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On the dark night our lone alchemist was having no luck with his latest
experiments to find the philosopher’s stone. Like many before him he had been
investigating the golden stream, urine, and he was heating the residues from this
which he had boiled down to a dry solid. He stoked his small furnace with more
charcoal and pumped the bellows until his retort glowed red hot. Suddenly
something strange began to happen. Glowing fumes filled the vessel and from the
end of the retort dripped a shining liquid that burst into flames. Its pungent, garliclike smell filled his chamber. When he caught the liquid in a glass vessel and
stoppered it he saw that it solidified but continued to gleam with an eerie palegreen light and waves of flame seemed to lick its surface. Fascinated, he watched it
more closely, expecting this curious cold fire to go out, but it continued to shine
undiminished for hour after hour. Here was magic indeed. Here was phosphorus.

13th element: The Sordid Tale of Murder, Fire, and Phosphorus by John Emsley
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Preface

Phosphorus is an essential element for life. It is a crucial component of our DNA,
bones and teeth. Moreover, it is a major nutrient in our food. In order to feed the
world population, phosphorus-based fertilizers are desperately required. This
demand will continue to rise with the world’s expanding population and growing
prosperity. Even though phosphorus is a scarce element, most phosphorus is lost
in water bodies after consumption, leading to extreme algae growth and water
pollution. On top of that, it is important to note that the European Union has
hardly any reserves, and mainly depends on import from Morocco, Russia and the
Middle East. All in all, a more sustainable use of this precious element is urgently
needed since phosphorus cannot be replaced and there is no synthetic substitute.

In this PhD thesis entitled “Sustainable use of phosphorus: capturing the
philosopher’s stone” several essential aspects for converting our current linear P
economy to a circular P economy will be discussed, with a focus on the current
status quo, the quality and recovery potential of secondary phosphates, and the
stimuli and hurdles of such a phosphate transition.

Thesis outline
Chapter one includes an overview of the status quo of the phosphorus market,
reserves and commonly used industrial production methods. This overview
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describes the type of processes used for phosphate beneficiation and the quality of
phosphate rock, which is dependent on the ore type, level of radioactivity and
hazardous metal content.

The following two chapters focus on struvite, which is a new, secondary phosphate
source that can be harvested from urban mines. Chapter two contains a
comparison of the micro-pollutants in and chemical characteristics of struvite
generated from communal wastewater or manure, since one of the main concerns
of using secondary phosphorus resources is the possible presence of contaminants.
This chapter highlights that the majority of struvite produced is of high purity. In
chapter three, we describe that even when pharmaceutical micro-pollutants are
present in struvite and the sorbent-based fertilizers, zeolite and biochar, the health
risk is insignificant, as these contaminants are not transferred into tomato crop
fruit.

In chapter four, the recovery potential of phosphates from wastewater at
wastewater treatment plants in The Netherlands has been mapped out. We have
calculated that the Netherlands can be self-sufficient in its phosphate supply by
using its own urban mines when the recovered phosphates are also efficiently
recycled.

In chapter five, we address the barriers and drivers of phosphate recovery from
urban mines from a political, economic, social, technical, legal and environmental
point of view. The main barriers found are the different and unclear characteristics
of struvite compared to common fertilizers and the end-of-waste status of struvite
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that hinders free market trade. The main driver is the reduction of maintenance
costs of the wastewater treatment plants.

In the sixth and final chapter, the congruence of actors and networks within the
phosphate transition using the multi-layered perspective and institutional
entrepreneurship as a frame is described to gain new insights in the development,
prerequisites and realization of sustainable transitions and the role of proactive
institutional entrepreneurs.

11

Chapter 1

Phosphorus: Reserves, Production and Applications

Abstract: The demand of phosphate fertilizers is growing as a result of a rising
population, changing human diets as a follow up of the increasing (meat)
consumption per capita, and an expansion in the production of biofuels. Besides
the fertilizer industry, there is a steady growth of using phosphorus (P) containing
compounds in the chemical industry for applications in, e.g., soft drinks,
pharmaceuticals and flame-retardants. To meet this growth, it is important to
know if the P reserves are sufficient and what kind of processes are used to
produce such phosphorus compounds. Reserves are not equally spread around the
world, with three-quarters located in Morocco and The Western Sahara.
Furthermore, prices can be volatile, as shown in 2008 with an eightfold price
increase. Moreover, the estimated time until depletion of phosphate rock differs
substantially between several studies, which resulted in the addition of phosphate
rock on the critical material list of the European Commission. An important aspect
for the processing of phosphate rock is the quality of the rock, which is dependent
on the ore type (sedimentary or igneous), level of radioactivity and hazardous
metal contents. The main intermediary compounds for phosphorus products are
phosphoric acid and white phosphorus. About 95% of the phosphoric acid is made
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via the wet process; acidulation of phosphate rock to create wet phosphoric acid
and the main byproducts phosphogypsum and hydrogen fluoride. The purity and
thus the reusability of phosphogypsum is dependent on the type of digestion
process. However, reusing phosphogypsum is not a common practice at the
moment. Wet phosphoric acid can be purified via extraction up to phosphoric acid
comparable to that produced with the thermal process. Separation of specific
compounds can be done through precipitation. Additionally, cationic impurities
can be removed via precipitation, but the product will then be changed into a
phosphate salt, which is unfavorable for its use in industrial applications.

Published: M. A. de Boer, L. Wolzak, J. C. Slootweg, in Phosphorus Recover. Recycl.,
Springer Singapore, Singapore, 2018, pp. 75–100.
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1.1 Introduction
Phosphorus (P) is an essential element for life, our current food production system,
manufacturing industries and general economic growth.[1] P is a key limiting factor
for plant growth and is therefore one of the three main elements (N:P:K) in
fertilizers. The demand for phosphate fertilizers has grown over the last years due
to the expanding production of crops, as a result of the rising population, changing
human diets resulting in increased (meat) consumption per capita, and also for
biofuel production. However, phosphorus is a finite resource and its global
distribution is uneven; almost the entire global P demand is supplied by just four
countries, namely China, the United States, Russia and Morocco and with threequarters of the reserves located in the latter.[2]

Currently, phosphorus is produced from phosphate rock (PR), which is mined and
processed into valuable P-containing products using two main production
processes. The first method is the production of phosphoric acid for the fabrication
of fertilizers via the wet process, which accounts for 80-90% of the global P
demand. The second process converts phosphate rock into elemental (white)
phosphorus (P4), which is then used to produce phosphorus compounds for
industrial purposes, including feed additives, detergents, flame-retardants,
pesticides and medicines. Both methods will be discussed in this chapter, as well as
the application of phosphorus containing products, preceded by giving a
geopolitical assessment of the reserves of phosphate rock.
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1.2 Reserves and Production of Phosphate Rock – a
Geopolitical Assessment
In the beginning of the 19th century, Liebig founded a theory that stated that
nutrients, such as nitrogen and phosphorus, were crucial elements to grow crops
and that these nutrients were circulating between living and dead material. [3]
During the same time, the value of guano was discovered. This phosphorus
containing matter originates from bird droppings deposited over several millennia.
Guano soon became a valuable world trade material, however, this phosphate
resource was limited and declined at the end of the 19th century.[4] Soon other
sources of phosphate were discovered, most notably, phosphate rock deposits that
appeared to be of unlimited quantity and soon became the main resource for
phosphorus. However, high grade phosphate rock reserves take millions of years
to form via the decomposition of (marine) organisms, and with the current mine
production significantly more is being consumed than is geologically replaced.
Currently, it is uncertain how large the global phosphate rock reserves are and it is
thus unclear when these will be depleted. The estimated time of depletion varies
greatly among different studies, ranging from 40 to more than 400 years. [5]
Therefore, several researchers have focused on taking stock of the current global
reserves and the quality of these.
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1.2.1 Reserves
There are three types of phosphate rock, namely sedimentary rock, igneous rock
and metamorphic rock. Since each of these ore types differ in chemical
composition, for example the phosphate content and amount of impurities, these
three types will be discussed individually and an assessment of the quality of the
reserves will be provided.
Sedimentary rock
Sedimentary marine phosphorite is the most common phosphate rock. More than
80 percent of the produced phosphate originates from sedimentary rock, which is
often composed of accumulated fossilized shells and aquatic animals. The most
favorable deposits to exploit are frequently found as one or more thick beds with a
high phosphate-grade that are unconsolidated and have a uniform granular
composition with a minimal structural deformation.[6] Sedimentary rock contains
more than 7.8% P2O5, and is called phosphatic sedimentary rock when it contains
7.8% to 19.5% phosphate, and phosphorite above 19.5% phosphate. The largest
sedimentary deposits can be found in Northern Africa, China, and the United
States (Table 1).

Sedimentary rock consists of the mineral apatite, a calcium phosphate combined
with either a hydroxide, fluoride or chloride ion: Ca 5(PO4, CO3)3(OH, F, Cl), with
fluorapatite, Ca5(PO4)3F, being the most common.[7] Sedimentary deposits exhibit a
wide range of chemical compositions, including pollutants, and great variation in
physical form. This results in the formation of several possible byproducts during
processing, such as fluorine, cadmium, uranium and rare earth elements. The
mineral apatite is sparingly soluble in water. However, the different compositions
17
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influence the solubility of the mineral. Incorporation of hydroxide, for example,
results in apatite minerals with a higher solubility than apatite containing
fluoride.[7]
Igneous rock
Igneous rock was formed through the crystallization of cooling lava or magma.
Phosphorus concentrations in igneous rocks often range from 0.005% to 0.4% P 2O5
but higher values (1.5% to 2.0% P2O5) can be found in strongly alkaline, low-silica
igneous rocks. Igneous rock mainly consists of carbonatites, minerals consisting of
more than 50 percent carbonate minerals and alkalic intrusions. [8] An example of a
commonly encountered alkaline intrusion is diopside (MgCaSi 2O6). In addition, the
minerals calcite and dolomite can also be present in igneous rock. [6] These igneous
deposits can provide phosphate rock with 35% to 40% P 2O5 content via
beneficiation methods (often grinding followed by flotation to remove quartz and
calcination to remove organic impurities). Examples of crystalline fluorapatite
igneous deposit regions are Canada, Brazil, Russia, and Finland.
Metamorphic rock
Metamorphic rock deposits are often deep-lying phosphate deposits, which
contain both sedimentary and igneous deposits. Metamorphic rock often contains
of 0.01% to 1.3% P2O5. These deposits have been subjected to high levels of
pressure and heat resulting in a less porous texture, more interlocked crystals, and
higher induration compared to igneous and sedimentary rock. [6] As a result,
exploitation of metamorphic rock deposits is not currently economically viable.
Metamorphic rock deposits can be found in China and India.
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Table 1. Composition of phosphate rock in wt % based on dry material [9]

Phosphate rock
Kola (Russia)
Phalaborwa
(South Africa)
Florida (USA)
Idaho (USA)
Khourigba (Morroco)
Togo (Togo)

P2O5
39.1
38.4

CaO
51.5
52.5

F
3.4
2.3

SiO2
2.0
1.9

Al2O3
1.2
0.2

Fe2O3
0.7
0.4

CO2
0.0
1.3

SO3
0.0
0.1

31.6
31.2
34.8
29.7

47.7
45.7
52.5
40.3

3.9
3.6
4.2
3.9

9.0
8.5
0.9
10.2

1.0
0.6
0.5
4.4

1.6
0.5
0.1
5.3

3.7
3.1
4.1
1.6

1.4
1.2
1.5
0.1

Quality of the phosphate rock deposits
The highest possible apatite (and thus phosphate) content is always the pursuit,
both for technical and economic reasons.[5] Consequently, the ambition is to
remove as much of the impurities in phosphate rock as possible. These impurities
concern many types of different chemicals. One could distinguish three main types
of unwanted impurities in phosphate rock: other non-phosphorus bearing
minerals, heavy metals and radioactive materials. Other non-phosphorus bearing
minerals need to be removed from PR as much as possible in order to increase the
phosphate grade. Heavy metals and radionuclides need to be removed due to
health and environmental concerns.
Other minerals
Due to its mineral structure, phosphate rock can contain other sparingly soluble
minerals which do not contain phosphorus, such as fluorite (CaF2), magnesite
(MgCO3) and barite (BaSO4). Substitutes for PO43- are CO32-, As2O4, SO2, SO42- and
VO43-, while the calcium ion can be substituted by Mg 2+, Mn2+, Sr2+, Pb2+, Na+, U3+,
Ce3+ and Y3+ as well as other rare earth elements.[7] The substitutes are not all of the
same valency. When anionic substitutes cause a gain or rise in valency, this can be
compensated with other cationic substitutes of opposite nature.[7]

19

Chapter 1

The most common minerals in sedimentary phosphate rock are clay minerals, such
as kaolinite (Al2SiO5(OH)4) and sepiolite (Mg4Si6O15(OH)2‧6H2O), quartz and two
types of carbonates, calcite (CaCO3) and dolomite (CaMg(CO3)2). A replacement of
PO43- by CO32- of 25% and of Ca2+ by Mg2+ of 10% is sometimes found.[10] Carbonates
can lead to complications during the processing of phosphate rock, especially
during froth flotation (separating the hydrophobic from the hydrophilic minerals),
because of the high similarity between carbonates and phosphate minerals.[11] A
thermal process called calcination can be used to remove the carbonates, but this is
economically unfavourable due to the high energy input. The Florida Institute of
Phosphate Research points out that a large amount of today’s phosphate reserves
are left untouched because of a high dolomite concentration. Other common
materials found in sedimentary rock are iron, alumnia, quartz, montmorillonite,
organic matter, and many other elements in trace amounts.
Heavy metals and radioactivity
Russia is the only country of the four main producers with mainly igneous
deposits, while the others have sedimentary PR deposits (Table 2). Igneous
deposits are mostly low in grade (less than 5% P2O5), but both the level of
radioactivity as well as the hazardous metal content (e.g. cadmium, arsenic and
mercury) are low. This is also the case for the igneous deposits in Russia compared
to the sedimentary deposits of Morocco, China and the United States (Table 3). A
more in depth comparison of several sedimentary and igneous deposits on
cadmium, uranium, and

226

Ra contents can be found in Table 4. The United States

has the highest level of radioactivity and Morocco relatively has the highest
hazardous metal content, which will be discussed in more detail below.
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Heavy metals are dangerous because of their tendency to bioaccumulate and
therefore be potentially harmful for human health.[12-13] There are several metallic
elements present in PR with an up to 10-100 times higher concentration than in
soil, such as arsenic, cadmium, mercury, lead and uranium.[10] The chemical
composition of PR, however, varies largely and depends on its origin. When
comparing the most common toxic heavy metals chromium, lead, cadmium, zinc,
copper and arsenic in PR from Moroccan and Russian origin, it is clear that the
heavy metal content in average Moroccan PR (sedimentary) is significantly higher
than in Russian PR (igneous) (Table 3). For these six heavy metals, phosphate rock
in Morocco has up to 2 to 30 times higher concentrations than in Russian
phosphate rock.

Table 2. Comparing phosphate deposits of the four major countries in phosphate rock production

Ore type
Level

of

Morocco

China

Russia

U.S.

Sedimentary

Sedimentary

Igneous

Sedimentary

Moderate

Low-moderate

Low

Moderate-high

Moderate-high

Low-moderate

Low

Moderate

Radioactivity
Hazardous
metal contents

Table 3. Comparison of heavy metals in Moroccan and Russian phosphate rock. Average
Concentration (mg/kg) [10,12,14]

Type of heavy metal
Cr

Pb

Cd

Zn

Cu

As

Morocco

291

7

30

345

22

11

Russia

23.3

3

0.1

19

30

1

The amount of heavy metals is very variable, even within the same deposit. The
presence of heavy metals in fertilizers is primarily due to impurities in phosphate
rock that have not been removed during the production process. [15] This creates the
21
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risk for these metals to accumulate in the soil and crops and enter the human food
chain. However, this risk is not only influenced by the heavy metal content of the
fertilizer, as soil properties and the chemical form of the metal also play an
important role. An acidic environment, for example, increases the availability of
heavy metals in soils for the uptake in crops. Cadmium has the highest transfer
factor (cadmium uptake from soil to crop ratio) for any type of crop and is
therefore the element with the highest risk of being detrimental to human health in
the phosphate fertilizer field.[12] Due to the high toxicity of cadmium, it is classified
as a class 1 carcinogen (Group B1) by The International Agency of Research on
Cancer and the World Health Organization (WHO).[16,17] If one examines the
cadmium, uranium, and 226Ra concentration in the several deposits, we can see in a
single glance that the amounts differ notably depending on origin and are
significantly higher in sedimentary phosphate rock mines than igneous phosphate
rock mines (Table 4). The incoherency between the data of three different
references for the cadmium content for the same deposits shows that it does not
only differ between the mines, but also between the researches. A reason can be the
variability within the same deposit or different types of measurement.

Table 4. Average concentration of cadmium (mg/kg), uranium (mg/kg) and
major igneous and sedimentary deposits [18-21]

Origin

Cadmium content (mg/ kg P2O5)

226Ra

(Bq/kg) in the

Uranium

226

Ra content

content (mg/kg)

Bq/kg

[18]

[19]

[20]

[21]

[21]

Russia (Kola)

<13

0.3

0.25

20

70

South Africa

<13

0.1

0.38

USA

23-166

19.8-125

24-120

80-150

600-1500

Jordan

<30

12.1-28

18

80-110

800-900

Igneous Rock

Sedimentary Rock

22

Morocco

46-121

17-63

55

100-160

800-1600

Syria

52

13-46

22

Algeria

60

42-62.6

100-120

700-850

Egypt

74

Israel

100

81-112

61

80-140

800-1200

Tunisia

137

94

173

30-50

250-350

Togo

162

164-179

147

100-110

950-1000

Senegal

203

165-180.6

221

100-120

950-1100

Nauru

243

The high content of cadmium in some PR deposits (Table 4) raised various
concerns. As a result, technologies for decadmiation are currently under debate,
but have not yet been employed on industrial scale, primarily due to cost issues.
Besides this, the current decadmiation processes remove the cadmium from the
phosphoric acid and are therefore not a solution for other products as the fertilizers
SSP, TSP and NPKs. Due to the numerous, complex factors which can influence the
bioaccumulation of cadmium and uptake by crops, it is difficult to quantify the real
health risks of the use of P containing fertilizers since it depends on a lot of factors,
resulting in controversy among researchers, policies and fertilizer companies.[19]
Nevertheless, human exposure to cadmium resulted in an increased risk for
several types of cancer and is related to kidney and renal failure, and bone
demineralisation. The diet exposure of average European citizens is close to or
slightly exceeding the tolerable intake. People with special diets, like vegetarians,
even exceed the tolerable diet with 200%.[20] Several institutes and companies have
advocated limits of cadmium, such as 60 mg/kg (Fertilizers Europe), 80 mg/kg
(OCP, Timac Agro), and 90 mg/kg (Grupa Azoty, Fetinagro). The European
commission is also debating on setting limits and a maximum level will be put into
practice from 2019.
23

Chapter 1

Phosphate rock contains radionuclides of the uranium and thorium natural decay
series.[21] The radioactivity of PR ranges from 70-100 Bq/kg
from Russia, to 600-1500 Bq/kg

Ra for igneous PR

226

Ra for sedimentary Moroccan PR.[22] On average,

226

90-95% of the uranium can be found in the phosphoric acid, while almost the entire
Ra content in phosphate rock ends up in the phosphogypsum.[19] Every year,

226

10.000-15.000 tons of uranium are deposited on agricultural land.[19] Through
mining and processing of PR, radionuclides are redistributed into the environment
and introduced in products and byproducts from the phosphate industry.
Naturally occurring radioactive materials (NORM) are found everywhere in our
surroundings and consequently we are exposed to it every day. These materials do
not pose threats for human health per se. Only when these materials, such as PR,
are concentrated to a certain degree then they may pose risks to humans and
environment.

The concentration of radionuclides (and their respective decay products) in
byproducts is technically enhanced. Therefore, these byproducts are labeled as
Technically Enhanced – Naturally Occurring Radioactive Materials (TE-NORM).[23]
One of these byproducts in the phosphate industry is phosphogypsum, which
contains calcium sulphate, small amounts of silica, unreacted phosphate rock,
radium, uranium and US EPA toxic metals.

1.2.2 Geopolitics and Reserves
Currently, there is speculation on the amount of global phosphate reserves. The
estimated time until depletion differs substantially between the several studies.
The time left before depletion will rise according to the ‘Qui quaerit, reperiet’ (He
who seeks, will find) principle. When the prices of these finite sources will rise,
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previous uneconomic reserves become economically profitable and more reserves
will be discovered. This could be compared to the oil reserves; nowadays oil is
extracted from the ocean floor, which was first considered as an uneconomic/
unavailable resource. Thus, the volume of phosphate rock reserves is dynamic. The
precursor of the USGS (USBM) developed a classification method with which four
types of PR deposits could be distinguished:

1.

Current economic deposits as reserves;

2.

Marginally or sub economic deposits as the reserve base;

3.

Uneconomic deposits, which have a reasonable potential of becoming
economic in the future as resources;

4.

Deposits with no reasonable prospect of economic viability in the foreseeable
future, as occurrences.

This classification method is not universally required by law.[24] The lack of a
universal classification method for PR deposits caused speculations on the amount
of phosphorus left. An example occurred in 2010, when the reserves and resources
as reported by the USGS were reassessed by the International Fertilizer
Development Centre (IFDC). The USGS reported in 2010 the global PR reserves as
being 16,000 Mt (million tonnes), of which 5,700 Mt of PR are located in Morocco.
In the same year, the IFDC issued a report in which the global reserves were
increased to 60,000 Mt PR with an estimation of 51,000 Mt found on Moroccan
territory, which is an increase of almost 4 times within one year. In the USGS
reports, reserves are defined as upgraded (beneficiated) concentrate. This term is
used by the mining industry for upgraded ore that is upgraded to such an extent
that it is ready to be sold on the market. The phosphate (P2O5) content for this

25
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beneficiated ore needs to be at least 30%. However, from the IFDC report it does
not become clear what factor is used to calculate this beneficiated ore back to
phosphate reserves. In the report of IFDC, the term ‘phosphate rock’ deposit is
used for both unprocessed rock and beneficiated concentrates. Despite the fact that
both institutes used different definitions, the USGS has adopted the reserve
estimation of IFDC.

The difference in estimated reserves in Morocco can be clearly seen in Fig.1, which
shows the estimated world reserves in 2007 and in 2017. Besides Morocco and
Western Sahara, also the estimated reserves in the Middle East significantly
increased, while the estimated reserves for China is only half of what has been
estimated in 2007. In 2017, the world resources of phosphate rock are estimated
around 300,000 Mt and reserves around 68,000 Mt, and 75% of the total estimated
reserves can be found in Morocco and the Western Sahara (see Fig.1).[2]
60000
50000
40000
30000
20000
10000
0
Morocco and Middle East
Western
Sahara

China

Russia
2007

United States

Other
countries

2017

Fig.1 The estimated world reserves in million tonnes according to USGS in 2007 and 2017 [2,25]
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1.2.3 Mines in EU
In 2010, Europe imported 7,518,000 tonnes of phosphate rock, and the remaining
~10% of the current European phosphate rock demand is produced in Europe, in
Finland.[26] The Siilinjärvi phosphate mines in Finland are currently mining
phosphorus at a rate of 1,000,000 tonnes per annum and are expected to be
operational until 2035. Several other phosphate deposits are located in Europe,
with the largest in Turkey, and minor deposits in, for example, Belgium, Germany,
Spain, France, Italy and Greece. However, these are no longer exploited. The Terres
Rouges Mine in Lorraine was the last phosphate mine in France and was closed in
1998, due to the increasing criticism of environmental damage. The United
Kingdom also has significant phosphate resources in former tin mines and widely
dispersed deposits, but these are not economically viable to mine. Belgian and
Italian phosphate mining plans received similar criticism. Greek Phosphate mines,
although functional for a short time, are deemed as economically unviable due to
the scattered phosphate resources and the low grade of 2%.[27]

1.2.4 Phosphate Rock Production
The mining of phosphate rock is mainly concentrated in four countries, namely
Russia, The United States, China and Morocco (including the Western Sahara).
Together, they accounted for 79% of the global phosphate rock production in
2016.[2] Compared to 2006, China increased their production by 450% from 30,700
to 138,000 tonnes, primarily to keep up with the growing domestic demand in
agriculture. The Middle East increased their production from 22,870 in 2006 to
26,300 tonnes in 2016. Mainly due to the Arabic spring, changes in the production
size occurred in the Middle East. Syria produced 3,600 tonnes in 2006, but in 2016
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the production came to a complete halt due to the civil war. Moreover, Tunisia
lowered their production from 8,400 in 2006 to 3,500 tonnes in 2016. Other
countries in the Middle East have increased their production, such as Egypt, which
doubled their production and Jordan increased their production from 6,400 to
8,300 tonnes in these 10 years.

Fig.2 The world production of phosphate rock in 2006 and 2016 [2]

The world consumption of phosphate rock in 2016 was 44.5 Mt and is expected to
increase to 48.9 Mt in 2020. The estimated global phosphate rock reserves contain
around 68,000 Mt of phosphate rock, which indicates that there is no urgent
geological scarcity in the coming decades.

1.2.5 Price Volatility
The price of phosphate rock was stable until 2008, when suddenly a price peak
occurred. The price for one tonne of phosphate rock was around 50 dollars before
2008, but after the price peak in 2008, prices rose over 800%.[26] After this price
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peak, the price dropped, but is still on average more than two times higher than
prior to 2008. Besides this, with increasing scarcity of P, countries are likely to
implement protectionist policies to protect their reserves, which can subsequently
increase the price.[26] China for example has added phosphate as third on the list of
most important strategic resources and protects the domestic demand via export
quotas on phosphate fertilizers. In 2008, China imposed an export quota of 135%
on phosphate rock, which is one of the reasons of the price peak in 2008.

Fig. 3 The price for phosphate rock from August 1987 until August 2017 in dollars [28]
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1.2.6 European Critical Material List
The European Union is highly dependent on P import. The main suppliers of
phosphate rock in 2011 of Europe were Morocco, Russia and Algeria.[26] According
to the European Commission, the management of P is of critical importance for the
development of circular economies and sustainable development. For this reason,
P was added to the list of the 20 critical raw materials for Europe, where materials
are rated on economic importance for the EU and the possible supply risk.[29]
Phosphate rock has been considered as having a high supply risk since the high
corporate concentrations in production, meaning a small amount of producers
(four countries, China, Morocco, U.S. and Russia) all with a large market share.
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1.3 Phosphate Processing
Following mining, phosphate rock is primarily processed to intermediary products
including phosphoric acid (PA) and white phosphorus (P4), which together form
the basis of the industrial phosphorus chemistry. All the production processes
from phosphate rock are given in Fig.4. The reduction of phosphates to elemental
phosphorus at elevated temperatures is the route to many high-grade phosphorus
products, while the production of phosphoric acid through the wet processes is
closely related to the manufacturing of fertilizers.[10] The wet process is the
common treatment for the production of phosphate fertilizers and the production
of technical phosphoric acid. About 95% of all the phosphoric acid is produced
through the wet process, since this is the route towards readily available
phosphorus based fertilizers.[30] In this process, strong mineral acids react with the
phosphate ore, where in most cases sulfuric acid is used and on a smaller scale
nitric acid or hydrochloric acid. The resulting product is wet phosphoric acid. The
type of added acid in the wet process, possible purification steps and the addition
of other macro nutrients (for fertilizer production) determine the final type and
quality of the product.

