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Abstract:

As 2050 drawers nearer, global food production faces growing demand for food, challenges from climate
change and globalization. As ensuring food security for a growing global population will require innovative
and sustainable solutions, research in this field endeavors to understand the landscape of food security in
the coming decades. As such, global food security and computable general equilibrium modelling have
partnered to help assess how these challenges will affect our ability to produce food. However, knowledge
and research gaps remain. Thus, this paper innovatively highlights that food security analysis using
computable general equilibrium modelling can be enhanced by filling one part of the mineral resource gap
by including the critical element phosphorus. This paper provides a detailed literature review on current
approaches in phosphorus modeling and their contributions to economic modeling and how current
knowledge gaps can be bridged by including phosphorus into food security analyses using computable
general equilibrium modeling.
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Phosphorus Scarcity: The Neglected Issue in the Modelling of Future
Food Security

Abstract

As 2050 drawers nearer, global food production faces growing demand for food, challenges from
climate change and globalization. As ensuring food security for a growing global population will
require innovative and sustainable solutions, research in this field endeavors to understand the
landscape of food security in the coming decades. As such, global food security and computable
general equilibrium modelling have partnered to help assess how these challenges will affect our
ability to produce food. However, knowledge and research gaps remain. Thus, this paper innovatively
highlights that food security analysis using computable general equilibrium modelling can be
enhanced by filling one part of the mineral resource gap by including the critical element
phosphorus. This paper provides a detailed literature review on current approaches in phosphorus
modeling and their contributions to economic modeling and how current knowledge gaps can be
bridged by including phosphorus into food security analyses using computable general equilibrium
modeling.
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1. Introduction: A Gap in Food Security Modeling

The demand for food is expected to increase by more than 60 percent over the next 30 years, as the
global population approaches 9 billion around 2050. This projected growth in global food demand by
2050 will challenge our ability to continue increases in crop production and will cause a serious strain
on natural resources (Alexandratos & Bruinsma, 2012). Given the decreasing likelihood of expanding
agricultural land and water resources, meeting rising food demand will mainly come from
improvements in productivity and resource efficiency (Foley et al., 2011; Tilman, Balzer, Hill, &
Befort, 2011). Moreover, as globalization drives integration, global food security concerns and issues
become transboundary requiring multinational perspective and strategy. Aside from these additional
mouths to feed, growing biofuel production, increased meat and dairy consumption, and climate
change all factor into challenging food production (FAO 2017).

Food is produced, traded, transported, sold, and consumed through a complex system with often
non-linear, trans boundary interactions. Thus, the ability to link both the physical elements of
production with economics becomes vital. As a result, global food security and computable general
equilibrium (CGE) modelling have partnered to help assess how these challenges will affect our
ability to produce food confronting researchers in this areas is question what is needed in order to
consider these nonlinear and global effects?

If CGE modelling is to better examine global food security, then incorporating the most basic inputs
in to food production is necessary. However, although resources such as water and land are
increasingly analyzed in the food security debate (Schroder, Cordell, Smit, & Rosemarin, 2010), other
vital natural resources in global food production have not been fully included leaving us to ask: how
do challenges to the most basic of inputs used in food production affect global food supply?

Thus, this article highlights how CGE modelling can be enhanced by bridging the mineral resource gap
through the inclusion of one particular, critical element — phosphorus. Section 2 provides an



overview of the criticality of phosphorus in global food production. Section 3 showcases the gap in
CGE modelling. Section 4 offers a review of the current non-CGE models used to analysis phosphorus
scarcity and how they can be used to enhance CGE modelling. Section 4 highlights the gaps that CGE
models can fill in the analysis of phosphorus scarcity.

2. The Importance of Phosphorus

Phosphorus is an essential element for all life and is vital to DNA and RNA, the production of cell
membranes, energy supply, and the formation of seeds in plants (Childers, Corman, Edwards, & Elser,
2011; Smil, 2000). Humans obtain their phosphorus needs through their dietary intake of plants and
animal products, whereas plants obtain phosphorus from the soil, which can no longer provide
agricultural activities with sufficient amounts of phosphorus. As the demand for phosphorus far
outstrips the biological renewal rate in soils, modern agriculture has almost exclusively turned to
inorganic phosphate fertilizers for supply (Seyhan et al., 2012)

Between the end of the 19" and beginning of the 20™ centuries, large deposits of phosphate rock —a
sedimentary rock with high P concentrations provided the basis for the rapid growth of the fertilizer
industry after the Second World War (Childers et al., 2011; Reijnders, 2014). Since then, then mining
and refining phosphate rock into fertilizer has caused annual production of phosphate rock to double
from 1970 to 2010 (Heffer & Prud’homme, 2015).

Phosphate rock is distributed unevenly across the globe and poses geopolitical risks which may cause
market concentration and restrict availability in the future. As of 2016, ten countries accounted for
95% of reserves, with Morocco alone controlling over 72 percent (USGS 2017), giving rise to such
concerns as price setting or the impact on agricultural production due to disruptions in supply.
Regarding annual production, China, Morocco, and the USA account for 75 percent of global
production in 2016 (USGS 2017). Such market concentration means all net phosphorus importing
countries are subject to the whims of a few countries, evinced in 2008 when China imposed a 135
percent export tariff that effectively stopped exports of a significant global supplier (Cooper et al.,
2011). This is considered to have contributed directly to the 2007/2008 price spike where the price of
phosphate rock reached its highest amount at $430 in August and September 2008. High agricultural
prices at the time gave farmers an incentive to increase crop yields through applying more fertilizers,
demand for meat and dairy products is on the rise, and high oil prices drove up the demand for
biofuel crops and again more fertilizers (Von Lampe et al., 2014).

