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Abstract: As an element, phosphorus (P) is one of a kind. While it is essential for all life on Earth,
phosphorus is neither substitutable nor infinite especially in terms of highly concentrated phosphate
rock deposits. Society as a whole—and key stakeholders in particular—must build on and extend
the idea of a linear system that begins with exploration, continues with extraction and processing,
and ends with the application of fertilizers, by applying mechanisms of circularity. The efficient
and sustainable utilization of P including intra-generational and intergenerational fairness requires
the recognition of its dissipative structure as an important first step. With its Manifesto for a
Resource-Efficient Europe, the European Commission acknowledged the inevitability of the transition
toward a regenerative Circular Economy (CE). The concept of a CE evolves around the avoidance of
losses, which can be found all along the P supply chain in varying degrees of magnitude and leads to
total nutrient-use efficiencies as low as 5% to 10%. This makes P a prime target for moving toward a
circular economy. While common state-of-the-art work addresses mostly the loop (i.e., production,
use, collection, and recycling) itself, we are discussing the current role of raw materials “feeding” the
loop with respect to the mining phase. From a resilience perspective, the aim must be to keep every
P atom flowing and circulating within our economy for as long as possible. Hereby, every measure
needs to be considered under the principle of proportionality in terms of sustainable development.
Therefore, changes to the current approach in the form of multidimensional innovation (e.g., products,
processes, and structures) must be considered from various perspectives including technological,
geological, and economic aspects. The economic framework conditions, in particular, determine the
cut-off between valuable product and “waste”. We build our arguments on the “Phosphate Rock
Mining–Innovation Nexus” and illustrate potential best-practice examples.
Keywords: sustainable mineral economics; resource efficiency; sustainable mining; circular economy;
resource management; policy-making; phosphate rock mining; system innovation

