), however to avoid ambiguity, the common name struvite






1. Introduction

This chapter provides an overview of the natural phosphorus cycle and how, through the development of fertilizer
from phosphate rock, humankind has interrupted this cycle and caused a net depletion which will have a major
impact on future food security. We briefly summarize the more shortterm anthropogenic influences on the global
flows of phosphorus such as agricultural activities and other developments. We also refer to the need for improved
governance systems in order to return to more sustainable practices.

1.1 Global cycling of phosphorus

From a geochemical point of view the long-term global phosphorus cycle has four major components (Ruttenberg,
2003) (i) tectonic uplift and exposure of phosphorus-bearing rocks to the forces of weathering; (i) physical erosion
and chemical weathering of rocks producing soils and providing dissolved and particulate phosphorus to rivers; (iii)
riverine transport of phosphorus to flood plains, lakes and oceans; and (iv) sedimentation of phosphorus associated
with organic and mineral matter and burial in sediments. The cycle begins anew with the uplift of sediments into the
weathering regime.

In the pre-industrial period, societal production, processing and consumption of food, feed and fibre were closely
related in space and time. Phosphorus which was removed from the soil with crops from agricultural production
areas was compensated for via regular flooding or shifting cultivation, or it was supplemented by phosphorus in
manure from livestock grazing on surrounding rangeland. Waste products containing phosphorus (manure, crop
residues, human waste) were necessary to improve the soil fertility, or to maintain it at a level which produced
reasonable yields.

1.2 The introduction of fertilizer

The introduction of mineral phosphorus fertilizer enabled the phosphorus which is lost from the soil when crops are
harvested to be more easily replaced. This led, in general, to less recycling of waste products from society and
agriculture. Mineral fertilizers (especially nitrogen (N) but also phosphorus (P)) led to a substantial increase in
agricultural yields, and also to a spatial segregation between production and consumption. Mixed farming, at least in
developed countries, was no longer necessary, and so arable farming and livestock farming became spatially
segregated. One of the consequences was the concentration of intensive livestock farming, usually close to densely
populated areas. Imports of feed from other countries further reduced the connection between livestock and arable
areas. This took place to such an extent that the resulting manure production was in excess of what the surrounding
arable areas could accept from an environmental point of view.

The use of mineral fertilizers not only led to intensification and specialization; it also allowed the human population to
grow and afforded humankind a more affluent diet. However, it also led to less recycling of waste streams back to
the sites of production. Manure, for example, was no longer seen as a valuable and vital resource for agriculture.
Recycling in general and mixed farming in particular were from then on no longer a condiition sine qua non.

1.3 Food security and fertilizers

Nowadays food production has become highly dependent on the use of phosphorus fertilizer, whereas the reuse of
alternative phosphorus sources receives much less attention. This can be considered an unsustainable development
because the rock deposits from which most phosphorus fertilizers originate are finite. Food availability and security
will sooner or later be threatened when this valuable resource becomes scarce. In addition, the geopolitical aspects
are a reason for concern, because phosphorus reserves are found in a limited number of countries. In order to
improve sustainability, global agriculture has to become less dependent on mineral phosphorus fertilizer.



1.4 Losses

Looking at the global path of phosphorus from ‘mine to fork’, the efficiency seems low: only around onefifth of the
phosphorus mined for fertilizer production is in the end consumed by the human population (Cordell et a/., 2009a).
Losses of phosphorus occur in all stages between mine and fork and include mining losses, losses due to solil
erosion (phosphorus eventually ending up in the oceans sediments), crop losses as well as food losses. Another type
of loss occurs in the waste sector when phosphorus-rich materials end up in landfill or in sewage sludge. Some
member states discourage the reuse of sewage sludge for environmental concerns. Sludge is instead incinerated.
Further losses can occur if manure is not used appropriately for crop production, or if it is even used for other
purposes than fertilizing crops. Although not a loss in the strict sense of the word, accumulation of phosphorus in
agricultural soils also is factor which can explain the apparent low efficiency from mine to fork. The reasons for
accumulating can range from improving soil fertility or crop specific fertilizer recommendation schemes to regional
surpluses of phosphorus due to concentration of livestock production.