The demand for phosphorus is expected to increase due to an estimated global population of over 9
billion by 2050 and changes in diets towards more meat and dairy from a growing affluence in
developing counties (Cordell et al., 2009). Moreover, biofuel production is likely to increase and
these challenges are anticipated to be met with agricultural intensification rather than extensification
(Alexandratos & Bruinsma, 2012). Assuming a business as usual scenario towards 2050, the price of
fertilizer is expected to increase as physical scarcity increases (Huang, 2009; von Horn & Sartorius,
2009). Though scarcity and higher prices in theory induce exploration and development of new
mines, it is widely believed that future mining of reserves will be thwart with higher costs due to
higher impurities and increased difficulty in extrapolation and refinement (Van Kauwenbergh, 2010).

Agriculture will always be dependent on phosphorus inputs be they organic or synthetic. For the
foreseeable future, phosphate fertilizers will be the primary source, and by extension, phosphate
rock. Regardless of the longevity of phosphate rock reserves, unless recycling technologies are
implemented, the supply of phosphate fertilizers is going to be finite (Heckenmiiller, Narita, &
Klepper, 2014). However, the current production of phosphate rock may not be enough to guarantee
stable supply. The highly concentrated distribution of global phosphate rock reserves creates a
dependency on a few nations and the increasingly volatile prices of fertilizer create insecurity for



farmers in developing regions as a price shock could again render phosphate fertilizers unaffordable
for many farmers. Thus, although we are certain of phosphorus’ importance, we are less certain
about it sustainability. Phosphorus is not a physically scarce resource but economically scarce as not
all deposits are technically or feasibly extractable (Scholz & Wellmer, 2013). If phosphorus scarcity is
left unaddressed, global agricultural production could witness higher energy costs for mining and
processing of phosphate rock, further pollution and waste, higher fertilizer prices, more price spikes,
geopolitical tensions, and decreased access to farmer fertilizers, reduced crop yields (Cordell et al.,
2009; Cordell & White, 2011; Heckenmiiller et al., 2014; Smit et. al., 2009)

3. The Mineral Resource Gap in CGE Modelling

CGE models are tools used in economic policy analysis that employ inter-sectoral linkages and
account for the circular flow of income within an economy. Thus, they able to consider
simultaneously all sectors of production within an economy and macroeconomic constraints such as
factor markets and income. In terms of food security analysis, a CGE model’s strength lies in its
inclusion of the entire global food value chain from agricultural production, to processing,
distribution, and consumption.

However, understanding why mineral resources such as phosphorus have been neglected involves
understanding how the core CGE models used in food security have developed. In the advent of CGE
modelling, land, water and energy were used as one directional inputs into food production but, with
the birth of 1" and 2nd generation biofuels, challenges to water quality, climate change, etc., the
need to understand feedback loops and tradeoffs became paramount (Kling, Arritt, & Keiser, 2017).
Thus, CGE models over time began to incorporate the main drivers behind changes in global food
security. Table 1 demonstrates the food security drivers incorporated into leading CGE models.

Table 1 Overview of Leading CGE Models and Food Security Drivers

Model Data Spatial AG Calculation Trade Global Food Security Drivers Reference
Source  Scale Products  of FS -
(Regions) Indicators Bio- Pop GDP Incorpg
economy Elasticity
GLOBE GTAP 19 Equilibrium  Armington Endo Exo Endo Endo (Mcdonald,
Prices equilibrium et.al., 2007)
ENVISAGE GTAP 11 10 Equilibrium  Armington None Exo Endo Endo (van der
Prices equilibrium Mensbrugghe,
2008)
FARM GTAP 5 12 Equilibrium  Armington Endo 1st Exo Endo Endo (Sands, et al.,
Prices equilibrium  generation 2013)
GTEM GTAP 5 7 Equilibrium  Armington Endolst Exo Endo Endo (Pantetal.,
Prices equilibrium  generation 2002)
MAGNET GTAP 29 10 Equilibrium  Armington Endo 1st Exo Endo Endo (Smeets-
Prices equilibrium  generation Kristkova et
al., 2016)
AIM GTAP 89 8 Equilibrium Non Endo Exo Endo Endo (Fujimori et
Prices spatial, al., 2012)
Armington

Abbreviations: AG, Agricultural; AIM, Asian-Pacific Integrated Model; Endo, Endogenous; ENVISAGE, Environmental Impact and
Sustainability Applied General Equilibrium Model; Exo, Exogenous; FARM, Future Agricultural Resources Model; FS, Food Security;
GTAP, Global Trade Analysis Project; GTEM, Global Trade and Environmental Model; MAGNET, Modular Applied General Equilibrium
Model.

Though there are many differences between the models (see Valin et al. 2014; Von Lampe et al.
2014; Hertel et al. 2016 for extensive reviews of models and approaches using CGE model in food
security), a commonalty among them - and important to this paper - is the absence of any mineral
resource included in the dimensions or drivers. Future challenges such as climate change impacts,
yields and water scarcity, population growth, and changing diets and income have largely been



incorporated into existing models. However, other aspects such as mineral resources have been
largely excluded. Figure 1 show the drivers which have been incorporated into CGE modelling.

Figure 1 Demand and Supply Side Food Security Drivers
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The reason for this neglect is perhaps the widespread opinion among industry leaders and
economists that raw materials would always be available on the international market. Despite the
concerns of supply limits in the 1970s, 80s, and 90s, this opinion remained prevalent until the 21*
century when commodity prices began spiking (Humphreys, 2010; Scholz & Wellmer, 2013).
However, this may over emphasizes land supply as the primary response to changes in the crop
production and under emphasizes the role of inputs into agriculture production (Hertel et al., 2016).

4. Phosphorus Food Security and Global Modeling: Review of the
Current Models

4.1 Mineral Resource Dimensions and Phosphorus: Building the Framework

Enhancing CGE modeling with mineral resources such as phosphorus is one step closer in closing the
mineral resource the gap in the economic dimension in analyses in food security. Moreover, the
debate on phosphorus scarcity is not devoid of models or approaches. While models currently
employed in the analysis of phosphorus scarcity detail different dimensions as the next sections
showcase, there is a significant gap around the economic dimension. Their shortcomings highlight
opportunities for enhancing food security approaches using CGE models.