1. Introduction
In contrast to currently dominating linear extractive industrial models, circular principles are
those that close loops through reuse and recycling usually all along the supply chain to ultimately
form “circular supply chains” [1]. Thus, there is a need for innovations of all kinds that aim at closing
loops and simultaneously reducing negative environmental or societal impacts as part of a sustainable
system transition. Given its special properties, the latter considerations are particularly important
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for the case of phosphorus (P). Representing one of the major macronutrients, P is a critical building
block for today’s mineral fertilizers and, thereby, for global food security. Although, P is essential
for all life on earth. On the other hand, its excessive use causes massive environmental pollution
including eutrophication and long-term soil infertility. Furthermore, P is non-substitutable and has a
dissipative use structure. These unique characteristics make promoting a more sustainable utilization
of P inevitable [2].
Phosphorus is produced almost exclusively through the mining of finite phosphate rock (PR)
deposits of either sedimentary (87%) or igneous (13%) origin. From the overall production volume,
83% (46 Mt P2 O5 ) is used for chemical fertilizers and the rest is used for other industrial purposes [3].
The currently mostly linear P supply chain includes exploratory activities, extraction (mostly open-pit),
and beneficiation (depending on the ore characteristics, typically consisting of screening, separation,
and flotation), processing to produce fertilizers of various kinds (primarily through the production of
wet phosphoric acid, WPA), and consumption in the form of phosphate fertilizers (PF). Once applied
as a fertilizer, P is taken up by plants. The rest remains as a stock in the soil from where parts are
leached into our aquatic system and become sediments. End-of-pipe solutions are used by recycling
mostly organic P in sewage sludge and manure (e.g., [4]) or in the form of inorganic struvite (e.g., [5]).
A more detailed breakdown of the overall supply chain can be found in Steiner et al. [6]. Nevertheless,
the potential for an efficiency increase is available all along the supply chain since currently P losses
amount to up to 95% (from PR-ore to human consumption [2,7]).
Our primary focus with this manuscript is the PR mining phase including extraction and
beneficiation. Beneficiation ratios (efficiency of the upgrade process from PR-ore to marketable
concentrate, i.e., PR-M) average 67.2% on a global level [6]. Mining rates (defined as the ratio of
actually recovered PR-Ore to the tonnage outlined in the mine plan [7]) are harder to quantify given
that the input amount is typically not exactly known. Estimates suggest rates of approximately
90% [8]. Measures have been taken to increase rates and potential future measures are manifold.
However, from a sustainability-related perspective, changes to and/or adaptions of the current system
typically require trade-offs, which means that, for example, the introduction of a flotation plant to PR
beneficiation will increase the amount of P extracted but, at the same time, will also require additional
amounts of water, energy, and chemicals. Sustainability cost-benefit analysis could help to identify
the best long-term alternative. Although originally introduced for the evaluation of fertilizer subsidy
policies, a conceptual, multilevel environmental and sustainability assessment provided by Scholz and
Geissler [9] might serve as a starting point. Process steps such as transporting marketable concentrates
of phosphate rock over long distances by truck or train often account for avoidable losses. For instance,
the Moroccan office of Chérifien des Phosphates (OCP Group, OCP SA) built a slurry pipeline to
connect the extraction and beneficiation sites with their downstream plants in order to address this
issue of transportation losses (in addition to other concerns). On the level of radical process and
product innovation, JDC Phosphate addresses issues of reducing contamination and using low-grade
ore. Such measures are examples of how innovations can contribute to a more sustainable use of finite
raw materials. While slurry pipelines represent technology-based (for the most part beneficial) process
innovations, further innovations on product, structure, or social life are equally important. PR seabed
mining represents a more controversial potential innovation. While it can be seen as a feasible source
for the future PR supply, it raises significant concerns about potential environmental impacts to the
aquatic ecosystem. Case 4 (Yara’s paste thickener) represents a further technology-based innovation
that (in addition to others) also affects the safety of residents close to mine sites since it reduces the risk
for failing tailing-pond dams.
1.1. Circular Economy: Thoughts and Considerations
Economy is defined as (1) “the structure or conditions of economic life in a country, area, or period;
also: an economic system” respectively (2a) as the “thrifty and efficient use of material resources:
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frugality in expenditures; also: an instance or a means of economizing” [10] or, in other words, economy
is a localized real-world system based on the assumption of rational choice.
Besides national governments such as China, Japan, and Canada, the EU represents a major
driving force in the promotion of a CE [11]. The European Commission has adopted a CE work
package indicating that: “the transition to a more circular economy, where the value of products, materials,
and resources is maintained in the economy for as long as possible, and the generation of waste minimized, is an
essential contribution to the EU’s efforts to develop a sustainable, low carbon, resource efficient, and competitive
economy” [12]. In general, the concept of current CE considerations has been developed and led almost
exclusively by practitioners including policy-makers, business consultants, business associations,
and foundations [13]. A solid scientific embeddedness is difficult to identify since the CE is based
loosely on a broad variety of scientific fields. De Jesus et al. [14] identified related concepts such as
industrial symbiosis, zero waste, natural capitalism, cradle-to-cradle design, and industrial ecology.
The latter, in particular, goes back as far as the late 1980s and 1990s with concepts such as the Styrian
Kreislaufwirtschaft, Hamburger Cradle to Cradle design concept, and Kalundborg that aimed to bridge
science and practice. Korhonen et al. [11] suggested the established field of ecological economics as a
proper place for scientific groundwork. These authors consider the business concept of a CE from a
sustainable development perspective and suggest the following definition, upon which we also base
our research: “Circular economy is an economy constructed from societal production-consumption systems
that maximizes the service produced from the linear nature-society-nature material and energy throughput
flow. This is done by using cyclical materials flows, renewable energy sources, and cascading-type energy flows.
A successful circular economy contributes to all the three dimensions of sustainable development. A circular
economy limits the throughput flow to a level that nature tolerates and utilizes ecosystem cycles in economic
cycles by respecting their natural reproduction rates” [11]. A broad set of additional definitions originating
from scientific literature was recently compiled by Prieto-Sandoval et al. [15] and analyzed by Kirchherr
et al. [16] In addition, as CE is gaining attention, several review papers emerged within the last several
years (e.g., see [17–22]).
Based on the above, we may conclude that a circular economy represents a desired state
for a future economy comparable and in line with the goal of a sustainable economy while the
regional context/system boundary of an economy might be extended/changed to further contexts
(e.g., agricultural or P economy). Nevertheless, to reach this target state, we have to think about
strategies to operationalize this goal. In order to do so, the economics’ toolbox already comprises
certain measures often referred to as circular principles (e.g., [23]), circular use (e.g., [12]), or circular
supply chains including closed-loop and reverse logistics [1].
Subsequently, Figure 1 is a common way to express the idea of a CE in a very simplified manner.
It shows the major steps along a common supply chain (SC), whereby circulation is limited strictly to