1.5 Governance of phosphorus-resources

Although phosphorus deposits are essential for global food security, their possible exhaustion is currently not an
issue on the agenda of international organizations or national governments (Cordell, 2010). Restrictions on the use
of fertilizers are usually motivated by the negative impacts of excessive inputs in agriculture (leading to unacceptable
pollution of water bodies), rather than by the threat of a possible shortage in the future. More efficient utilization of
phosphorus is necessary, but will not alone be sufficient to make global agriculture sustainable. It will, however,
provide the necessary time to develop recommendations, regulations and integrated policies for the full recovery
and reuse of phosphorus. Sustainability requires both the prevention of direct losses (such as the losses resulting
from mining and soil erosion) and the recycling of phosphorus from the waste streams from industrial and urban
sectors back to agriculture.

1.6 Overview of the report

This report provides a detailed analysis of implications, requirements and solutions directed towards the sustainable
use of phosphorus. Chapter 2 focuses on the finiteness of phosphate rock reserves, the present and future demand
and geopolitical aspects of the trade in phosphate rock. Chapter 3 addresses the losses of phosphorus in mining
and how it is used by society, and the environmental impacts of these losses and other environmental aspects linked
to the use of phosphorus. Chapter 4 gives an inventory of measures directed at a more sustainable use of phos-
phorus, including possible changes in mining technology, fertilizer production, the use of phosphorus in agriculture,
food processing and the handling of ‘wastes’ from industrial and urban sectors. Note that whenever full recovery and
reuse of a substance is needed to achieve sustainability (as in the case of phosphorus according to the present state
of knowledge), the term ‘waste’ is in fact inappropriate since in an ideal world, wastes do not exist. For the remainder
of this report we continue to use the term ‘waste’ because the alternative term ‘by-products’ could be incorrectly
read as referring to engineered products that already have a positive value.

Finally, Chapter 5 describes recommendations and possible regulations to achieve a more sustainable use of
phosphorus in the future, both in the short term and long term. This chapter also includes several recommendations
for future research.



2. A review of the phosphorus situation in the
world

2.1 The significance of phosphorus scarcity

2.1.1 Defining sustainable phosphorus use

Sustainable phosphorus use has to date mostly been associated with minimizing environmental pollution. However,
as demonstrated in this chapter, a new global understanding of phosphorus as a scarce resource is emerging.
Phosphorus is one of the most essential elements to humanity. Without it, life would not exist. There is no substitute
for phosphorus in crop growth and phosphorus cannot be synthetically manufactured. This means that ensuring the
availability and accessibility of phosphorus in both the short and long term is critical to global food production.
Prominent science writers such as the chemist Isaac Asimov described phosphorus as ‘life’s bottleneck’:

We may be able to substitute nuclear power for coal, and plastics for wooad, and yeast for meat, and friendliness

for isolation—but for phosphorus there is neither substitute nor replacement’ (Asimov, 1974).

This means any definition of sustainable phosphorus use will need to consider not only the pollution of aquatic
ecosystems, but also the fundamental link to food security. A proposed sustainable global goal of ‘phosphorus
security” would ensure:

That all the world's farmers have access to sufficient phosphorus in the short and long term to grow enough food
to feed a growing world population, while ensuring farmer livelihoods and minimizing detrimental environmental
and social impacts (Cordell, 2010), p.123).

Phosphorus security therefore requires an integrated approach, addressing the multiple aims of environmental

protection, food security, farmer livelihood security, cost-effectiveness and long-term availability (see Cordell (2010)

for a detailed explanation of phosphorus security and associated goals). In short, phosphorus security would ensure

that :

o the amounts of phosphorus (and related resources) that are wasfed throughout the entire food production and
consumption system are kept to a minimum.

o the use of phosphorus has no net negative impact, from its at-source effects or its downstream effects, on the
environment, including water, land and biota.

o phosphorus fertilizers are produced, transported, used, recovered and managed in a way that minimizes life
cycle energy consumption.