Thus, the three current approaches to phosphorus scarcity, (1) static and dynamic reserve to
production models, (2) curve fitting labelled “peak phosphorus,” and (3) substance flow analysis
models, are analyzed in the next sections in terms of their strengths, weaknesses and contributions
to enhancing CGE modelling and thus better understanding of the challenges facing future food
security. Table 2 provides an overview of the three models reviewed. This following review utilizes
relevant, recent, peer-reviewed journal papers and reports written in English. Global phosphate rock
production and reserve data have also been employed.

Table 2 Overview of Models Used in Phosphorus Analyses

Approach Technique Method Scale Input Output Mineral Resource
Dimensions




Static or Demand: Supply Estimated National ~ Phosphate  Longevity of Physical,
Dynamic Ratio Reserves divided or rock data reserved, Geopolitical
R/P by projected global geopolitics
demand

Curve Growth curves Numeric and least National  Historical Projected Physical
Fitting fitted to squares, times or production  production data

production data series global data
Substance ~ Mass Balance Systems approach Local, Statistical Quantified Managerial,
Flow regional, data flows, leakage, Institutional
Analysis global buildups

4.2 Static and Dynamic R/P

One of the most common and basic techniques to modeling and predicting the future availability or
physical scarcity of a mineral is the Reserves to Production (R/P) Ratio. In essence, it shows the
duration of reserves at current production rates. It is calculated as the known available reserves
(called the ultimately recoverable resources URR) divided by annual production and thus
demonstrates the number of years that current reserves would last assuming nothing else changes.
Some authors take a static level of demand while others assume increasing growth of demand,
resulting a more dynamic model. Table 3 provides an overview of leading R/P projections

Table 3 Review of Reserve to Production (R/P) Models

Study Lifetime Depletion  Size of Model Assumptions
of Year® Reserves  Type
Reserves (GT)
(Smil, 2000) 80 2080 10.5- Static At 'current rate of extraction'
24.5
(Fixen, 2009) 93 2102 15 Static At 2007-2008 production rates
(Vaccari, 2009) 90 2099 15 Static At 'current rates'
(Van Kauwenbergh, 300- 2310- 460 Static At 'current rates'
2010) 400 2410
(Villalba & Liu, 2008) 120 2128 24 Static At 'current rates'
(Steen, 1998) 60-130 2058- 10.5- Dynamic 3% annual demand increase in
2128 22.4 phosphate until 2020. Max
production reached around
2010.
(Smit et al., 2009) 125- 2134- 18 Dynamic Exponential population growth
340 2349 rate until 2050. Zero growth
rate after 2050 with current
consumption patterns
(Bouwman et al., 2009) "Within 2100 50 Dynamic 36-64% of phosphate rock
Decades" reserves are depleted

current increase in the use of P.

® Depletion year assumes estimated lifetime from publication date.

The R/P ratio operates under some strong assumptions. The first assumption is that estimates of
phosphate rock reserves are accurate and static. However, the reserves used in production vary
across studies. The reason behind this is the data source for most studies is the United States
Geological Survey (USGS) which often updates and reevaluates data. The most notable was a four-
fold increase in Moroccan reserves in 2011 from 16,000 Mt to 65,000 MT (Jasinki 2009).

The second assumption is that estimates of current production remain constant until the reserve
base is depleted. However, the size of reserves can vary because they are based on estimates for
which the current economic and technological situation allows (USGS 2017). Moreover, individual
country production rates are also susceptible to change. Thus, as production in different countries
can increase or decrease, the estimate is at best a snapshot in time and does not allow for



discoveries, technological improvements in extraction or recycling, or changes in prices which could
alter the boundaries between marginally economical reserves (Cordell & White 2011; Edixhoven et
al. 2014;). Such developments in the phosphate rock market can only be incorporated by first
readjusting production rates and then generating a new outlook.

While these models can be updated year to year to show a general production trend over time, this
can still be problematic as the critical point in these models is when production comes to an abrupt
end. Figure 3 demonstrates the hard landing. Such a hard landing is unlikely as market mechanisms
should kick in before this point and induce saving technologies or price increases that make
previously non-exploitable reserves now economical (Heckenmidiller et al., 2014). The question that
still unanswered by these models is what would be the implications to food security should the
phosphate rock market witness higher prices and spikes on the road to avoiding a hard landing.

Thirdly, these models assume that global production will maintain pace with global demand.
However, as production rates vary across countries (see Table 4), supply in all currently producing
countries is not guaranteed indefinitely. The demand for phosphate rock as a source of phosphorus is
expected to increase. If we assume a simple one percent annual increase in demand until 2050
(Cordell et al., 2009; Steen, 1998) and if losses in mining over time are not compensated by new
production, then a production deficit will develop, placing more strain agricultural production. Figure
2 demonstrates the production deficit arising from a business-as-usual production scenario coupled
with rising demand.

Table 4 Differences in R/P Rates by Country for 2016

Country Reserves (Mt) Production in 2016° (Mt)  R/P (years)©
Morocco 50,000 30 1,667
China 3,100 138 22
Algeria 2,200 1.5 1,467
Russia 1,300 11.6 112
Egypt 1,200 5.5 218
Jordan 1,200 8.3 145
United States 1,100 27.8 40
Australia 1,100 2.5 440
Peru 820 4 205
Saudi Arabia 680 4 170
Brazil 320 6.5 49
Kazakhstan 260 1.8 144
Other countries 4,545 19.26 236
World Total 67,825 260.76 260

® The magnitude in the variations of reserves across countries indicates geopolitical
concentrations. Figures based on USGS 2017 data.

® Production rates are based USGS 2017 data and vary widely across countries.

¢ The rates indicate that over time (ceteris paribus) phosphate rock production will
become dependent on a few countries that are not currently global suppliers (i.e China
and the US).