recycling. In order to move from the current linear economy toward a CE, two major types of change
or innovation agents will be required. On a microeconomic level, consumers and firms will need to
change certain behaviors since they are considered the driving actors. Second, on a macroeconomic
level, policy-making authorities on various levels ranging from local to regional up to national and,
finally, the supranational level will be needed to establish a framework to enable a CE.
Although somewhat indicated in Figure 1, a CE is not limited to recycling. However, especially
for metals, energy use (including associated air emissions) and water use are typically much
lower for the processing of secondary raw materials (i.e., scrap) than for primary production [24].
Nevertheless, we must be aware that 100% recycling rates will always be hypothetical given the laws
of thermodynamics. Further benefits might include lower impacts to the biosphere (e.g., rainforests,
Arctic regions, or ocean floors), societal implications (e.g., new jobs, health impacts), and geopolitical
consequences in the form of an increased supply security for import-dependent regions. Nevertheless,
phosphates are fundamentally different from metals. Therefore, Section 2 focuses solely on PR mining
and its role toward a P circular economy.
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1.2. Innovation
as the Vehicle to Attain a Circular Economy
finally, the supranational level will be needed to establish a framework to enable a CE.
Multidimensional innovation is essential for improving P2O5 recovery, the utilization of waste, and
the recovery of by-products within the boundaries of sustainable development [25,26]. Therefore,
sustainable system innovation is a multidimensional concept that encompasses products, processes,
and structures as well as various agents along the supply chain in addition to the society and becomes
the vehicle and key mechanism in striving for a circular economy (see right part of Figure 2).
To make this contribution, innovation needs to be based on the understanding of the underlying
system mechanisms (i.e., mining as part of the phosphorus supply chain), of potential vulnerabilities
(e.g., losses, pollution) and opportunities (e.g., efficiency improvements), and of the effects of
innovations as intervention that are directed toward sustainable transition and increased system
resilience (e.g., [27,28]). Hereby, dynamic change and adaptation characterize the system of
consideration, its environment, and the innovation itself, but both also depend on the experience and
perception (as a mental simulation of innovation effects) of the observer. This implies that not only
functional trade-offs might occur (e.g., as described in the case section), but also trade-offs between
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To make this contribution, innovation needs to be based on the understanding of the underlying
system mechanisms (i.e., mining as part of the phosphorus supply chain), of potential vulnerabilities
(e.g., losses, pollution) and opportunities (e.g., efficiency improvements), and of the effects of
innovations as intervention that are directed toward sustainable transition and increased system
resilience (e.g., [27,28]). Hereby, dynamic change and adaptation characterize the system of
consideration, its environment, and the innovation itself, but both also depend on the experience and
perception (as a mental simulation of innovation effects) of the observer. This implies that not only
functional trade-offs might occur (e.g., as described in the case section), but also trade-offs between
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the various agents involved (e.g., inventors, innovators, and entre-/entrepreneurs) as well as other
stakeholders. In the sense of J.A. Schumpeter [29], innovation is often related to creative destruction,
i.e., some agents will be better off because of the implementation of a new technology, while others will
be worse off (particularly those who relied on the inferior technology). It is also important to consider
the role of technology within this context since it is different from process or product innovation
(at least in the German speaking innovation school [30,31]). We consider technology as an enabler
and, therefore, as a preliminary stage rather than a finished product or process since it provides the
opportunity to be transformed.
1.3. Mining and Society
In its latest version of the World Mining Data [32], the Austrian Federal Ministry for Sustainability
and Tourism reports a world mining production of 16.9 billion metric tons (excluding construction
materials and bauxite) in 2016. This is an almost 50% increase from 2000 (11.3 billion metric tons) and
close to 75% from 1985 (9.7 billion metric tons). Besides Europe (−17.7%), all other world regions
show increasing growth rates ranging from 126.5% (Oceania), 94.6% (Asia), 28.8% (Latin America), and
19.2% (Africa) to 4.3% (North America). From a country’s state of development perspective (based on
OECD criteria), 1.3% is mined in the least developed countries, 59.3% in developing countries, 12.7%
in transitioning countries, and only 26.8% is mined by developed countries. Furthermore, almost
two-thirds of the overall volumes is mined in extremely unstable (4.4%) or unstable (62%) countries.
All of the information above highlights two main issues. First, mining volumes are constantly
rising and, second, mining is continuously shifting away from Western society. The latter follows
the perception of mining as being a devastating and dirty business [33], which is frequently justified.
Developed societies especially try to avoid having mines or anything related close to its ‘own backyard’
(i.e., NIMBY syndrome; not in my backyard).
Given the increasing globalization of commodity markets, particularly in Europe, this followed
the strategy of simply buying whatever is needed for domestic high-tech production on the global
market. This worked fine at least until 2008, when China introduced export restrictions on rare earth
elements (REE). Suddenly, Europe and its legislative bodies had to ‘wake up’ realizing the import
dependency and the resulting danger for its production of modern technologies including wind
turbines and hybrid cars [34]. While, on a policy level, this resulted in first actions such as ‘The raw
material initiative’ [35] in 2008, this paradigm change has not yet fully reached our overall society.
The common understanding of primary care increasingly includes tangible goods without scrutinizing
their origin [36].
Western society must be aware that the demand for primary raw materials, while reducing supply
risk in the mid-term and long-term, might only be met by independent primary production and/or
the supply of secondary raw materials through recovery and recycling and, thus, moving toward a
circular economy using its innovation capacity.
2. Research Method
Our work is based on a comprehensive literature study in which, for the most part, we focused on
peer-reviewed articles. These are supplemented by a few selected books, book chapters, and three oral
conference presentations where no conference proceedings were available [3,26,37,38]. As illustrated
in the previous section on CE, the concept is often driven by practice. Therefore, sources from the Mac
Arthur Foundation are used, which are comparable to official documents by various legislative entities
of the European Union. Particularly, regarding the outlined case studies we base our research on,
a strong transdisciplinarity-oriented approach where expert knowledge from practice is linked with
state-of-the-art scientific knowledge to foster a mutual learning process. This took place during the case
selection as well as within the selection of appropriate (company) sources. From a scientific perspective,
the conference proceedings from SYMPHOS represent a useful source for issues on innovation and
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technology in the phosphate industry (see Procedia Engineering Volumes: 46, pages 1–298, 2012; 83,
pages 1–484, 2014, 138, pages 1–498, 2016).
The literature reveals that the relationship between the circular economy and mining has
only been vaguely explored and mostly explored within quite narrow perspectives such as waste
utilization [39–41] particularly in the context of landfill and/or urban mining [42,43], iron mining and
steel production [44,45], coal mining [46], and indium utilization [47]. P-related issues mainly address
recovery from sewage in the present cases referred to as sewer or liquid mining [48,49].
Within our research, we aim to take a broader scope based on the case of phosphates. Therefore,
we intend to:
i.
ii.
iii.