31

Fig. 4 An overview of the production processes for white phosphorus, phosphoric acid and common fertilizers
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An alternative route is the thermal process where crude phosphate, coke and silica
are heated to over 1500 °C in an electrical resistance furnace to produce elemental
phosphorus (P4); the starting material of many high grade phosphorus compounds
in food and industrial applications.[31] This process is very energy-intensive, and
for the production of various compounds hazardous chemicals like chlorine are
required as intermediates. On the upside, however, the product contains hardly
any impurities. The wet process to obtain several qualities of phosphoric acid and
the thermal process to obtain white phosphorus will be both described in more
detail below.

1.3.1 Wet Process
The most commonly used method to produce phosphoric acid is via the wet
process using sulfuric acid (H2SO4) for the acidulation of phosphate rock. The wet
process consists of two basic steps: digestion of phosphate rock in a reactor and
filtration of the created gypsum (CaSO4). A third step can be added to reduce the
liquid content afterwards and purify the product. In the first step, fluorapatite
(Ca5(PO4)3F) is digested with sulfuric acid, resulting in phosphoric acid (H 3PO4)
and the main byproducts phosphogypsum (CaSO4) and hydrogen fluoride (HF).

Different types of digestion processes exist for phosphate rock, namely the
dihydrate process (DH), the hemihydrate process (HH) and combinations of the
two (DH/HH and HH/DH). The most applied technology for the production of
phosphoric acid, the classical dihydrate process, can be operated at large volumes.
It does not have corrosion issues due to the low reaction temperature of 70-80 °C,
and is applicable with most grades of phosphate rock.[30] However, the quality of
the phosphogypsum (CaSO42H2O) is low and the impurities are high, which
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disqualifies it as a precursor in other industries. The need for a more concentrated
stream of phosphoric acid, less impurities and reduced losses of phosphorus to
phosphogypsum led to the development of the hemihydrate (HH) process. This
process works at an elevated temperature of 100 °C, which gives rise to the
formation of calcium sulfate hemihydrate, CaSO40.5H2O, a very pure gypsum and
a higher concentration of phosphoric acid, 40-48% of P2O5 with a yield of 90-94%.[30]
The HH process is not often used due to the low process yield, but a combination
of the DH and HH process is used, for example in Japan, because of the advantage
of the production of pure gypsum for the manufacturer of plasterboard and
cement. Nevertheless, the traditional dihydrate process remains the primary
dihydrate wet process to obtain phosphoric acid, with more than 90% of the
production of the wet phosphoric acid.[32]

During the digestion step, phosphogypsum is formed; a slurry of solid particles of
gypsum (CaSO4), unreacted phosphate rock and other impurities. The second step
involves filtering out this solid phosphogypsum in a partial vacuum resulting in a
28-31 wt% P2O5 (50% phosphoric acid) yield. The remaining acids on the solids can
be washed off and used again in the process.

The concentration of 28-32 wt% P2O5 is too low to be used as a fertilizer and has to
be concentrated to 40-55% (or even 70% if superphosphate is the desired product).
Therefore, the dihydrate process can be followed by reducing the liquid content via
evaporation with submerged combustion burners and vacuum circulation
evaporators resulting in merchant grade phosphoric acid, 54% P 2O5 (70%
phosphoric acid).[30]
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Byproducts of this concentration process are SiF4 and HF. When concentrating
from 30% to 55% P2O5, 50-60% of the hydrogen fluoride evaporates. Emissions to
the atmosphere are prevented by reacting the gaseous HF with a byproduct SiF 4 to
form H2SiF6, which is a liquid at room temperature (boiling point 108.5°C).
Roughly, 90-95% of the HF is captured this way, which complies with the fluorine
emission limits.

The byproduct phosphogypsum is produced in large quantities, and leads to
enormous amounts of waste. For the production of 1 tonne of phosphoric acid
roughly 5 tonnes of phosphogypsum are produced, resulting in an estimated
production of 100-280 Mt per year.[34] In theory, phosphogypsum could be a source
of gypsum for construction works but the presence of trace metals, such as
thorium, radium, cadmium and uranium, prevent extensive use and turn it into a
material classified as hazardous.[33] About 85% of the phosphogypsum is disposed
without any treatment, which poses storage problems and provokes environmental
concerns.[34] The gypsum produced via the HH/DH and DH/HH process can be
used in the cement or plaster industry. Depending on the digestion process, the
gypsum formed can be a dihydrate (CaSO4 2H2O), a hemihydrate (CaSO40.5H2O)
or a mixture of the two. Anhydrite (anhydrous CaSO4) can be formed, but the
required conditions (120-130 °C) cause excessive corrosion problems, which makes
it an insufficient method for industrial processes.
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1.3.2 Purification Process of Wet Phosphoric Acid
Many of the impurities in the phosphate rock are still present in the phosphoric
acid product. The amount of impurities in the phosphoric acid and
phosphogypsum is not only dependent on the type of digestion process, but also
on the origin of the phosphate rock. The phosphoric acid produced with phosphate
rock from Russia contains 5-10 mg/L uranium compared to 120-160 mg/L in the
phosphoric acid from Morocco. The amount of

Ra is even negligible in the

226

phosphoric acid produced with the PR from Russia, compared to 30-60 Bq/L from
Morocco (see Table 6). Most of the uranium is taken up by the phosphoric acid,
while most of the

radium ends up in the phosphogypsum. Roughly, 87-92% of

226

the uranium ends up in the phosphoric acid and 8-13% in the phosphogypsum. In
the case of

Ra it is the other way around, 5-10% ends up in the phosphoric acid

226

and 90-95% in the phosphogypsum.

Table 6. Uranium and radium concentrations in phosphoric acid and phosphogypsum [19]

Origin
Phosphate Rock

Phosphoric acid
Uranium

Phosphogypsum
226

Ra Bq/L

mg/L

Uranium

Ra Bq/L

226

mg/L

Igneous Rock
Russia (Kola)

5-10

-

-

60-100

Florida

120-140

40-70

10-20

500-1200

Jordan

80-100

30-50

5-10

500-1000

Morocco

120-160

30-60

10-15

600-1300

Israel

90-110

40-50

10-20

600-1200

Sedimentary Rock
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Tunisia

40-60

40

5-8

300-400

Togo

100-110

60

10

700-1100

Impurities in phosphoric acid can be partially or completely removed by extraction
and precipitation. Typically, the wet phosphoric acid contains impurities such as
sulphites, fluorine, silicon and calcium. The full list and
general quantities can be found in Table 5.[30] Purification is a
major challenge and can be performed via precipitation, ion
exchange, adsorption, membrane technologies, nano-filtration,

Table 5. Wet
phosphoric acid
composition
in wt% [30]

P2O5

30.0

F

2.17

SO3

2.1

reverse osmosis and extraction processes.[35] The two most

Ca

0.45

common purification processes for phosphoric acid, extraction

Si

0.41

Mg

0.13

Fe

0.08

Al

0.04

Cr

0.022

Zn

0.019

V

0.013

Ni

0.0034

Cu

0.0027

and precipitation, will be discussed below in more detail.

Extraction
Different extraction processes have been designed to remove
various impurities, ranging from the removal of specific
compounds to almost complete purification. Extractive

Mn

0.0009

purification processes of wet phosphoric acid contain the

As

0.0007

following steps: purification of the crude wet phosphoric acid,

Pb

0.00002

phosphoric acid extraction, extract wash, phosphoric acid recovery and, if
necessary for the final product, a post treatment. Firstly, in a pre-purification
process, arsenic, sulfate and organic components are removed by precipitation or
adsorption from the crude wet phosphoric acid (40-50% P2O5). The pre-purified
phosphoric acid is then dissolved in an organic solvent (such as methyl isoamyl
ketone and diisopropyl ether) through countercurrent distribution. While most
impurities remain in the aqueous phase, the phosphoric acid ends up in the
organic phase. Additionally sulfuric acid (H2SO4) can be used to react with cationic
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impurities to form sulfates, which remain in the aqueous phase when a yield of 9598% of phosphoric acid is preferred. After treatment, the purity of phosphoric acid
is comparable with the food-grade phosphoric acid produced via the thermal
process.
Precipitation
Separating arsenic and to an increasing frequency cadmium (decadmiation) from
wet phosphoric acid is crucial when it is used in the fertilizer industry. Arsenic can
be removed by addition of Na2S to the acid and filtration of the precipitated arsenic
sulfide. Cadmium can be removed after adding complexing agents, such as dialkyl
dithiophosphoric acid ester.[36] If necessary, cationic impurities (e.g. Fe, Al, Mg, Ca)
can be removed by neutralizing the acid with caustic soda, sodium hydroxide. This
will however change the product in a phosphate salt solution and metal
hydroxides instead of an acid, thereby limiting its use to only detergent
phosphates.
Acidulation with hydrogen chloride or nitric acid
The other two types of acidulation processes of phosphate rock besides sulfuric
acid are with the use of hydrochloric acid and nitric acid. The nitrophosphate
process is an alternative route to form phosphoric acid with the significant
advantage of the formation of the marketable calcium nitrate instead of
phosphogypsum. But, due to the price difference between sulfuric acid and nitric
acid, only 10% of all the fertilizers are produced via the wet process with nitric
acid.[30]
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Another process for the treatment of phosphate rock without the production of
phosphogypsum involves HCl, the solvent extraction process (SX process), which
produces calcium chloride and hydrogen fluoride as byproducts via the following
chemical reaction:

Ca5(PO4)3F + 10HCl → 3H3PO4 + 5CaCl2 + HF

The phosphoric acid is extracted and concentrated via distillation to obtain foodgrade phosphoric acid. The advantage of the HCl method is the high concentration
and low impurity of the product (>50 wt% P2O5), but the disadvantage is the
relatively high cost. The wet process (with H2SO4) and the SX process can be
combined via mixing both slurries and extracting the phosphoric acid with an
aliphatic alcohol afterwards.

1.3.3 White Phosphorus
Elemental phosphorus has 10 allotropic forms, but only two of them are
industrially important, namely white (P4) and red phosphorus (in an amorphous
network). Examples of other allotropic forms are diphosphorus (P2), violet
phosphorus (in a tube structure) and black phosphorus (a puckered sheet
structure).[10] White phosphorus is extremely reactive with air and is therefore
stored in heated vessels (so P4 remains a liquid) and always covered with water
and on top of the water nitrogen to exclude any contact with air. Red phosphorus
is less reactive and stable in air and is, for example, used as the striking surface of a
matchbook. White phosphorus, P4, accounts for 99% of the global elemental
phosphorus demand with 850,000 tonnes per year and is required for the
production of important organophosphorus derivatives such as PH 3, PCl3, P4S10
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P4S3 and P2O5.[37] White phosphorus is the starting material of almost all high-end
industrial and food products containing phosphorus, such as flame-retardants and
acidification of soft drinks.

The industrial manufacturing of white phosphorus is primarily done via the
Wöhler process, in which phosphate rock is mixed with coke and silica, and heated
by electrodes. White phosphorus is commonly produced from phosphate rock
(apatite) and to a lesser extent from guano, manure, and recycled phosphates.
Overall, the Wöhler process proceeds according to the following equation:

4Ca5(PO4)3F + 18SiO2 + 30C → 3P4 + 30CO + 18CaSiO3 + 2CaF2

The first step in this process is to reduce the size of the rock in order to avoid
blocking of the furnaces. [38] Carbon monoxide provides 85-90% of the heat needed
for roasting the pellets after the sintering process and the dust is removed through
scrubbing and recycled into the process. The pellets are mixed with cokes, which
act as a reducing agent, and SiO2 pebbles, a liquid slag, which has its use in road
construction and other applications. This mixture is heated to 1500 °C in an electric
resistance furnace. At these temperatures, silica is a strong acid that is able to
release phosphate from fluorapatite, and form molten calcium silicate that binds
fluoride, yielding CaF2. In addition, some of the silica also combines with fluoride
to form SiF4 gas. In the furnace, the phosphates are reduced to diphosphorus. The
furnace gas, containing the P2, is cleaned with electrostatic precipitators to remove
dust. To obtain P4, two condensation steps, above and below the boiling point of
phosphorus (280 °C), are performed to condense the P2 vapors to solid P4.
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The production of P4 is energy intensive with a consumption of 12.5-14 MWh per
metric tonne of white phosphorus. Around 55% of the energy is lost as heat in the
slag, ferrophosphorus, furnace gasses and radiation, and electrical and cooling
losses.[39] The furnace CO gases, after P2 removal, containing less than 0.1% of the
phosphorus product, are used as fuel for power generation that is needed for the
sintering process. Applications for the furnace slag are limited, since it can contain
radionuclides out of the phosphate rock. The water used in the phosphorus
condenser and for storage contains a substantial amount of phosphates, up to 1 g/L
that can be recovered via filtration. P4 gas (P2 as a precursor in between) is formed
along with CO, some dust and calcium oxide. The P4 gas leaves the furnace and is
subsequently condensed.

Iron impurities in the phosphate rock are reduced in the furnace and form a
separate slag: ferrophosphorus. Ferrophosphorus contains about 75% iron and 25%
phosphorus with trace amounts of other metals and can be used as an additive in
steel manufacturing. The radioactivity of the ferrophosphorus is constantly
measured and depending on the level of radioactivity, it can be decided if it has to
be stored (temporarily or indefinitely depending on the radioactivity) or sold.

The oxidation of P4 followed by hydrolysis to yield P2O5, used for the production of
thermal phosphoric acid, is the most prominent application of P 4 with 70% of the
production volume. This production of thermal phosphoric acid from P4 contains
of the two steps:

P4 + 5 O2 → P4O10

ΔH = -3053 kJ/mol

P4O10 + 6 H2O → 4 H3PO4

ΔH = -377 kJ/mol
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The phosphoric acid that is obtained is very pure due to the use of elemental
phosphorus as a starting material. Its H3PO3 content is no more than 0.1% and it
barely contains traces of impurities. Only arsenic (5-30 ppm) subsequently needs to
be removed via the precipitation of arsenic sulfide by the addition of hydrogen
sulfide and filtration. This is necessary, since arsenic replaces phosphorus in the
phosphorus lattice resulting in an almost impossible separation on an industrial
scale.

The industrial production of white phosphorus in Europe disappeared in 2012
with the bankruptcy of Thermphos B.V. The current P4 producers worldwide are
located in the U.S., China, Kazakhstan and Vietnam (Table 7). The producer with
the biggest capacity is located in China, with a yearly capacity of 1,900 kt P 4. All the
P4 produced in The United States is used for domestic consumption, while just 40%
of the Chinese production is used for domestic use. China also protects their
internal demand with an export tariff of 20% on white phosphorus.[40]

Table 7. Overview of the current producers of white phosphorus and their characteristics [40]

Capacity
in kt P4
Production
in kt P4
P

Utilities

PR-Supply
Labour Cost
(monthly
average in
USD)
Coal
(USD/tonne)
Electricity
(cents/kWh)

USA
80

China
1900

Kazakhstan
120

Vietnam
45

80

750-900

80-120
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Self-Supply
High
(70-80)

Low
(650-750)

Medium
(1000-1100)

Very
low
(200-300)

High
(70-80)
Medium
(6-7)

High
(105-115)
Low
(4-5)

Low
(60-70)
Low
(4-5)

Very
low
(25-35)
Medium
(6-7)
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Transportation
Domestic
consumptio
n in kt P4
Export
Tariff

Convenient

Inconvenient

Inconvenient

Convenient

80

750

60

k.A.

-

20%

-

Currently, white phosphorus is exclusively produced out of phosphate rock, but
several companies investigated the process to produce white phosphorus out of
waste products too. Thermphos had developed a method to produce P4 out of
sewage sludge ashes, but this never went into practice. In 2014, a new technology
called RecoPhos has been developed to produce P4 from sewage sludge ashes. This
technology was acquired in 2016 by ICL, Israel Chemicals Ltd., a multinational
specialized in chemicals for agriculture, food and engineered materials purposes.
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1.4 Industrial Applications of Phosphoric Acid and White
Phosphorus
Most phosphoric acid is used for fertilizers, but also in a broad range of industrial
and food products.[31] Different concentrations and impurity levels of phosphoric
acid are required for diverse purposes, resulting in various production methods.
For fertilizers, merchant-grade phosphoric acid, with a concentration of 55% P2O5,
74% H3PO4 (phosphoric acid) is the standard. As for food purposes, food grade
phosphoric acid with an 85% concentration of H3PO4 is commonly used. The 85%
food-grade phosphoric acid is a viscous and corrosive liquid and must therefore be
stored in stainless-steel containers with a resistant inner lining. The different forms
of commercial phosphoric acid and the concentrations and impurity levels in ppm
are listed in Table 8.

The main application of wet phosphoric acid is in fertilizers. With this process, the
main fertilizers used in agriculture are diammonium phosphate (DAP),
monoammonium phosphate (MAP), single superphosphate (SSP) and triple
superphosphate (TSP). DAP and MAP are made via the wet process and SSP via
treatment of phosphate rock with sulfuric acid and TSP with phosphoric acid (see
Fig. 4). To produce MAP and DAP, an ammonium source is added to the wet
phosphoric acid and a potassium source when NPK-fertilizers are the desired final
product. The nutrient ratio of the four fertilizers can be found in Table 9. The
nutrient grade ratio of the fertilizers differs among the four fertilizers and it
depends on the demand of the crop and soil type which of these fertilizers suits
best.
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Table 8. Commercial phosphoric acid is sold in different forms [39]

Acid Group

Concentration

Concentration

Impurity level

P2O5 (%)

H3PO4 (conversion

in ppm

factor 1.381) (%)
Filter Acid (Dihydrate-

28

39

5.000-25.000

42-54

74

10.000-50.000

54-59

81

5.000-25.000

Raffinate Acid

25-45

62

20.000-50.000

Technical Acid

50-61.6

76

500-5.000

Food Grade Acid

61.6

85

0,5-250

Cola/Pharma Acid

61,6

85

0,5-100

Thermal (from P4)

61,6

85

SEMI LCD Acid

61,6

85

0,1-1

Semiconductor Grade

61,6

85

0,01-0,1

Process)
Fertilizer/ Merchant Grade
Acid MGA (concentrated)
PWA Feed Acid (Green
Acid)

Acid

Table 9. Common phosphate fertilizers and nutrient grades [6]

Fertilizer

Nutrient grade ratio, N:P:K

Diammonium phosphate (DAP)

18-46-0

Monoammonium phosphate (MAP)

10-50-0

Single superphosphate (SSP)

0-18-0

Triple superphosphate (TSP)

0-46-0

The demand for fertilizers is still emerging due to the rising population, the
upcoming biofuel demand and the changing standard of living in developing
countries (Fig. 5). The global fertilizer P2O5 production steadily increased from
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1973 to 2011 with 166% from 25.6 Mt to 42.6 Mt, with a downward trend in the 90s.
This trend was mainly a result of the fall of the USSR.
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Fig.5 The global fertilizer P2O5 production from 1973 to 2011 [41]

Different applications for each of the phosphoric acid types exists, such as an
acidifying food additive (i.e. in soft drinks), rust remover for metals, etching
agents, and catalysts. An overview of all the applications of phosphoric acid can be
found in Fig.6.[10]
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Fig.6 Overview of the use of phosphoric acid

Both (highly purified) merchant grade phosphoric acid and thermal phosphoric
acid derived from P4 can be used. Which one is suitable depends on the cost and
level of purity requirements. Recent numbers of industrial phosphate demand do
not exist, but in the most recent research in 2015 they assume that around 38% of
the industrial phosphate demand is for detergents and cleaners (Fig. 7). Currently
there is a ban in several parts of the world for the use of phosphates in detergents
to reduce the amount of phosphates ending up in surface waters and lakes, thereby
resulting in eutrophication.[42] This ban has resulted in a decline of the use of
phosphates in detergents in the last decade. Besides the application in detergents,
around 23% of the phosphoric acid demand is for the production of food additives,
10% in metal treatment, 10% in water treatment, 3% in toothpaste, 2% in special
fertilizers, and the other 14% is used for other purposes like medicines and fuel cell
electrolytes. For the segments beside detergents, a moderate growth is expected for
the coming years.
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Fig 7. Demand for industrial phosphates in % by application area in 2011 [40]

Fig 8. Demand for industrial phosphates in t P2O5 in 2011 [40]

The highest industrial phosphate demand in 2011 is in North America (19%, 40.000
tonnes), Western Europe (17%, 36.000 tonnes) and East Asia, particularly China
(15%, 32.000 tonnes) (see Fig. 8).
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Besides phosphoric acid, white phosphorus is a precursor for many inorganic
phosphorus compounds (Fig. 9). White phosphorus has to be the starting material,
since these cannot be prepared otherwise. White phosphorus has a small direct
application as a chemical weapon, but it is mainly a precursor for several
organophosphorus compounds. Organophosphorus compounds derived from
white phosphorus are PCl 3, red P, PxSy, PH3, NaH2PO2 and ferro-phosphorus.[31]
The derivative from P4 with the largest market share is PCl3, which for example is
used as a derivative glyphosate (a pesticide). Around 1% of the global P-usage is
for the production of glyphosate. Examples of other phosphorus containing
products manufactured from P4 are catalysts, battery electrolyte, flame-retardants,
vitamin A, plastic additives, doping, matches, antioxidants, water treatment, and
reducing agents.[31]
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Fig.9 The production routes and applications of the white phosphorus derivatives.
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1.5 Conclusion
The world consumption of phosphate rock in 2016 was 44.5 million tonnes and will
increase to 48.9 Mt in 2020. The estimated global phosphate rock reserves contain
in total around 68,000 Mt of phosphate rock. This indicates that there is no urgent
scarcity in the coming decades. Yet, reserves are not equally spread around the
world, with three-quarters located in Morocco and Western Sahara. Moreover, the
price for phosphate rock can be volatile and Europe is reliable for 92% on import
(see Fig. 3), therefore phosphate rock is added to the critical material list of the
European Commission.

The reserves located in Russia, mainly contain igneous ore, and relatively have the
lowest levels of radioactivity and hazardous metal contents. Morocco and Western
Sahara reserves, mainly sedimentary ore, have on average the highest hazardous
content out of the four main phosphate rock producers. Moreover, the amount and
type of other mineral structures besides apatite are important to assess the
suitability for phosphate production.

Phosphate rock is mainly processed as intermediary products including
phosphoric acid and white phosphorus. About 95% of the phosphoric acid is made
via the wet-process, which includes acidulation of phosphate rock for creating wet
phosphoric acid and byproducts including phosphogypsum and hydrogen
fluoride. Five times more phosphogypsum as phosphoric acid is produced during
this process. The purity and thus the reusability of phosphogypsum is dependent
on the type of digestion process and can be as pure as necessary for reuse in the
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plaster industry. However, at the moment reusing phosphogypsum is not yet
common practice.

Wet phosphoric acid can be purified via several processes. The most commonly
used processes are extraction and precipitation. Via extraction, phosphoric acid
comparable to phosphoric acid produced through the thermal process can be
obtained. Separation of specific compounds can be done through precipitation.
Also, cationic impurities can be removed via precipitation, but the product will
then be changed into a phosphate salt which is unfavorable for its use in many
industries besides detergents. Production of white phosphorus is primarily done
through the Wöhler process. The production of white phosphorus is energy
intensive, but amount of impurities is low, which is necessary for certain
applications such as in the food and high-tech industry.
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Struvite: Towards a Circular Phosphorus Economy
Correspondence on Chen et al. Application of Struvite Alters the
Antibiotic Resistome in Soil, Rhizosphere, and Phyllosphere.

Abstract: Recent work published by Chen et al. has been considered by the
European Commission for guidance concerning the revised fertilizer regulation
regarding the inclusion of the recovered phosphorus product, struvite. Chen et al.
found that various antibiotics were detected in struvite, however, they did not
describe their struvite recovery method and used a highly contaminated source.
While other comparable studies have shown that organic contaminants are
typically not present in struvite after precipitation. This chapter shows that since
most struvite is recovered from municipal sources, with significantly lower levels
of antibiotics than what is found in swine wastewater that Chen et al. investigated,
significantly lower levels of antibiotics are detected in currently recovered struvite.
Therefore, the use of the research of Chen et al. to guide policy for recovered
phosphate products is inappropriate and might unnecessarily hamper the use of
this renewable resource.

Accepted: M.A. de Boer, C. Kabbe, J.C. Slootweg, Environmental, Science & Technology. In
press.
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2.1 Introduction
Phosphate fertilizers are essential to grow crops that are needed to feed all human
beings on our planet. However, the primary fossil resource phosphate rock is finite
and its current linear use is creating one of the biggest global environmental
concerns (eutrophication), which demands immediate action. [1] To stay within the
planetary boundaries and target the United Nations’ Sustainable Development
Goals, the development and implementation of phosphorus recovery and recycling
techniques is essential in order to realize a circular phosphorus economy.[1,2] A
promising way to recover phosphates is carried out by the precipitation of struvite
(MgNH4PO4‧6H2O) from phosphorus and nitrogen rich waste streams, such as
manure, municipal wastewater and wastewater from food production, simply by
the addition of magnesium salts (typically MgCl2). A variety of struvite production
processes are available that, also depending on the feedstocks used and the process
conditions applied (e.g., washing and filtration steps, granule size and the amount
of MgCl2 added), afford struvite with differing quality.[3,4] For example, the P2O5content of struvite precipitated with several technologies from municipal
wastewater can range from 14.7 to 30.5% (Table 1). This means that just like
phosphate rock deposits that contain impurities (e.g., fluorine, cadmium, uranium,
radium, mercury, lead, chromium, zinc, iron, copper, and rare-earth elements),
also secondary phosphates recovered from urban mines have variable quality. The
presence of undesired substances (e.g., pharmaceuticals, pathogens and other
micro-pollutants) needs to be considered before reuse becomes viable.[5]
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Table 1. Struvite currently produced by various techniques, incl. elemental composition.

Struvite
% P2O5
MgNH4PO4‧6H2O (theoretical) 28.9

%N
5.7

% MgO
16.4

Source

values)
Struvite obtained by crystallization
PHOSNIX[6]

30.5

5.3

19.1

Liquor

AirPrex[6],a

19.8–22.9

3.0–5.0

10.2

Liquor

Pearl

28

5

16.7–17

Liquor

[6],b

Struvia

28–29

4.5–5.5

15.8–16.8

Liquor

NuReSys[6]

26.5–27.8

5.1–5.5

15.3–23.4c

Liquor

ANPHOS

14.7

2.0

7.6

Liquor

REPHOS[7]

24.9

4.7

13.6

Liquor

Gifhorn[6]

25.2–36.7

0.18

3.1–14.3

Sludge

Stuttgart

25.9–59.6

1.2–5.0

10.9–13.3

Sludge

PHOXAN[8]

26.8

5.1

-

Sludge

Leachphos

20–40

-

-

Ash

[6]

[6]

Struvite obtained by leaching
[6]

[6]

a. Related to WWTP influent; b. Moisture content of 14.9%; c. Formation of magnesium phosphate
phases other than struvite

News Alert: European Commission
Last year, Chen et al. published a research article in Environmental Science &
Technology entitled “Application of Struvite Alters the Antibiotic Resistome in
Soil, Rhizosphere, and Phyllosphere”,[9] which contained, in our view, some
striking generalizations. The authors conclude that the application of struvite can
facilitate the spread of antibiotic resistance via the human food chain. Since the EU
included phosphates on its critical raw materials list and desires the local recovery
and recycling of phosphates, these conclusions created considerable attention. On
the 19th of April 2018, the European Commission published a News Alert entitled
“Antibiotic resistance in struvite fertilizer from wastewater could enter the food
chain’’,[10] where the European Commission states that the findings by Chen et al.
may be relevant for the ongoing revision of the EU Fertilizers Regulation. This
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revision will have a significant impact, since it will also define under what
circumstances struvite can be used as a component material for CE (circular
economy) marked fertilizers. We feel that the conclusions of this specific case study
by Chen et al. warrant a critical analysis before being used as a guideline.
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2.2 Results & Discussion
A closer look at the article by Chen et al. shows that they used struvite produced
from swine wastewater, which, not surprisingly, contains considerable quantities
of antibiotics such as four types of tetracycline antibiotics (360.1–742.07 mg/kg
struvite; Table 2). This is striking since related studies show that the incorporation
of impurities in the struvite formed is much lower. For example, Ye et al.[11]
analyzed struvite precipitated from swine wastewater, but in their case this
resulted in much lower concentration levels of several antibiotics (see Table 3). This
raises questions on the methodology used by Chen et al. and, in particular, the
process they applied to produce struvite, which unfortunately is not described in
their research article.
Analysis of pharmaceuticals in different influents
Both municipal and swine wastewater contain significant amounts of antibiotics.
The concentration of most of the selected antibiotics are on average significantly
higher in swine wastewater than in communal wastewater, especially the
concentrations of doxycycline and sulfamethazine (see Table 2). The concentration
is dependent on the amount of antibiotics in the feed addition of the swines.
Antibiotics are poorly taken up by swines, which results that 70-90% of the used
antibiotics end up in the wastewater in unchanged form or as metabolites. [12] The
amounts of antibiotics analysed in swine wastewater differ among the sampling
locations and depends on the antibiotic intake of the pigs.
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Table 2. Concentrations of selected antibiotics in communal wastewater influent in WWTP
samples and in swine wastewater influent samples from multiple locations.