Thus, as phosphate rock is a non-renewable resource in economic terms (Scholz & Wellmer, 2013),
there is a possibility of a supply side peak in which production reaches a maximum and plateaus or
decrease. If current phosphate rock countries maintain current levels of production, then global
output of phosphate rock could drop to 79.3 tons by 2055, assuming 2016 production rates (USGS



2017). Thus, conducting a global R/P study can leave a skewed perception of the true economic
situation behind reserves.

Figure 2 Global Phosphate Rock Production Deficit (2015-2060)
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" Production data is based on USGS 2017 data.
® Demand for phosphate rock is expected to increase annually until 2050.

Despite these challenges and criticisms, the R/P ratio provides an interesting vantage point for
enhancing CGE modelling with phosphorus. They demonstrate an interesting future development in
phosphate rock production — a potential supply deficit. R/P models show that at current rates,
production in key phosphate rock suppliers will end before we reach 2050 if no new production is
added. This is a critical notion because shortages will have a feedback effect through rising prices in
the global food chain. These are effects which food security analysis attempt to map.

R/P ratios also offer an understanding of the importance of geopolitical concerns that can be
incorporated into CGE modeling. As reserves and production are highly concentrated, supply
shortages could result from export restrictions, evinced in 2008 when a 135 percent export tax in
China virtually ceased exports of phosphate rock from a major supplier (Cordell & White, 2011).

Not only is the amount of reserves for modelling agricultural production important, but also how
maintaining or increasing global production levels will affect prices. As phosphate rock has grades
(van Kauwenbergh 2010), over time the less expensive, higher quality ore will be extracted leaving
the costlier deposits to mine (May, Prior, Cordell, & Giurco, 2012). If rising production costs have a
dramatic downstream effect on prices, demonstrating decreasing quality becomes paramount.

4.3 Peak Phosphorus Modelling

Striving to overcome the simplistic nature of the R/P ratio models, several studies apply more
dynamic modeling techniques to phosphorus scarcity modeling (see table 5). Labelled Peak
Phosphorus and based on the Peak Oil concept developed by Hubbert in 1959, time series analyses
can be employed to forecast the peak of production (Hubbert, 1959). The underlying premise is that
revenue from extraction induces investment in more extraction and thus production rises. As
phosphorus has grades (Van Kauwenbergh, 2010), mor

e mining means facing declining ore concentrations (May et al., 2012). At some point, mining costs
increase due to decreasing ore grades to a level where extraction is no longer economical and thus



declines (Scholz & Wellmer, 2013). In both the beginning and the end, there is low production and a

peak occurs to when nearly half of the Ultimate Recoverable Resources (URR) is extracted, thus
taking the form of a bell-shaped curve as seen in figure 3.

Figure 3 Graphical Demonstration of R/P and Peak Phosphorus Models and Their Critical Points in Time (T¢)
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A key factor in this method is the use of historic production data and a constant URR to predict
future production. As the URR acts a constant in the modeling, it will have significant effects on the
results. The spread of model results in table 5 with peaks ranging from 2033 to 2136 demonstrates
how the various URRs can influence the outcomes. These studies design a best fit production curve
using the URR. However, as with the R/P models, the URR is a static estimate based on a dynamic
demand and reserve scenarios. Thus, these curve fittings are sensitive to changes in estimates.
Moreover, unlike R/P models, curve-fitting models are more likely to describe production patterns
they take historical production trends into consideration (Scholz & Wellmer, 2013). Thus, curve-
fitting models alongside R/P models can be viewed as early warning indicators, but not predictions.

Table 5 Review of Peak Phosphorus Models

Author Peak Year Size of Assumptions
Reserves
(Cordell et al. 2009) 2033 16.5 URR? calculated as sum of
production and reserve data
(Cordell & White, 2011) 2051-2092 60 URR calculated as sum of
production and reserve data
(Déry & Anderson, 2007)  USA 1988 2 Aggregated world production data
World
1988
(Mohr & Evans, 2013) 2020-2136  6.7-57 Different URR for regions
(Ward, 2008) 1990 24.3 URR based on USGS reserve
estimates
(Walan, Davidsson, Mid 2080s 67 URR calculated as sum of
Johansson, & HO0k,

production reserve data
2014)

a . . . . . .
The Ultimate Recoverable Resource is a subjective estimate of total reserves available for
extraction within technological and economic constraints.

Curve-fitting approaches also make no mineral-specific assumptions regarding phosphorus
production. Phosphate rock is mined largely through surface mining which can have substantial
environmental impacts such as water contamination and waste generation (Van Kauwenbergh,



2010). Both phosphate rock production and refinement is water intensive which could raise concern
as some countries, such as Morocco, already suffer from water scarcity (Ridder, de Jong, Polchar, &
Lingemann, 2012; Walan et al., 2014). Yet both R/P and curve fitting models do not demonstrate
these linkages. Thus mineral assessments — and for greater food security modelling- it is important
to know how phosphate deposits are located and if regional or global scales are taken as these might
cause supply constraints.

Moreover, the market for phosphorus is demand driven largely due to its essentiality, geopolitical
concerns, and the current lack of recycling (Heckenmiiller et al., 2014; Scholz, Roy, Brand, Hellums, &
Ulrich, 2014; Scholz & Wellmer, 2013) This also questions the appropriateness of supply drive curve-
fitting models as it is difficult to make accurate estimates of resource lifespans due to the static
nature of the model and the dynamic nature of the reserve base.

In sum, curve fitting models offer CGE modelling a similar analysis to the R/P models. Both indicate
the longevity of reserves and physical depletion need to be incorporated into any economic analysis.
Moreover, as both model types are based on dynamic estimates using similar USGS data and both
produce widely differing conclusions showcasing the need for reliable and accurate data production
and phosphate rock data. A snapshot at best, both do not provide any economic analysis regarding
the implications if either model’s worst case scenario should occur — a shortage in production.

Where curve fitting models differ, however, is in their focus. Unlike the R/P models that showcase
their critical point as when the resource is depleted, the critical point for curve-fitting models is when
production reaches a maximum. As it is unlikely that production will abruptly stop as the R/P models
show, this highlights the critical point after which we face costlier production and higher prices could
be a peak in production that occurs well before reserves run dry. Thus, in adding phosphorus to
economic modelling, the ability to show case decreasing supply and changes in prices is paramount.