Connect the concept of a circular economy to mineral extraction and phosphate rock mining
in particular.
Examine the idea of reducing losses by increasing resource efficiency and closing the loops along
the value chain particularly in mining and beneficiation.
Provide innovative best-practice examples in PR mining that foster sustainable development and
resilient mineral resource strategies.

The bottom line is that every P particle that ends up in the final product (i.e., food or animal feed)
instead of being lost along the supply chain contributes to the ambitious goal of a Circular Economy
(CE) for phosphorus and increases resource efficiency. While extraction and beneficiation phases
are not parts of the circle per se, both can contribute to a greater phosphorus net gain from primary
production remaining in circulation.
3. Phosphate Rock Mining-Obstacles and Opportunities on the Journey Toward a P Circular
Economy
Phosphate rock, which is the almost-exclusive primary source for P, represents a bulk commodity.
In terms of overall production volumes of non-energy minerals, it ranks fifth with 255 million metric
tons (PR-M) for 2016, which is following closely behind gypsum, salt, and bauxite but is farther from
the iron ore [25]. Hence, given the magnitude of processed volumes, considerable small adaptions to
the value chain may account for great improvements. In their most recent work, Geissler et al. [25]
introduced the Phosphate Rock Mining–Innovation Nexus (see Figure 2) as a means to frame and
structure the most prominent issues related to phosphate rock mining. The latter consist of (i)
improving P2 O5 recovery during extraction and beneficiation, (ii) utilizing waste in the in the mining
and processing phase, and (iii) recovering by-products, which are all considered within the boundaries
of sustainable development and driven by sustainable innovation of various dimensions and degrees.
Subsequently, we build and extend on the nexus and consider the mining phase from three
major perspectives: the geological perspective (i.e., the geosphere), the technological and process
perspective (i.e., the technosphere), and the economic perspective (the value sphere). Since all three
are part of the supply chain, geological settings are inseparable from technological developments
and economic considerations. This coupled-systems perspective should shift the discussion away
from being predominantly technology-focused toward the interaction between human systems and
the environment.
Nevertheless, we discuss the three dimensions separately and highlight the main issues calling
for innovation in order to foster a P circular economy and, eventually, sustainable management.
3.1. The Geological Perspective (the Geosphere)
The composition of ores defines whether their beneficiation and processing are commercially
viable. Steiner et al. [6] identified a set of parameters affecting the character of the deposit such as ore
grades (i.e., P2 O5 content), ore depth (including overburden depth), ore-layer thickness, additional
ore-body variables (e.g., hardness, grain size, and mineralogy), and chemical impurities.
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Regarding the latter, cadmium (Cd) and uranium (U) in particular pose risks to the environment
(e.g., soil contamination) and to human and animal health [50]. While igneous ores in South Africa,
Brazil, and Russia contain less than 2 mg Cd/kg P2 O5 , sedimentary ores contain considerably more.
Ores from Morocco and Tunisia range up to 51 and 56 mg Cd/kg P2 O5 respectively and Senegal
exceeds this by a factor of 2. In contrast, the same type of ore from Jordan averages 5–6 mg Cd/kg
P2 O5 [37,51]. Regarding U in phosphorus fertilizers, studies indicate that its content increases with
increasing P2 O5 content of the product by reaching levels up to 362 mg U/kg in fertilizers derived from
phosphate rock of sedimentary origin. Enrichment takes place during the processing and production
of phosphoric acid [52]. The content of U in phosphate rock is highly dependent on the type and origin
of the rock. Studies show that U content lies between a reasonably low 23–31 mg U/kg in Chinese
rock and 182–220 mg U/kg in Brazilian rock. For a detailed breakdown of the 10 largest phosphate
rock producing countries, see Reference [53].
Referring to the current legal situation vis-à-vis contamination, the European Commission issued
a press release in early 2016 stating that a new regulation on cadmium loads in all types of fertilizer
(organic and non-organic) will go into effect. It will reduce cadmium from 60 mg Cd/kg P2 O5 to 40 mg
Cd/kg P2 O5 within three years and further reduce it to 20 mg Cd/kg P2 O5 after 12 years. The goal is
not only to reduce health and environmental risks as well as reduce waste and energy consumption but
also to foster equitable commercial opportunities for organic-based fertilizers and, thereby, innovative
companies [54]. However, the regulation is currently being heavily contested by many industrial
stakeholders and the proposed Cd limits are not accepted by a number of countries [55,56].
Innovations may not be limited to on-shore development. Currently, 50 Gt of the 68 Gt of known
and classified global phosphate rock reserves are located in Morocco and the disputed territory of the
Western Sahara [57]. Given the growing demand as well as the import dependency for most countries,
new reserves and producing countries could ease future supply risk. Moreover, the untapped mineral
potential on the seabed could be a (controversial) future source of raw materials (see Case 3).
3.2. The Technological and Process Perspective (Technosphere)
The technosphere is defined as “the artificial world created by man such as surface and subsurface
constructions, machines, consumer products, or waste dumps” [58]. We consider the technosphere to
be the overall supply chain based on available and applied technology by mining, processing, and
production enterprises.
Equipment and methods for phosphate rock mining are usually very similar to those for coal
mining. Phosphates are mined either above the surface (i.e., open-pit, open-cast mining), where
mining takes many forms from manual to highly mechanized operations, or below the surface
(i.e., underground mining), where the conventional room and pillar methods can be found, as well
as continuous mining. Regarding volume, surface mining is the most utilized method by far. CRU
International [59] reports a ratio of 3 to 1 for open-pit mining phosphate rock capacities while, outside
of China, only 5% of the global capacity is mined underground (Russia, Kazakhstan, Mexico, and
Egypt). High-volume open-pit applications are mostly less costly and generally the preferred method
given suitable deposit geometry and other parameters [60].
Borehole mining (i.e., underground hydraulic mining, slurry mining, or jet boring), which is
a nearly forgotten innovation that originated in the past, might once again become of interest in
the future. This form of mining uses water-jet cutting systems and downhole slurry pumps to
extract subsurface minerals through a single borehole drilled from and up to the surface for further
treatment [61]. During the 1970s and ’80s, multiple studies were conducted to evaluate the economic
feasibility of mining deep phosphate deposits. Under certain conditions, mostly involving large
overburden thicknesses (>150 ft), borehole mining was found to be economical [62]. This study also
characterized the technology as environmentally more desirable due to its smaller surface impacts.
Economic disadvantages arise mostly from not having economics of scale. Using additional equipment
might compensate for this shortcoming. Alternatively, advances in technology such as horizontal
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drilling might allow greater tonnage to be accessed from each borehole. Marvasti [63] showed similar
favorable results, which indicates that borehole-mining technology might be more cost-efficient than
strip mining under certain conditions.
With regard to beneficiation (i.e., primary recovery, which turns the in situ ore into marketable
concentrate), the availability of water is of great importance and may even exclude deposits from
production. The most common steps in beneficiation include a screening process (washing ore or
dry-screening if water access is limited or restricted), a sizing or separation step (e.g., grinding and
screening, which is also referred to as comminution and classification steps), and further ore-dependent
steps like de-sliming (for most sedimentary ores) and/or flotation. Even though ore characteristics
are vastly different, these steps remain more or less similar for sedimentary as well as igneous ores.
Where seawater or brackish water is used for washing and size classification (or even flotation in
some cases), a final freshwater rinse is required to remove chloride from the final concentrate [6,60].
Although igneous in situ ore is generally lower in grade (i.e., lower P2 O5 content) than sedimentary
ore, processing leads to higher grades in the final concentrate (Table 1).
Table 1. Average grades of in situ ore (PR-Ore) and marketable concentrate (PR-M) in % P2 O5 (columns 3
to 6 = mainly sedimentary ore, columns 7 to 9 = mainly igneous ore) based on [6].