Compound

Tetracycline (TC)

Municipal wastewater influent
µg/L [13]

Swine wastewater influent

Wisconsin, U.S., 48[13]

Jiangsu, China, ND–84.30

Sweden, 0.16[14]

Beijing, China, 126.0–388.70

Singapore, 50

µg/L [12]

South China, 1.45–10.59

[15]

Hunan Province, China, ND

[16]

Mexico, <0.01–0.1[17]
Oxytetracycline (OTC)

Wisconsin, U.S., 47[13]

Beijing, China, 6.18–25.36

Singapore, 75

South China, 18.70

[15]

Hunan Province, China, 50[16]

Shandong, China, 8.05

Mexico, 0.04–0.13

East China, 23.80

[17]

Taiwan, ND–5.33
Wisconsin, U.S., 0.31
Chlortetracycline (CTC)

Singapore, 7.5

East China, 13.70

[13]

Shandong, China, 8.05

[15]

Hunan Province, China, ND[16]

Beijing, China, 2.65–32.67
Germany, 4.10
Taiwan, ND–4.32

Wisconsin, U.S., 10
Doxycycline (DC)

East China, 685.60

[13]

Hunan Province, China, ND

[16]

Wisconsin, NA[13]
Sulfadiazine (SDZ)

East China, 98.90

Hunan Province, China, 39

[16]

Mexico, 0.22–1.2[17]
Sulfamethazine (SMZ)

Wisconsin, U.S., 0.30[13]

Beijing, China, 0.44–324.40

Singapore, 0.3

Jiangsu, China, ND–63.60

[15]

Hunan Province, China, 22[16]

Shandong, China, 14.56
Bayer, Germany, 18.50–19.20
Germany, 49.50

Wisconsin, U.S., 0.31[13]
Ciprofloxacin (CIP)

Sweden, 0.39

0.01[18]

[14]

Singapore, 5.0[15]
Hunan Province, China, ND[16]
Mexico, 0.48–1.9[17]
Wisconsin, U.S., 0.25[13]
Enrofloxacin (ENR)

Hunan Province, China, ND

NA. Not analysed; ND. Not detected.
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0.01[18]
[16]

Struvite quality from different feedstocks
Interestingly, struvite produced from municipal wastewater, currently the main
source for struvite production (75%, the remaining 25% comes from industrial
wastewater, mainly food processing),[19] contains hardly any of these impurities
and the concentration of all measured substances are below any health or
environmental limits calculated with the acceptable daily intake limits (Table 3).
The sheer amount of antibiotics in the recovered struvite in the Chen study could
well have affected the antibiotic resistance in the soil to which it was applied, but
this is not the case with the analysed struvite by Ye et al. and from municipal
wastewater. Therefore, the conclusion “struvite as an organic fertilizer can facilitate
the spread of antibiotic resistance into human food chain” should not be applied to
all types of struvite.
Analysis of pharmaceuticals present in struvite
We have compared the amounts of antibiotics in the struvite used in the research
of Chen et al.4 with struvite produced from swine wastewater described in the
research of Ye et al.5 and struvite produced at a WWTP from sludge water of
municipal wastewater.6 The comparison in Table 3 clearly illustrates the
differences in magnitude concerning the amount of antibiotics present in the three
types of struvite. The struvite analyzed by Chen et al. contains significantly higher
levels of all the analysed antibiotics. Especially the difference between the analysis
of the struvite of Chen et al. and Ye et coworkers, both from swine wastewater, is
an interesting observation. The difference is almost for all antibiotics more than 100
fold higher in the struvite of Chen et al. do not mention in their paper how they
produced the used struvite.
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Only cyprofloxacin was detected just above the detection limit, in the analysis of
antibiotics in struvite from the aqueous phase of municipal wastewater, more
specifically 0.009 mg/kg, 567 times lower than the amount found in the struvite
used by Chen et al., see Table 3. The difference in quality is even more apparent in
the case of doxycycline: struvite used by Chen et al. contains 742 mg/kg, whereas
the amount of doxycycline in the struvite produced from municipal wastewater
was found to be below the detection limit (<0.005 mg/kg), therefore at least 148,000
times lower. The only micro-pollutants above the detection limit in the analysis of
the struvite from the aqueous phase are triclosan (0.013 mg/kg), caffeine (0.014
mg/kg), carvedilol (0.007 mg/kg) and carbamazepine (0.006 mg/kg).
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2.3 Conclusion
Mined phosphate rock, the primary source of phosphorus-based fertilizers, has its
challenges due to toxic and radioactive elements, such as cadmium and uranium,
that naturally occur in phosphate rock deposits and can be transferred into
fertilizers and further accumulate into the soil. Similarly, recovered, secondary
phosphates have their challenges too concerning pollutants from their (waste)
sources. Notwithstanding, the use of secondary phosphates is essential for
obtaining a circular phosphorus economy. Therefore, it is essential that the quality
of the renewable fertilizers should be guaranteed and the risk minimized.
Currently, organic fertilizers are used on large scale, including the spreading of
sewage sludge and manure on arable land.[20] These phosphate sources are
undoubtedly less clean and safe to use than the majority of recovered phosphates
in struvite. This clearly unveils the need for standardized analytical methods and
quality assurance (e.g., ISO standardization) as well as appropriate policy
measures for struvite and all other recovered phosphates, which will bridge the
gap between phosphate recovery and recycling enabling the safe and sustainable
(re)use of phosphorus. [21]
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Uptake of Pharmaceuticals by Sorbent-Amended
Struvite Fertilizers Recovered from Human Urine
and their Bioaccumulation in Tomato Fruit

Abstract: Struvite precipitation is a well-documented method for recovering up to
98% of phosphorus from urine, which is one of the main nutrients in fertilizers
besides nitrogen and potassium. Shortcomings of this process, however, are the
low nitrogen recovery ratio and the possible uptake of pharmaceuticals from urine.
In this work, the NH4+ adsorbent materials biochar and zeolite are coupled with
struvite precipitation to increase the N-recovery of struvite from 5.7% to 9.8%.
Since nitrogen is one of the main nutrients in fertilizers, this increase is of
significance for its potential commercial use.

In addition, urine is spiked with pharmaceuticals to measure the consequential
uptake in struvite-based fertilizers and crops afterwards. Five fertilizers are
prepared by nutrient recovery from spiked urine using: (1) struvite crystallisation,
(2) struvite crystallisation combined with N adsorption on zeolite, (3) struvite
crystallisation combined with N adsorption on biochar, (4) N adsorption on zeolite
without struvite crystallisation, and (5) N adsorption on biochar without struvite
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crystallisation. The fertilizer with the highest purity product and the lowest uptake
of pharmaceuticals was struvite combined with zeolite.

Next, the contaminated struvite-sorbent fertilizers are tested in a crop trial in
which the bioaccumulation of pharmaceuticals in edible plant tissue (tomatoes) is
measured. This bioaccumulation in tomato fruit biomass from each of the spiked
fertilizers in the crop trial was found to be lower than 0.0003% in all cases, far
below the acceptable daily intake (ADI) levels (750 kg of dry tomatoes should be
consumed per day to reach the ADI limit). Consequently, the subsequent risk to
human health from tomato fruit grown using urine derived struvite-sorbent
fertilizers is found to be insignificant.

Published: M. A. de Boer, M. Hammerton, J. C. Slootweg, Water Res. 2018, 133, 19–26.
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3.1 Introduction
EU stakeholders identified efficient nutrient recycling from wastewater as an
important step towards creating a circular phosphorus economy (EC, 2014). To
date, phosphorus (P) is still a critical, irreplaceable raw material for soil
fertilization that is not widely recovered.[1] In addition, the agricultural industry
relies heavily on nitrogen (N) in the form of ammonia that is currently produced
via the energy intensive Haber-Bosch process, and is not recycled either. Recently,
wastewater treatment plants are increasingly implementing P-/N- recovery
technologies, primarily the struvite precipitation technology, which show great
promise.[1] Two challenges remain, namely increasing the efficiency of nutrient
recycling and securing the quality and safety of the recovered nutrients for
subsequent reuse in food production.

In order to advance the efficiency of nutrient recovery, new technologies need to be
developed to increase the recycling of nutrients from wastewater. The current
implemented struvite recovery technologies only recover less than 3 percent of the
N and up to 15 percent of the P found in wastewater. Since more than 90% of the N
and more than 50% of the P found in domestic wastewater originates from urine,
source separation of urine is considered an interesting method for simplifying
nutrient recovery.[2] Even though the concentration of N in urine is significantly
higher than that of P, struvite (MgNH4PO4‧6H2O) precipitation only removes N
and P in a 1:1 molar ratio, necessitating the combination with adsorbent materials
to increase the N recovery. In hydrolysed urine, N is largely present in the form of
ammonium (NH4+), which can undergo adsorption to negatively charged surfaces
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by ion exchange.[3] For example, natural clinoptilolite zeolites, which are composed
of Al3+ substituted silica oxides, form a net-negative surface charge and a
microporous framework of nanotube ion channels that result in a wide range of
cation exchange capacities.[4] Ban & Dave (2004) showed that it was possible to
recover ~90% N and ~98% P by combining struvite precipitation with ammonium
adsorption to clinoptilolite zeolite (15g/L) over a 72h period. [5] The resulting
nutrient enriched zeolite can be added directly to agricultural soil as a fertilizer,
also improving water retention and reducing nutrient leaching.[6] Another ion
exchange material that can be used in combination with struvite precipitation is
biochar, as it also meets several sustainability goals, such as energy production,
carbon sequestration, soil enrichment and improvement of plant-growth.[7] During
biochar production via pyrolysis useful by-products, such as syngas and bio-oils
are released, which could make the process self-sustainable.[8] Biochar has a broad
range of adsorption rates due to the variety of chemical compositions of biochar
depending on the feedstock.[6] Biochars with a negative surface charge have a
higher affinity for NH4+, whereas high intrinsic N or P levels can cause net release
of these nutrients. Nutrient recovery by struvite precipitation combined with
biochar adsorption increases the N uptake from 14% to 40%, indicating a
promising N adsorption capacity.[9] Biochar is also a known adsorbent of micropollutants,[10] that can adsorb a broad range of organic chemicals, such as
pesticides, polycyclic aromatic hydrocarbons (PAHs) and steroid hormones.[11]
Conversely, the surface of zeolite is hydrophilic, limiting the affinity for organic
micro-pollutants, although zeolite is an effective adsorbent of phenol.[12]

The combination of sorbent materials with struvite clearly increases the nutrient
uptake, but the possible uptake of micro-pollutants found in human waste poses a

70

barrier to the reuse of both phosphorus and nitrogen via urine-derived fertilizers,
but has never been quantified. Pharmaceutical residues are also predominantly
excreted via urine (64% on average, with a maximum deviation of 27%) and the
risk to human health from these contaminants must be assessed in order to unlock
the commercial potential of urinary P and N.[13] Previous research on
contamination of nutrients recovered from urine has focused on chemical
precipitation of struvite as an efficient (~100%) P recovery technique, which
produces high purity, crystalline material that is well within regulatory limits.
Furthermore, struvite precipitation from urine that is spiked with pharmaceutical
residues resulted in a product that excluded 98–99% of the organic micropollutants that were tested.[14–16] Struvite precipitation from urine that contains
pharmaceutical residues in combination with adsorbent materials, however, has
not been investigated, as well as the possible health risks of using these recovered
nutrients for food production. Besides analysing the uptake of micro-pollutants
into struvite when combined with adsorbent materials, it is also important to
measure the uptake into edible parts of the crops since this might entail a risk to
human health. However, there have been no previous studies that have examined
the possible uptake of pharmaceutical micro pollutants from struvite into edible
parts of the crops, the fruits.

The objective of this research is twofold: Firstly, to determine the uptake of
pharmaceutical micro-pollutants by struvite recovered from contaminated human
urine in combination with adsorbent materials and secondly, to determine the
subsequent uptake of these micro-pollutants into edible parts of crops.
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3.2 Materials and Methods
Urine, reagents, adsorbent materials, cuvettes and stock solutions
Pure urine, with an average pH of 9.5–9.7 was collected from a waterless men’s
urinal at Café de Ceuvel (Amsterdam, Netherlands) in two 100 L buffer tanks and
pumped from the second tank to the struvite reactor. Magnesium chloride and all
pharmaceuticals (> 98% purity) were obtained from Sigma Aldrich (Netherlands)
and used as received. Clinoptilolite zeolite and wheat husk biochar (pH 8.78–8.97)
were purchased from Zeolite Products (Netherlands) and Sonnenerde (Austria),
respectively. Ortho and Total-P cuvette tests, LCK350 (2.0–20.0 mg/L PO4-P), total
N cuvette tests, LCK338 (20–100 mg/L N), and NH4+ cuvette tests, LCK302 (47–130
mg/L NH4-N) were obtained from Hach Lange (Netherlands).

Aqueous stock solutions of pharmaceuticals (carbamazepine, (±)-propranolol,
diclofenac, sulfamethoxazole and ibuprofen) were prepared using distilled water
and ethanol (96% purity), obtained from VWR. The five pharmaceuticals have been
selected on the basis of their common occurrence in urine, their wide range of
physiochemical properties, different biological activities and previous appearance
in literature. The pharmaceutical concentrations in urine were based on toxic
potency and molar predicted urine concentrations (PUC), calculated according to
Escher et al. (2006), to simulate an average population.[14] Nutrients were recovered
using struvite precipitation and adsorption of N onto zeolite and biochar. The
change in nutrient and micro-pollutant concentration in the input and effluent
urine was measured to determine the uptake using chemical analysis. The five
fertilizers were then tested in a small crop trial using dwarf tomato plants, and the
resulting tomato fruit biomass was tested for micro-pollutant content. The biomass
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concentrations were then used to assess the risk to human health using toxicity
data. Solution concentrations and ethanol/water ratios are listed in Table 1.

Table 1. Aqueous micro-pollutant stock solutions spiked to human urine

Micro-pollutant

EtOH:water ratio1

Stock

solution

Spiked

concentration

concentration

%

mg/L

µg/L

Carbamazepine

40:60

97.5

234

Propranolol-HCl

0:100

103

14

Diclofenac sodium

12:88

3570

640

Sulfamethoxazole

2:98

392

630

Ibuprofen

32:78

12700

2700

urine
2

The ethanol:water ratio is adjusted to the water solubility of the pharmaceuticals; 2 Based on predicted
urine concentration (PUC) values. Source[14]
1

Nutrient recovery
Pharmaceutical solutions were added to human urine in final concentrations
calculated according to Escher et al. (2006), as shown in Table 1. [14] The spiked
urine was used to generate fertilizers in an air agitated batch reactor using five
different nutrient recovery techniques, listed in Table 2. The desired volume of the
MgCl2 solution, added in order to precipitate struvite, was based on the total-P
concentration of the influent urine. The reactor was filled with urine to ~25 L, a
sample of urine was removed for P content analysis, pharmaceutical stock
solutions were added and aeration was switched on. An aqueous, 32% MgCl 2
solution was added to the struvite crystallisation experiments in the Mg:P ratio
indicated in Table 2 and sorbent materials (300 g) were added to the N adsorption
experiments, either subsequent to or instead of MgCl2 addition. The resulting
mixture was agitated by aeration for 2 hours, during which nutrient recovery by
struvite crystallisation and/or adsorption occurred. The reactor was drained
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through a food grade micron filter mesh (110 μm) to collect the sorbents, and
through a smaller mesh filter (20 μm) to collect the precipitated struvite. A sample
of the urine effluent was removed for analysis and the remaining supernatant was
directed to the sewer. The filter cake was washed with tap water and left to air dry
over several days. Five batches of each nutrient recovery technique were carried
out.

Table 2. Nutrient recovery experiments

Fertilizer ID

Mg:P ratio in

Sorbent

Nutrient recovery technique

urine

material

Struvite

1.2:1

-

Struvite crystallisation

SZM

1.2:1

Zeolite

Struvite crystallisation & N
adsorption onto zeolite

SB

5:1

Biochar

Struvite crystallisation & N
adsorption onto biochar

Zeolite

0:1

Zeolite

N adsorption onto zeolite

Biochar

0:1

Biochar

N adsorption onto biochar

Crop trial
The urine-fertilizers were used to grow dwarf tomato plants from seedlings in a
crop trial over a 2 month period. The P content of urine-derived fertilizers was
measured in order to accurately balance the mass of each struvite-based fertilizer
by P (5.3 g). The mass of the zeolite and biochar fertilizers (350 g) was equal to the
mass used for the SZM and SB fertilizers (400 g), subtracting the approximate mass
of struvite (50 g). The plant growth experiments were set up by planting a seedling
in a mixture of sand, potting soil (500 mL) and the pre-weighed urine-derived
fertilizers (using the approximate volume ratios shown in Table S3) in a 6 L pot. A
cotton wick was placed from each pot to a water reservoir below, in order to
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maintain moisture levels by capillary action. After 63 days of growth, all tomato
fruits were harvested and dried at 75 °C for 24 hours in a drying oven.
Analytical methods
The influent and effluent urine were characterised for N and P content using
colorimetric analysis in order to determine the N and P uptake into each fertilizer.
When necessary, urine samples were first diluted with deionised water to an
appropriate concentration for analysis using a Hach Lange DR laboratory VIS
Spectrophotometer, following the working procedures described in the Hach
Lange DR 3900 User Manual and using the Total-N and Total-P test cuvettes.

The struvite fertilizer was characterised by X-ray powder diffraction (XRPD) and
for P content by a colorimetric analysis, in order to determine the crystallinity and
purity of the generated material, respectively. XRPD analysis of the solid, dry filter
cake material was carried out with a Rigaku Miniflex II diffractometer, using Nifiltered Cu-Kα radiation (Universiteit van Amsterdam, Netherlands). The solid
material was also observed through a Leica DMLS polarising light microscope
(PLM) with 10x/0.22 PH1 magnification (Waternet, Amsterdam). The purity of the
struvite was tested further by dissolving ~10 mg material in 500 mL deionised
water and measuring the P concentration, using colorimetric analysis (as described
above). The purity was then calculated as a percentage of the theoretical P
concentration, based on the sample mass.

Micro-pollutant uptake from urine was tested by measuring the final
concentrations of spiked pharmaceuticals in the effluent of each nutrient recovery
experiment. Because pure human urine was used for these experiments, it was
expected that there could be low-level concentrations of pharmaceutical micro75
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pollutants already present in the influent urine. Therefore, the measured influent
urine concentrations, before spiking with pharmaceuticals, and the spiked
concentrations were added together to give the total input urine concentration
(shown in Table 4). Samples from each batch (20 mL) were combined so that a 100
mL mixed sample of each of the fertilizer effluents was submitted for micropollutant concentration analysis at Eurofins Omegam B.V. (Netherlands). Samples
were diluted in several dilutions (x10 and x100) and analysed with HPLC-MS/MS
with an Agilent 1260 infinity HPLC and an Agilent 6460 triple quadrupole mass
spectrometer with jet stream technology by direct injection. The percentage uptake
of pharmaceuticals into the fertilizers was then calculated from the difference in
concentration in the urine effluent and input concentration. Since pharmaceuticals
tend to be poorly degradable in urine (Richter, 2003), we believe that there is no
significant degradation of the studied micropollutants in urine. Escher et al. (2006)
confirm this, as they reported that there is no degradation of ibuprofen and
propranolol in urine over time.[14]

Dried tomato biomass samples were also submitted for analysis at Eurofins
Omegam B.V. (Netherlands) to determine the micro-pollutant accumulation in the
tomato fruits. Samples were extracted and analysed with HPLC-MS/MS by direct
injection. The mass uptake of pharmaceuticals into the tomato biomass from urinederived fertilizers was then calculated.
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3.3 Results and Discussion
Struvite characterization
Higher purity struvite is less prone to the uptake of contaminants. Since the main
goal of this research was the possible detection of pharmaceuticals in crops using
struvite in combination with sorbent materials, we wanted to set an upper limit by
using low purity struvite (~84%wt) to maximise the possible uptake of
contaminants in the fertilizers. This will provide an upper boundary for the quality
and safety of the recovered nutrients for subsequent reuse in food production. The
obtained struvite by struvite precipitation of the pure urine from the urinary of
restaurant de Ceuvel, Amsterdam, was observed to be greyish white and powdery,
with little odour. A crystallinity analysis by X-ray powder diffraction (XRPD;
Figure 1) indicated that the material was crystalline and comparable to literature
values. [17]

Figure 1: XRPD analysis of struvite produced from human urine, exhibiting a crystalline structure
consistent with literature
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There were no extra peaks, qualitatively indicating just one polymorphic form and
no trace crystalline impurities. The crystal size observed by polarised light
microscopy (PLM) was very small, between 20 and 120 μm, with an X-shaped
morphology which supports literature.[18] Crystallised material from struvitezeolite-mineral with N adsorption from urine (SZM) and struvite-biochar with N
adsorption from urine (SB) experiments were also analysed by PLM and the
morphology observed was more rod shaped crystals in nature, likely caused by the
presence of solid zeolite and biochar material during the crystallisation process.
Phosphorus recovery
The P recovery for struvite, struvite in combination with zeolite (SZM) and in
combination with biochar (SB) fertilizers was in all cases high (96–98%) as
confirmed in literature, whereas the P recovery for zeolite and biochar without
struvite precipitation was substantially lower (<5%), which indicates that P
recovery for SZM and SB was predominantly controlled by struvite precipitation,
rather than adsorption into the sorbent materials.[15,16] The mean measured P
uptake of the solely zeolite fertilizer of 4.9% is in line with previous findings that
report between 2.8–12.9% uptake from an average urine concentration (~200 mg
P/L urine). The P (PO43-) adsorption capacity of zeolite is low, due to unfavourable
electrostatic interaction, and was found to be 0.93 mg P/g zeolite. This is consistent
with the previous reported findings, which varies from 0.46 mg P/g zeolite to 2.15
mg P/g zeolite.[19,20] Zeolite P adsorption is known to be driven by the presence of
hydrous metal oxides (such as Al-OH) on the surface, where phosphate anions
replace OH- and H2O groups. Phosphate adsorption onto zeolite can also occur via
precipitation with native exchangeable zeolite cations (Ca 2+, Na+ or K+) which are
free to move in the channels of the zeolite framework.[4] However, the average
concentration of these cations in zeolite is low. A combination of these mechanisms
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and varying availability of these metals accounted for the low P-recovery from
urine into zeolite.
Table 3. Percentage nutrient recovery (%rec) from urine into fertilizers

Fertilizer batch

Struvite

SZM

SB

Zeolite

Biochar

%rec

% rec

% rec

% rec

% rec

P

N

P

N

P

N

P

N

P

N

1

95.4

4.5

96.6

10.8

97.8

1.9

5.6

9.4

4.8

5.9

2

97.5

6.0

96.5

11.5

98.6

20.7

6.3

8.9

3.2

3.5

3

96.6

7.2

96.2

11.0

97.9

16.2

4.6

3.1

-2.5

5.8

4

97.4

6.8

97.3

9.8

98.0

8.7

3.4

5.6

-7.7

16.8

5

96.5

5.7

98.1

4.2

97.9

1.6

4.8

3.4

6.4

14.1

Mean:

96.7

6.0

96.9

9.5

98.1

9.8

4.9

6.1

0.8

9.2

Standard dev.:

0.76

0.94

0.8

3.0

0.3

8.5

1.1

3.0

5.8

5.8

Standard error:

0.87

0.97

0.3

1.4

0.1

3.8

0.5

1.3

2.6

2.6

We believe that the uptake for batch 3 and 4 (-2.5 and -7.7 respectively) is a result
of the intrinsic P content of biochar (1.8%) which could have released water soluble
P. The soluble P content of biochar (500 mg P/kg) could release ~150 mg P/batch,
on average. Due to the irregular nature of biochar, this value may not be
representative of the total amount of water soluble P in every batch, resulting in a
positive uptake for batches 1, 2 and 5 and net release in 3 and 4. Zheng et al. (2010)
showed that P adsorption by biochar is controlled by a precipitation reaction with
Ca2+, producing Ca3(PO4)2·xH2O, and is therefore dependent on the intrinsic Ca2+
content of the biochar.[21]
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Nitrogen recovery
Besides P recovery, also the N recovery of each of the fertilizer streams has been
analysed. The N recovery of struvite without the sorbent materials zeolite or
biochar was on average 6.0% and almost doubled when combined with addition of
the sorbent materials in both SZM and SB, reaching ~10% total N recovery. The N
recovery into struvite was found to be 6.0 gN per 25 L batch. This is greater than the
N recovery by a 1:1 (N:P) molar ratio with recovered P, which would be 4.9 g N.
This indicates an excess N of 1.1 gN per batch, which is possibly adsorbed to the
16% amorphous struvite content. The N recovery into zeolite (1.52 mol NH4+/kg
zeolite) was equal to the cation exchange capacity (CEC) of the zeolite, indicating
that the main uptake mechanism was cation exchange.[6] The SZM fertilizer did not
contain the N impurity observed in the struvite experiments. This is because
zeolite seeding enhances crystal growth, allowing agglomeration of struvite fines
on the zeolite surface, which do not otherwise agglomerate in hydrolysed urine
due to high struvite zeta-potentials at high pH.[22]

Urine contains naturally competing cations, such as Mg2+ and Ca2+, which are most
likely the reason for the high variability of N uptake. Since Mg 2+ can compete with
NH4+ for adsorption sites a high 5:1 ratio of Mg:P is used in our SB experiments,.
The chemical composition and surface functionality of biochar is known to vary
widely, which results in a number of different adsorption mechanisms. These
account for the higher N uptake variability, relative to zeolite-based fertilizers,
where some of these uptake mechanisms, such as ammonium sulphate or amine
formation in the biochar carbon lattice, can be irreversible.[6,23] The N uptake of
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biochar was therefore higher than zeolite, but the availability of N to plants may be
lower.
Micro-pollutant uptake into fertilizers
A significant uptake of pharmaceuticals into the five fertilizers was found as the
micro pollutant concentration in the effluent streams was reduced compared to the
total input concentrations (Figure 2). The pharmaceutical uptake is dependent on
the type of fertilizers and pharmaceuticals (Table 4). The highest average uptake
during the conditions and concentrations of this experiment was for propranolol,
with an average uptake ranging between 34–87% and an average of 66.8%. On
average 92% of the diclofenac of the input urine concentrations was found in the
effluent, which means that only 8% of the diclofenac was taken up in the fertilizers.
The fertilizer with on average the highest uptake was zeolite, with an uptake of
~50% of the micro-pollutants in the input stream. The lowest uptake was in the
struvite and SZM fertilizers, both on average 26.6% uptake. A more extensive
study with different concentrations of pharmaceuticals and amounts of struvite
and sorbent materials is necessary to understand fully the sorption processes.