o sufficient phosphorus of appropriate quality is physically avaiable both in the short term and longer term for
farmers to utilize for fertilizers.

o the whole-of-society costs of producing, trading, using and recovering phosphorus are minimized.

o all the world’s agricultural soils are sufficiently fertile to ensure high crop yields (with appropriate management).

o sufficient fertilizers for food availability are secured ensuring global food security.

o all people have sufficient phosphorus intake for a Aealthy and balanced diet.

o geopoliticalinterests do not steer the sourcing, use or reuse of phosphorus for food production.

o there is equitable access to phosphorus sources and current and future generations are not compromised
directly or indirectly by the sourcing, use or re-use of phosphorus for food production.

o there is independent, equitable and transparent governance of phosphorus resources for longterm food
security.
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Figure 2-1.  Conceptual diagram indicating that the goal of global phosphorus security (1) has multiple associated
sustainability criteria (2) is required to address the diverse current challenges (3) is associated with
phosphorus scarcity (Cordell, 2010).

2.1.2 Phosphorus scarcity linked to food security and fertilizer
accessibility

In a world which will be home to nine billion people by the middle of this century, producing enough food and other
vital resources is likely to be a substantial challenge for humanity. The UN's Food and Agricultural Organization (FAQO)
states that food security ‘exists when all people, at all times, have access to sufficient, safe and nutritious food to
meet their dietary needs for an active and healthy life’ (FAO, 2005b). Food security therefore means ensuring access
to nutritious food, as well as access to the natural resources (land, water, energy and nutrients) and human
resources (soil science knowledge, labor, purchasing power) that are essential for producing it (Ericksen, 2008).
While dominant discussions on global food security have captured many of these issues, including the challenges of
water and energy scarcity (SIWHWMI, 2004; Pfeiffer, 2006), future phosphorus scarcity has been largely omitted to
date (Figure 2-1 and Figure 2-2).
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Figure 2-2. Three key themes of global food security: food availability, food accessibility and food utilization.
Phosphorus scarcity has been missing from the food availability discourse to date (Cordel], 2010).

Historically, farmers relied on natural soil phosphorus to grow crops (with the addition of local manures and human
excreta to some extent). However increased famine and soil degradation led to a search for external sources of
phosphorus fertilizers including guano, ground bones and phosphate rock (Emsley, 2000) to boost crop yields.
Phosphate rock in particular was seen as a cheap and plentiful source of phosphorus and this became widely used in
addition to organic sources. The widespread use of phosphate rock contributed to a dramatic increase in global crop
yields and has saved many people from starvation over the past half-century. Today, humanity is effectively
dependent on mined phosphate rock to maintain high crop yields to meet increasing food and fibre demand (Cordell
et al, 2009a). Figure 2-3 illustrates the global production of phosphate rock since 1970.
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Figure 2-3. Global annual production of phosphate rock since 1970 according to IFA statistics
(Prud’homme, (2010a).

The importance of phosphorus and the need to raise soil fertility in nutrient-deficient areas like Sub-Saharan Africa is
relatively well understood in food security debates (Blair, 2008). However, few food security discussions have
explicitly addressed the emerging challenge of where and how phosphorus will be obtained in the future to ensure
continuous food availability for a growing world population (Cordell, 2010).

An unprecedented 1.02 billion people, one-sixth of all humanity, are malnourished today (FAO, 2009). Many of the
world's hungry are in fact smallholder farmers and their families. An important dimension of food accessibility and
household wellbeing is therefore fertilizer accessibility and farmer livelihoods. Farmer accessibility to fertilizers or
fertilizer markets is critical to both livelihood security and global crop yields (Cordell, 2010). Many poor farmers
around the world cannot access the phosphate fertilizer market due to low purchasing power or because they don't
have access to credit (IFPRI, 2003). Further, in Sub-Saharan Africa, where fertilizers are most needed, phosphate
fertilizers can cost farmers two to six times more at the farm gate than they cost European farmers (Runge-Metzger,
1995; Fresco, 2003). The recent price spike and anticipated future price spikes further reduce the purchasing
power of poor farmers and hence compromise their access to fertilizers.