4.4 Substance Flow Analysis

Borrowed from Industrial Ecology as a tool used to aide environmental management, the Substance
Flow Analysis (SFA) is a material accounting tools that analyzes the movement of a particular
substance through the anthroposphere. The approach is based on the principle of mass balance and
permits a systematic mapping of the flows of a substance through sectors and regions (Brunner &
Rechberger, 2005). Figure 5 demonstrates a basic substance flow analysis. It defines the system
boundary and the select the processes, materials, and substances that are analyzed. Subsequently,
the movements (flows) of the substance and the concentrations (stocks) are identified and
qguantified. The flows and stocks are then calculated and the results are presented visually in order to
facilitate decision making processes (Brunner & Rechberger, 2005).



Figure 4 Demonstration Basic Substance Flow Analysis
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SFAs highlight at which scale or level the various dimensions of phosphorus scarcity come into play as
SFAs can be designed at different geographical scales (Cordell, Neset, & Prior, 2012). Global studies
(see Bouwman et al. 2009; Senthilkumar et al. 2012; Liu et al. 2008; Villalba & Liu 2008) focus
environmental pollutants, fertilizer mining and production, and losses from agriculture. Studies
conducted at the regional and national levels (see Suh & Yee 2011; Withers et al. 2015; Smit et al.
2010) predominantly focus on sustainable management and pollution. Moreover, at a regional scale,
the potential for assessing the largest areas of phosphorus losses in food systems becomes evident.
Secondly, SFAs highlight key flows and problem areas and provide a snapshot of where the major
losses, leakages, and accumulations of a substance occur (Matsubae-Yokoyama et al., 2009). These
demonstrate potential supply concerns as well as indicate that both reducing losses and
incorporating recycling technologies offer opportunities for increasing phosphorus use efficiently and
reducing losses.

Such scopes can benefit CGE modelling by identifying how phosphorus moves within sectors as well
as opportunities where recycling technologies can be implemented. A regional or national study can
consider phosphorus imports and exports of phosphorus from a country or region in terms of crops,
livestock, and animal feed, etc (MacDonald, Bennett, & Carpenter, 2012). Not only does this
demonstrate an explicit trade of phosphorus in terms of imports or export of P fertilizer or
phosphate rock but also a hidden or embedded trade of phosphorus in crops and animal products.

However, SFAs are not without limitations. SFAs are only concerned with one substance at a time in
one particular zone increasing the risk that a critical linkage or problem area maybe overlooked
(Tangsubkul, Moore, & Waite, 2005). Lastly, SFAs do no provide information regarding the drivers
and actors behind stocks, flows, and management in phosphorus scarcity (Metson et al., 2015;
Senthilkumar et al., 2012). Another issue limiting the SFAs is the availability and quality of data
(Cordell et al., 2012). Accurately assessing phosphorus flows and stocks without reliable and
consistent data becomes very challenging (Bouwman et al., 2009; Smit et al., 2010; Suh & Yee, 2011;
Villalba & Liu, 2008). Moreover, as system boundaries, flows, and processes are specific to the
studies and their objectives, then scaling up or scaling down to different levels becomes challenging
and thus limits the comparability of studies across zones of study.



5. The Gaps in Phosphorus Scarcity Modelling

Thus far we have seen how the three model types can contribute to enhancing CGE modeling. Static
and dynamic R/P models showcase there is a potential future gap between production and demand
as well as geopolitical concerns caused by production concentrations need to be considered. Peak
phosphorus modeling through its widely differing conclusions demonstrates the need for more
dynamic features in modelling and give rise to the concern of the effects of a peak in production.
Lastly, SFAs highlight the role that scale and aggregation can play in assessments, the gravity of
phosphorus moments and flows, and the part that recycling or loss prevention technologies have to
play determining future solutions.

Gap 1: Missing Demand and Demand Drivers

Although the phosphate rock market one day may succumb to a supply driven peak as the models
indicate, the geopolitical nature, unsubstitutability, and limited recycling technologies of phosphorus
are evidence that the phosphate rock market is demand-driven (Heckenmdiller et al., 2014; Scholz,
Ulrich, Eilitta, & Roy, 2013; Scholz & Wellmer, 2013). However, in the models in this review, demand
is represented though production rates and neglects the dynamic drivers behind demand. However,
incorporating phosphorus into CGE modelling offers an opportunity to evaluate how demand
changes such due to shifts in prices increases from pressures, technological change, or levels of
consumption affect the level of demand as demand in CGE modelling operates on utility functions
derived from economic theory as functions of consumption, income, and a consumption minimum.

Gap 2: The Role of Prices

In a market economy, prices act as signals for shortages and surpluses aiding firms in responding to
changing market conditions. Thus, when utilizing a market (supply: demand) viewpoint on resource
scarcity, it is paramount to consider the role prices play as the linkage between changing demand
and constraints in supply. However, as the models in this review only demonstrate the supply side, it
is impossible to fully explore the extent of any price effects caused by changes in demand or
constraints in supply. For example, as the price of mineral commodities increase, producers strive to
augment production in order to increase profits. This occurred in the phosphate rock industry in the
1970s (Rawashdeh & Maxwell, 2011). What remains unclear if the recent price increases will have
the same effect as the price increases in the 1970s.

While these models may act as ‘early warning indicators’ that signal a need for urgency for changes
in technology or efficiency, with regards to prices the economic implications rely mostly on
microeconomic theory (e.g. a supply shortage will cause prices to rise). However, once incorporated
into CGE models, studies could show the effects of price changes due to shortage or bumps in supply,
productivity changes due to new technology, and effects of the fluid boundaries of reserves, etc. On
the demand side, CGE modeling can show how prices are affected by demand side factors such as
changes in population and diets, policies, environmental regulations.