The ibuprofen concentration in the struvite effluent and diclofenac concentration in
SB and biochar effluent streams have a slightly higher concentration than in the
influent streams, which compares well with a study on pharmaceuticals in the
influent and effluent of several wastewater treatment plants where also a slight
increase of diclofenac in the effluent stream was found.[24] This increase can be a
result of hydrolysis of pharmaceutical conjugates or other factors. Since human
urine has been used instead of synthetic urine. In this study, there were no trends
linking uptake to pharmaceutical properties such as logKow or pKa.
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Figure 2: Pharmaceutical micro-pollutant concentrations in the input urine/ influent stream and the
different effluent streams.
Table 4. Micro-pollutant concentrations in input urine (average influent + spiked urine concentrations),
effluent urine and percentage uptake (%up) into fertilizers from nutrient recovery experiments

Micropollutant

Input urine
concentration

Nutrient recovery experiment effluent urine
concentration

Average
influent
urine

Spiked
urine

Struvite
effluent

SZM
effluent

SB
effluent

Zeolite
effluent

Biochar
effluent

μg/L

μg/L

μg/L
(%up)

μg/L
(%up)

μg/L
(%up)

μg/L
(%up)

μg/L
(%up)

Carbamazepine

1.2

234

180
(24%)

200
(15%)

170
(27%)

140
(41%)

180
(24%)

Propranolol‧
HCl

0.5

14

6
(58%)

10
(34%)

3
(79%)

4
(76%)

2
(87%)

82

Diclofenac
sodium

3.4

640

550
(14%)

620
(3%)

650 (2%)

420
(34%)

680
(-6%)

Sulfamethoxaz
ole

1.4

630

350
(44%)

400
(37%)

280
(56%)

260
(59%)

290
(54%)

Ibuprofen

280

2700

3200
(-7%)

1700
(44%)

1200
(60%)

1800
(40%)

1500
(51%)

Kemacheevakul et al. (2015) indicates that the Mg:P ratio has a direct influence on
pharmaceuticals in struvite.[18] Via using a low Mg:P ratio (1.2:1) for the
precipitation of the struvite fertilizers, we succeeded in a high pharmaceutical
uptake in the struvite based streams. By using a low Mg:P ratio, the micropollutants had the opportunity to be adsorbed to the 16% amorphous impurity
content in the struvite. Consequently, if the purity is improved via increasing the
Mg:P ratio, the micro-pollutant uptake will be lower. In combination with zeolite
in SZM, the crystallisation of struvite improved, resulting in the lowest uptake of 4
out of 5 micro-pollutants (Table 4).

The uptake of all the micro-pollutants except diclofenac into SB and biochar
fertilizers was relatively high, ranging between ~30% and 90% uptake. This is due
to the organic composition of the biochar, as the hydrocarbon micro-pollutant
molecules are able to form hydrophobic interactions that are not possible with
inorganic zeolite and struvite.[23] The high logKow values (Table S1) indicate high
hydrophobicity for the majority of the pharmaceuticals, with the exception of
sulfamethoxazole (logKow 0.89). However, the uptake of sulfamethoxazole into
biochar-based fertilizers was the second highest since there was no direct
correlation between hydrophobicity and uptake. Therefore, in addition to
hydrophobic interactions, pharmaceutical adsorption may also be controlled by the
high amount of functional groups on the biochar’s surface, allowing interaction
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with pharmaceuticals via several different mechanisms.[10] The pharmaceutical
uptake was not affected by the addition of magnesium used in SB experiments
compared to biochar, indicating that the additional Mg content was indeed
sequestered by the biochar and not available to chelate with pharmaceutical
molecules.[18]

Unlike the similarity between SB and biochar, the uptake of micro-pollutants into
zeolite was ~30% higher than SZM on average, with the exception of ibuprofen
uptake. The sorption characteristics of zeolite are largely controlled by surface
area, pore size and electrostatic interaction with the surface charge.[25] In the basic
environment of the urine (pH 9.4-9.8), the micro-pollutants with higher pKa than
NH4+ (pKa 9.24), carbamazepine (pKa 13.9) and propranolol (pKa 9.24) are more
basic and could compete with NH4+. The remaining micro-pollutants with lower
pKa values are more likely to be deprotonated by the more basic species in
solution. The uptake of the remaining micro-pollutants is therefore more likely to
be due to a different mechanism.
Yousef et al. (2011) found that phenol adsorption onto zeolite was enthalpy driven
and physical in nature.[12] Zeolites with less Al3+ substation of Si4+ have a lower
capacity for NH4+ uptake, but are more hydrophobic and could thus sorb the
uncharged organic micro-pollutants.[25] The pharmaceutical micro-pollutants are
also slightly polar, which strengthens dipole interactions with the zeolite surface.
However, selectivity could arise from size exclusion by the zeolite micro-pore,
which reduces the effective surface area for adsorption onto zeolite. The
comparatively reduced uptake to SZM may be partially due the presence of
struvite crystals, blocking the zeolite pores and reducing the number of adsorption
sites.
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Finally, the spiked micro-pollutant concentrations were based on predicted urine
concentration (PUC) values calculated by Escher et al. (2006), which were
representative for the selected pharmaceutical micro-pollutants.[14] Additional
micro-pollutants are also often present in human urine, such as hormones and
other pharmaceuticals. Indeed, the following chemicals, which were not spiked to
urine, were detected by HPLC-MS/MS in trace amounts: salicylic acid, atenolol,
caffeine, gabapentin and paracetamol, which can therefore have only a minor
influence on the sorption results.
Micro-pollutant bioaccumulation in tomato fruit
Next, the bioaccumulation of five common pharmaceuticals (propranolol,
diclofenac, sulfamethoxazole, ibuprofen and carbamazepine) was determined by
harvesting the tomatoes fertilized with the various fertilizer streams and analyzing
these with HPLC-MS/MS. No pharmaceuticals were detected in the tomatoes
produced with the struvite, SB, SZM and Biochar fertilizers (detection limit 0.001
mg/kg). In the tomatoes fertilized with zeolite, only a minimal amount of
carbamazepine (~0.003 mg per kg tomato fruit) was detected. Therefore, we can
conclude that the bioaccumulation was at most

0.0003% for the micro pollutant

carbamazepine and for the others below 0.0001% under the circumstances of this
study, which is the detection limit.

The harm to human health that could be caused by this micro-concentration of
carbamazepine is assessed using toxicology data (Figure 3). Several different limits
are available in the literature: 3 mg/kg/day is the lowest dose of carbamazepine at
which an adverse effect is observed (LOAEL), from which a toxicological reference
value (TRV) or tolerable daily intake of 0.033 mg/kg/day can be derived.[26] With a
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mean uptake of 0.003 mg carbamazepine/kg DW tomato biomass, an adult
weighing 67 kg would need to consume 220,000 kg of dried tomatoes per day in
order to reach the LOAEL limit, which is 10 million times more than the average
daily intake of a citizen of the United States (Figure 3).

Figure 3: The amount of tomato dry weight which has to be consumed daily to reach the LOAEL, TRV
or ADI levels of the spiked pharmaceuticals (calculated in the Supporting Information) compared to the
daily average consumption of a U.S. citizen.

An alternative to using LOAEL and TRV values is to calculate an acceptable daily
intake (ADI) value by applying a safety factor of 100 to the minimum therapeutic
dose. Since none of the other pharmaceuticals has been detected, the acceptable
daily intake is based on the margin of error of the instrument, 0.001 mg/kg tomato
DW (Table 5). The total dry tomato biomass calculated in each case of taking the
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detection limit as the value is at least a million times higher than what would
reasonably be consumed per day for each pharmaceutical. It can therefore be
concluded that levels of micro-pollutants detected in the tomatoes are not harmful
to human health and the tomato fruit are safe for human consumption. From a
health safety point of view, the struvite/sorbent fertilizers derived from spiked
human urine are hence acceptable for use in tomato production.

The uptake of pharmaceutical micro-pollutants in the struvite is high due to the
amorphous impurities and the low Mg:P ratio for the precipitation. When the
crystallization process is optimized, the amount of taken up pharmaceuticals will
be reduced resulting in an even lower bioaccumulation in the fruits.

Table 5. Tomato biomass containing the acceptable daily intake (ADI), calculated as a factor of 100 of the
minimum therapeutic dose for a 67 kg adult using the maximum biomass concentrations of all
pharmaceutical micro-pollutants.

Micro-pollutant

Micro-pollutant tomato

Tomato dry biomass to reach

biomass concentration

ADI limit (kg DW/day)

(mg/kg)
Carbamazepine

0.003 ±0.001

1,300

Propranolol-

0.000 ±0.001

800

0.000 ±0.001

750

0.000 ±0.001

20,000

0.000 ±0.001

2,000

HCl
Diclofenac
sodium
Sulfamethoxazo
le
Ibuprofen
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In addition to the uptake of pharmaceuticals in fruits and the roots, the
accumulation of the pharmaceuticals in the soil and ground water has previously
been studied. The uptake into plants could increase over time if there is an
accumulation of micro-pollutants in soils, or that pharmaceutical concentrations
could affect bacterial or mycorrhizal organisms in the soil.[27] A complex but
important task for further research would be to carry out an analysis of the
accumulation of the pharmaceuticals in other parts of the plant, roots and leaves,
and the soil and aqueous environment. In this case, human urine is used, but
struvite is currently mainly precipitated out of waste streams, such as wastewater.
These sources increase the risk of contaminations with several types of micropollutants as other pharmaceuticals, personal care products, hormones, pesticides
and industrial chemicals.
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3.4 Conclusion
Struvite-based fertilizers resulted in effective P-recovery and combination with
sorbent materials, zeolite and biochar, allowed the N-recovery to increase, which is
related to the presence of competing ions. The bioaccumulation in tomato fruit
biomass from each of the contaminated fertilizers in a crop trial was at most
≤0.0003% and far below the acceptable daily intake (ADI) levels calculated from
literature. With an uptake of 0.003 mg carbamazepine/kg DW tomato biomass, an
adult weighing 67 kg would need to consume 73 kg of dried tomatoes per day in
order to reach the TRV limit (Table 5), which is 10 thousand times more than the
average daily intake of a citizen of the United States. To reach the lowest toxicity
limit (LOAEL) over 220,000 kg dried tomatoes would need to be consumed in one
day.

Nutrient recovery into struvite-sorbent fertilizers therefore has potential as a safe
method to re-use N and P from human urine. As tomato plant leaves and roots are
not consumed by humans, this is unlikely to affect human health, however it is
advisable to carry out further research in order to determine the risk of using
contaminated plant biomass for other purposes, such as compost or animal feed.
Therefore, besides the uptake of pharmaceuticals in fruits, the accumulation of the
pharmaceuticals in the roots, the soil and ground water should be investigated.
This study has shown that the health risk from pharmaceutical micro-pollutants,
transferred from human urine to struvite and sorbent-based fertilizers, into tomato
crop fruit is insignificant.
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Chapter 4
Phosphorus Recovery Potential from Wastewater:
Creating a Viable Pathway for Realizing a Circular
Phosphorus Economy
Abstract: Life on earth is heavily reliant on a consistent and readily available supply
of the natural element phosphorus (P). Yet, the current way in which phosphorus is
managed from mine to fork does not secure such a supply for the future. In order to
reach a circular phosphorus economy, it is essential to define the specific flows and
recovery potential of the greatest P losses in the cycle. This study provides for the
first time such a complete, quantitative overview and highlights the potential for P
recovery of these flows with a focus on the Dutch wastewater sector. Appropriate P
recovery technologies are available to prevent phosphorus losses at wastewater
treatment plants or via sewage sludge ash treatment, yet these are not widespread
implemented. We formulate herein several P recovery scenarios to illustrate the P
recovery potential for The Netherlands and its relation to the current national P
demand. This study shows that The Netherlands can be self-sustainable in P based
fertilizers for agriculture, if P from the prospective urban mines is recovered and
recycled efficiently.
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4.1 Introduction
Phosphorus (P) is, next to nitrogen (N) and potassium (K), an essential component
in fertilizers that is currently mined from the non-renewable resource phosphate
rock.[1] The high economic importance of P based fertilizers for the European Union
to facilitate food production, together with the dependency on supply from outside
the EU, resulted in the inclusion of phosphate rock in the list of European critical
raw materials.[2] Astonishingly, next to being limited in supply, phosphorus is also
wasted. The current linear use of phosphorus causes an increase in P concentration
in water bodies due to the discharge of P containing fertilizers, detergents, and waste
flows (e.g., excreta),[3] which results in uncontrollable algae bloom (eutrophication),
lower (drinking) water quality and fish death. [4] In a circular economy, phosphorus
should not end up as waste causing environmental concerns, but should be
recovered and reused as a secondary P source. In order to realize a circular
phosphorus economy, it is essential to have a clear grasp on the current
anthropogenic phosphorus flows and how these P flows can be modified. Van Dijk
et al. showed that the greatest area of P loss in Europe is the wastewater sector (32%
of the total system losses, which resembles 390 Gg P/ year for the EU only), next to
food processing (339 Gg P/ year), food waste during consumption (170 Gg P/ year),
and other losses (318 Gg P/ year).[5] Interestingly, the required technologies for P
recovery in the wastewater sector are available. Yet, a complete overview on the
individual P flows within the wastewater sector is lacking, which makes it difficult
to assess its P recovery potential. This study provides such an overview and its
implementations, and focusses on the national recovery potential of The
Netherlands that we took as an example due to its frontrunner’s position in P
recovery. We compared the P recovery potential of The Netherlands with the
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national P demand and estimated that WWTPs (wastewater treatment plants) have
great potential to function as urban mines and can contribute to realizing a circular
P economy. Our study focusses on the following four interrelated elements: (1)
quantifying the overall trends in wastewater influent in the Netherlands, (2)
quantifying the P influent and effluent flows in the Dutch wastewater sector, (3)
calculating the P recovery potential using scenario analyses to estimate whether the
P recovery potential is sufficient to cover the national P demand, and (4) policy
recommendations for the recovery and recycling opportunities of phosphates from
wastewater.
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4.2 P recovery potential in the Netherlands, a case study
Phosphorus removal from wastewater is obligatory throughout the EU,[6] and as a
result more than 98% of the WWTPs in The Netherlands have implemented P
removal technologies. Currently, approximately 85% of the P in the influent of
WWTPs ends up in the resulting sludge via Chemical P removal and/or Biological P
(Bio-P) removal, and the remaining 15% P stays in the aqueous effluent.[7–11] While
in 1995 only 10% of the WWTPs applied Bio-P removal,[12] we found that this
increased to 69% in 2017, making Bio-P removal the most used method for P removal
in The Netherlands. P in the effluent as well as in the sludge can be recovered using
several methods, of which two mature ones are incineration of the sewage sludge
and implementation of a struvite precipitator.

Nowadays, 100% of the sludge in The Netherlands is mono-incinerated into sewage
sludge ash (SSA), which makes P recovery from SSA a highly promising
endeavor.[13,14] The P rich SSAs are currently used as asphalt filler, in construction
materials, and are disposed in landfills and salt mines. All in all, the P from SSA is
not recycled, which highlights the need to bridge the gap between P recovery and P
recycling.[15] Interestingly, the quality of the SSA of the sludge obtained by Chemical
P or Bio-P removal differs. Namely, SSA derived from sewage sludge from chemical
dosing contains high metal concentrations, such as aluminum and iron, and 2-3% of
P (dry weight), whereas Bio-P sludge contains 2-5 times more P and less metals.[16]
Thus far, the sludge in The Netherlands is incinerated in a small number of monoincinerators by combining the two different types of sewage sludge (from chemical
dosing and from Bio-P), yet ultimately Bio-P SSA would be the preferred choice, also
due to its higher bioavailability that promotes P recycling.
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The second mature technology for P recovery is struvite (NH4MgPO4·6H2O)
precipitation, which is successfully implemented at several Bio-P wastewater
treatment plants worldwide.[17] A struvite precipitator reduces the maintenance
costs of WWTPs, due to the prevention of clogging of pipes, and is therefore gaining
in popularity.[17–22] Struvite precipitation can be installed at WWTPs that apply Bio-P
removal to recover P from the aqueous stream (the first generation struvite
precipitators) or from both the effluent and the sludge (the second-generation
struvite precipitators).[23]

95

Chapter 4

4.3 Materials and methods
In the Netherlands, a network of 22 governmental (regional) water bodies, called
water boards, which include 340 WWTPs, facilitates the management of the
wastewater sector. For this study, all water boards in The Netherlands were
contacted in order to construct an up-to-date and complete overview of the P flow
quantities in the wastewater industry. This resulted in a comprehensive database
that includes the P (and N) volumes in the influent and effluent streams of all Dutch
WWTPs, the type of P removal techniques used at each individual WWTP, and the
already implemented P recovery methods, including the quantities of recovered P
products.
Material flow analysis (MFA)
To visualize and structure the results of the obtained database, a material flow
analysis (MFA) has been performed, which provided an overview of the current P
flows in the wastewater sector in The Netherlands as well as its P recovery potential
(see Figure 2). The MFA has been created with the STAN substance flow analysis
software, a commonly used software program for nutrient flow analyses.[5]
Calculating the current P recovery potential
The P recovery potential for each WWTP located in the Netherlands has been
calculated individually. As the quality of the sewage sludge from the Bio-P removal
and the chemical P removal technologies differs, we have calculated the two types
of sludge and corresponding SSAs individually, also to be able to analyze the impact
when these two types of sewage sludge will be incinerated separately. For
implementing a struvite precipitator, we have included both the first-generation
struvite precipitators (three different types), e.g., the Airprex technology, and the
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second-generation struvite precipitators (two different types) in the scenario
planning. The first generation technologies focus on the phosphorus recovery
streams from either the digested sludge, the centrate or in the thermal hydrolyses
upstream digester in the WWTP, while in the two second-generation technologies
struvite is precipitated in the thermal hydrolyses upstream digester and the process
with the highest efficiency, from the centrate, including the Wasstrip technology.[23–
25]

Since these technologies have different recovery efficiency rates, we have included
the five types separately to provide a complete overview of the current state of the
art. The recovery percentages of these struvite precipitation techniques used in the
analysis are based on literature values and data retrieved from experts, and indicate
the maximum P recovery attainable under optimized conditions. As the recovery
efficiency of a struvite precipitator depends on several technical aspects of the
WWTP, such as the pH, P concentration, and type of Bio-P removal technology, unoptimized systems can generate reduced amounts of recovered P.
Calculating the P recovery potential based on scenario analyses
Scenario analysis was used to assess and predict several possible future perspectives
of P recovery in the Netherlands. The scenario planning is based on an extrapolation
of the current trends of (1) an increase of implemented Bio-P removal technologies
at WWTPs, which also provides opportunities for P recovery, and (2) the widespread
implementation of sewage sludge incineration (SSA production) and struvite
precipitation as key P recovery methods. Note that a struvite precipitator can only
be implemented in combination with Bio-P removal, Moreover, experts indicate
that, as a rule of thumb, the size of the WWTP should be above 50.000 population
equivalent (p.e.)[26] for the implementation of a struvite precipitator to be
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economically feasible. This notion correlates well with the German legislation,
where a new law was adopted in 2017 that requires that all WWTPs bigger than
50.000 p.e. should implement P recovery technologies.

Therefore, in our scenario analyses we focus on 1) P removal technologies (current
state-of-the-art versus all WWTPs implement Bio-P) and 2) P recovery methods
(sewage sludge ash and struvite precipitation), which result in four scenarios (see
Table 1). Scenarios 1 & 2 focus on the P recovery via SSA, while scenarios 3 & 4
target WWTPs (>50.000 p.e.) that can implement struvite precipitation.

Table 1. On overview of the four scenarios incorporated in this study.

P recovery
method
P removal

Struvite precipitation
Sewage sludge ash

(only for WWTPs with a
size above 50.000 p.e.)

technologies

Scenario 3
P removal technologies:
current state-of-the-art

P removal infrastructure

Scenario 1
Infrastructure stays the
same

stays the same, but all
current Bio-P WWTPs
>50.000 p.e. implement a
struvite precipitator

All WWTPs implement
Bio-P

Scenario 4

Scenario 2
All SSA becomes valuable
Bio-P ash

All >50.000 p.e. WWTPs
implement Bio-P removal
and a struvite precipitator
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4.4 Results and Discussion
4.4.1 Trends in P content in the Dutch wastewater influent
To calculate the P recovery potential, it is essential to know the accumulative
national influent. Not unexpectedly, the concentration of P in the influent of Dutch
WWTPs changed over the years, as shown in figure 1.[12] The increase of P in the
influent until 1986 can be ascribed to the increasing use of washing detergents.[27]
After 1986, the amount of P in the influent decreased (from 55.0 ton P/ day to 36.4
ton P (dry matter)/ day) due to the adoption of low-/ non-phosphate detergents for
washing machines.[27] From the early 2000s, there is a slight increase again due to the
introduction of phosphate-containing detergents for dishwashers in households.
Since 2007, the P content is slowly declining due to the introduction of lowphosphate detergents for dishwashers. About 20% of the P in the influent originates
from detergents,[27] the other 80% originates mainly from excreta and in smaller
amounts from agriculture, waste processors, the chemical industry, and the food and
beverage industry.[28] The observed trends show that regulations have a direct and
significant effect on the P content in the influent. When all dishwasher detergents
become phosphate free, it is to be expected that the P content in the influent reduces
to about 29.5 ton P/ day, which is still a sizeable amount that is available for P
recovery and recycling. Interestingly, despite the reduction of P in the Dutch influent
from 1981, the amount of P in the sludge increased considerably (42% in 1981 to
85.4% in 2015) due to stricter rules of the amount of P allowed in the discarding
effluent (a removal of at least 75% of the P in the influent is mandatory).[27]
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Fig. 1. The P content in the influent of WWTPs in the Netherlands from 1981 until 2017 based on
data from CBS (1981-2015) and this study (2017).

4.4.2 Quantifying the P flows in The Netherlands
Next, to quantify the P recovery potential of The Netherlands, we studied the fate of
P after it enters the WWTP. Dutch WWTPs use Bio-P removal, chemical P removal,
or a combination of these two techniques to remove the majority of P in wastewater
and capture it in the sludge. Based on our overview of P volumes in the influent and
effluent streams of all Dutch WWTPs in the year 2017, we created a material flow
analysis visualizing all P flows (Figure 2), where the difference between the P in the
influent and the effluent corresponds to the amount of P that is obtained in the
sludge.
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Fig. 2. Material Flow Analysis of the Phosphorus flows in the Dutch wastewater sector (amounts in
ton per year).

About two fifths (41.2%) of the Dutch influent in 2017 entered a WWTP that solely
used the Bio-P removal technology,[9] of which 88% of the P is removed into the
sludge affording 4.770 ton of P material per year (5.428 [influent] – 657 [effluent], see
Figure 2). Note that Bio-P removal processes also have the ability to remove nitrogen
simultaneously,[10,11] with Enhanced Biological Phosphorus Removal (EBPR) being
the most widely applied Bio-P process in The Netherlands. The remaining 12% P
that ends up in the effluent is disposed of in water bodies and enters the
environment. The second largest fraction of the influent (29.7%) is treated at WWTPs
that use both Bio-P and chemical removal, traditionally to achieve better results,
with a combined removal efficiency of 87% P into the sludge affording 3.406 ton/ yr
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(3.909 – 503, see Figure 2), while the remaining 13% P stays in the effluent. Note that
chemical P removal involves the dosing of a metal salt, such as alum
(KAl(SO4)2·12H2O), or the frequently used iron salts (iron(III) chloride (FeCl 3) and
ferrous sulfate (FeSO₄·xH₂O)), thereby causing precipitation of an insoluble metal
phosphate, which enables the separation of P from wastewater in the formation of
sludge.[7,8,29] Thus, the third fraction (28.4%) of the influent flow enters WWTPs
where only chemical dosing is being applied, resulting in the capture of 83% of the
P in the sludge (representing 3.110 ton/ yr), and 17% of P still ending up in the
effluent. The remaining six WWTPs (2% of the total), typically the smaller WWTPs,
accounting for 0.7% of the total P influent, have limited or no controlled P removal
at all, as the implementation of a removal technology is relatively expensive for these
small volumes. Still at these WWTPs 54% of the P (48 ton/ yr) is removed from the
influent mainly by limited chemical dosing, while 46% of the P stays in the effluent.

Currently, seven out of the total 340 municipal WWTPs in The Netherlands have
struvite recovery installations installed, affording 3.400 ton/ yr of struvite (note that
this is the mass of struvite, not solely P). The implemented first-generation
technologies recover P from the aqueous phase of the digested sludge (which ends
up as effluent) are Airprex (2x, 902 ton/ yr), NuReSys (2x, 1050 ton/ yr) and Phospaq
(2x, 550 ton/ yr). So far, only one second-generation struvite precipitator is
implemented (Amersfoort; Pearl, Ostara), which precipitates struvite from the
centrate with Wasstrip and yields 900 ton/ yr of struvite.
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4.4.3 Dutch P recovery potential using scenario analyses compared to its
national demand
Based on the current state-of-the-art that quantifies the amount of P in the
Netherlands that enters the sludge and is subsequently mono-incinerated to obtain
SSA, the amount of P that is recovered as struvite, as well as the P content that
remains in the effluent, we can now calculate the total P recovery potential of the
Netherlands using WWTPs as urban mines and compare the outcomes with the
national P demand. In 2016, according to Statistics Netherlands (CBS, Centraal
Bureau voor de Statistiek), the total demand of P in the form of phosphates was
81.000 ton, with 75.000 ton used as animal feed/ feed concentrates, 4.000 ton as
fertilizer in agriculture and about 3.000 ton for other applications.

Scenario 1: Current state-of-the-art with no changes in the current
infrastructure.
For the calculation of the recovery potential of the currently produced sewage
sludge ash in the Netherlands a conversion factor of 98% of sewage sludge into
sewage sludge ash was used, which is the theoretical yield for converting sewage
sludge into sewage sludge ash reported by STOWA (Dutch foundation of applied
water research).[25] We found that 145 out of the 340 WWTPs in The Netherlands
have implemented solely Bio-P removal, 100 WWTPs implemented solely chemical
removal, and 60 WWTPs have installed Bio-P in combination with chemical
removal, while the remaining 6 WWTPs use limited or no P removal at all. This
results in the production of 4.533 ton/ yr of SSA from Bio-P (98% of 4.770), 3038 ton/
yr of SSA from chemical dosing (98% of 3100), a mixed fraction of 3338 ton/ yr of
SSA from Bio-P and chemical removal (98% of 3406), and an un-optimized P
recovery potential of 46 ton /yr of SSA (98% of 47; Table 2).
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Table 2. The recovery potential of scenario 1 and 2.