PR-Ore
PR-M

World

US

China

17.5%
30.1%

11.8%
29.2%

21.6%
28.1%

Morocco Jordan
26.4%
31.5%

25.5%
29.7%

Russia

South Africa

Brazil

10.1%
38.7%

7.0%
37.3%

11.1%
35.4%

Current research targets both sub-processes of mining, extraction, and beneficiation. For example,
Asri and Daafi [64] proposed using cast blasting in the extraction phase to reduce stripping costs by up
to 8%. In beneficiation, we find various attempts to increase the grade of the marketable ore (without
increasing the cut-off grade) and to raise recovery levels for sedimentary as well as igneous ores.
The latter was addressed by Albuquerque et al. [65] who tested a flotation reagent scheme consisting
of cornstarch and coconut oil. They found that both were effective for the separation of apatite from
contaminants (calcites and silicates). Separation was targeted by Bittner et al. [66], who proposed the
use of a processing system based on triboelectric charging and electrostatic separation especially for
fine material in a completely dry process.
Other researchers have worked specifically on the utilization of waste or currently unused
by-products in the processing chain such as furnace slag, phosphogypsum (PG) tailings, or process
water. Gallala et al. [67] conducted laboratory experiments to turn coarse rejects (i.e., waste from the
first process steps in beneficiation) into a marketable concentrate of close to 29% P2 O5 . Regarding
tailings as a beneficiation by-product, research suggests that their geotechnical properties make them
excellent alternatives to conventional borrow pits. Rocks, as part of the overburden of sedimentary
basins, might be used as construction material, marble mosaic floors, mortars, concrete, and more [68].
Generally, improvements or necessary adaptations are made either voluntarily because of cost
structure, available technology, or other aspects of strategic mine management or are made by
involuntary drivers such as ore characteristics or market developments.
3.3. The Economic Perspective (Valuesphere)
The Austrian World Mining Data reported a total mining production of 16.9 billion metric tons
(excluding construction materials and bauxite) for 2016 [32]. In economic terms, the 40 top mining
companies generated a total revenue of 496 billion USD for 2016 and 600 billion USD in 2017 [69]
with a market cap of 871 billion USD for 2016 [70]. These figures underline that mineral resources
represent natural assets of remarkable economic value to stakeholders and to shareholders of various
forms in particular. Nevertheless, history shows that the sole availability of natural mineral resources
does not automatically guarantee success in national economic development (e.g., in the form of
GDP per capita). The term “Resource Curse” was coined in 1993 by Richard Auty, who used it to
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describe negative impacts of resource richness on factors like corruption and violence [71]. Another
term commonly used in this context is “Dutch Disease”. It refers to unpleasant side effects of upward
price swings (i.e., booms) of mineral commodities for exporting countries since national economies
may overlook potential temporality in their focus on certain minerals [72].
In the case of PR, one country, in particular, immediately comes to mind—Morocco. Currently,
the country is holding approximately three-quarters of the global PR reserves and is the largest
exporting country of phosphate rock through the state-owned and controlled OCP S.A. [73]. Below,
Table 2 shows the economic contributions of PR and further downstream products of OCP for Morocco,
averaging a share of 5.6% between the years 2007 and 2016.
Table 2. OCP’s contribution to the Moroccan GDP (OCP turnover based on annual company reports,
GDP based on tradingeconomics.com, and exchange rates based on oanda.com).
Year
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016