Gap 3: Flows and Movements

A spatial redistribution of nutrients occurs both explicitly through a physical transfer a nutrient
needed to produce a commodity and implicitly via the nutrients embedded in traded commodities.
Phosphate rock and phosphate fertilizers are two heavily traded commodities with 29 million tonnes
traded globally in 2015 (IFA 2017). Although phosphate fertilizers remain the predominate way
through which phosphorus moves within the anthroposphere (Schréder et al.,, 2010; Van
Kauwenbergh, 2010) , transfers of phosphorus also occur through both through imports and exports
of agricultural products. However, the models reviewed lack traded commodities. Conversely, as CGE
models employed in economics utilize imports and exports both from countries and regions, this



provided an opportunity to showcase concerns in international trade. This is could be of particular
concern for countries or regions which are net exporters of agricultural products but net importers of
phosphate rock and fertilizers. Moreover, as trade depends on low cost fossil fuels (Rawashdeh &
Maxwell, 2011), in a carbon-limiting future, transporting millions of tons of phosphate rock and
fertilizers may become more challenging and costly.

Gap 4: Technologies

Innovations into phosphorus mining processes or recycling technologies are well explored in the
debate on phosphorus (see Cordell et al. 2009; Metson et al. 2015; Scholz et al. 2015; Withers et al.
2015) but again what lacks are the economic implications of implementing these technologies. The
models in this review highlight the need to include changes in technologies and opportunities for
recycling but fall short of the analysis potentially offered by a CGE model.

When there is a shortage of a good in a market economy, prices will rise signaling a feedback effect
through the economy that, on the supply side, will induce new efforts for exploration, new mining
and production processes, and developing or enhancing recycling technologies. On the demand side,
this will induce more efficient usage, waste reducing processes and, if possible, substitution to others
goods. As better recycling technologies may play a greater role in making phosphorus use more
sustainable, CGE modeling can simulate and analyze these effects such as changes in phosphate rock
reserves and technological developments due recycling and new technologies.

6. Concluding Remarks

This paper highlights the mineral resource gap in computable general equilibrium modelling and
proposes filling this gap can enhance food security analyses. As sustainable phosphorus management
is becoming a growing concern, understanding the implications of changes to the price, supply,
technology of this most basic input in food production is key. Moreover, while phosphorus
management is not itself devoid of models, the analyses currently employed focus predominately on
the longevity of phosphorus supply and environmental pollution and neglect the economic
implications. This paper highlights those models and demonstrates how they can contribute to
enhancing CGE modeling. Thus, the framework in this paper permits researchers to build a broader
understanding of the context within phosphorus management and thus our understanding of
phosphorus in our economy.

Summarizing our findings, we can state four main gaps exist in current phosphorus analysis that can
be filled by incorporating phosphorus into CGE modelling. Understanding linkages between demand,
drivers, prices and technologies can help identify relationships and feedbacks, and thus recognize
positive or negative effects on multiple aspects of sustainability. The ultimate goal is to achieve food
security and our framework takes an important step in achieving this.

There is much to be studied in this field. More in-depth analysis of how reserves in China and
Morocco and the effect that policies in these countries could have on global supply would aid in
estimating the future of phosphate rock production and the possibility of a shortage. Moreover, as
mining phosphate rock is water and energy intensive, a study of how limits in these factors affect the
maxim limit of production would be beneficial. Lastly, studies for other nutrients such as nitrogen or
potassium could also be conducted as it is not impossible that one could generate a constraint for
future food production.



7. References

Alexandratos, N., & Bruinsma, J. (2012). World Agriculture Towards 2030/2050: The 2012 Revision,
(12). Retrieved from www.fao.org/economic/esa

Bouwman, a. F., Beusen, a. H. W., & Billen, G. (2009). Human alteration of the global nitrogen and
phosphorus soil balances for the period 1970-2050. Global Biogeochemical Cycles, 23(4), n/a-
n/a. http://doi.org/10.1029/2009GB003576

Brunner, P., & Rechberger, H. (2005). Practical handbook of material flow analysis. Boca Raton: Lewis
Publishers. Retrieved from
https://thecitywasteproject.files.wordpress.com/2013/03/practical_handbook-of-material-
flow-analysis.pdf

Childers, D. L., Corman, J., Edwards, M., & Elser, J. J. (2011, February). Sustainability Challenges of
Phosphorus and Food: Solutions from Closing the Human Phosphorus Cycle. BioScience.
http://doi.org/10.1525/bio.2011.61.2.6

Cooper, J., Lombardi, R., Boardman, D., & Carliell-Marquet, C. (2011). The future distribution and
production of global phosphate rock reserves. Resources, Conservation & Recycling,
57(January), 78-86. http://doi.org/10.1016/j.resconrec.2011.09.009

Cordell, D., Drangert, J. O., & White, S. (2009). The story of phosphorus: Global food security and
food for thought. Global Environmental Change, 19(2), 292-305.
http://doi.org/10.1016/j.gloenvcha.2008.10.009

Cordell, D., Neset, T.S. S., & Prior, T. (2012, December). The phosphorus mass balance: ldentifying
“hotspots” in the food system as a roadmap to phosphorus security. Current Opinion in
Biotechnology. Elsevier Ltd. http://doi.org/10.1016/j.copbio.2012.03.010

Cordell, D., & White, S. (2011, October 24). Peak phosphorus: Clarifying the key issues of a vigorous
debate about long-term phosphorus security. Sustainability. http://doi.org/10.3390/su3102027

Déry, P., & Anderson, B. (2007). Peak phosphorus Prospect of a Phosphorus Peak. Energy Bulletin.
Retrieved from http://www.greb.ca/GREB/Etudes_sur_le_phosphore_files/Peakphosphorus.pdf

Edixhoven, J. D., Gupta, J., & Savenije, H. H. G. (2014). Recent revisions of phosphate rock reserves
and resources : a critique. Retrieved from http://www.earth-syst-dynam.net/5/491/2014/esd-5-
491-2014.pdf