Sewage sludge ash (ton/ yr)
Bio-P ash

Chemical
ash

Chemical +
Bio-P ash

Limited
removal ash

Scenario 1

4.533

3.038

3.338

46

Scenario 2

10.955

Scenario 2: All WWTPs implement Bio-P removal and all SSAs will become
Bio-P SSA
As currently Bio-P removal is the most promising technology for P recovery,
scenario 2 targets the amount of SSA that can be produced when all WWTPs switch
to Bio-P removal. This means that next to the 145 WWTPs that implemented Bio-P
already (affording 4.533 ton of Bio-P SSA/ yr) an additional amount of 6.553 ton of
Bio-P sludge can be generated, that amounts to 10.955 ton of Bio-P SSA/ yr in total
(Table 2). Interestingly, the quantity of this potentially recovered P is more (~275%)
than the amount of fertilizer currently used in the Dutch agriculture that is produced
from mined phosphate rock. This indicates that when competing recycling
techniques become available to convert Bio-P SSA into fertilizers, The Netherlands
can become self-sufficient for its own fertilizer production from secondary
(renewable) phosphates.
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Scenario 3: All current Bio-P WWTPs with a capacity of more than 50.000 p.e.
implement a struvite precipitator
In The Netherlands, currently 165 WWTPs are large enough to allow an
economically viable installment of a struvite precipitator (> 50.000 p.e.), of which 97
WWTPs have installed Bio-P or a combination of Bio-P and Chemical P already that
makes this combination technically feasible. By implementing the struvite
precipitator technology in these existing 97 Bio-P WWTPs with from the least
effective (first gen. from digested sludge; recovery rate of ~10%[30]) to the most
effective method (second gen. from the centrate with Wasstrip; recovery rate of
~40%[25]) 539–3.187 ton of P/ yr can be recovered in the form of struvite (Table 3), as
4.401–26.027 ton of struvite/ yr. This corresponds with 13.5-56.7% of the Dutch
fertilizer demand.

Table 3. The recovery potential of scenario 3 and 4.

Struvite precipitation (ton/ yr)
First generation

Second generation

From
centrate

Thermal
hydrolyses
upstream
digester

Thermal
hydrolyses
upstream
digester

From
centrate
with
Wasstrip

539

1.992

1.195

2.390

3.187

1.144

2.862

1.717

3.434

4.579

From
digested
sludge
Scenario 3
Scenario 4

105

Chapter 4

Scenario 4: All WWTPs with a capacity higher than 50,000 p.e. will implement
Bio-P removal and a struvite precipitator
Scenario 4 targets the implementation of Bio-P removal at the 165 large WWTPs in
The Netherlands to allow the installment of a struvite precipitator at all of these 165
WWTPs as the key P recovery technique. Installment of the five different struvite
precipitators in these WWTPs will afford 1.144–4.579 ton of P per year, which
corresponds to 9.342–37.395 ton struvite/ yr. In terms of P, this covers 28.6–114.5%
of the Dutch fertilizer demand, in the case that struvite could directly substitute the
currently used fertilizers.
Combining the P recovery technologies struvite precipitation and recovery
from SSAs?
So far, we investigated P recovery from either SSA or by struvite precipitation.
Ultimately, a combination of struvite precipitation and sewage sludge ash
production should lead to the highest recovery of P from the influent, yet the
technical feasibility of this concept is currently not well developed. Namely, struvite
precipitation at WWTPs lowers the P content in the sludge and SSA derived thereof,
which makes P recycling from SSA more challenging.[25] Typically, sewage sludge
ashes of a WWTP without struvite precipitator contain 127 kg P/ day (per 100.000
p.e.). This reduces to 93 kg P/day (per 100.000 p.e.) when the Airprex (first-gen.)
technology is installed, and to a mere 56 kg P/day (per 100.000 p.e) when the most
efficient struvite precipitator (2nd gen, from centrate with Wasstrip) has been
implemented.[25]
Bridging the gap between P recovery and P recycling
We highlighted in our scenario analyses that the amount of P-based fertilizer used
in The Netherlands and the amount of P that can be recovered from the wastewater
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via the existing WWTPs is in balance. Unfortunately, the recovered material has not
the same properties as the currently applied fertilizers. For example, struvite does
contain the macronutrients P and N, yet is sparsely soluble at neutral pH, but more
soluble at low pH or above a pH of 9.[31] Therefore, the acidity of the soil is crucial
for its bioavailability to crops and thus its effectiveness as fertilizer on the fields.[32]
Struvite contains a high percentage of the micronutrient magnesium, which when in
surplus can have detrimental effects that reduces the availability of other nutrients
in the soil (antagonistic effect), such as calcium and potassium.[33] Furthermore, due
to the different struvite precipitation techniques, also the quality of the struvite and
its P content varies, between 11–26%, see chapter 2. [34]

Also the reuse of sewage sludge has its challenges. The direct use of (treated) sewage
sludge as a biosolid to enrich agricultural soils is prohibited in The Netherlands due
to the high quantities of heavy metals and organic pollutants.[35–37] After incineration,
the sewage sludge ashes (SSA) are free of organic pollutants, pathogens and
pharmaceuticals,[38] but require additional treatment to increase the bioavailability
of P and to stay within the threshold limit values of several heavy metals that are
still present.[38] A promising avenue for recycling of the recovery P is to convert SSA
into the highly soluble phosphoric acid, which is a known fertilizer. Currently, up
to 97% of the P in SSA can be converted into phosphoric acid via leaching,[30] yet this
technology has not been implemented yet on large scale.
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4.5 Conclusions and Recommendations
The largest phosphorus losses occur in the wastewater treatment sector. A particular
solution that has shown relevant opportunities in Europe is via phosphorus removal
at wastewater treatment plants by generation of various P recovery products, such
as struvite and sewage sludge ash. Various types of policies can stimulate the
recovery of P from communal wastewater. This study provides policy makers the
needed quantitative and qualitative insights to evaluate existing policies and
legislation and to define potential policy measures on P recovery and recycling.

In The Netherlands, 100% of the sewage sludge is mono-incinerated. With the
amount of P in Dutch SSA, the Netherlands could easily meet the supply demand
for fertilizers (275%). Currently, 57% of the dry weight of our SSA is derived from
sewage sludge from chemical dosing which contains high metal concentrations. An
increase of the amount of Bio-P SSA, now 43%, would increase the quality of the SSA
and promote recycling, due to its higher bioavailability and higher P concentration.

The second P recovery technology from communal wastewater is struvite
precipitation. If all Bio-P WWTP bigger than 50.000 p.e. (the size to make the
implementation of a struvite precipitator economically feasible) would implement
the most efficient and industrial applied struvite precipitator, 79,7% of the total P
demand for fertilizers in the Netherlands could be covered. In case all WWTPs
bigger than 50.000 would implement a struvite precipitator, this will even be 114,5%
of the Dutch demand for fertilizers. This could even increase if all smaller WWTP
would merge into bigger (>50.000 p.e.). Therefore, introducing legislation, such as
the new German legislation that obliges all WWTPs (> 50.000 p.e.) to recover P, could
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stimulate P recovery. The next step after recovery is recycling. Therefore, it is vital
for the creation of a circular phosphorus economy that the end-products have a
market demand.

In this study, we focused on the P recovery potential from WWTPs as urban mines.
There is still much room for improvement, since only 7 out of 340 WWTPs have
implemented P recovery so far. With the European fertilizer regulation currently
under revision, the economic feasibility of the implementation of P recovery
technologies and the untapped and the local potential of the urban mines, this is the
time to develop these opportunities. In addition to communal wastewater, there are
other P rich waste stream as in the food processing (28% of total losses of the system)
or food waste (15%) sector that show great potential for P recycling too.[5]
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Chapter 5
An Assessment of the Drivers and Barriers for the
Deployment of Urban Phosphorus Recovery
Technologies: A Case Study of the Netherlands

Abstract: Phosphorus (P), being one of the building blocks of life, is essential for a
multitude of applications, primarily for fertilizer usage. Sustainable management
of phosphorus is becoming increasingly important in light of adverse
environmental effects, ambiguous reserves, increasing global demand and
unilateral dependence. Recovery of phosphorus from the biggest loss stream,
communal wastewater, has the potential to tackle each of these problems. The
implementation of phosphorus recovery technologies at wastewater treatment
plants is not widespread, despite prolonged efforts primarily done by researchers
over the past decade. This study aims to assess the drivers and barriers of a
phosphorus recovery transition. Several key stakeholders involved in this
transition in The Netherlands were interviewed. The Netherlands has been taken
as a case study, since it serves as a frontrunner in the implementation of
phosphorus recovery technologies. This study shows that the main barriers from
the point of view of fertilizer companies are the different and unclear
characteristics of the phosphorus recovery product struvite compared to common
fertilizers. Moreover, the end-of-waste status of struvite is mentioned as a
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prominent barrier for a phosphorus transition, since it hinders free market trade.
Many water boards indicate that the main barrier is the high investment cost with
an uncertain return on investment for onsite struvite recovery processes. The
specified main driver for water boards for onsite struvite phosphorus recovery
technology was the reduction of maintenance costs, and for phosphorus recovery
from sewage sludge ash the low organic pollutants in the P recovery product.

Published: M.A. de Boer, A. Romeo-Hall, T. Rooimans, J.C. Slootweg,

Sustainability 2018, 10, 1790.
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5.1 Introduction
Phosphorus: An essential element for life and global food security
Life on earth depends on the consistent availability of certain key nutrients. It is
widely recognized that elements such as carbon and nitrogen are essential for
ecosystem functionality, yet the element that remains less acknowledged in its
fundamental importance for life is phosphorus (P). On a micro level, phosphorus is
essential for cellular function, reproduction (DNA, RNA, ATP production), and
human development.[1] On a macro scale, society is dependent on a continuous and
sustainable phosphorus supply for food security since phosphorus is a critical
nutrient input for crop and animal production systems.[1] Moreover, it is one of the
main nutrient components in commercial fertilizer next to nitrogen and
potassium.[2]

The increased extraction of phosphate rock, which has been fueled by a demand
for synthetic fertilizers and has been exacerbated by trends such as population
growth, dietary changes, and a heightened production of biofuels, has led to a
human alteration of the phosphorus (P) cycle beyond its natural biogeochemical
rate. The natural phosphorus biogeochemical cycle is balanced and recirculates
between the lithosphere (in the earth crust) and the hydrosphere (all the waters on
the earth’s surface) at a rate of millions of years. However, on a human timescale,
phosphorus flows in a one-way, non-cyclic, direction at a rate three times faster
than the natural flow to create phosphorus resources. This mismanagement and
unsustainable direction has led to a widespread alteration of the global
phosphorus cycle into a linear flow.[3]
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The debate over whether or not there will be a phosphorus peak is highly
contentious across the scientific community. Peak phosphorus refers to a point in
time when global production of phosphate rock would reach its peak and
subsequently decline thereafter.[ 4 ] Speculations for peak phosphorus range
between 30-300 years but are often not supported by valid data.[5] Nonetheless,
despite such remarks about differentiating peak production years, there are other
important factors at stake that make phosphorus management an important subject
area. In 2014, the European Commission created a list of critical raw materials for
the EU that have high economic importance coupled with a high risk associated
with their supply. Phosphate rock is included in this list. The reason why
phosphate rock is listed as a critical raw material is due to a multifaceted set of
causes, not just due to a matter of scarcity. The price volatility and the geopolitical
factors involved in the P issues are important drivers for the EU to include this
precious element in the list. The P problem is embedded within all areas of the P
supply chain from mine to fork. The excessive use of phosphates without nutrient
recycling has additional environmental effects and can lead to uncontrolled
eutrophication in water bodies. The background section will elaborate on these
previously mentioned prominent drivers that influence different aspects of the
process and exacerbate such global problems.

Envisioning a circular nutrient economy
Technological solutions are in development, and first steps have been taken to
create a framework for the sustainable and responsible use of phosphorus in
Europe. However, improvements need to be made in order to create a circular
phosphorus economy that mitigates supply dependency and environmental
impact. Despite these dimensions of the P problem, a fortunate aspect is that while
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phosphate rock may be a finite resource with an ambiguous time until depletion,
phosphorus itself is an element that can neither be created nor destroyed. As
Antoine Lavoisier formulated it in 1785 in his law of the conservation of mass:
“Nothing is lost, nothing is created, everything is transformed.”. Yet, while P can
fundamentally not disappear, in social-economic practices it may be wasted
beyond (easy, affordable) recovery. Therefore, the optimal path for P management
is to switch to a management scheme that closes the P cycle by minimizing loss and
optimizing value from waste streams.[6] This forms the basis for envisioning a
pathway to facilitate a circular nutrient economy.

By definition, a circular economy is a system that is restorative or regenerative by
intention and design that encourages the shift from a linear economy where loss
and waste are omnipresent to a circular one. Here, resources are utilized to their
full capacity and waste holds significant value for the regeneration into new
products, thereby creating a new business model.[ 7 ] In support of this new
economy, the EU Commission has mobilized collaboration via a number of
initiatives such as the EU Circular Economy Package (2014), the Circular Economy
Action Plan (2015), and the European Circular Economy Stakeholder Platform
(2017).[8] These calls for collaboration directly correspond for the necessity to create
a circular nutrient economy, which thereby minimizes the reliance on foreign
reserves in order to meet demand in the EU and look locally for solutions for
recovering P through efficient management practices.
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Drivers and barriers of implementing P recovery technologies
Since most of the consumed P ends up in the sanitary system, communal waste
streams are a possible starting point for more sustainable P management. Recovery
of P from communal waste streams as phosphate minerals, such as struvite or
calcium phosphate, has shown to be technically feasible for more than a decade.[9]
Since then, the number of technologies has grown considerably.[10] However, these
successes have been mainly achieved in small-scale set-ups. In order to accelerate
implementation of these technologies on a bigger scale, these technologies must be
economically viable and technically feasible at an industrial scale.[11]

Phosphorus can be derived as different P products out of wastewater.[10] Two
recovered products are struvite (NH4MgPO4·6H2O) and sewage sludge ash (SSA),
which can act as a derivative of phosphoric acid.[13] Struvite precipitation occurs
naturally during biological wastewater treatment and has been traditionally a
leading maintenance problem for wastewater facilities via the excess growth of
struvite crystals in pipes, thereby resulting in encrustation, scaling, and subsequent
high maintenance costs for removal. However, various water boards have found a
solution for this problem via the precipitation of struvite out of the wastewater.
This can be accomplished via the addition of a magnesium source in the right
conditions to avoid scaling, resulting in a reduction of maintenance costs.
Additionally, some of these wastewater companies are turning waste into a
resource by utilizing the recovered struvite as a slow-release fertilizer.[11] The
recovered P in the form of struvite has been shown to function as a fertilizer by
increasing yields in pot trials.[12]
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Of the technologies that are already operating in full-scale, struvite is the main
recovered product.[11] The use of sewage sludge ash is also a promising technology,
but currently not done yet on large scale, although this might change in the near
future when the Belgian company EcoPhos starts its operation.[11, 13] The reason for
focusing in this study on The Netherlands in particular is due to its frontrunner
position. Many struvite precipitators have been integrated in wastewater treatment
plants in The Netherlands and several projects in the pipeline. To stimulate the
production of struvite at WWTPs it is important to analyze what the drivers and
barriers are to implement a P recovery technology and to facilitate a transition to a
sustainable use of phosphorus. To date, most studies in phosphorus recovery have
focused on the technical aspects, but there is a lack of knowledge on the drivers
and barriers for the deployment of phosphorus recovery technologies of involved
stakeholders. Therefore, the aim of this paper is to assess the drivers and barriers
of the implementation of recovery technologies of phosphates from an
interdisciplinary perspective with The Netherlands as a case study.
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5.2 Materials and Methods
An extensive amount of information was collected pertaining to specific drivers
and barriers of the implementation of P recovery technologies. To define the
drivers and barriers of this transition, several stakeholders were important to
incorporate in this interdisciplinary study. The water boards that act as the
suppliers of secondary phosphates, the fertilizer industry that act as buyers of
these phosphates, a certifying agency of fertilizers, and inter-organizational / semigovernmental agencies active in this field that act as brokers. The Netherlands has
already several examples of implemented struvite P recovery technologies, which
gave the opportunity to study the drivers for deciding to implement such
technologies as well.

This research consists of two individual parts. The first part of the study shows the
attitudes of various involved stakeholders towards struvite precipitation using the
six PESTLE categories to get a clear grasp of the wider viewpoint from different
perspectives. This research is aimed at identifying the drivers and barriers
according to various stakeholders.

The second part concerns an in-depth study on the drivers and barriers from the
perspective of the P recovery producers, the water boards, since they are the
decision makers on the implementation of P recovery technologies. Eight
interviews were conducted for this study.
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Two P recovery products have been included in the second study, namely struvite
and sewage sludge ash. It was decided to not include sewage sludge ash in the first
study, since the recycling of P from SSA is not into practice yet, but it is a recent
topic for water boards since the recycling of phosphorus from sewage sludge ash
will become reality in the nearby future of The Netherlands with the start of the
production of EcoPhos. Therefore, this product has been included in study two
which focuses on the water boards. Study two collected the data through five
interviews and an electronic questionnaire, which was sent to all the Dutch water
boards. Direct application of treated sewage sludge was not included, chiefly
because this is prohibited in The Netherlands. Socio-technical transitions are
difficult to study due to their intangible nature. Accordingly, qualitative research
methods were considered more suitable to study the beliefs, values and
motivations that underlie the behaviors of the stakeholders in this study.
Utilizing the PESTLE Framework
The information received and gathered was subsequently structured into different
interdisciplinary categories using the PESTLE framework. A PESTLE analysis has
been used to classify and structure the obtained results into six dimensions,
namely the political, economic, social, technological, legal, and environmental
categories.
First study – comprehensive view from the perspective of several main
stakeholders
Data collection
For the first study, we have conducted eight semi-structured interviews. The
respondents of the first study included three representatives of fertilizer producers,
three representatives of inter-organizational agencies, a water board representative
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and an agency involved in certifying agriculture soils. The objective of each semistructured interview was to explore the drivers and barriers of the incorporation of
struvite into their existing production lines or directly as a fertilizer. This entails
discussing previous developments, current obstacles and future developments.

Table 1: Interviewees in the first study

Respondents
(1) Fertilizer company 1
(2) Network Platform
(3) Fertilizer company 2
(4) Water board

(5) Knowledge centre for nutrients/
substrates
(6) Network Platform
(7) A think tank of water boards (EFGF)
(8) Fertilizer company 3

Data analysis
Data gathered during the eight interviews with stakeholders from several sectors
was analyzed using the coding software Atlas.ti. The first step of data analysis is
open coding. This entails the labelling of categories and comparing them in order
to contextualize the perspective of the interviewee. Statements are grouped into
major categories. No interpretation of the results takes place. Open coding
occurred through a five-step process: (i) transcription of data, (ii) familiarization
(iii) focused reading, (iv) review, amend codes and (v) generation of theory. After
open coding, axial coding allows the researcher to explore the relations among
categories. Finally, selective coding deals with a higher level of abstraction. The
main drivers and barriers derived from the study have been identified and
classified.

Internal reliability has been guaranteed via audio recording of each interview.
Issues with interpretative reliability has been minimized by iterating statements
during the interview. The research design has been tested with two set-up
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interviews previously to the interviews to test the clarity and objectivity of the
questions. The labelled results are classified into the six PESTLE categories and
ranked on the frequency.
Second study – in-depth view from the key stakeholder, the water boards
Data collection
For the second study, all twenty-two water boards in The Netherlands have been
contacted by email with an email questionnaire containing four qualitative
questions in Dutch about the drivers, barriers and opportunities of the deployment
of phosphorus recovery technologies. Responses of the questionnaire were
obtained from twenty water boards. All responses have been collected and
categorized by the PESTLE categories, labelled and ranked by their importance
and frequency.

Next to the email questionnaire, five in-depth, semi-structured interviews have
been conducted with representatives of four different water boards and one expert
on P recovery technologies implementation in WWTPs. Criterion sampling has
been used to select the four interviewees; all interviewees worked at water boards
that implemented a struvite precipitator in order to determine their motives for
implementation. All representatives were the person in charge of the
implementation of the recovery technology at the WWTP to secure in-depth
answers in the interviews. Furthermore, they have pivotal roles in innovation for
the respective water board they worked for.
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Data analysis
All interviews has been transliterated. The mentioned drivers and barriers has
been categorized and ranked as the first study. The PESTLE structure and the
ranking on their importance and frequency allows to analyse the greatest trends in
responses.
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5.3 Results
The results initiate in section (3.1-3.6) with an overview of the existing literature
and regulations on each PESTLE topic, following an overview of statements made
by the respondents on each topic of several main stakeholders (the first study). The
results of the second study concerning the Dutch water boards will be discussed in
paragraph 3.7, which includes the barriers and opportunities of the two recovery
products, struvite and sewage sludge ash, according to the Dutch water boards.

5.3.1 Political aspects
There are various policy documents on P recovery, both at the Dutch national and
European level.[14,24,29,30] Inclusion of phosphate rock on the European critical raw
materials list demonstrates the interest of Europe’s governing bodies. As of 2015,
the incorporation of an article for recovered phosphate into the Dutch ‘fertilization
law’ indicates a political desire to support these developments at the Dutch
national level too.[ 14 ] Moreover, the presence of various inter-organizational
platforms focusing on nutrient recycling can be seen as a stimulating factor. The
most important of which includes the European Sustainable Phosphorus Platform
(ESPP) on the European level and the Dutch Nutrient Platform (NWP) on national
level. In practice, these platforms serve as a hub for information exchange, and
they facilitate communication between all cross-sectoral stakeholders. This Dutch
platform, along with the ESPP have promoted a number of soft legislative tools
and research initiatives within the Dutch sector calling for a collaborative research
environment across various stakeholder groups involved in P management in
Europe. Examples of this include The Dutch Phosphate Value Chain Agreement
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facilitated by The ESPP in 2011, which called for a commitment to creating a
sustainable market for secondary recycled phosphates over the course of two years
in The Netherlands. The agreement was signed by twenty industrial companies,
knowledge institutions, government authorities, and NGOs.[15]

Concerns about dependence of countries outside the European Union on
phosphate ore, and thus fertilizers for food production, have increased the interest
for alternatives.[4] In fact, in 2011, the EU’s import dependency for phosphate rock
reached roughly 92%.[16] Currently, around 74% of global reserves are located in
Morocco.[17] In terms of production, The United States, China, Morocco, and Russia
produce 75% of the world’s annual phosphate rock with the highest being China
totaling at 138,000 tonnes.[17] This market concentration thereby produces volatility
and certain political and economic risks, as well as international security risks. This
is for instance illustrated during the Arab Spring, where a stable supply from
Tunisia, Jordan, and Syria was no longer guaranteed.[16] The phosphate market can
be characterized as oligopolistic with monopolistic tendencies due to the limited
number of countries acting as supplier but also the limited amount of companies in
this sector.[16]
Political aspects: Interview results
The public sector has developed an increased interest for sustainability. This has
been expressed through keywords during the interviews such as ‘circular
economy’, ‘recycling’ and ‘sustainability goals’ (see Table 2). Three out of eight of
the interviewees emphasized the positive effect of the Dutch Nutrient Platform on
the developments at a political and legislative level. Six out of eight interviewees
indicate that the government and companies can play a critical role in accelerating
the implementation of struvite recovery. They mentioned that the government can
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use tools to accelerate struvite implementation via initiatives such as green deals or
via the SER, an advisory board for the Dutch government on the social and
economic policy.

Intentions have also been converted into concrete actions. The Netherlands
adopted new regulations regarding P recovery in 2015. The implementation
process of these laws was experienced by the interviewees as a long, lethargic
process (see table 2). Besides changes in the political involvement on a national
level, developments on international level have been indicated by the interviewees
as well. There is an increasing political interest in the sustainable use of phosphate
on a European level. Interviewees indicate that the incorporation of phosphate
rock in the EU critical materials list has placed this subject on the political agenda
and therefore this step can be seen as a vital aspect in this respect.

Table 2. Results on political aspects

Political aspects

# respondents

Drivers
Sustainability

goals

from

government

contribute

to

sustainable

6

developments and implementations, such as struvite recovery. External
stimuli, like the green deals stimulate sustainability goals.
Positive effect of Nutrient platform. The nutrient platform has helped in

3

accelerating developments at the political and legislative level.
Political interest in phosphate sustainability has grown a lot at the

3

European level. Incorporation in the EU critical materials list is seen as
vital in this respect.
Barriers
The long process of implementation of passed legislation, especially for
the revision of the fertilizer regulation and the end-of-waste (EoW) status.
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5.3.2 Economic aspects
There are distinct market fluxes and geopolitical tensions that place direct pressure
on the global phosphate market. China imposed a 135% export tariff on phosphate
rock in 2008, placing direct pressure as the biggest supplier on the global
phosphate market. Due to an increased demand, uncertainty of available reserves
of mineral P and the export tariff of China, the price of P spiked eightfold from 50 $
per tonne to 400 $ per tonne in 2008.[18] After this price peak, the price stabilized
around 100 $ per tonne, twice as much as before the peak. The trend of large P
producing countries becoming net importers resulted in less competition on the
supply side, and more on the demand side, which in turn influenced the price of
mineral P. This was significant for the EU, since the EU heavily relies on import of
mineral P.

The low market price of phosphate ore can be seen as an economic constraining
factor for the development of a struvite value chain.[11] A struvite-based product
has to be as efficient, affordable, and predictable in releasing nutrients as existing
materials to compete with the established, efficient and relatively cheap starting
material phosphate rock.[19] Nonetheless, the market opportunities should still be
pursued in order to keep technological developments going and attract
investors.[11] Schipper mentioned that even though P recovery might not currently
be economically viable, efforts should be made now to ensure that technologies are
ready when scarcity of phosphate rocks starts to play a role.[19] Schipper and
Schoumans et al. state that some form of government intervention in the market
place will be necessary to create a P recovery market.[19, 20]
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Controlled struvite precipitation can be used as a means to reduce maintenance
costs at wastewater treatment plants that use a biological treatment technique.[10]
While there are significant costs associated with the chemicals used for struvite
precipitation, there are also savings to be considered. This is due to the prevention
of incrustations, the reduced chemical demand and the reduced sludge quantity,
which results in lower disposal costs. Reported investment costs differ
substantially. In general, costs for phosphorus recovery and the return on
investment period are highly dependent on the type of technology utilized and
size of the plant.[21] Several studies report a return of investment of 6 years for
facilities with capacities of 265 and 3711 m3/day, respectively.[22, 23]
Schipper states that upholding to the wishes of the market is often overlooked by
researchers.[19] This finding is underlined by Kabbe et al., stating that researchers
have reinvented the wheel multiple times, and technological efforts are overly
complex and the user is not always sufficiently involved in the research process.[11]
This indicates that there is a knowledge gap concerning the market applications of
struvite.
Economic aspects: Interview results
The main driver to recover struvite out of wastewater is the reduction of
maintenance costs for the water boards. The reduction of expenditure on chemicals
has been the driving factor behind implementing the EBPR technology, a biological
wastewater treatment technology, but a disadvantage of EBPR is the increased
clogging of pipes, which results in high maintenance costs. Without this
operational cost benefit, there is currently no foundation for struvite recovery in
The Netherlands.
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Struvite as a stand-alone product is seen as not particularly viable by the
interviewees from the fertilizer industry. Struvite might serve as a viable solution
in niche markets as small, amateur farmers or grassland, but interviewees are
skeptical regarding introducing struvite as a product in the fertilizer industry.
They agree that the fertilizer industry is a traditional sector and not looking for a
new product, while the currently used products have been working efficiently for
decades and the price of phosphate rock is low.

Interviewees indicated that one of the main barriers of struvite recycling as
fertilizers are the differences in vested interests between the stakeholders. The
fertilizer market can be characterized as conservative, rigid, and hard to change. As
an interviewee working at a fertilizer company mentioned: “10 years ago they
wanted a particular product and in another 10 years they will still want the same
product”. The competition from established industry is too high to get things off
the ground without any additional incentives. The main incentive of water boards
is not producing a well-fitted product for the current existing fertilizer industry,
rather it involves reducing the maintenance costs via precipitating a product out of
their waste water. It will require the collective effort of different consortia to
promote the reuse of struvite.