OCP Turnover

Morocco GDP

Exchange

Morocco GDP

OCP/Morocco

Bill MAD

Bill USD

MAD/USD

Bill MAD

%

27.5
60.0
25.0
43.0
56.4
59.4
39.0
41.4
47.7
42.5

79.0
92.5
92.9
93.2
101.4
98.3
106.8
109.9
100.6
103.6

8.2
7.7
8.1
8.4
8.1
8.6
8.4
8.4
9.8
9.6

647.5
715.9
751.3
785.0
820.5
848.5
898.3
924.0
981.0
994.7

4.3
8.4
3.3
5.5
6.9
7.0
4.3
4.5
4.9
4.3

The definition of loss incorporates “the act of losing possession” [7]. We face losses at every
stage along the phosphorus supply chain. However, not every loss qualifies for the term, according
to the definition above. This raises the question of where we should start to minimize losses and,
in turn, increase efficiency in order to support sustainable mineral-resource management and foster a
circular economy.
On a company level, especially for extraction, the determination of site-specific (or even phosphate
rock bed-specific) cut-off grades represents the distinguishing parameter in relation to what needs to be
considered a loss. The current phosphate rock price level is a major driver influencing the cut-off grade,
which basically defines the boundary below which the PR-Ore becomes uneconomical. Time, therefore,
is another influencing parameter. Untouched PR-Ore below the defined cut-off grade should not be
considered a loss but rather a resource for future generations, when available technology and/or
higher price levels may enable economical extraction and processing. However, this requires cautious
logistical steps in the present. Once low-grade material is used in reclamation processes together with
zero-grade waste, valuable resources are potentially lost forever. In the mid-term and short-term,
innovations must aim to avoid “real losses” (touched PR-Ore above cut-off grade) in extraction as well
as in beneficiation. Steiner et al. [6] illustrated this with Bed 3 from OCP’s Khouribga Mine where
the low-grade Bed 3 was mined and stockpiled until it could be upgraded economically, which is a
best-practice example of maximizing resource potential as well as innovatively managing reserves.
Further mine-specific considerations evolve around the mineral characteristics and the recovery
potential of additional minerals within the compound. By definition, the main difference between
by-products and co-products is their contribution to the economic viability of a mine. While co-products
are generally required in order to enable viability, by-products are associated with the mine’s main
product. In addition to being essential for plant growth, the phosphate rock is a well-known source of
other important and valuable mineral raw materials especially uranium (U) and potentially rare earth
elements (REE). Phosphate rock accounts for more than 80% of the globally known unconventional
uranium resources [74]. More than 15% of the global demand (for peaceful purposes) could be met as
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the by-product of phosphate-based fertilizer production [75]. With regard for sustainable development,
there is no question that we should recover U from P fertilizer production rather than contaminating
our farmland. However, economic viability remains in question and is the limiting factor for recovery.
Since 2007, spot market prices for U3 O8 have been in the range of USD 18 to 40 per pound (USD
39.7–88.2 per kg), while current recovery costs of solvent extraction (proven at industrial scale) remain
significantly higher at USD 44 to 61 per pound (USD 97–134.5 per kg). A remedy may be found in
improved ion-exchange technology where pilot plants promise higher recovery rates at lower costs [76].
Regarding the REE supply through phosphate rock, a similar picture can be found. Zhang [74]
estimated that 170 million metric tons of phosphate rock production (current production figures
are even higher) could yield a total of nearly 100,000 tons of REE. He showed in his mass balance
analysis that approximately 30,000 tons of REE are discarded annually in Florida alone. This exceeds
the total annual US REE demand by a factor of two. In the case of Russia, the integrated producer
PhosAgro developed REE recovery from ore in the Khibiny deposit where 41% of Russia’s REE is
located, according to its 2016 annual report. Furthermore, the Russian Acron Group has produced
about 200 tons of Cerium, Lanthanium, and Neodymium-oxides and REE concentrates from ore from
the Oleniy Ruchey mine, according to official company reports in 2016.
3.4. Striving Toward a Circular Economy of P
From a system’s perspective, an economy is typically confined by geographical (e.g., regional,
national, or supra-national) system boundaries. This results in systems such as the European economy
or the Austrian economy and also holds true in the context of a circular economy. Nevertheless,
as briefly addressed earlier, it might make sense, depending on the context, to consider alternative
system boundaries to confine an economy. Hence, we propose the concept of a phosphorus circular
economy based on the system boundaries of the P supply chain. Our concept is considered mostly on,
but not limited to, a global level. Thus, additional geographic boundaries might be applied.
Although a CE is viewed (within the practitioner literature) as an “economy that provides multiple
value-creation mechanisms, which are decoupled from the consumption of finite resources” [77]. We don’t see a
contradiction. Following circular principles, all measures that tend to close loops along the supply
chain will have a positive effect as the valuable resource enters the intended use circle instead of being
lost somewhere along the way.
The mining of PR deposits has been the dominant way to feed the anthropogenic phosphorus-use
cycle for more than a century. However, mining should not be seen as the lone feeding mechanism for
primary phosphorus resources. Rather, it is simply the currently dominant one. While the primary
source of phosphorus historically was human and animal bones as well as bird excreta (i.e., guano
deposits) [78], future sources might involve economically feasible mass recovery from sewage sludge
or currently unimaginable or unknown sources. In addition, even though it is true that, in an ideal
circular P economy, mining (or feeding of the cycle) would not be necessary at all, there is still (in the
best-case scenario) a long way to go [79] due to a constantly growing demand, factually impossible
loss-free recovery rates, or time delays through the stock building in soils.
Most P atoms we lose from mining today (e.g., overburden or below cut-off grade material) and
within beneficiation (fine tailings) plants might never reach the agricultural phosphorus-use cycle.
These considerations make today’s PR mining essential for the journey toward a circular phosphorus
economy. Figure 3 below is based on the idea of a Sankey diagram illustrating P flows and losses along
the supply chain. However, the size of the arrows does not reflect amounts. The arrows indicate flows
(black), (potential) losses (red), and the potential for recovery through the closure of loops (green)
besides end-of-life recycling (black).
While the present paper considers the overall issue from a narrower and more functional
perspective, Scholz and Wellmer [38] most recently presented their concept of a “prudent evolutionary
circular economy” by introducing “circular economics” as a meaningful approach for fundamental
system changes.
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1: Slurry
Pipeline
OCPand
S.A.reduce losses while offering advantages for the variable-cost
structure compared to fleets with labor-intensive loading and off-loading. Depending on the terrain,
Although it’s been in place since around 1967, in recent years, pipeline transportation of mineral
savings in investment costs especially for remote mines might even be realized since pipelines are less
slurries has become a viable alternative to traditional rail or road transport especially in terrains
expensive compared to building bridges or even tunnels [80].
where these are unsuitable. Generally, this method of continuous transportation has many
The Jorf Lasfar phosphate-slurry pipeline (see Figure 4) of Moroccan OCP S.A. was commissioned
advantages over discrete traditional alternatives. Pipelines reduce environmental impact in the form
in April 2014 as the world’s largest phosphate-slurry pipeline. The main pipeline connects the head
of noise, pollution, and emissions along the route and reduce losses while offering advantages for the
station located at the Khouribga Mine to the 187 km remote terminal station at the Jorf Lasfar hub
variable-cost structure compared to fleets with labor-intensive loading and off-loading. Depending
on the coast near El Jadida, where OCP has most of its downstream processing plants. Secondary
on the terrain, savings in investment costs especially for remote mines might even be realized since
pipelines with an overall length of 48 km are used to receive phosphate ore at the head station from
pipelines are less expensive compared to building bridges or even tunnels [80].
the El Halassa, MEA, and Daoui wash plants. Given the varying grade and quality of the ores from
The Jorf Lasfar phosphate-slurry pipeline (see Figure 4) of Moroccan OCP S.A. was
the different plants, the slurry is stored in separate tanks at Khouribga and then pumped in batches
commissioned in April 2014 as the world’s largest phosphate-slurry pipeline. The main pipeline
to El Jadida. The arriving slurry is directed into different storage tanks feeding further downstream
connects the head station located at the Khouribga Mine to the 187 km remote terminal station at the
processes in the Jorf Lasfar complex [81]. Phosphate rock destined for export is dried at Jorf Lasfar.
Jorf Lasfar hub on the coast near El Jadida, where OCP has most of its downstream processing plants.
With regard to further technical specifications, the pipeline is designed with a diameter of 0.9 m
Secondary pipelines with an overall length of 48 km are used to receive phosphate ore at the head
for a transport capacity of 38 million tons per year two meters below the surface. It surpasses the
station from the El Halassa, MEA, and Daoui wash plants. Given the varying grade and quality of
previous conventional capacity of 18 million tons by far. The phosphate rock is enriched by washing
the ores from the different plants, the slurry is stored in separate tanks at Khouribga and then
and flotation with a phosphate pulp mixing ratio of 60% phosphate and 40% water by preparing the
pumped in batches to El Jadida. The arriving slurry is directed into different storage tanks feeding
slurry for natural-gravity hydro-transport. The overall investment costs of 4.5 billion Dirhams (approx.
further downstream processes in the Jorf Lasfar complex [81]. Phosphate rock destined for export is