Fixen, P. E. (2009). World Fertilizer Nutrient Reserves— A View to the Future. Better Crops, 93(3), 8—
11. Retrieved from http://w.ppi-
far.org/ppiweb/bcrops.nsf/Swebindex/76196A80D1AB65C58525762500655E7A/Sfile/bc09-
3p08.pdf

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., ... Zaks, D. P. M.
(2011). Solutions for a cultivated planet. Nature, 478, 337-342.
http://doi.org/10.1038/nature10452

Fujimori, S., Masui, T., & Matsuoka, Y. (2012). AIM/CGE [basic] manual. Center for Social and
Environmental Systems Research, NIES, 2012—1. Retrieved from
https://www.nies.go.jp/social/dp/pdf/2012-01.pdf

Heckenmdiller, M., Narita, D., & Klepper, G. (2014). Global availability of phosphorus and its
implications for global food supply: An economic overview. Kiel, Germany. Retrieved from



www.ifw-kiel.de

Heffer, P., & Prud’homme, M. (2015). Fertilizer Outlook 2015-2019. Retrieved from
http://www.fertilizer.org/en/images/Library_Downloads/2015_ifa_istanbul_summary.pdf

Hertel, T. W., Baldos, U. L. C., & Mensbrugghe, D. Van Der. (2016). Predicting Long-Term Food
Demand, Cropland Use, and Prices. Annual Review of Resource Economics.
http://doi.org/10.1146/annurev-resource-100815-095333

Huang, W. (2009). A Report from the Economic Research Service Factors Contributing to the Recent
Increase in U . S. Fertilizer Prices , 2002-08. USDA Report from the Economic Reserarch Service
(Vol. AR-33).

Hubbert, M. K. (1959). Techniques Of Prediction with Applications to the Petroleum Industry.
Houston, Texas. Retrieved from http://www.oilcrisis.com/Hubbert/TechniquesOfPrediction.pdf

Humphreys, D. (2010). The great metals boom : A retrospective. Resources Policy, 35(1), 1-13.
http://doi.org/10.1016/j.resourpol.2009.07.002

International Fertilizer Industry Association. (2017). Production and International Trade Statistics,
International Fertilizer Industry Association. Paris. Retrieved from
https://www.fertilizer.org/En/Statistics/PIT_Excel_Files.aspx

Kling, C., Arritt, R., & Keiser, D. (2017). Integrated Assessment Models of the Food, Energy, and Water
Nexus: A review and an Outline of Research Needs. Annual Reviews, 9, 143—163. Retrieved from
http://www.annualreviews.org/doi/10.1146/annurev-resource-100516-033533

Liu, Y., Villalba, G., Ayres, R. U., & Schroder, H. (2008). Global phosphorus flows and environmental
impacts from a consumption perspective. Journal of Industrial Ecology, 12(2), 229-247.
http://doi.org/10.1111/j.1530-9290.2008.00025.x

MacDonald, G. K., Bennett, E. M., & Carpenter, S. R. (2012). Embodied phosphorus and the global
connections of United States agriculture. Environmental Research Letters, 7(4), 44024.
http://doi.org/10.1088/1748-9326/7/4/044024

Matsubae-Yokoyama, K., Kubo, H., Nakajima, K., & Nagasaka, T. (2009). A material flow analysis of
phosphorus in Japan: The iron and steel industry as a major phosphorus source. Journal of
Industrial Ecology, 13(5), 687—705. http://doi.org/10.1111/j.1530-9290.2009.00162.x

May, D., Prior, T., Cordell, D., & Giurco, D. (2012). Peak Minerals : Theoretical Foundations and
Practical Application. Natural Resources Research, 21(1), 43—60.
http://doi.org/10.1007/s11053-011-9163-z

Mcdonald, S., Thierfelder, K., Robinson, S., & Mcdonald, S. (2007). Globe : A SAM Based Global CGE
Model using GTAP Data, (May), 1-108.

Metson, G. S., lwaniec, D. M., Baker, L. a., Bennett, E. M., Childers, D. L., Cordell, D., ... White, S.
(2015). Urban phosphorus sustainability: Systemically incorporating social, ecological, and

technological factors into phosphorus flow analysis. Environmental Science & Policy, 47, 1-11.
http://doi.org/10.1016/j.envsci.2014.10.005

Mohr, S., & Evans, G. (2013). Projections of Future Phosphorus Production. Philica, (380). Retrieved
from http://philica.com/display_article.php?article_id=380

Pant, H., Tulpulé, V., & Fisher, B. S. (2002). The Global Trade and Environment Model : A Projection of
Non-Steady State Data Using Intertemporal GTEM. Taipei, Taiwan.

Rawashdeh, R., & Maxwell, P. (2011). The evolution and prospects of the phosphate industry.
Mineral Economics, 24, 15-27. http://doi.org/10.1007/s13563-011-0003-8



Reijnders, L. (2014). Phosphorus resources , their depletion and conservation , a review. “Resources,
Conservation & Recycling,” 93, 32—49. http://doi.org/10.1016/j.resconrec.2014.09.006

Ridder, M. De, de Jong, S., Polchar, J., & Lingemann, S. (2012). Risks and Opportunities in the Global
Phosphate Rock Market.

Sands, R. D., Forster, H., Jones, C. A., & Schumacher, K. (2013). Bio-electricity and land use in the
Future Agricultural Resources Model ( FARM ). Climatic Change, 123, 719-730.
http://doi.org/10.1007/s10584-013-0943-9

Scholz, R. W., Hellums, D. T., & Roy, A. A. (2015). Global sustainable phosphorus management : a
transdisciplinary venture. Current Science, 108(7).

Scholz, R. W., Roy, A. A,, Brand, F. S., Hellums, D. T., & Ulrich, A. E. (2014). Sustainable Phosphorus
Management: A Global Transdisciplinary Roadmap. Dordrecht, Germany: Springer.