A driver for the use of P recovery products for fertilizer companies and the
implementation for water boards is the sustainable label. As a quote of one of the
interviewees clearly shows: “We can stick a green sticker on it and it will sell like
crazy,”. Phosphate scarcity and environmental effects are known problems within
the industry but there is no need nor incentive to take action in the eyes of the
industry.
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Interviewees indicate that the market for fertilizers containing P is not in The
Netherlands, due to the surplus of phosphates in the soil, which resulted in strict
regulations for fertilizer use. Transport issues could threaten profitability.
Feasibility of any value chain will depend on transport costs, both from an
environmental and economic perspective.

Other interviewees indicate that entrepreneurs and investors want long-term
contracts, but water boards are unable to provide these. This uncertainty on the
return on investment is the most important reason long-term investment is
currently lacking.
Table 3. Results on economic aspects

Economic aspects

# respondents

Drivers
Reduction maintenance costs

6

The ‘green’ marketing aspect of struvite is attractive

3

Implementation opportunities for struvite in niche markets

2

Barriers
Transport issues

5

Conservative market

4

Low price of phosphate rock/ fertilizers

4

Vested interests and complexity stakeholders

3

Uncertainties in return on investment

2
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5.3.3 Social aspects
The public perception of P recovery is scientifically not well documented due to a
lack of research in this area. According to Schipper (2014), the low interest from
society for this issue is related to the invisible role P has in the environment and
the unattractiveness of sewage treatment.[19] Acceptance among the farming
community and important market players will be decisive for the introduction of a
P product that is based on recovered P.[24] While consumers only represent the end
of the phosphorus value chain, they remain important end-user stakeholders who
can collectively use their consuming power to contribute to increased phosphorus
use efficiency and can move towards a more sustainable phosphorus cycle.[25 ]
Nevertheless, the majority of food consumers are not aware of issues regarding
phosphorus, at least in view of it being an essential finite resource nor its
environmental effects.[1]
Social aspects: Interview results
The interviewees agree that there is an overall open and enthusiastic mindset
about recycling and innovation in The Netherlands. Sustainability is a buzzword,
which is utilized by companies and water boards in marketing campaigns on
sustainability. Especially circularity and circular economy are words, which have
been mentioned by most of the interviewees in a positive context. The attitude
toward recycling is not expected by the interviewees to be equally as receptive. The
fertilizer industry is perceived as more conservative. A product that is harvested
from waste is not expected to be received with open arms among the public and
industry because of hygienic concerns and current views on waste.
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Even though the wider public is still hardly aware of phosphorus related issues,
there is an increased interest and awareness. As a quote indicates: “If you talked
about phosphate recycling 4-5 years ago, nobody had a clue what you were talking
about (..), now it is much more of an issue”. Some of the interviewees indicate that
the public opinion is negative concerning struvite since it is a product derived from
wastewater and they immediately relate this to health issues. Educating society
will be necessary to gain product acceptance. Safety may be guaranteed, but the
idea that struvite is harvested from waste sources could be problematic. Other
interviewees claim the opposite and mention that there is a very positive attitude
towards the “green” product struvite, despite its origin.

It is indicated that the users of fertilizers, farmers (not interviewed in this study),
are not aware of the effects of the surplus of phosphates. Growing awareness about
the phosphate problem could play a helping hand in the use of recycled
phosphates. A research conducted by Hasler et al. (2016) shows that the farmers
are the most skeptical towards fertilizer eco-innovation of the whole supply
chain.[26] Hasler et al. (2016) conclude that both farmers and suppliers consider
legal regulations as a driving force for environmental requirements and ecoinnovation.[26] Further research on the opinion of farmers could shed more light on
the opinions of farmers towards the use of struvite or other recovered P products.

Table 4. Results on social aspects

Social aspects

# respondents

Drivers
Popularity of circularity and circular economy

5

The value of struvite as a green marketing tool for the water board

2

Public opinion: A positive public opinion regarding to struvite due to the

2

green label
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Barriers
There are no common interest and an integrated approach is missing.

3

A collective vision is lacking.
Different mind-sets concerning recyclates per country

2

A negative public opinion due to the uncertainties of health issues/ safety

3

Low awareness among farmers about struvite.

2
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5.3.4 Technological aspects
Communal waste streams converge at regional WWTPs where water undergoes
various treatment steps before it is released to the surface water. These WWTPs are
a suitable location to recover P since the high P concentrations and P recovery
technologies can often be combined with existing setups. Several types of P
removal technologies exist to treat the wastewater and commonly used methods
are Bio-P removal or P removal via chemical dosing. The P removal technique BioP is commonly used in The Netherlands, but has a negative side effect that it leads
to the high release of biologically bound, water soluble P into the aqueous phase of
the sludge. At high P concentrations struvite is unintentionally formed in pipes,
pumps and dewatering units of sewage systems and WWTPs, which requires
maintenance costs to remove this crystal rock formation. Therefore, the
intentionally precipitation of struvite before it clogs the pipes, reduces the
maintenance costs of the pipes. This product, struvite can afterwards be used as a
fertilizer. The P from the P rich sewage sludge can be recovered through either wet
chemical treatment via acid or alkali leaching or thermochemical treatment when
the P can end up in the sewage sludge ash.[13]

Struvite is less soluble in water than traditional fertilizers, making it a slow release
fertilizer, which means that the nutrients are only gradually available for crops.
Several studies have been conducted on the final yields of crops grown using
struvite as well as conventional fertilizers. The use of struvite in combination with
conventional fertilizers results in high phosphorus efficiency and P uptake during
the early and late growth.[27] To date, there is still a lot of ongoing research on the
quality of struvite and the effect on the soil quality.
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Technological aspects: Interview results
There are diverging viewpoints among the interviewees surrounding the quality of
struvite as a fertilizer. There are two opinions about the quality of struvite. Two
interviewees indicate that the chemical composition of struvite is favorable, both
not working in the fertilizer industry. The interviewees from the fertilizer industry
indicate that struvite is not a complete, final product from a market perspective.
The characteristics are poor due to the low solubility and the lack of potassium.
They conclude that it must be treated before it has value as a stand-alone fertilizer.
Besides this, they indicate that struvite is not compatible with the machinery of the
farmers.

The low solubility was a reason for one interviewed fertilizer company to
discontinue their research into struvite. Another company uses struvite as an
additive starting material besides phosphate rock. The customers want a product
highly soluble in water. Struvite applications are limited to its use as a side input in
the production of regular fertilizer or in the niche market for specialty fertilizers.
This means it can be used in niche markets with other requirements, such as
grasslands.

Another technological constraint of struvite is the limited rate of recovery from
waste streams. Recovery of P via a struvite precipitation method at full scale
generates several thousands of tons of P each year. Production of fertilizer takes
place at several hundred thousand tons each year. Therefore, struvite does not
have a significant contribution to overall production output. A higher recovery rate
can be realized when the sanitary infrastructure will change drastically, separation
of urine without the dilution with rainwater, but this is costly.
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Fertilizer companies wish to remain far under the minimum requirements for
hazardous compounds. Therefore, the lack of clarity on product safety and
characteristics are barriers to use struvite as material.
Table 5. Results on technological aspects

Technological aspects

# respondents

Drivers
Struvite has the chemical composition/ characteristics of being a good raw

2

material.
Barriers
Product safety is unclear

3

Low solubility of struvite

2

Struvite is not a stand-alone product

2

Negative chemical characteristics struvite

2
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5.3.5 Legislative aspects
Struvite and more specifically the trading of struvite is subject to several national
and European regulations. The recovered P from waste streams is seen as a waste
product by law. Reuse in production processes will therefore require adherence to
additional criteria.

Two main types of legislations are involved in implementing P recovery
technologies, regulations on the installation of P recovery technologies and on the
recovered P products. A selection of the most important legislations regarding P
products will be discussed.

All companies are obligated to require permits for their P recovery installations.
Currently, most WWTPs are classified as “waste management” by two directives:
the EIA (Environmental Impact Assessment directive) and the IED (Industrial
Emissions Directive) which are in place for companies in waste management and
recovering/recycling.[24] Recycling and recovering companies, labeled as waste
management, have to follow far stricter rules than fertilizer companies using
phosphate rock.[24]

To gain a status of “fertilizer producer”, extra permits and new installations are
both needed for WWTPs, which costs extra time and money . Registering a new
(sustainable) fertilizer type can take up to 7 years, which therefore blocks
innovation.[24] Consequently, WWTPs often choose to sell the recovered P as waste,
instead of turning it into fertilizers.
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Next to the two directives concerning this classification, there is the Shipment of
Waste Regulation. This regulation applies to WWTPs that would like to export
their recovered products, which are labeled as waste, such as sewage sludge or
struvite, for recycling across borders. This regulation states that a contract should
be set up between the person responsible for the shipment of the waste and the
receiver of the waste. Moreover, authorities from both the country of origin and
waste product destination should authorize the shipment. This process is timeconsuming. Meanwhile, importing phosphate rock does not have to undergo
similar processes, making it easier to import phosphate rock than P containing
waste.[24]

The placement of the recycled materials is divided into two subcategories, namely
material type and market segments of recycled materials. Material type legislation
looks at whether the designated material is a product or waste. This is examined
on a national or regional level via the End-of-Waste (EoW) criteria of the Waste
Framework Directive (WFD).[28] Consequently, a material can be registered as a
product in one country, but as waste in the other, which is an obstacle to trade
across borders. Waste and product materials need to conform to different
regulations and directives, like REACH.[29]

All chemical substances that are traded in Europe must be approved through the
European Chemical Regulation (REACH) legislative framework. This approval for
struvite has been obtained in 2015, alleviating an important legislative hurdle.
Currently, an important obstacle for reuse of secondary phosphorus-containing
products is the lack of an end-of-waste status.
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Next to material type, there is legislation on market segments of recycled materials.
An important regulation is The Fertilizers Regulation.[30] This regulation imposes
certain requirements on fertilizers. For example, the fertilizer may not be harmful
towards the environment or human health. If fertilizers meet all requirements, they
can be labelled as EC fertilizers (safe and effective fertilizers on the EU market).
This can improve a fertilizer’s marketing position drastically. Unfortunately, it is
often the case that gaining this label for a fertilizer can cost half a decade.
Moreover, there are criteria in The Fertilizers Regulation on the source of materials
used for fertilizers instead of regulations on the final fertilizer product, and a
procedure for organic fertilizers is lacking. This creates a barrier for new
innovative (phosphorus-friendly) fertilizers. Some countries, like The Netherlands,
pay special attention to recycled fertilizers by changing their national regulation in
a favorable way for the use of struvite. However, other countries have
more rigid regulations on pollutant concentrations, such as heavy metals which
can have a negative effect for struvite due to the difference in composition of
struvite compared to traditional fertilizers. This results from the fact that there are
no regulations on pollutant concentrations on a European level, again imposing a
barrier for the EC fertilizer label. Struvite has been registered as a fertilizer in The
Netherlands from 15, December 2014. Conforming to all regulations in all countries
is extremely difficult, costly and time-consuming. Kabbe et al. (2015) state that
designing supportive legislation for the circular economy should be a priority.[11]
The working group STRUBIAS is trying to make headway with this issue through
proposed amendments to The Fertilizer Regulation. The proposed EU fertilizers
regulation revision includes to add struvite, biochars, and ash-based recycled
nutrient products to the new regulations, which will grant an end-of-waste status
to fertilizers using these recovered phosphorus products. Phosphorus taxes for
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usage in agriculture have already been experimented with in several European
countries; The Netherlands, Sweden, Denmark, Austria, Norway, and Finland. The
aim of these taxes was largely to decrease phosphorus usage on farms for
environmental reasons.[31- 32]
Legislative aspects: Interview results
Interviewees indicated that the REACH classification is an important contribution
to struvite development. However, these developments are very recent. The
Netherlands has adopted new regulations concerning P recovery in 2015. The
implementation of P recovery products in the fertilizer regulation would also be a
big step forward. Other improvements at the public policy level would be
removing trade barriers between countries. Influencing the water boards through
legislation is very difficult because they act as an independent governing body.
The EFGF (Energie en grondstoffenfabriek) is a cooperative effort of the water
boards in The Netherlands. There are one or two moments in the year when the
EFGF meets physically. However, only the water board members participating in
the EFGF meet here so the diversity in opinion is not very broad. Most
interviewees think that governmental intervention will be necessary to stimulate
market formation, as has been the case with bioplastics and green energy.

Using struvite as a raw material in existing processes is possible under the
condition that fertilizer quality standards are met. Current legislation is seen as
problematic, since struvite cannot legally be transported across national
boundaries unless both countries approve it. This is troublesome since firms are
not allowed to transport or accept the material. Registration of struvite as a
fertilizer or waste product is therefore necessary. However, the end-of-waste label
is currently governed under national legislation, it often cannot be transported
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across borders. For proper waste management, waste needs to be seen as resource
and therefore a EU-wide EoW criteria is needed.
Table 6. Results on legislative aspects

Legal aspects

# respondents

Drivers
Certification of struvite might alleviate fears around product safety.

2

REACH classification

5

Barriers
The political interest in phosphate sustainability has grown a lot at the

4

European level. One thing that is lacking at the political level is the
implementation of passed legislation, especially revision of the fertilizer
regulation and so the end-of-waste (EoW) status.
Trade barriers of waste between countries hinders the trade in P
recovered materials (EoW status)
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5.3.6 Environmental aspects
Life cycle assessments have shown that struvite based fertilizer has a lower
environmental impact than phosphate rock.[33-34] Looking at P efficiency, using
sewage sludge directly on farmland is the most desirable, since all P is reapplied to
farmland. Yet from a toxicity perspective, phosphate ore has been found to be
more favorable than direct application of sludge due to the medicines and
pathogens in sludge.[35] The lack of heavy metals in struvite makes struvite even
more favorable from a toxicity perspective than phosphate ore.[35]

A steep increase in the use of P rich fertilizer has led to the production of more
food but also more waste. Together with deforestation, this has caused
displacement of large amounts of P throughout the environment.[36] Today, 1.9
terragrams (Tg) of P flows into the EU from outside sources each year and 80% of
this influx can be attributed to P rock imports to be processed for use as fertilizers,
in the food industry and detergents.[1]

Excess amounts of P can be found in water bodies that are sourced from
agricultural runoff and the outflow from industrial and municipal wastewater
facilities, which subsequently leads to the development of eutrophication. This
problem is stimulated by soil erosion, which carries a significant amount of soilbound phosphorus into surface waters. A 2013 model developed by the EU
estimated that roughly 1.3 million km2 of land was affected by soil erosion in the
EU-27.[4] Rodriguez-Garcia showed that the environmental benefit with regards to
eutrophication is significant when P recovery technologies will be implemented,
especially when different technologies are combined at the same location.[37]
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Regarding loss, this is exhibited readily throughout different areas of the P supply
chain. Kimo van Dijk et al (2016) have examined all categories of loss for the EU,
which included consumption, non-food production, food processing, animal
production, and crop production.[38] Out of all sectors, consumption demonstrated
the highest level of loss is the waste water sector (32% of the total system losses).
Environmental aspects: Interviews results
P recycling could help to correct the large regional differences in P in the soil. In
The Netherlands, there is a large surplus of P in the ground, whereas much soil in
Eastern Europe has a phosphorus deficiency. This can work as an incentive to
export to Eastern Europe. Exporting surplus P could help The Netherlands adhere
to European soil guidelines in the future. There are concerns about the efficiency of
struvite recovery since a large amount of P is not recovered from the waste streams
and remains in the sludge. Other technologies will be necessary to recover the rest.

Table 7. Results on environmental aspects

Environmental aspects

# respondents

Drivers
High P content in soils

2

The value of struvite as a green marketing tool for the water board

2

Barriers
Low maximum recovery yield

3
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5.3.7 Results from study 2: Drivers and barriers from the key
stakeholders’ point of view, the Dutch water boards
This paragraph contains the results of the second study. All the data retrieved in
the second study from the questionnaires and gathered during the interviews with
the Dutch water boards have been visualized in tables 8 and 9. These responses
picture the trends for opportunities and barriers for both struvite recovery and
treated sewage sludge ash products, which were the two routes identified by the
water boards as the two most promising technologies for P recovery.

The most common response (five responses) for the drivers of struvite recovery are
the avoided maintenance costs. This fits into the economic category of the PESTLE
framework (see 3.2). The positive effect on the image of the water board is also
mentioned three times, which is part of the social category of the PESTLE analysis.
Besides this, several water boards have indicated that they have future plans for
onsite P recovery in the form of struvite, which is an indication that the amount of
implemented struvite precipitators will increase in the nearby future. The
implementation of a struvite precipitator also results in greater process limitations,
which has also been mentioned as a key driver by two respondents.

Regarding ash products, the highest number of responses (five) claimed that the
largest benefit of engaging in sewage sludge ash treatment for P recovery is that it
destroys organic matter and, as a result, lowers the potential risk for contamination
of organic pollutants and pathogens, which therefore fits into the environmental &
technological category of PESTLE. Three respondents also indicated that they are
optimistic about the potential for the production of recovered products with the
new EcoPhos and SNB/ HVC partnership that will start in 2018.
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In contrast to these drivers, a reported barrier for struvite recovery was the
relatively high investment costs with a low certainty for return on investment.
Besides this, the end-of-waste status of struvite has been mentioned as a barrier for
the trade of struvite across borders, which is a legal aspect. Moreover, two water
boards indicated that it is not favorable for them to implement struvite recovery
technologies, since the population equivalent of their wastewater treatment plants
is too small and therefore economically not feasible to implement a struvite
precipitator. Another driver which has been mentioned was that Dutch water
boards are often publicly owned and funded entities. This gives conflicts as soon as
they start to produce commercial products as struvite. Therefore, the products are
often sold by another company, Aquaminerals.

A reported barrier for struvite and total P recovery mentioned was that water
boards that already have an incineration partnership with SNB/ HVC and as a
result are affiliated with EcoPhos, have little motivation to use on-site P recovery
technologies since they are part of a bigger more centralized scheme for P recovery.
Table 8. Trends in drivers according to the water boards

Struvite Recovery Drivers
Response

PESTLE Category

# respondents

Struvite recovery results in avoided maintenance

Economic

5

Social & Economic

3

costs.
Onsite P recovery technologies lead to positive
results for shaping water boards’ image and
promoting circular economy practices.
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Various water boards have future plans for onsite

Technological

3

recovery and subsequent struvite production
P recovery results in greater process optimization

Technological

&

2

Economic
Sewage Sludge Ash Product Drivers
Response

PESTLE Category

# respondents

Destroys organic matter and as a result lowers risk

Environmental &

5

for

and

Technological

The water boards are optimistic about the potential

Technological

for the production of recovered products with the

Economic

contamination

of organic pollutants

pathogens.

new EcoPhos and SNB/ HVC partnership that will
start in 2018.
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Table 9. Trends in barriers according to the water boards

Struvite Recovery Barriers
Response

PESTLE Category

# respondents

High investment costs and low certainty of the

Economic

4

Legislative

4

return on investment pose a predominant barrier
for more water boards
End-of-waste status and subsequent difficulties
posed for trading struvite with other nations is a
difficult barrier
Small WWTPs are less inclined to implement P

Technological

recovery technologies due to the low quantity of

Economic

&

2

sludge production output. Therefore, there is not a
very strong business case for these plants.
Sewage Sludge Ash Product Barriers
Response

PESTLE Category

# respondents

The water boards that already have an incineration

Technological

2

partnership with SNB/ HVC and as a result are

Social

affiliated with EcoPhos, have little motivation to
use on-site P recovery technologies since they are
part of a bigger more centralized scheme for P
recovery.
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5.4 Discussion and Outlook
This research shows that the key constraints for a transition toward a circular
phosphorus economy in The Netherlands are of an economic, legal, and
technological nature. The opportunities and barriers for P recovery are not
independent; rather they are part of an interdependent scheme and related to
several dimensions. For example, the end-of-waste status of struvite (legislation)
causes a transport issue, which directly affects the marketability of the product
across boarders (economics). An overview of the main drivers and barriers derived
from this research can be found in Table 10.

Table 10. Main results derived from the interviews and questionnaires.

Political
Drivers
•
Sustainability goals of the government
•
Growing political interest
•
Nutrient platforms

Economic
Drivers
•
Reduction maintenance costs
•
Opportunitites in niche markets
•
SSA: destroys organic matter
Barriers
•
Transport issues
•
WWTPs with too low sludge production
•
Low price phosphate rock
•
Conservative market
•
Vested interests stakeholders
•
Investment costs
•
Uncertainties return on investment

Social
Drivers
•
Popularity circular economy
•
Green marketing image
•
Both positive and negative public
opinions
Barriers
•
Integrated approach is missing
•
Different
mind-sets
concerning

Technical
Drivers
•
Struvite composition to be used as
fertilizer
•
Struvite precipitation results in greater
process optimization
Barriers
•
Low solubility of struvite
•
Struvite not a stand-alone product
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•

•

recyclates among the EU
Low awareness among farmers

Negative
chemical
struvite
•
Product safety unclear
Environmental

Legal
Drivers
•
REACH classification
•
Certification might alleviate fears
Barriers
•
Lack of implementation of passed
legislation
•
End-of-waste status struvite

characteristics

Drivers
•
High P content in soils
Barriers
•
Low maximum recovery yield

Three main players involved in the deployment of P recovery technologies are the
water boards who supply the P recovery products, the Dutch national and
European governments that are responsible for legislation, and the fertilizer
companies that are responsible for introducing the recovered P on the fertilizer
market. All three stakeholders have other vested interests, which hinders a
phosphorus transition. The individual grounds of the behavior of these main
stakeholder groups found in this research, followed by our recommendations and
outlook to accelerate the implementation of P recovery technologies will be
discussed below.
Water boards
The primary task of water boards has always been the purging of wastewater, and
not the selling of products. Therefore, the water boards are somewhat unfamiliar to
the new role of serving as a raw material producer. The main reason to incorporate
a struvite precipitator is mainly not the production of a high quality secondary
product, but rather the reduction of maintenance costs. Kabbe et al. also confirm
that the main driver is the lowered maintenance costs.[11] The reduction of
maintenance costs is obtained when 10-15% of the P influent has been recovered as
struvite, so there is no financial incentive to recover more. From a sustainable
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perspective, it would be ideal to recover more and this is technically possible (up to
46% in combination with a WASSTRIP.[39]).

As for the WWTPs it is key to avoid clogging of the pipes, the quality of the
recovered product has received less attention from the water boards. This results in
different types of quality of the produced struvite and no uniformity of the
product. The attitude of water boards has the potential to change in the nearby
future, especially due to the current trend of privatization of the water boards in
The Netherlands. Focus on innovation and allocating more of their budget for this
could become more readily apparent. The water boards indicate that a positive
side effect of the implementation of a struvite recovery technology is the effect on
the (sustainable) image of the water board. Other incentives are necessary to
encourage water boards to recover more than only necessary for the reduction of
maintenance costs and to uniform the quality as well as industry acceptance of the
obtained product. This can be achieved via regulations or an economic stimulus
from the market when the recovered product is seen as a valuable product and is
marketed as such.
Government
The European fertilizer regulation has been subject to extensive revision and a
contentious debate. Soft legislative measures are easier implemented, including
initiatives such as the Phosphorus Value Chain Agreement, which offered nonbinding and relatively incremental initiatives to engage in better P recovery
management processes. Currently, there is little consistency between legislation at
the national and international levels. The interviewed parties from different sectors
indicate that the end-of-waste status is the main impediment for international P
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recovery products trade. Due to this status, it is not allowed to ship these products
across national borders, which hinders free market trade.

Legislation concerning P recovery and the resulted products are continually
developing in Europe. Recently, Germany and Switzerland changed their
legislation to stimulate P recovery via obligating P recovery for WWTPs in the
nearby future. This legislation change urges WWTPs to consider P recovery
possibilities and can serve as the first step to the transition of standardizing P
recovery from wastewater.

Water boards can already earn renewable energy certificates (RECs) for trading
renewable energy, but there is no credit system for recovered P. A phosphorus
recovery certificate may function as an incentive and push to recover P, which can
be a stimulus for the P recovery market. Legislation should not only focus on P
recovery, but on several aspects related to sustainability. Such as a method to
create an economic incentive package for WWTPs that are willing to switch to
biological removal, which offers support for renewable biogas generation and P
recovery as struvite or low metal containing SSAs at the same time, will encourage
sustainability in its broader definition.
Fertilizer companies
The fertilizer market is difficult to modify. Moreover, there is currently little
financial incentive for fertilizer companies to invest in P recovery for several
reasons. The amount of struvite or other recovered P products that is available to
date is limited in comparison with the quantities the fertilizer companies work
with. Additionally, the current low price of phosphate rock creates a difficult
environment for struvite to compete with traditional products.
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The economic aspect is not the only factor that plays a role for the resistant attitude
of fertilizer companies. The differences of technical properties as the low solubility
of struvite, the nutrient content and the fact that struvite is not seen as a standalone product affects the image of struvite (see technical barriers in figure 2). The
market for struvite in its current form as a slow release fertilizer is much smaller
than the market for regular fertilizers. Closing the cycle is impossible without
market acceptance and a sufficient quantity of P recovered products. A demand of
the consumers’ side that can create a pull effect at fertilizer companies, a
trustworthy product, and a bigger quantity of P recovery products to make it
worthwhile to consider is necessary to make it attractive for the fertilizer industry.
Notwithstanding, several companies that have expressed interest in secondary P
sources, have participated in setting up P recovery sites, and see the added value
of the green and sustainable status of struvite.
The current value chain is linear and not circular
There is no one size-fits-all solution, since the most suitable and efficient P
recovery process depends on the region, regulations, as well as type of wastewater
treatment plants. Tailor-made regional targets for P recycling incorporating both
the new suppliers (the water boards) and the fertilizer industry are necessary to
achieve P recycling. To create a European market on secondary phosphates,
legislative adaptions are crucial to help to facilitate a no-waste, circular nutrient
economy for the phosphate market across various national borders. A challenging
task for future research is the comparison with the drivers of other countries
besides the Netherlands.

The main barriers for closing the cycle are transport issues due to the end-of-waste
status, different interests among stakeholders, the low price of phosphate rock, and
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the uncertainties regarding the return on investment. The conflict of interest results
in a mismatch regarding the quality of the product; the water boards want to
reduce the maintenance costs via struvite precipitation and selling the struvite as a
slow release fertilizer, while the fertilizer companies want to have a known, highquality and inexpensive product. The national and European government could
play a leading role in harmonizing the interests via soft and hard regulations on
European level.
Research shows that the use of struvite in combination with conventional fertilizers
results in high phosphorus efficiency and P uptake during the early and late
growth of the crops. Finding niche markets for the recovered P products and
bigger quantities of recovered P products is crucial to make it profitable and
appealing for fertilizer companies.