2.2 Phosphate rock availability

Whilst phosphorus is the 11" most abundant element in the Earth’s crust, only a small percentage is present in high
enough concentrations to be utilized by humans for producing fertilizers and other products (Smil, 2000; Millennium
Ecosystem Assessment, 2005a). Further, much of the phosphate rock that is in high enough concentrations (such as
nodules on the deep sea bed), is not physically accessible, contains prohibitive levels of contaminants (such as
cadmium), or is constrained by other factors. These constraints limit the amount of high-quality, highly accessible
phosphate rock available for use (Cordell, 2010). Figure 2-4 indicates these multiple constraints or ‘bottlenecks’
limiting the availability of phosphorus for productive use in food consumption.
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Figure 24.  Phosphorus availability bottlenecks. physical, economic, social and ecological factors limiting the
availability of phosphorus for productive use by humans for fertilizers and hence food production.
Units are in P (Cordell and White, forthcoming).

Figure 2-4 also indicates ecological, social and physical constraining factors limiting the productive use of phosphate
rock beyond the mine. The most significant constraining ecological factor is the bioavailability of phosphorus to
plants. The Millennium Ecosystem Assessment explains:

The lithosphere is the ultimate source of all phosphorus in the biosphere ... Paradoxically, while apatite (the
naturally occurring phosphate rock) is one of the most easily weathered primary minerals, phosphorus is
amongst the least biologically available major nutrients. This is because the forms of phosphorus in the
biosphere are poorly soluble, immobile, or otherwise inaccessible (Millennium Ecosystem Assessment, 2005).

Phosphate rock, like oil, is a non-renewable resource and high-grade reserves are becoming increasingly scarce. The
phosphorus in phosphate rock - from mineralisation of dead aquatic organisms to tectonic uplift and weathering, has
taken 10-15 million years to form naturally. Estimates of remaining reserves vary widely, partly due to a scarcity of
data, compounded by inconsistent use of terms and a lack of transparency in assumptions (Cordell, 2010).



14

Table 2-1 indicates various estimates of the lifetime of reserves by different authors. Note that the term reserves
pertains to the amounts that are currently considered economically and technically recoverable, and these amounts
are smaller than total resources (consult section 2.2.1 for further definitions).

Table 2-1. Estimates of availability of remaining phosphate rock reserves.

Author Estimated  lifetimeAssumptions/notes
of reserves

Steen (1998) 60-130 years 2-3% increase demand rates, ‘most likely’ 2% increase until
2020 and 0% growth thereafter if efficiency and reuse
measures are implemented.

Smil (2000) 80 years At ‘current rate of extraction’

Smit et al. (2009)) 69-100 years Assuming 0.7-2% increase until 2050, and 0% increase
after 2050

Vaccari (2009) 90 years At ‘current rates’

Fixen (2009) 93 years At 2007-2008 production rates

2.2.1 USGS data: phosphate rock reserves, reserve base and resources

The US Geological Survey (USGS) collects and publishes the most widely available datasets on the world’s metals
and mineral commodities, including phosphate rock. The widely used USGS classification typology (USGS, 2009) for
mineral resources (and indeed earlier classifications such as Phillips (1977) are based largely on two variables -
certainty and feasibility of economic recovery (depicted in Figure 2-5). Data on phosphate rock are normally reported
by USGS using the two categories: Reserves and Reserve Base (e.g. see Jasinski (2008; 2009)). Reserve Base
refers to the theoretically available deposits and Reserves stands for that part of the Reserve Base that is economic
to mine according to current standards. The term ‘resources’ is also used by USGS classifications, but it is often
misused which can lead to miscalculations (see section 2.2.3).

USGS (2009) define these three terms as:

Resource - ‘A concentration of naturally occurring [phosphate] in or on the Earth’s crust in such form and amount
that economic extraction of a commodity from the concentration is currently or potentially feasible’. This is the
broadest category and includes both identified and undiscovered phosphate - for example deposits in the continental
shelf.