USD 476 million, as of August 2017) are creating massive annual savings of an estimated 90% in
dried at Jorf Lasfar.
logistical costs and 3 million cubic meters of water as well as 930,000 tons of CO2 [82]. Based on official
With regard to further technical specifications, the pipeline is designed with a diameter of 0.9 m
financial reporting, in 2014, the pipeline transported 2.7 million tons, which increased to 6.5 million in
for a transport capacity of 38 million tons per year two meters below the surface. It surpasses the
2015. In 2016, the volume equaled a savings of MAD 800 million or approximately USD 12 per ton.
previous conventional capacity of 18 million tons by far. The phosphate rock is enriched by washing
As the volume increases, average unit savings will drop since the figure of USD 12 includes savings
and flotation with a phosphate pulp mixing ratio of 60% phosphate and 40% water by preparing the
on both transport and drying whereas we estimate USD 7–8 per ton for transport and USD 4–5 per
slurry for natural-gravity hydro-transport. The overall investment costs of 4.5 billion Dirhams
ton for drying. Thus far, all the material transported has been for local use in downstream processes
(approx. USD 476 million, as of August 2017) are creating massive annual savings of an estimated
90% in logistical costs and 3 million cubic meters of water as well as 930,000 tons of CO2 [82]. Based
on official financial reporting, in 2014, the pipeline transported 2.7 million tons, which increased to
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4.2. Case 2: Improved Hard Process (IHP)
For economic reasons, phosphoric acid (PA) is almost exclusively produced through the Wet
For economic reasons, phosphoric acid (PA) is almost exclusively produced through the Wet
Acid Process (WAP). Exceptions for the more energy-intensive electric-furnace process (EFP, a thermal
Acid Process (WAP). Exceptions for the more energy-intensive electric-furnace process (EFP, a
process) can, for the most part, be found only in the production of elementary phosphorus (e.g., in China
thermal process) can, for the most part, be found only in the production of elementary phosphorus
and Kazakhstan). Besides being less energy-consuming and, therefore, economically preferable,
(e.g., in China and Kazakhstan). Besides being less energy-consuming and, therefore, economically
the WAP comes with several disadvantages. The main by-product of the process is phosphogypsum
preferable, the WAP comes with several disadvantages. The main by-product of the process is
(PG). For every P2 O5 ton of PA, approximately five tons of PG are produced. Currently, PG is
phosphogypsum (PG). For every P2O5 ton of PA, approximately five tons of PG are produced.
considered a high-volume waste that is either stacked on land or pumped into the sea, but neither of
Currently, PG is considered a high-volume waste that is either stacked on land or pumped into the
the two solutions can be considered environmentally-friendly. The requirements for phosphate-rock
sea, but neither of the two solutions can be considered environmentally-friendly. The requirements
concentrate as the main input to the process present additional concerns. The WAP generally requires
for phosphate-rock concentrate as the main input to the process present additional concerns. The
highly beneficiated phosphate rock ore (i.e., high-grade concentrate) as well as a relatively low level of
WAP generally requires highly beneficiated phosphate rock ore (i.e., high-grade concentrate) as well
impurities such as MgO, Cl, Al2 O3 , and Fe2 O3 for processing reasons and heavy metals like Cd since,
as a relatively low level of impurities
such as MgO, Cl, Al2O3, and Fe2O3 for processing reasons and
depending on the process used, more or less of this remains in the final product.
heavy metals like Cd since, depending on the process used, more or less of this remains in the final
Generally, deposit grades are decreasing and impurities are increasing, which requires more
product.
intensive (costs and resources) beneficiation. Furthermore, national and supra-national policy-makers
Generally, deposit grades are decreasing and impurities are increasing, which requires more
are tightening regulations on impurities in fertilizers, which is already shown. Both issues might be
intensive (costs and resources) beneficiation. Furthermore, national and supra-national policyaddressed in the future through the Improved Hard Process.
makers are tightening regulations on impurities in fertilizers, which is already shown. Both issues
The original hard process developed in the late 1970s and early 1980s was based on the kiln-based
might be addressed in the future through the Improved Hard Process.
process from the 1950s. Although pilot plants were able to validate the technology and produce
The original hard process developed in the late 1970s and early 1980s was based on the kilnhigh-quality PA, the cost efficiency was too low to compete with the established WAP. In the early
based process from the 1950s. Although pilot plants were able to validate the technology and produce
2000s, significant discoveries were made, which led to the IHP and increased the throughput capacity
high-quality PA, the cost efficiency was too low to compete with the established WAP. In the early
by a factor of five [83].
2000s, significant discoveries were made, which led to the IHP and increased the throughput capacity
Lower-grade phosphate-rock concentrate (>15% P2 O5 ), petroleum coke, and silica sand are fed to
by a factor of five [83].
a dryer in order to remove moisture. The output from the dryer is screened and ground and then the
Lower-grade phosphate-rock concentrate (>15% P2O5), petroleum coke, and silica sand are fed
balling equipment is used to produce 3/8-inch-diameter (approximately 9.5 mm) balls. The induration
to a dryer in order to remove moisture. The output from the dryer is screened and ground and then
rotary kiln is used to preheat the material with the beneficial side effect of eliminating most of the
the balling equipment is used to produce 3/8-inch-diameter (approximately 9.5 mm) balls. The
heavy-metal impurities. Within the main kiln (rotary kiln, ported kiln), phosphorus is reduced from
induration rotary kiln is used to preheat the material with the beneficial side effect of eliminating
the balls and together with oxygen compounded to P4 O10 gas. Using a standard acid hydrator,
most of the heavy-metal impurities. Within the main kiln
(rotary kiln, ported kiln), phosphorus is
the phosphoric gas is cooled and absorbed in water, which produces a 70% P O5 PA. The remaining
reduced from the balls and together with oxygen compounded to P4O10 gas. 2Using
a standard acid
material (mostly hard calcium silicate) from the main kiln is cooled and sold for use as construction
aggregate [84]. Subsequently, Figure 5 shows a simplified flowchart of the process.
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review of the potential environmental impacts and state of knowledge is outside the scope of this
paper but can be found in Levin et al. [92].
4.4. Case 4: Yara’s Paste Thickener
Flotation residues are typically stored in tailing ponds. They leave the post-flotation concentrators
as a slurry with 40% to 50% solids. Usually, the slurry is too liquid to be stockpiled and the ponds
need to be confined by dams. Particularly during recent years, this practice has come under public
scrutiny due to broken dams that have devastated large areas (e.g., the Bento Rodrigues dam disaster
in November 2015 in Minas Gerais, Brazil where, following a dam failure, flooding iron-ore tailings
destroyed the village killing 17 people and leaving 375 families homeless [93]). However, criticism
extends not only to the inherent risk of disasters but also to the excessive waste of water that has
become increasingly critical in areas with scarce water resources.
Paste thickeners may be a viable solution to phosphate mining operations such as the plant
commissioned by Yara in its Siilinjärvi phosphate mine (Finland) in February 2017. The mine produces
about one Mt/year of phosphate-rock concentrate containing 36% P2 O5 . In Finland, the problem
was that the existing tailing pond came close to its end-of-life capacity. The options were to (i)
build a new tailings pond, (ii) raise the dam of the existing tailings pond, or (iii) invest in new
technology that would allow the use of the existing storage facility for years to come. Not wanting
to increase the environmental footprint of its mining and beneficiation operations, Yara opted for
technology investment.
The problem had been on Yara’s agenda since the 1980s, but, at that time, technology to deal with
the problem was not yet available. The challenge of thickening the flotation tailings of the Yara mine
involved the unique properties of the tailings material: “The material is coarse but also contains a high
proportion of mica and a fine fraction, which is difficult to aggregate with the coarse particles using flocculation.
The material settles and consolidates rapidly to form a highly structured material at a high density and yield
stress. This creates problems in mixing tanks, thickeners, pumps, and pipelines and causes blockages if the
material segregates and consolidates [94].”
In 2010, the project started with testing work and the construction of a 14 m-high pilot plant
where tests were performed until 2014. In 2015, Yara awarded a 40 M€ EPC contract to Outotec to
engineer, procure the components, and commission the final paste-thickening plant consisting of two
30 m-high thickeners, slurry tank, flocculant-dosing unit, a pumping and automation system, and
necessary ancillary equipment (as shown by the simplified flowsheet in Figure 6).
The new paste thickener improves the dry-matter content of the tailings slurry from an initial
45%–48% to 68%–70% and reduces the slurry flow from an initial 1720 m3 /h to just 940 m3 /h.
The overflow water, 810 m3 /h, is recycled to a water pond and reused as process water. The thickened
tailings allow for a slope angle of 4 degrees, which is dense enough for forming piles.
The paste thickener improves safety and conserves water in the Siilinjärvi phosphate plant, which
is almost half of the process water coming from the recycled flotation. In addition, it allows Yara to use
the existing tailings pond until the expected end of life of the mine in 2035. Even if the two cases are
not directly comparable, relating an investment of 40 M€ to Samarco’s (the operator of the Brazilian
iron ore mine) own estimation of about 3.4 bn USD cost of the environmental damage from impacts
to land, water resources, and biodiversity resulting from a dam failure, the choice should be clear.
However, since risks are not typically included in balance sheets and company ratings, managers
frequently prefer the risk to the safety option (case is based on References [94–96]).