The use of P recovery products is crucial to promote the sustainable use of
phosphorus, but the reality of the markets suggests that this practice is still very
much operating at a niche scale. Nonetheless, while there are barriers to
implementation, the opportunities presented across the Dutch and European
market suggest that this practice holds a high degree of potential for expansion,
adoption, and implementation in the near future.
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5.5 Conclusion
As the research in this paper shows, that the drivers and barriers for the
implementation of P recovery methods and their associated products are of a
multi-faceted nature, stemming from political, economic, social, technological,
legislative, and environmental categories. As such, this research has used a
PESTLE analysis in order to interpret such drivers and barriers. Methods included
conducting qualitative interviews with important stakeholders across each of the
PESTLE categories. Qualitative coding of responses was utilized in order to
examine the most important trends in the drivers and barriers. The results indicate
that while there are specific drivers and barriers that are central to each of the
PESTLE categories in the framework, many of the overall trends in the results of
drivers and barriers are highly intertwined across multiple aspects. Regarding the
greatest trends in the drivers and barriers for the two P recovery products
examined: the greatest response for a struvite driver is that it results in avoided
maintenance costs yet it is also subject to high investment costs with uncertain
return on investment. Whereas, for sewage sludge ash products the greatest
indicated driver was that many water boards are optimistic about a future
incineration partnership for producing sewage sludge ash, but in terms of the
largest barrier, small plants are less likely to participate in the production of this
specific P recovery product. As these P recovery methods are still in the beginning
stages of implementation, this research serves as an important overview of which
areas to address in terms of moving forward for further upscaling into the
European market.
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Chapter 6

The Confluence of the Multi-Level Perspective and
the Institutional Entrepreneurship Theory: A Case
Study of the Phosphorus Transition

Abstract: Humanity faces multiple sustainability issues. Fossil fuels are rapidly
diminishing, rising greenhouse gas concentrations greatly threaten the climate, and
drinking water is becoming increasingly scarce. Another, less well-known, yet
significant issue concerns phosphorus. We could live without cars if petrol ran out,
but if phosphorus would run out we would have to live without food. The amount
of phosphate-containing fertilizers used has quadrupled in the last 50 years and
will continue to rise with the world’s growing population. Without the addition of
phosphate-based fertilizers, we could only produce food for half of the current
world population. Thus, humanity requires a sustainable use of this precious
element. Therefore, a transition to a sustainable and circular use of phosphorus is
urgently needed.

Several frameworks exist to understand and to guide socio-technical transitions. In
this study, a framework will be discussed which combines the multi-level
perspective (MLP), which explains the pressures from the niche and landscape
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level, with institutional entrepreneurship to clarify the entrepreneurial activities
within the regime. The Netherlands, a frontrunner in phosphate recovery, is used
as case study. Both pressures from landscape (surplus of phosphates and intensive
livestock) and niche level (energy factory) affected the Dutch phosphate regimes.
In the early stages, mainly strategic niche management as the congruence of multistakeholders took place, followed up by institutional activities as advocacy and
enabling work (see episode 3, page 22) to realize the commercialization of struvite
via, amongst others, legislative amendments. This shows that the phosphate
transition in The Netherlands is a clear example of a confluence of the MLP
framework and the institutional entrepreneurship theory. Therefore, we propose to
unit these theories to create an overarching framework.
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6.1 Introduction
As a result of rising environmental concerns, many scholars have become
interested

in

sustainable

transitions.[1]

These

transitions

for

sustainable

development require functional models to understand and predict behavior and
developments, which need to be tested and evaluated by using case studies. An
interesting example of a socio-technical transition is the transition towards the
sustainable use of phosphorus, which will be used as case study in this article.
Phosphorus is a vital resource for sustaining world agriculture and nutrition as it is
an essential part of DNA and of molecules required for the energy household of all
plants, humans and animals. It is increasingly being realized that current usage of
phosphorus is highly unsustainable. Phosphate is retrieved from the soil by crops,
which are then consumed by humans or animals. Regeneration of the soil is often
disturbed, because i) crop cultivation is in many cases done at a different locus,
sometimes even a different continent, than the consumption of plants and/or the
animals that eat fodder made from these crops, and ii) animal and human
excrements may (therefore) lead to local acidification of the soil and eutrophication
of surface waters, while eventually a significant share of phosphates disappear out
of the biotic cycle into the oceans.[2] As a response to these problems, wastewater
treatment and fertilizer use in the Netherlands are subject of national and
European regulations and directives. Simultaneously, phosphorus is increasingly
recognized as a scarce resource from a political-economic and security political
point of view as phosphate rock is found mainly in a few countries, like Morocco
and China.[3] As such, it has become part of EU policies. Due to the strategic
dependency of Europe on phosphorus, both phosphate rock as well as the
derivative elemental phosphorus are listed in the EU Critical Raw Materials list. [4]
Moreover, the global phosphorus use will augment even more in the nearby future
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due to the rising population, the increasing (meat) consumption per capita and the
growing use of biomass for to enable a bio-based economy.

Phosphate thus pertains to a complex network of interdependent problems.
Therefore, in order to guarantee long-term sustainable food production, it is crucial
to change the current linear phosphorus system to a circular system. This requires
changes in several sectors, including livestock and agriculture, the wastewater and
sanitary system, the chemical industry and consumer practices as well. Affected
will be the interoperability among the actors; the regulations, legislation,
infrastructure and market structure,[5,6] all both at the national and European level.
All this contributes to the persistence of the issue.

Given this persistence, it is remarkable that in The Netherlands one solution,
namely struvite production, has been realized through several agreements and
legislative amendments on precisely such comprehensive changes between
government and actors from wildly varying sectoral backgrounds. The objective of
this article is to explain how that could occur, also to promote the realisation of a
circular phosphorus economy.

In doing so, we will consider the process as part of a transition around the (re-)use
and processing of phosphate. A transition is defined as “a change from one sociotechnical configuration to another”.[7] Configurations here refer to a set of coherent,
interacting practices and their structural embedment.[8] Through normal processes
of structuration, such configurations reproduce each other, lending a significant
persistence to the problems they produce.
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The central objective of transition studies is to understand how this reproduction
may make way for transformation.

A scientifically accepted theory for mapping and analysing such transition
dynamics is the multi-level perspective (MLP) theory.[1,9,10] As a heuristic model
which, moreover, takes a meta- rather than an actor-perspective, it is too intangible
to be used by managers as a tool for realizing systemic innovations. [11] It has
therefore been elaborated into a tool called strategic niche management (SNM)
with three sensitizing concepts.[12,13] However, SNM has been criticized for still
lacking an elaborated agency perspective on how niche experiments may be
related to wider systemic innovations and changes in the regime. To understand
the roles, influences and tactics of the actors in collaborative undertakings,
scholarly work focusing on institutional entrepreneurship may be of help.

Institutional entrepreneurship has been used to describe the entrepreneurial
activities to link niche activities to (changes in) the regime or to novel regime
elements, so as to establish a social-technical transition.[14,15]

The creative and

maintaining forms of institutional work described in literature has been included
in this study to label the entrepreneurial processes in the Dutch phosphate
transition as a case study.[16] We will explore how strategic niche management, as
part of the multi-level perspective model, and indicate which elements of
institutional entrepreneurship have been crucial to succeed in making struvite a
success story in the sustainable phosphorus transition and how the congruence of
these two models relates to socio-technical transitions.
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6.2 Materials and methods
This research is an exploratory case study which draws upon transition theory,
multi-level perspective theory, and institutional entrepreneurship literature for
some sensitizing concepts[17] that are specified below in the theory section. Both
primary and secondary sources have been used to map and understand the social
interaction among the stakeholders involved in the phosphate transition.
Data acquisition
Several types of data sources have been used. Semi-structured interviews with key
players of the P transition have been conducted. The interviews focused on the
influencers of the process, the barriers, the conditions and if the seven different
forms of institutional entrepreneurship (advocacy, defining, mimicry, theorizing,
enabling work, mythologizing, embedding and routinizing), played a role in the
process. The interviews were conducted between May and October 2018, in Dutch.
They typically lasted one hour, and were recorded and subsequently transcribed
and cross-validated by the interviewee and/ or a second, independent researcher.
Besides interviews, other types of direct communication as phone calls and
conferences have been used to obtain and verify information.

A thorough document analysis of primary sources, such as minutes of internal
meetings and interviews, and in-company communication documents, as well as
secondary, public sources like websites, professional journals, reports of
workshops, policy letters, and policy documents have been triangulated with each
other and with the conducted interviews to draw a complete picture of the
different phases of the transition. The information obtained from the interviews
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and secondary data has been used to obtain a good overview of the actions and
tactics used during this process and to gain a comprehensive impression of the
overall situation and process.
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6.3 Theory
The multi-level perspective
The multi-level perspective model (MLP), as proposed by Schot (1988) and Kemp
& Rip (1998), and further developed by especially Geels (2002; 2011), is a
commonly used framework to map and analyse transition dynamics.[7,9,10,18] Three
analytical and heuristic levels are distinguished in the MLP model, and will serve
as sensitizing concepts in this study. The dominant configuration of practices and
structures is called the regime. The regime originates from long-term processes of
solving central problems in a particular way. Dominant practices and associated
structures (in the form of institutional rules, material infrastructures and dominant
discourses and lifestyles) reproduce each other, privileging traditional and
constraining and complicating novel practices.[18–20] A transition is a regime change,
as a response to novel problems (side effects of regime practices, consequences of
exogenous changes) which regime practices are not able to deal with. One source
of a transition is instabilities in the regime: internal tensions, disagreements,
debates and internal conflicts,[7] which may destabilize a system as we know from
neo-institutionalist studies.[21,22] A central theorem in transition theory[8] is that a
transition may occur when instabilities and negative feedbacks within the
incumbent regime constructively interfere with changes in two other levels.

First, a transition may be promoted by long-term, slow changes in the so-called
landscape; examples are the politicization of side effects like climate change and
eutrophication,

individualization,

globalization

and

changing

geo-political

relations. Such long term trends to exert pressure on regime practices, and (may be
mobilized to) lend legitimacy and direction to niche practices. They may also
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induce structural change. In all these ways, changes at the landscape level may (be
mobilized to) contribute to transitions.

Second, experimental new practices may be tried out and tested in the so-called
niches: areas where they are (partially) shielded off from the sphere of influence of
the incumbent regime. A niche allows for out-of-the-box thinking, free from
existing (institutional, material and discursive) regime structures; and to protect
the innovations from market rejection during the early stages.[10,23] These breeding
places for innovations are often a cooperation of different interdisciplinary actors
(e.g., users, producers and the government) and facilitated by national subsidies or
strategic investments by commercial companies in the form of a pilot study or
R&D laboratories. Shaping expectations, network building and learning are the
main mechanisms by which a niche may further develop into more mature
innovations, together with the structural embedment they need; in the analysis
below, we will use them as sensitizing concepts. Thus, they may help shape a more
or less rudimentary new regime, based on new and/ or transformed regime
elements.[12,24]

Strategic Niche Management
The originators of MLP theory have translated their theory of the constructive
interference of changes at the three levels (landscape, regime and niche level) into
the strategic niche management (SNM) tool for promoting transitions. Originally,
this notion took a bottom up perspective, emphasizing how expanding niches over
time would take over the regime. Several scholars criticized this approach for
neglecting the degree of stability of regimes (as affected by landscape trends or
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intrinsic regime instabilities) as a factor of co-shaping opportunities for
transitions.[12,25]

Geels and Schot, recognizing this criticism, have proposed that this bottom-up
dynamics is only one out of various possible so-called ‘transition pathways’.[26]
Based on two dimensions (the nature of landscape changes [27] and the degree of
maturity of niches) they have looked into several tens of historical transitions to
identify four pathways.[26,27]
1.

Transformation. In this pathway the developments on a landscape level
exert pressure on the regime level, but the niche innovations are not ready
and fully developed yet. Incumbent actors will react through adjusting the
niche innovations and use the experiences gathered from these modified
niche innovations. The experience of the niches can be translated and
incorporated into the regime.[1]

2.

Reconfiguration. In this pathway niche innovations are more developed
than in the transformation pathway when the landscape level exerts
pressure on the regime. Incumbent regime actors can use niche
innovations symbiotic to the existing regime supplementary to the existing
technologies to solve specific problems. The adoption of the niche
innovations in the regime can change the basic regime structure.

3.

Technological substitution. Niche innovations are already in a welldeveloped stage when the pressure from the landscape level occurs on the
regime. These niches can break through due to the tensions in the regime
as a result of the landscape pressures.

4.

Dealignment and realignment. This pathway has been characterized by the
major landscape pressures, which result in the decomposition of the
existing regime, which is called dealignment. This gives an opportunity for
the numerous niche innovations to get into the regime level. After a certain
period, the best niche innovation will be chosen which will lead to the
newly created, stabilized regime (realignment).
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As Grin (2008) has argued, turning this more nuanced perspective into full-fledged
governance concept requires the introduction of an actor perspective on how to
change at the three levels, with respect to each other.[28] While he argues[8,28] that
insight in such MLP-based pathways may help to strategically inform contacts, and
has pointed to planning literature to elaborate how such connections may be
understood as connecting novel practices and structural change, the work done by
such actors is still ill-understood.[8,28] Here, institutional entrepreneurship
literature[15,29,30] may help to develop an analytical framework for our case study.

Institutional entrepreneurship
Institutional entrepreneurship has been introduced in 1988 by DiMaggio as an
alternative for the earlier explanation of institutional changes through exogenous
shocks.[15] He proposed that institutional entrepreneurs have a prominent role, as
catalysts and promotors of structural change by guiding the process in a good
direction.[31] This understanding views actors as capable of disengaging from their
normal social structure to act as a driver to change their social context, by building
new coalitions and lobbying, for example.

More specifically, the work done by institutional entrepreneurs has been specified
by Boehling, who has identified seven forms of institutional work (advocacy,
defining, mimicry, theorizing, enabling work, mythologizing, embedding and
routinizing) which can be used by internal institutional entrepreneurs to create the
most favourable conditions for innovations.[16] These seven forms, which are the
other sensitizing concepts used in this study, are described below in table 1.
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Table 1. Forms of institutional work in entrepreneurship processes by Boehling[16]

Forms of institutional work

Definition

Creative

Advocacy

The mobilization of political and regulatory

(Political activities for the

support

creation of institutions)

techniques

through
of

direct

social

and

deliberate

suasion

(lobbying,

promoting agendas, proposing or attacking
legislation)
Defining

The construction of rule systems that confer

(Political activities for the

status

creation of institutions)

membership or create hierarchies within a field

Mimicry

Associating new practices with existing sets of

or

identity,

define

boundaries

of

taken-for-granted practices, technologies and
rules in order to ease adoption
Theorizing

The development and specification of abstract
categories and the elaboration of chains of
cause and effect

Maintaining

Enabling work

The creation of rules that facilitate, supplement
and support institutions, such as the creation of
authorizing agents or diverting resources

Mythologizing

Preserving the normative underpinnings of an
institution by creating and sustaining myths
regarding its history

Embedding and

Actively infusing the normative foundations of

routinizing

an institution into the participants’ day to day
routines and organizational practices

The confluence of the two models
In this study, we propose a confluence of the MLP framework with strategic niche
management and institutional entrepreneurship. Both adherents of the MLP and
the institutional entrepreneurship acknowledge the existence of messy or wicked
problems; the conditions necessary to realize the right solution. The multi-level
perspective adherents believe that the conditions are established by creating
separated incubation rooms, niches, to develop the solution without external
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pressures or influences. The ‘right’ solution is created externally and not in the
regime. Institutional entrepreneurship deems that creating the right conditions in
the regime is necessary to realize a right solution and institutional entrepreneurs
can form these conditions. These entrepreneurs are not ‘super heroes’, but
promoters of new institutional arrangements, which can create an institutional
change.[32]

An additional factor, which is insufficiently described in the MLP model, is the
possible support of persons working in the regime, the institutional entrepreneurs.
Therefore, not only the technical sophistication to compete with the existing
technologies is important, but also the power of persuasion to congruence and
social adjustment of the different multi-actors from multiple regimes.

Fig. 1. Visualization of the conceptual model developed in this study; a combination of the multi-level
perspective Theory and the institutional entrepreneurship theory.
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Our conceptual model, which is a combination of the multi-level perspective
theory and the institutional entrepreneurship theory, is described as follows (see
also Figure 1). The development of new innovations takes place in incubation
rooms, far from the real commercial market, which is visualized as blue dots in the
niche level. The market, full of potential institutional entrepreneurs, is not yet
interested in these ‘not yet ready’ innovations. When these innovations have
outgrown their incubation room, some institutional entrepreneurs will pick up
some elements from these niche innovations which fits their frame of reference and
may enable, or promote the upscaling of these niches into the regime level (top
down) parallel to niche activities, focused on learning, shaping expectations and
network formation (bottom up). This has been visualized by the double arrow
connecting the niche with the regime level.

The theory of Geels describes the development of technologies from bottom-up,
which can function as starting tool for new innovations by institutional
entrepreneurs who will take these innovations into practice. [7] According to
Pacheco, institutional entrepreneurs promote new institutional arrangements,[32]
which are mainly built and developed in niches and picked up by these promoters/
institutional entrepreneurs. We have checked our conceptual model of the
confluence of these two theories using the Dutch phosphate transition as a case
study.
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6.4 Results
Case of the Dutch phosphate transition
Our case study is situated in the Netherlands, which has a surplus of phosphate in
the soil and in surface waters causing eutrophication, which is a serious
environmental issue. This phosphate waste problem is a direct consequence of the
overuse of fertilizers and having a rather large and intensive livestock sector,
which imports most of its fodder from overseas, especially the Americas. Since the
challenge to reduce phosphate waste concerning the quality of the Dutch water
bodies was politicized some forty years ago, there has been a continuing search for
solutions. In spite of this ‘landscape trend’, phosphate recycling and, hence closing
the cycle, has hitherto hardly been realized. The phosphate issue is so persistent,
because it is essentially both cross-sectoral and transnational. Yet, in recent years a
solution seems to have come within reach. It is rather apparent that one milestone
on the road to this success has been the launch of the Dutch Nutrient Platform in
2011, which is a collaborative arrangement of all actors involved.

Several key documents from involved stakeholders and interviews with key
players made clear that the initial trigger for the phosphorus transition was the
change in mind-set regarding wastewater, which changed from “waste” into
“energy” and soon after into “resources”.[33–35] To promote a specific solution for
the phosphate issue, the Dutch Nutrient Platform was established for phosphate
recovery from wastewater by precipitating struvite, which subsequently can be
recycled as phosphate fertilizer. In the coming sections, we will discuss in more
detail how this collaborative initiative could emerge, how it led to the Nutrient
Platform and how the Platform operated to promote a wider, systemic innovation.
We will also explore how congruence arose and cross-sectoral collaboration and
173

Chapter 6

action was achieved and how this relates to the MLP and institutional
entrepreneurship theory. This phosphorus transition in The Netherlands can be
divided into 5 episodes, where the seven different forms of institutional
entrepreneurship activities that we observed are highlighted below.
Episode 1 (before 2009): Paradigm shift at water boards: waste to resource
(nutrients, energy and water) and finding congruence with other stakeholders
The management and the mind-set of water boards completely changed over the
years. Namely, The Netherlands counted 3500 water boards in 1850, 36 in 2004 and
21 in 2018. These mergers changed the water boards from having a regional focus
to a much wider focus with strong collaborations, partly through joint institutes
and foundations. Important examples are STOWA (a think tank for innovation and
sustainability run by water boards, provinces and national government), the Dutch
water authorities (the association of the Dutch water boards, in Dutch ‘Unie van
Waterschappen’), consultancy agencies and several working groups. These
overarching foundations facilitated the development of a shared vision and
knowledge exchange on three levels, the state, the provinces and the water
boards.[33] Moreover, after the amendment of the Dutch water board act in 2007,
their management had to be democratically elected, which changed the interaction
with society and increased the focus on sustainability due to the public
accountability and organisation.[36] The water boards became interlocutors of other
governmental bodies (municipalities, provinces and the state) and almost all water
bodies became internationally active.[33]

In 2007, the Dutch Water Authorities developed a visionary working group, called
WaterWegen, that focuses on identifying the role of water boards in the changing
societal environment. The water boards were aware of climate change and
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environmental concerns and felt the responsibility to focus on their role and
develop sustainable innovation strategies.[33] The working group WaterWegen
comprises of volunteering employees of water boards to think out-of-the-box and
to change and widen the mind-sets of the water boards. It provides suggestions to
the water boards on innovations, which individual water boards then can adopt. In
the WaterWegen was the shared belief that innovations work better when
experiments are undertaken by a small group and then, when proven successful,
are taken up by other water boards. Its aim is not steering, but only facilitating via
discussions and information exchange.[34] In MLP terms, WaterWegen may thus be
seen as the start of a niche that would provide home to the SNM activities of
learning, shaping expectations and network formation.
The energy factory (ef)
Several companies and (semi) public institutes, including the Dutch Water
Authorities, have signed an agreement on multiannual energy efficiency
(Meerjaren energieefficientieakkoord) to improve their energy efficiency with 30%
in 2020 compared to 2005 (2% increase of energy efficiency per year). WaterWegen,
organized a contest in 2008 for innovative ideas that will contribute to strengthen
the societal position of Dutch Water Authorities. Four individual submissions
focused on the same idea: Creating an energy management at the WWTPs to
extract energy from wastewater and to realise the energy efficiency goals. The idea
of water board Aa en Maas, the energy factory, won the competition. Mid 2008, the
four water boards that came to the same idea jointly developed a concept for the
realization and implementation of energy factories. Soon after, the energy factory
network grew from four water boards to all water boards.[33,37] This development
reflected a trend amongst water boards from “waste” to “resource as nutrients,
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energy and water”, and was the start of a paradigm shift, stimulated by the
changing position of the water boards in society.
Next step: The resource factory (gf)
The changing expectations (from being solely treating waste to treating a valuable
stream) prepared the common ground for the recovery of valuable resources out of
wastewater, making WWTPs a commodity producer. The next step after this
paradigm change from only water purging to also energy production (the energy
factory) was the start of the extraction of resources, like cellulose and phosphate,
by the so-called resource factory (grondstoffenfabriek in Dutch (gf)), which merged
in 2011 with the energy factory into the so-called EFGF (energy factory - resource
factory).[37] Five water boards were the primary drivers of phosphate recovery at
the EFGF: Amstel, Gooi & Vecht (main driver), Aa & Maas, Drents Overijsselse
Delta, De Dommel, Rijn & IJssel, and Vallei & Veluwe.[38]
Episode 2 (2009): Establishing congruence between all stakeholders
While the EFGF was a joint undertaking between several water boards, they
differed amongst each other in terms of their precise interests regarding phosphate
recovery. For some water boards, P recovery primarily meant a way to improve the
surface water quality, while others appreciated it as a way to resolve the surplus of
phosphate due to the excess of manure. These differences were largely related to
the differences in conditions between regions. Interestingly, the direct trigger for
innovation was when some water boards were directly facing the problem that a
type of phosphate containing material, struvite, was clogging the pipelines. These
boards started to explore the possibilities to recover the phosphate via struvite (on
purpose) from communal wastewater to reduce the maintenance costs. More
precisely, this initiative was taken by Water Board Rijn en IJssel in 2006 in
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collaboration with a potato processor to deal with the latter’s wastewater by
producing struvite. This initiative to develop a struvite precipitator was born, and
was followed later by several water boards at communal wastewater treatment
plants. As first, Amstel, Gooi & Vecht (2013) and soon after also Reest en Wieden
(2013), and Aa en Maas and Vallei en Veluwe (2015) started producing struvite.[39]

The Dutch Water Authorities was well aware of its frontrunner position, as
indicated by the director in 2014. “Our motto is recovering everything valuable. This is
completely new and therefore pioneering work. There is a lot of interest from knowledge
institutes and companies. We need this cooperation. To supply the technology and to get an
outlet market of the recycled products. (Peter Glas).”[40] Therefore, the Dutch Water
Authorities nurtured, offering STOWA as a platform for mutual learning between
these pioneering water boards within the niche. Typical for a learning process in
niche experiments, it involved both developing the needed knowledge and
technology, and defining the changes in the role, tasks and responsibilities of water
boards implied in the initiative. This included the novel societal position of
wastewater treatment plants (WWTPs) that now also became supplying actors in
the phosphate market.

Several of these water boards had already been collaborating with each other,
under auspices of the Dutch Water Authorities, on recovering energy, and as they
had found out the systemic nature of the innovation, it did not take long for them
to start to collaborate on the phosphate recovery through struvite as well. They
benefitted from the STOWA as a platform for knowledge development and
problem solving.
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As we have seen, any solution to the phosphate issue essentially requires
collaboration with other sectors, such as the agriculture industry, engineering
companies and the chemical industry. Therefore, water boards started to enrol
actors from these sectors by involving them in several workshops and meetings
(network formation).

In May 2009, STOWA and engineering company Sweco invited companies from
up- and downstream the phosphate flows, as well as engineers from various
backgrounds. However, eventually, mainly participants from the wastewater
sector attended, due to cancellations from agricultural actors – apparently
reflecting a difference in interest between the wastewater and the agricultural
sector. In this workshop, several lectures where held concerning phosphorus
scarcity. The participants of the workshop discovered that, while they differed in
their precise problems definitions regarding phosphates, they could agree on a
solution strategy (recycling phosphate through the struvite route) that made sense
to all of them. They concluded that all actors responsible for water management
(water boards, provinces, municipalities, department of waterways and public
works and drinking water processors) would have to work together. Moreover,
they concluded that it was desirable to have one organisation which is committed
to dealing with the combined phosphate problem of both the water boards and the
agricultural sector, which could have been the start of the Nutrient Platform.[41]
Unfortunately, hitherto they had not managed to include actors from agriculture in
the learning process and network.

Following this workshop, other meetings were organized under auspices of the
Dutch Water Authorities to bring all stakeholders together. The Dutch Water
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Authorities acted as institutional entrepreneurs via framing new innovations and
tactics as solutions to their respective problems, and made the framing for each
actor appealing to the other stakeholders. The other stakeholders started to
understand the bigger picture of how the struvite route started to represent
congruence between them, as it provided solutions to their respective problems.

To start with, workshops and group interviews, organised by WaterWegen on
behalf of the Dutch Water Authorities in February 2010, made different fields
familiar with each other’s interests and visions. One of the main outcomes of these
workshops was the definition and creation of a shared vision, which was
afterwards discussed with the water board administrators and slightly finetuned.[42] Subsequently, the expectations were translated into ‘vision pillars’ and
presented to the administrators of the involved water companies. On one proposed
vision, the production of resources, energy and water, all the administrators of the
water boards unanimously agreed, which shows the joint vision on the production
of resources.[42] During these workshops, the participants had set goals for the
water boards for phosphate recovery of >60% (2020) and >90% (2030) reuse of
phosphate as a fertiliser ingredient for a competitive price. There was a joint belief
that individual responsibilities should be less strict and more diffuse, as long as
there was a common consensus to reach the shared targets. This shows that the
water boards were looking beyond their main tasks and problems, seeking to deal
with the phosphate problem in collaboration with new partners. Still remaining to
be done was to achieve congruency with the needs of industries (other than the
potato processor) and the agricultural sector. A key step toward this goal was the
establishment of the Nutrient Platform, which not only broadened the network but
– by operating at arm’s lengths distance from government – would also help
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achieve congruency with the not yet involved stakeholders from outside the water
industry.
Episode 3: Establishment of the Nutrient Platform, multi stakeholder
congruence and signing the Dutch value chain agreement
Parallel to the adoption by the water boards of a broadened understanding of their
mission, the nutrient flow task group (NFTG) emerged, started by the Dutch water
partnership (NWP) including the involvement of several other organisations,
initially to put P depletion (in developing countries) on the agenda. The NFTG
started in October 2009 as a collaboration with TA Steering committee, an
independent working group of the Dutch Ministry of Agriculture, Nature and
Food Quality, which labelled P scarcity as an important theme for the Netherlands.
The NFTG was a subsidized project, but by the end of the subsidy period the
involved organizations noticed that they had developed a rather fruitful
collaboration that they might as well extend to the entire county of The
Netherlands. They desired a structural driver/secretary on this topic; the idea to
start a Nutrient Platform was born.

On 13 January 2011, the Dutch Nutrient Platform was established on the initiative
of eight founders, the parties within the NFTG group (Aqua for all, GMB,
Grontmij, SNB, Thermphos, WASTE & WUR, together with NWP), from different
sectors: companies, knowledge institutes, NGOs. The platform was set up as an
intermediary, connecting multiple actors from waste processors, agriculture,
sanitation industry, fertiliser industry, NGOs, scientific communities and the
government, into a network. To show the individual willingness and commitment,
the members, at that time already 19, of the Nutrient Platform financed the
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position of Nutrient Platform Secretary, which also showed mutual commitment
and believe.