Reserve base - ‘That part of an identified resource that meets specified minimum physical and chemical criteria
related to current mining and production practices, including those for grade, quality, thickness, and depth. The
reserve base is the in-place demonstrated (measured plus indicated) resource from which reserves are estimated. It
may encompass those parts of the resource that have a reasonable potential for becoming economically available
within planning horizons beyond those that assume proven technology and current economics'.

Reserve - ‘That part of the reserve base which could be economically extracted or produced at the time of
determination. The term reserves need not signify that extraction facilities are in place and operative. Reserves
include only recoverable materials’ (For which extraction is economically and technically feasible).
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Figure 2-5.  USGS classification system for mineral resources (USGS, 2009).
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USGS reports current reserves at 16,000 million tonnes of phosphate rock (containing approximately 30% P,0s).
The reserve data in Figure 2-6 represent what is deemed to have been demonstrated to be economically and
technically feasible to recover. It does not include exploration of new sources, resources such as phosphate
concentrations on the sea bed, or unreported reserves of individual countries. As of 2002 there were 1,600
significant deposits identified in the world (Orris and Chernoff, 2004). The latest USGS data (Figure 2-6) show that
85% of these reserves are found in five countries. New mines are being started in Peru, Saudi Arabia, US (pending
licensing bottlenecks), Jordan, Australia and Namibia (offshore sands). Offshore exploration is also occurring in other
regions, such as the Chathsm Islands (New Zealand). In order to improve the economics of phosphate mining,
uranium is being brought forward in Jordan as a profitable by-product, as is iron in Australia. Extraction of phosphate
from the tailings of the large iron mine in Kiruna (northern Sweden) is also being suggested.

BODO

EE00
= 5000
3
E 4000
E—- 500
'E 3000
s
.E 2000
2
o

&

v

World Phosphate rock reserves by country

total = 16 000 million tonnes

1500
1000
m I
. 5 B B AN W W ey |

P & LS F
j‘ﬁ ﬁﬁ-g";f & fﬁ {’;f

Figure 2-6.  USGS estimates of reported remaining world phosphate rock reserves in 2009, indicated by
countryyregion. Units are in million tonnes of phosphate rock. Data: USGS, 2010.
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Further, as noted earlier, all of the phosphorus content of these reported phosphate rock reserves is not all available
for use in fertilizers - a substantial proportion of these reserves is lost during mining, beneficiation, storage,
transport and fertilizer processing. The magnitude of these mining and fertilizer production losses is discussed in
more detail and quantified in section 3.2 and 3.3.

2.2.2 Other data sources

An assessment of phosphate rock reserves has been carried out by IFDC (International Fertilizer Development
Centre) based on secondary data sources and input from the industry. However the IFDC report was unavailable for
viewing at the time of completion of the present report.?

2.2.3 Data uncertainty and reliability

Understanding the magnitude (and quality) of reserves is important for estimating both the peak phosphorus timeline
and other depletion scenarios. However there are substantial concerns about the reliability of publicly available data
on global phosphate rock reserves. These concerns are echoed by both industry representatives and scientists
(Ward, 2008; Fixen, 2009; Cordell, 2010; Prud’'homme, 2010a).

There are a number of different sources of phosphate rock reserve data unreliability, including3:

o Basic uncertainties associated with physically estimating geological phosphate rock reserves and deposits at
the exploration stage (such as extrapolating ore grades and other characteristics from the analysis of core
samples from drill holes).

o Reserves figures are dynamic and depend on costs. Assumptions behind USGS data are considered outdated,
leading to inaccurate estimates of cumulative reserve figures (Fixen, 2009; Prud’homme, 2010a).

o USGS figures are based on self-reporting by individual countries or companies, and each uses different
assumptions for reserves such as different financial criteria (value of the deposit in S/tonne), hence the
cumulative figure for reserves are based on inconsistent assumptions (USGS, 2010).

o Lack of transparency of the above assumptions also raises concerns about data quality. For example, China’s
reported reserves doubled overnight when it joined the World Trade Organisation. Further, in 2007, reported
world reserves totalled 18,000 million tonnes, while in 2008 they decreased to 15,000 million tonnes, largely
because China altered its reported reserves (Jasinski, 2008; Jasinski, 2009).

o As USGS has been the only source of publicly available phosphate rock reserve data, almost all analyses rely
on these baseline data, and there has been little opportunity to triangulate with other sources.