if the material segregates and consolidates [94].”
In 2010, the project started with testing work and the construction of a 14 m-high pilot plant
where tests were performed until 2014. In 2015, Yara awarded a 40 M€ EPC contract to Outotec to
engineer, procure the components, and commission the final paste-thickening plant consisting of two
30 m-high
slurry tank, flocculant-dosing unit, a pumping and automation system,
and
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necessary ancillary equipment (as shown by the simplified flowsheet in Figure 6).

Figure 6. Simplified flowsheet of flotation tailings thickener (based on [95]).

5. Discussion and Conclusion
According to current estimates from the UN, by 2050, Earth will host more than nine billion
people. Although resource consumption depends greatly on available income, all humans consume
resources to some degree. Even if we were not facing (economic) scarcity of a particular resource,
a transition toward more sustainable production and consumption is inevitable. Almost 30 years after
the emergence of the Brundtland Report, 193 nations adopted the 17 Sustainable Development Goals
(SDGs) of “Transforming our world: the 2030 Agenda for Sustainable Development” through the UN
General Assembly in 2015. A year later, COP 21 (Paris Agreement), which was ratified by 195 countries,
came into force. It should be obvious since then that producing more with less is imperative if we are
to accommodate the global demand within our planetary boundaries [78]. As for phosphorus and its
unique characteristics of being essential, non-substitutable and finite in the form of concentrated PR
deposits, this must be valid and of particular interest for all directly involved stakeholders and for the
whole society.
5.1. Circular Economy, Sustainability, and Resource Efficiency Go Hand-in-Hand
From a simplified mathematical perspective, a constant demand (a sufficient and effective output
level) at decreasing primary inputs (e.g., such as those based on mining) can be attained if current
losses are avoided and if efficiency (e.g., of a supply chain) is increased. This can be done by closing
material flow loops in forms such as recycling, reusing, or refurbishing of either the final products at
the end of their use phase or along the supply chain, when current loss streams are reconnected to the
chain, which allows valuable material to circulate within the supply chain.
Although mining is currently the dominant way of producing primary inputs for the materialized
world, it tends to have a negative reputation regarding environmental and societal consequences.
Undoubtedly, this is not different for phosphate rock and its large-scale operations as being one of
the major global bulk commodities with mining operations in a lot of cases greatly impacting its
surroundings. A more collaborative approach is needed to change the mining industry [97] as well its
perception and acceptance (e.g., in the form of a Social License to Operate). In addition to more general
approaches like “corporate social responsibility” or “sustainable livelihoods,” various mining-related
concepts such as “sustainable mining”, “green mining”, and “responsible mining” already exist
(e.g., see [98–102]). In addition, if carried out professionally (e.g., in the form of open-minded
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environmental impact assessments), a mining operation and its related activities that impact its
surroundings might be considered a rather sustainable enterprise [33]. To conclude, we must strive to
establish socially acceptable mining operations since, in even the very best-case scenario, we have a
long way to go to reach a state of circulation without the necessity for primary production.
5.2. A Few Initial Steps Toward a Circular Economcy Within the Industry
The Jorf Lasfar pipeline is a prime industrial best-practice example even though it is not the first
of its kind in the phosphate industry [103] of a radical innovation in technology as well as the process
layers. The slurry transport precludes the energy-intensive process step of drying the material prior to
transport. Resource efficiency is increased through a reduction in transportation losses. The increased
capacity in combination with massively reduced logistical costs points toward a competitive cost
advantage. Ultimately, this might affect the price structure of the overall market, which requires further
innovations and efficiency increment from all market participants in order to remain competitive.
At first sight, this case counters our proposition of trade-offs involved in every radical innovation, but,
in this case, we point to the risk dimension involved in the project. OCP S.A. claims an availability rate
of 98% [82], but does not detail the events covered by it precisely. The risks of a natural disaster, human
operational failures, or a terrorist attack might not be too likely, but the impact of either would be
enormous and would be beyond economic losses. Potential impacts also include the contamination of
surrounding soil and water or ultimately the loss of environmental licensing. Replacing a broken truck
is clearly easier than replacing a broken pipeline. However, with adequate scenario planning (means of
emergency pipeline repair, adequate inventory planning, etc.), the potential impact of unlikely negative
factors can be minimized. In terms of transferability within the phosphate industry, potential is given
for all producers, which operate their mines and beneficiation plants at a greater distance from the
further downstream processing. As OCP’s slurry pipeline relies on natural gravity in form of a positive
altitude difference between mines and chemical processing, the applicability is strongly dependent on
the geographical settings of each case. Nevertheless, the technical feasibility of steeply uphill pumping
has already been shown in an iron ore installation at the Da Hong Shan pipeline in China [104].
Similar to the case above, it is difficult to identify an obvious downside to the IHP on the first
sight as low-grade rock containing higher impurities can be used to produce high-quality PA without
producing high-volume waste in the form of PG. The zero-grade waste is a commercial aggregate
usable in the construction industries. This case clearly presents a best-practice example for a radical
process innovation and even a product innovation given the preferable characteristics of the product
in terms of contamination. In particular, the latter also represents a societal innovation to some extent,
given the positive influence on human and animal health through the reduction of heavy-metal content.
However, besides the energy intensity, REE and U are bound within the aggregate emerging from the
reduction kiln. Recovery of these by-products is strongly restricted. To what extent the technology will
affect the market is currently rather hard to estimate since it is still in a developing stage. Nevertheless,
the potential seems to be huge. In the case of Florida, the rather diminishing high-grade reserves could
be massively enhanced if the cut-off grade gets lowered. The technology might also put additional
capacities from countries with comparable highly-contaminated PR on the market. Australian Avenira
Ltd. already holds the exclusive license for the IHP for Australia and Senegal [105].
Among the illustrated cases, seabed mining represents undoubtably the most controversial
development. From the resource perspective, these additional phosphate reserves and resources
might increase future supply security and reliability for important dependent countries and regions.
The common belief is that, given the growing demand for PR as well as the import dependency for most
countries, new reserves and producing countries could ease the future supply risk. However, in terms
of overall resource availability, previous fears of a foreseeable shortage have now been shown to be
unfounded [4,106]. In terms of geographic concentration, the application of the Herfindahl-Hirschman
Index (HHI, a common measure to assess market concentration) [107], shows that, the phosphate
rock sector is overall only moderately concentrated even though specific concerns have been raised.
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The societal dimension includes the possibility of increased employment opportunities but also the
possible degradation of the local fishing industry, the potential need for on-shore facilities, and other
unforeseen consequences of major sub-sea disturbances. Much research has been rightly focused on
the environmental consequences of mining, but long-term effects are unlikely to be predictable unless
long-term studies are conducted.
The tailings thickener represents another innovation with great benefits. From an economic
point of view, the investment seems costly with comparably little direct returns except for water
savings. However, in this case, not the direct returns, but the opportunity costs have to be considered.
The investment into a technology is, besides the effects for safety and environmental benefits,
particularly interesting from the aspect of potential technology transfer.
5.3. Even When Society as a Whole Wins, Somebody Loses
As described by Schumpeter, innovation is often related to “creative destruction.”
The transformation toward a (P) circular economy requires change, which will come only at certain
costs, and the latter will not be of a monetary nature only at least if we consider the respective system
from a wider perspective. Yet, this does not imply an argument for pure “weak sustainability” in which
environmental concerns are often sacrificed for factors such as the preservation of jobs or the decrease
of energy costs [108]. Although we are not at a pareto-efficient point in mineral-resource management,
we need to understand and consider the double-edged aspect of innovations. Not only just functional
trade-offs but also trade-offs between agents will, most likely, always lead to someone or something
being better off while, for the other side, the situation worsens to some degree. Once certain actors
(or even one of the sustainability pillars) loses, its current embeddedness within value creation and
issues regarding re-orientation and re-organization arise and ultimately lead to vulnerabilities within
the system and/or its environment.
Sustainable and resilient mineral-resource strategies based on systemic understandings of coupled
human–environmental systems should be the highest priority—and not only in import-dependent
regions such as Europe. Thus, while the strategy component of substitution might work on a mid-term
and a long-term for various minerals, substituting P remains impossible. Hence, strategies should
be built on the best available technologies within the core supply chain as well as implications on
supporting branches including health and safety, quality management, and logistics with an emphasis
toward circulation.
Lastly, related to ongoing developments, industry should never turn a blind eye to global
megatrends like digitalization since every innovation that keeps atoms circling in the supply chain
instead of losing them (under reasonable costs of all kinds) moves us a little closer toward a
circular economy.
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