Scholz, R. W., Ulrich, A. E., Eilitta, M., & Roy, A. (2013). Sustainable use of phosphorus: A finite
resource. Science of the Total Environment, 461-462, 799—-803.
http://doi.org/10.1016/j.scitotenv.2013.05.043

Scholz, R. W., & Wellmer, F. W. (2013). Approaching a dynamic view on the availability of mineral
resources: What we may learn from the case of phosphorus? Global Environmental Change,
23(1), 11-27. http://doi.org/10.1016/j.gloenvcha.2012.10.013

Schréder, J. J., Cordell, D., Smit, a. L., & Rosemarin, a. (2010). Sustainable use of phosphorus.
Wageningen: Plant ..., 140. Retrieved from
http://www.susana.org/docs_ccbk/susana_download/2-1587-
sustainableuseofphosphorusfinalsustpenvb120090025.pdf

Senthilkumar, K., Nesme, T., Mollier, A., & Pellerin, S. (2012). Regional-scale phosphorus flows and
budgets within France: The importance of agricultural production systems. Nutrient Cycling in
Agroecosystems, 92, 145-159. http://doi.org/10.1007/s10705-011-9478-5

Seyhan, D., Weikard, H. P., & Van lerland, E. (2012). An economic model of long-term phosphorus
extraction and recycling. Resources, Conservation and Recycling, 61, 103—-108.
http://doi.org/10.1016/j.resconrec.2011.12.005

Smeets-Kristkova, Z., van Dijk, M., & van Meijl, H. (2016). Projections of long-term food security with
R&D driven technical change — A CGE analysis. NJAS - Wageningen Journal of Life Sciences, 77,
39-51. http://doi.org/10.1016/j.njas.2016.03.001

Smil, V. (2000). PHOSPHORUS IN THE ENVIRONMENT : Natural Flows and Human Interferences.
Energy Environ, (25), 53-88. Retrieved from
http://www.annualreviews.org/doi/pdf/10.1146/annurev.energy.25.1.53

Smit, A. L., Bindraban, P. S., Schroder, J. J., J.G., C., & van der Meer, H. G. (2009). Phosphorus in
agriculture: global resources, trends and developments (Vol. 5). Wageningen. Retrieved from
http://edepot.wur.nl/12571

Smit, A. L., Middelkoop, J. C. Van, Dijk, W. Van, Reuler, H. Van, & Buck, A. J. De. (2010). A
guantification of phosphorus flows in the Netherlands through agricultural production,
industrial processing and households. Business, 56.

Steen, I. (1998). Phosphorus availability in the 21st century Management of a non-renewable
resource. Phosphorus & Potassium, (217), 1-13.

Suh, S., & Yee, S. (2011). Phosphorus use-efficiency of agriculture and food system in the US.
Chemosphere, 84(6), 806—813. http://doi.org/10.1016/j.chemosphere.2011.01.051



Tangsubkul, N., Moore, S., & Waite, T. D. (2005). Incorporating phosphorus management
considerations into wastewater management practice. Environmental Science and Policy, 8, 1—
15. http://doi.org/10.1016/j.envsci.2004.08.009

The Food and Agricultural Organization of the United Nations. (2017). The future of food and
agriculture: Trends and challenges.

Tilman, D., Balzer, C., Hill, J., & Befort, B. L. (2011). Global food demand and the sustainable
intensification of agriculture. Proceedings of the National Academy of Sciences of the United
States of America, 108(50), 20260-20264. http://doi.org/10.1073/pnas.1116437108

United States Geological Survey. (2017). Mineral Commodities Summary, 124—125. Retrieved from
https://minerals.usgs.gov/minerals/pubs/commodity/phosphate_rock/

Vaccari, D. (2009). Phosphorus: A Looming Crisis. Scientific American, (June), 54-59.

Valin, H., Sands, R. D., Mensbrugghe, D. Van Der, Nelson, G. C., Ahammad, H., Blanc, E., ...
Willenbockel, D. (2014). The future of food demand : understanding differences in global
economic models, 45, 51-67. http://doi.org/10.1111/agec.12089

van der Mensbrugghe, D. (2008). The Environmental Impact and Sustainability Applied General
Equilibrium (ENVISAGE) Model.

Van Kauwenbergh, S. (2010). World Phosphate Rock. Muscle Shoals, Alabama.

Villalba, G., & Liu, Y. (2008). Global phosphorus flows in the industrial economy from a production
perspective. Journal of Industrial ..., 12(4), 557-569. http://doi.org/10.1111/j.1530-
9290.2008.00050.x

von Horn, J., & Sartorius, C. (2009). Impact of supply and demand on the price development of
phosphate (fertilizer). Retrieved January 22, 2015, from
http://books.google.com/books?hl=en&Ir=&id=3gM5ixYKYFIC&oi=fnd&pg=PA45&dqg=Impact+o
f+Supply+and+Demand+on+the+price+development+of+phosphate+(+fertilizer+)+18&ots=16Jglk
Y_So&sig=tOR_BgxC8silwAWhpoOpbP_IV8U

Von Lampe, M., Kavallari, A., Bartelings, H., Van Meijl, H., Banse, M., llicic-Kkomorowska, J., ... Van
Tongeren, F. (2014). Fertiliser and Biofuel Policies in the Global Agricultural Supply Chain. OECD
Food, (69). http://doi.org/10.1787/5jxsr7tt3qf4-en

Walan, P., Davidsson, S., Johansson, S., & H66k, M. (2014). Phosphate rock production and depletion:
Regional disaggregated modeling and global implications. “Resources, Conservation &
Recycling,” 93, 178-187. http://doi.org/10.1016/j.resconrec.2014.10.011

Ward, J. (2008). Peak phosphorus: Quoted reserves vs. production history. Energy Bulletin, August.
Retrieved from http://www?2.energybulletin.net/node/46386

Withers, P. J. a., van Dijk, K. C., Neset, T.-S. S., Nesme, T., Oenema, O., Rubak, G. H., ... Pellerin, S.
(2015). Stewardship to tackle global phosphorus inefficiency: The case of Europe. Ambio,
44(S2), 193-206. http://doi.org/10.1007/s13280-014-0614-8