Other data sources are typically produced and owned by commercial interests, meaning that the data production
itself (often undertaken by the mining industry) is not independent and transparent and the resultant data are only
available at a high cost?, if at all.

Such data scarcity and unreliability are not unique to phosphate commodities. Similar concerns have been reported
for other globally significant resources (Chanceler and Rotter, (2009). However because phosphorus cannot be
substituted and is critically linked with food production, it can be argued that more accurate, independently
produced, and publicly available data are required. Further recommendations are provided in Chapter 5 and in
Cordell (2010).

See note on the IFDC report in the Preface.

3 See section 3.4.2 in Cordell (2010) for further details.

Fertilizer Week statistics costs 2,850 Euros, see:
http://www.cruonline.crugroup.com/FertilizersChemicals/FertilizerWeek/tabid/177/Default.aspx.
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2.3 Peak phosphorus

There is an ongoing and vigorous debate regarding ‘peak phosphorus’, with some proponents at one extreme
arguing global production has already peaked (Dery and Anderson, 2007), while others dismiss the plausibility of the
theory (Prud’homme, 2010a). Proponents of the peak theory argue that while estimates of remaining high-grade
reserves range from 50-100 years, and estimates of reserve base vary even more, the critical point could indeed
occur decades before these depletion estimates (Cordell et a/., 2009a). In a similar way to oil reserves, the rate of
global production of high-grade phosphate rock will eventually reach a maximum or ‘peak’, based on the finite nature
of non-renewable resources. Hubbert (1949), and later others, argue that the important period is not when 100% of
the reserve is depleted, but when the high quality, highly accessible reserves have been depleted. After this point,
the quality of remaining reserves is lower and they are harder to access, making them uneconomical to mine and
process.
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Figure 2-7.  Peak phosphorus curve, indicating a peak in global phosphorus production could occur by 2035.
Units are in Mt of P, not phosphate rock. Data based on USGS estimates of global phosphate rock
reserves and industry data on historical annual production (Cordell, 2009a).

Based on USGS and industry data, (Cordell et a/, 2009a) predict a peak in global phosphate production to occur by
2035 (Figure 2-7). After the peak, supply is expected to decrease each year, constrained by economic and energy
costs, despite rising demand (Cordell et a/, 2009a). Dery and Anderson (2007) estimate that peak phosphorus
occurred in 1989. However this was a mini-peak, probably due to a marked fall in phosphate demand after the
collapse of the Soviet Union, coupled with new policies in Europe and North America to use phosphorus more
efficiently. Production in recent years has surpassed this mini-peak (as evident in Figure 2-3 in section 2.1.2).

Some critics of the peak theory argue that there will not be a problem as the market will ensure that supply will keep
up with demand, because as a resource becomes scarce, prices rise and trigger new investments in lower-grade
deposits. Other critics don't dispute the fact that phosphate production will eventually reach a peak if left unchecked,
but rather, they dispute the timeline. The exact timing of peak phosphorus may indeed be earlier or later than that
presented in Figure 2-7 depending on actual size of reserves, and other demand or supply side factors such as
economic booms or downturns, the manipulation of production, growth in non-fertilizer phosphorus-demanding
products, or the introduction of policies or technologies that increase the efficient use of phosphorus (Cordell,
2010). It is interesting to note that the US has been extracting a steadily decreasing amount of phosphate rock since
1995 (USGS, 2010) so one could argue the peak there has already occurred.
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While the exact timing of the global peak may be disputed, there is a general consensus among industry represent-
tatives and scientists that the quality of remaining reserves is declining due to: a) lower concentrations of
phosphorus (% P,05) in the remaining phosphate rock reserves; and b) increasing concentrations of heavy metals like
cadmium and also uranium. Further, remaining reserves tend to be less physically accessible (Cordell and White,
forthcoming).