The Nutrient Platform wanted to clarify the individual, vested interests to speed
up the process in a value chain agreement. One of its aims was to develop a solid
business case for the recycling of phosphates throughout the whole value chain,
e.g. in the form of struvite, and a mature European market for recycled nutrients.
Its first achievement as institutional entrepreneur was formulating and concluding
the so-called the value chain agreement on the phosphate cycle (in Dutch:
ketenakkoord fosfaatkringloop) [defining].

The Dutch ministries played a strong, facilitating role within the process toward
that success, through positioning one proactive, entrepreneurial civil servant, as a
‘value chain director’, the driver of the Nutrient Platform. This value chain director
brought together several companies and ministries, using the announcement that
the State secretary of Infrastructure and Water Management, also on behalf of the
Ministry of Economic Affairs and Climate Policy, would sign to present the others
an offer they could not refuse [enabling work, mythologizing]. He also brought in
the Dutch Water Authorities, which thus got involved in the platform. Also, he
organized several workshops with governmental representatives and selected
partners to prepare the value chain agreement. Soon after the launch of the
platform, on 4 October 2011, the value chain agreement was indeed signed by the
State secretary, Nutrient Platform and 19 partners [defining]. It stated that the
common ambition and intentions of the national government of The Netherlands
in cooperation with multiple parties was the creation of a sustainable market for
recovered phosphates.[43] The partners showed that they were willing to invest in
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joint processes, on the basis of a shared long-term vision: to close the phosphate
cycle via an action plan to stimulate nutrient recycling with legislation.

The focus of the Nutrient Platform was regional, national and European. Since the
Netherlands had a surplus of phosphates, the focus on Europe was well justified as
a potential area of distribution of the secondary phosphates. This has also been a
driver for the ministries to finance the European conference in 2013 in Brussels,
which was the first step of the European Phosphorus Platform, established by the
value chain director of Nutrient Platform, the institutional entrepreneur, to spread
the knowledge gathered at national level to the European level.
Episode 4: Dealing with legal and institutional constrains
The jurisdiction of the tasks of water boards appeared to be a hurdle for the
implementation of phosphate recovery technologies at WWTPs. Historically, the
main goal of water boards as public bodies is the treatment of wastewater. It was
thus not evident that water boards had the legal competence to recover resources
and commercialize (!) these. A study, published by STOWA in 2012, concluded
that energy production for own use fits within the tasks of a water board, namely
purging of waste water, but the production of valuable, commercial resources
could be only possible if this is stated in a new law amendment. [44]

While this led to a lot of questions and doubts within the water sector, it did not
stop the sector from evolving, and new legal solutions were explored [enabling
work]. In 2014, STOWA and the Dutch Water Authorities commissioned a study
on the juridical constraints of wastewater treatment plants.[45] The authors
concluded that WWTPs can recover valuable products, as long as it is in line with
the execution of the juridical tasks of the water board, in this case the treatment of
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waste water. A letter by the Minister,[46] upon an inquiry by the Dutch Water
Authorities, had stipulated that as long as it does not infringe the EU competition
regulations, the recovered products could be sold for market-conform prices
[advocacy].[45] In the case of struvite, which is intentionally used to reduce the
maintenance costs of wastewater treatment, this is in line with their legal tasks.[45]
Nevertheless, there were still juridical challenges for the Dutch wastewater
treatment plants that are recovering phosphate as struvite to be used as a slow
release fertilizer. Due to its origin, mainly municipal wastewater, struvite was seen
as waste and the fertiliser act prohibits the use of waste as fertilizers.
Episode 5: Amendment of the Dutch Fertiliser Act
In November 2014, the Unie van Waterschappen organized a congress where a
Green Deal (an agreement between national government and a set of actors to
undertake sustainability action) was concluded. This Green Deal “grondstoffen
waterschappen”, for which the way had been paved by an earlier (2011) Green
Deal [mimicry] on the acceleration of the extraction of sustainable energy from
wastewater, which has been realized through lobbying of the Dutch Water
Authorities for the energy factory [advocacy], focuses on the recovery of valuable
resources from wastewater and sludge. It was signed by the Ministry of
Infrastructure and Environment, the Ministry of Economic Affairs, the Dutch
Water Authorities and STOWA [defining]. This shows that the Dutch government
was willing to facilitate and endeavour practical solutions for the current juridical
hurdles on the commercialization of struvite.[35]

On December 16, 2015, the Nutrient Platform and the EFGF, collaboratively
organized a meeting with seven members of the Dutch Parliament, to inform them
about success stories and advice them about phosphate recycling and the actions
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which had to be taken before the discussion of the house of representatives on
phosphate [advocacy].[47]

One of the first results of the green deal was the amendment in the rulings of the
Dutch Fertiliser Act (in Dutch: Uitvoeringsbesluit meststoffenwet) [advocacy].
Only struvite derived from the potato industry was included in the fertiliser act,
therefore using struvite from other phosphate rich sources (e.g., a WWTP) as a
fertiliser was still prohibited and had to be requested, reviewed and included for
each struvite producer individually, before it could be used as a fertiliser. Since
2013, struvite was produced at several WWTPs, but this struvite could not be sold
as a fertiliser yet. As an employee of Vallei en Veluwe mentioned after the launch
of their struvite precipitator (2015) that regulatory adaptions are necessary: ”To
exploit all opportunities, legislation has to be softened. The perspective of
wastewater has been changed. Wastewater is a source of sustainable energy &
resources which demands regulatory changes.”[48] After intensive lobbying from
the Dutch Water Authorities, EFGF and the Nutrient Platform, the Ministry of
Economic Affairs and Climate Policy started a notion on struvite and counselled
the WUR and NMI for advice on the possibility to include struvite into the Dutch
Fertiliser Act and on the prerequisites of the products [enabling work].[49] The
WUR and NMI conducted several interviews with stakeholders, and found out
that the end-of-waste status of struvite and the lack of legal instruments to allow
the use of struvite as a fertiliser was considered by the Dutch industry hampering
the use of struvite in agriculture.[50] There was a demand from the industry for a
generic regulation concerning all types of struvite. The government adapted the
Dutch Fertiliser Act accordingly after the lobbying of the Nutrient Platform
representing its members. Struvite can be traded in the Netherlands since 2015,
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due to this amendment and so inclusion of struvite as a fertiliser in the
Netherlands under certain conditions. A clear example of the tactic lobbying of
institutional entrepreneurs to change the political environment in favour of their
goal [advocacy].

Now the national regulation has been changed, still struvite could be exported
across borders. Therefore, Amsterdam, Gooi & Vecht (a water board),
Aquaminerals and the French water companies Suez and Veolia initiated the
inclusion of struvite as a case in the International Green Deal North Sea Resources
Roundabout (an initiative of The Netherlands, France and Belgian Flanders) to
make the first step towards the creation of a European struvite market via opening
up cross-border trade.

Some water boards decided to not become a commodity trader of struvite
themselves. Aquaminerals, established in 1995, was the trader of secondary raw
materials of the drinking water industry. Since January 2018, the water board Aa &
Maas, became a stakeholder as the first water board and wastewater processor part
of Aquaminerals to outsource the trading aspect. Aquaminerals uses its experience
in trading of secondary resources from the drinking water industry, to trade the
recovered phosphate products. This solves the trading issue and concerns of the
water boards. Other water boards use different constructions, as implementing an
Ostara technology, which has a lease construction of the technology and the owner
of the technology will be the seller of the struvite as well [enabling work]. Others
sell their struvite themselves to fertilizer companies. The focus is now instead of
only water, on energy, nutrients and other valuable products as high in the value
pyramid as possible as well. The water boards position themselves as proactive,
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entrepreneurial public entities and use their position in the water value chain to
work on societal challenges.
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6.5 Discussion and conclusion
Several factors can have an impact on the socio-technical regime; the innovations
within the niche level and the changes at the landscape level. Both factors play a
role in this case study. Environmental changes at the landscape level, such as the
surplus of phosphates in the Dutch soils, eutrophication of the lakes, the change of
culture within water authorities, and political issues as the uncertainty and
dependency of resources leading to the inclusion of phosphate rock into the
European critical raw materials list, cause a slow, creeping but continuing change
at the landscape level. On the other hand, niches as the energy factory and later the
resource factory put pressure on the regime level as well. Due to the excess on the
one hand and the political dependency on the other hand, the government has put
phosphate on the agenda, the farmers have to adapt their common practices
regarding fertiliser use and the WWTPs can implement phosphate removal
technologies to avoid leaching of phosphates without legal hurdles.

The Nutrient Platform is a clear example of a bottom up (the need and
commitment from the companies in the NFTG – niche level) in combination with a
top down approach (the financial and in-kind aid of the Ministry – regime level).
The government was able to take the lead via the value chain director at the
Nutrient Platform and the willingness to invest in different stages and develop a
long-term strategic vision, as financing the start of the European sustainable
phosphorus platform established by the Nutrient Platform. With the Nutrient
Platform, and later the European sustainable phosphorus platform initiated by the
Nutrient Platform, an identity was created which was represented by a
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spokesperson. This sealed the intense cooperation among the several institutional
entrepreneurs.

The five episodes of the Dutch phosphate transition can be divided into two
trajectories. In the first, mainly strategic niche management, focused on learning,
shaping expectations and network formation, took place. This yields, in the first
two episodes – and partly episode 3 – the construction of multi-stakeholder
governance and congruence, and thus alignment of the technical aspect with the
social political aspect. Episode 1 focuses on the social network analysis and the
analysis of expectations of the involved stakeholders. The Dutch Water Authorities
encourages the paradox of embedded agency with its working group WaterWegen,
actors that are stimulated to impose a change of the institutions, the water boards
where they are working for, collaboratively. It started with a paradigm shift at
water authorities concerning their role in society, from purging water to energy
producer to resource producer. The Dutch Water Authorities and the founders of
the Nutrient Platform noticed in parallel that the phosphate transition could only
be realized by including all the multiple stakeholders for semi-coordinated action
and establishing mutual congruence. Due to the cooperation and collective actions,
initiated by the water boards and other companies and partners itself, a shared
believe, vision and mutual commitment was established and created. Via building
up the approach of, the at first niche idea, the energy factory, the Dutch Water
Authorities and the four involved water boards were setting the standards for the
other water boards on this topic. During workshops and conferences, the involved
partners were beyond their main tasks and problems and tried to solve the main
problem together without infringing their goals.
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In the third episode, a multi-stakeholders governance brought all actors from
diverse sectors and social spheres, such as the water authorities, fertilizer industry,
governmental bodies, NGOs, scientific communities together with the mean to
create a cross-sectoral, multi-stakeholders alliance with vested interests concerning
the phosphate problem. This paved the way for the second trajectory in which
institutional entrepreneurship became the dominant activity.

In episode 3, one resource-full actor, with a strong network in both the
governmental bodies and the private partners, showed strong entrepreneurial
activities. He brought these cross-sectorial stakeholders together and via strong
advocacy enabled the first standardization of set regulations and agreements
under the aegis of the Nutrient Platform. This shows strong advocacy and defining
forms for the creation of the new form of institutional work. In doing so, he could
draw on the legitimacy yielded by the promises of the joint solution on the one
hand, and on the other hand the commitment from the government implied in the
value chain agreement. Similarly, the advocacy from the Nutrient Platform led to
the amendment of national legislation that facilitate the commercialization of
struvite as fertilizer and collaboration between institutes - facilitating the new P
recovery trend among the involved institutions. Also, new formal rules were
negotiated on the basis of which water boards could trade resources; and a
distribution company was hired to take over the commercialization of the struvite.

Even the legal and institutional constrains did not stop the institutional
entrepreneurs, through lobbying, they solved the two main juridical challenges.
The first challenge was the question if producing secondary commercial products
fitted in the role of water boards as a public organ. The Nutrient Platform and the
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Dutch Water Authorities had contact with several stakeholders including the
government, which resulted in a confirmation of the minister that the water boards
could produce struvite. The second juridical hurdle was the waste label of struvite,
which hindered the commercialization of the product. This hurdle was tackled
after the Nutrient Platform lobbied at the ministries in the name of all involved
partners.

In short, both pressures from landscape and niche level affected the Dutch
phosphate regimes. In the early stages, mainly strategic niche management as the
congruence of stakeholders took place, followed up by institutional activities as
advocacy and enabling work from episode 3. This shows that the phosphate
transition is a clear example of a confluence of the MLP framework and the
institutional entrepreneurship theory.
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Summary
Phosphorus (P) is essential for all forms of life. It cannot be substituted and it is
indestructible as it is a chemical element. Each year, 263 million tons of phosphate
rock is mined, but only a fraction makes it back into the soil. Crops are consumed
and end up in the sewage system as waste. Even though phosphorus is a scarce
element, most phosphorus is lost in water bodies after consumption, leading to
extreme algae growth and water pollution. Humanity could only produce half of
the food that it does today when phosphorus-containing fertilizers could not be
added to the soil. Therefore, phosphates should be recovered and recycled to close
the cycle.

In this PhD thesis entitled “Sustainable use of phosphorus: capturing the
philosopher’s stone” several essential aspects for converting our current linear P
economy to a circular P economy have been discussed. Growing cities entail
challenges, but opportunities too. Nowadays, waste is controlled at centralized
wastewater treatment plants (WWTPs), which enables urban mining. A particular
solution is the recovery of P at these urban mines as struvite or sewage sludge ash,
which is progressively more implemented.
In Chapter 1, the current status quo of the phosphorus market has been described.
Phosphate reserves are not equally spread around the world, with three-quarters
located in Morocco and The Western Sahara. Moreover, studies regarding the
estimated time until depletion of phosphate rock deviate significantly with respect
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to each other. The main intermediary compounds for phosphorus products are
phosphoric acid, mainly used for fertilizers, and white phosphorus, which is the
key building block for the chemical P industry. About 95% of phosphoric acid is
made via the wet-process by acidulation of phosphate rock to create wet
phosphoric acid as well as phosphogypsum and hydrogen fluoride. An important
aspect for the processing of phosphate rock is the quality of the rock, which is
dependent on the ore type (sedimentary or igneous), level of radioactivity and
hazardous metal contents. Wet phosphoric acid can be further purified via
extraction and precipitation processes to obtain phosphoric acid comparable to that
produced by the thermal process.

Currently, phosphate rock is used as the starting material, but with the focus on a
circular P economy it is interesting to investigate secondary phosphates harvested
from urban mines, such as struvite, too (Chapter 2). Recent work, published by
Chen et al., has been considered by the European Commission for guidance
concerning the revised fertilizer regulation. Chen et al. states that application of
struvite alters the antibiotic resistome in soil. They did, however, not describe their
struvite recovery method and found that various antibiotics were detected in
struvite, while other studies have shown that organic contaminants are typically
not present in struvite after precipitation. To date, most struvite is recovered from
municipal sources with significantly lower levels of antibiotics than what is found
in the piggery wastewater that the authors investigated. Therefore, the use of the
research of Chen et al. to guide policy for recovered phosphate products is
inappropriate.
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To analyse the health risks of the use of struvite, we have studied the uptake of
pharmaceuticals into the crops fertilized with contaminated struvite in
combination with the NH4+ adsorbent materials biochar and zeolite, described in
chapter 3. Five fertilizers were prepared by nutrient recovery from urine spiked
with six pharmaceuticals using: struvite crystallisation (1), struvite crystallisation
combined with N adsorption on zeolite (2) or biochar (3), N adsorption on zeolite
(4) or biochar (5) without struvite crystallisation. The fertilizer with the highest
purity product and the lowest uptake of pharmaceuticals was struvite combined
with zeolite (2).

The bioaccumulation of pharmaceuticals in tomato fruit biomass from each of the
contaminated fertilizers in the crop trial was found to be lower than 0.0003% in all
cases, which is far below the acceptable daily intake (ADI) levels (750 kg of dry
tomatoes should be consumed per day to reach the ADI limit). Consequently, the
subsequent risk to human health from tomato fruit grown using urine derived
struvite-sorbent fertilizers is found to be insignificant.

In order to reach a circular phosphorus economy, it is essential to define the
specific flows and recovery potential of the greatest P losses in the cycle. We have
developed for the first time such a complete, quantitative overview, which
highlights the potential of urban mines for P recovery in the Netherlands (chapter
4). Appropriate P recovery technologies are already available to prevent
phosphorus losses at wastewater treatment plants or via sewage sludge ash
treatment, yet these are not widespread implemented. Furthermore, we formulated
several P recovery scenarios to illustrate the recovery potential for The
Netherlands and its relation to the current national phosphorus demand.
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Our results show that The Netherlands can be self-sufficient for its own fertilizer
production, if P from the prospective urban mines is recovered and recycled
efficiently. 100% of the Dutch sewage sludge is already mono-incinerated into
sewage sludge ash. In weight, the P in the Dutch sewage sludge ashes can cover up
to 275% of the Dutch fertilizer demand, from which 121% is the high quality Bio-P
ashes.

We have also calculated the recovery potential by implementing struvite
precipitators at the larger WWTPs (>50.000 population equivalent), of which thus
far about two-third have implemented Bio-P removal. If all WWTPs that currently
use Bio-P removal will implement the most effective struvite precipitator, 79.7% of
the P of our fertilizer demand can be covered. 539–3.187 ton of P/yr can be
recovered in the form of struvite, which corresponds to 4.401–26.027 ton of
struvite/yr. If all WWTP will use Bio-P removal and implement a struvite
precipitator, this will afford 1.144–4.579 ton of P/yr, which corresponds to 114.5%
of the Dutch fertilizer demand. The next step after recovery is recycling. Therefore,
it is vital for the creation of a circular phosphorus economy that the end-products
have a market demand and can be applied as high-grade fertilizer.

We have addressed the current status quo of phosphate production, the quality of
the recovered products and the potential to cover the national demand; other
essential aspects for a P recovery transition are the drivers and barriers of the
actual implementation of the technologies (chapter 5). Several key stakeholders
involved in this transition in The Netherlands were interviewed, which enabled us
to address the current barriers and drivers of phosphate recovery transition from
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urban mines from a political, economic, social, technical, legal and environmental
viewpoint. The main barriers found for fertilizer companies were the different and
unclear characteristics of struvite compared to common fertilizers and the end-ofwaste status of struvite that hinders free market trade. Many water boards indicate
that the main barrier is the high investment cost with an uncertain return on
investment for on-site struvite recovery processes. The main driver for struvite is
the reduction of maintenance costs of the wastewater treatment plants and for
phosphorus recovery from sewage sludge ash the low organic pollutants in the P
recovery product.
The Netherlands is a front-runner on phosphate recovery and therefore an
interesting case for understanding sustainable transitions, which is analysed in
chapter 6. Several frameworks exist to understand socio-technical transitions. In
this study, a framework will be discussed which combines the multi-level
perspective, explaining the pressures from the niche and landscape level, with
institutional entrepreneurship to clarify the entrepreneurial activities within the
regime based on happenings and entrepreneurial activities explored within the
Dutch phosphate transition.
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Fosfor (P) is essentieel voor alle vormen van leven. Het is onvervangbaar en
daarnaast onverwoestbaar aangezien het een scheikundig element is. Ieder jaar
wordt 263 miljoen ton fosfaaterts gedelfd, maar alleen een fractie van dit gemijnde
fosfaat vindt zijn weg terug in de aarde. De geoogste gewassen worden
geconsumeerd en de fosfaten die zich daarin bevinden komen na consumptie in
het riool terecht als afval. Ondanks dat fosfor een schaars element is, eindigen de
meeste fosfaten uiteindelijk in oppervlaktewater, wat leidt tot extreme algengroei
en watervervuiling. We zouden vandaag de dag slechts de helft van ons huidige
voedsel kunnen produceren indien er geen fosfaathoudende (kunst)mest wordt
toegevoegd aan de landbouwgronden. Dit zijn de hoofdredenen waarom fosfaten
zouden moeten worden teruggewonnen en gerecycled om de fosfaatcyclus te
sluiten.

In dit proefschrift getiteld “Duurzaam gebruik van fosfor: de steen der wijzen gevangen”
worden verschillende essentiële aspecten besproken voor het omzetten van ons
huidig lineair gebruik van fosfor naar een circulair proces. Groeiende steden
brengen uitdagingen met zich mee, maar ook kansen. Tegenwoordig wordt
afvalwater gecontroleerd verzameld in rioolwaterzuiveringsinstallaties (RWZI’s)
wat het mogelijk maakt om deze RWZI’s te gebruiken als zogenaamde
stadsmijnen. Een mogelijke oplossing is het herwinnen van P uit deze stadsmijnen
in de vorm van struviet of slibas, iets dat steeds vaker wordt toegepast.
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In hoofdstuk 1 wordt de huidige stand van zaken van de fosfaatmarkt belicht.
Fosfaatbronnen zijn niet gelijk verspreid over de wereld; grofweg driekwart
bevindt zich in Marokko en de Westelijke Sahara. Bovendien loopt de schatting
van de tijd tot de uitputting van deze bronnen wezenlijk uiteen in de verschillende
studies. De belangrijkste tussenproducten voor fosforproducten zijn fosforzuur,
voornamelijk gebruikt voor de kunstmestindustrie, en witte fosfor dat gebruikt
wordt als bouwsteen in de chemische industrie. Ongeveer 95% van het fosforzuur
wordt geproduceerd door het ontsluiten van fosfaaterts met een sterk zuur wat
resulteert in fosforzuur met als bijproducten fosfogips en waterstoffluoride. Een
belangrijk aspect voor het verwerken van fosfaaterts is de kwaliteit van het erts,
dat afhankelijk is van het type gesteente (sedimentair- of stollingsgesteente), het
hoeveelheid radioactieve straling en het metaalgehalte. Het verkregen fosforzuur
kan verder worden gezuiverd via extractie- en precipitatiestappen om zo zuiver
fosforzuur te verkrijgen dat vergelijkbaar is met fosforzuur geproduceerd via het
thermische proces.

Op dit moment wordt fosfaaterts gebruikt als grondstof, doch met de focus op een
circulaire P economie is het interessant om secundair fosfaat gewonnen uit de
stadsmijnen, zoals struviet, ook te onderzoeken (hoofdstuk 2). Recent werk
gepubliceerd door Chen et al. is meegenomen door de Europese commissie als
richtlijn voor de herziening van de Europese meststoffenwet. Chen et al. beweren
dat het gebruik van struviet als kunstmest de antibiotische resistoom in de grond
verandert.

De

auteurs

herwinningsmethode

zij

hebben

echter

niet

hebben

gebruikt.

Zij

beschreven

welke

detecteerden

struviet

verschillende

antibiotica in struviet, terwijl andere studies laten zien dat organische
verontreinigingen na precipitatie niet meer aanwezig zijn in struviet. Op dit
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moment worden de meeste stuvieten herwonnen uit stedelijk afvalwater met
significant lagere hoeveelheden antibiotica dan in varkensmest - de bron die de
auteurs hebben gebruikt voor hun onderzoek. Hierdoor is het niet verstandig om
het onderzoek van Chen et al. als richtlijn te gebruiken voor het beleid omtrent alle
soorten herwonnen struviet.

Om het mogelijke gezondheidsrisico bij het gebruik van struviet te analyseren,
hebben wij de opname van medicijnen in gewassen die bemest zijn met
verontreinigd struviet in combinatie met de NH4+ adsorberende materialen biochar
en zeoliet bestudeerd. Dit staat beschreven in hoofdstuk 3. Vijf verschillende
soorten kunstmest waren geprepareerd door terugwinning van nutriënten vanuit
urine dat verrijkt was met zes verschillende soorten medicijnen met behulp van
struviet kristallisatie, struviet kristallisatie gecombineerd met N adsorptie via
zeoliet of biochar en N adsorptie via zeoliet of biochar zonder struviet kristallisatie.
De kunstmest met de hoogste zuiverheid en de laagste opname van medicijnen
was struviet gecombineerd met zeoliet.

De bioaccumulatie van medicijnen in tomatenvruchtvlees van de geprepareerde
kunstmest is onderzocht door middel van een oogstproef. Hieruit bleek dat in alle
gevallen de hoeveelheid medicijnen onder 0.0003% lag, wat significant lager is dan
de aanvaardbare dagelijkse inname (ADI). Om het ADI-niveau te bereiken moet
men 750 kg droge tomaten consumeren per dag. Concluderend kan men stellen dat
het risico van de consumptie van tomaten bemest met struviet in combinatie met
zeoliet of biochar voor de menselijke gezondheid zeer beperkt is.
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Om een circulaire P economie te verwezenlijken is het essentieel om de specifieke
fosfaatstromen in kaart te brengen samen met het herwinningspotentieel van de
grootste P verliezen in de cyclus. We hebben voor het eerst een dergelijk compleet,
kwantitatief overzicht ontwikkeld dat de potentie van stadsmijnen voor P
herwinning in Nederland belicht (hoofdstuk 4). P herwinningstechnieken bestaan
reeds, en deze kunnen al in de RWZI’s of bij de monoverbrander worden
geïmplementeerd.

Deze

technieken

zijn

alleen

nog

niet

wijdverspreid

geïmplementeerd. In dit hoofdstuk hebben we meerdere scenario’s geformuleerd
om de potentie van de verschillende herwinningsmethoden voor Nederland te
illustreren in vergelijking met de huidige nationale P behoefte.
Onze resultaten laten zien dat Nederland zelfvoorzienend kan zijn in haar
kunstmestgebruik, indien P vanuit de beoogde stadsmijnen wordt herwonnen en
efficiënt gerecycled. 100% van het Nederlandse slib wordt al monoverbrand als
slibas. Deze slibassen kunnen 275% van de Nederlandse vraag voor kunstmest
dekken, indien de slibassen kwantitatief omgezet kunnen worden in kunstmest.
Daarbij betreft 44% van de slibassen de hoogwaardige Bio-P slibassen.

Daarnaast

hebben

we

ook

het

herwinningspotentieel

berekend

indien

verschillende struviet-precipitators worden geïmplementeerd in grotere RWZI’s
(>50.000 inwonerequivalenten), waarvan op dit moment meer dan tweederde
biologische fosfatering gebruikt. Als alle RWZI’s die op dit moment gebruik maken
van

biologische

fosfatering,

de

meest

effectieve

struviet-precipitator

implementeren kan 79.7% van onze vraag naar P als kunstmest worden afgedekt.
539–3.187 ton P/jr kan worden herwonnen in de vorm van struviet, wat
overeenkomt met 4.401–26.027 ton struviet/jr. Als alle grote RWZI’s (>50.000
inwonerequivalenten) biologische fosfatering implementeren alsmede een struviet-
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precipitator dan zal dit resulteren in 1.144–4.579 ton P/jr, wat gelijk is aan 114.5%
van de Nederlandse vraag naar kunstmest. De cruciale stap na herwinning is
recycling. Daarom is het essentieel voor de realisatie van een circulaire economie
dat de herwonnen eindproducten de behoefte van de markt vervullen en kunnen
worden toegepast als hoogwaardige kunstmest.

Andere

essentiële

aspecten

om

rekening

mee

te

houden

in

de

P

herwinningstransitie zijn de stimuli en barrières van de implementatie van de
herwinningstechnieken (hoofdstuk 5). We hebben verscheidene belangrijke
stakeholders geïnterviewd die betrokken zijn bij deze transitie in Nederland, wat
ons de mogelijkheid gaf om de huidige barrières en stimuli voor de fosfaattransitie
te adresseren vanuit een politiek, economisch, sociaal, technisch, wettelijk en
milieutechnisch

perspectief.

De

geïdentificeerde

barrières

voor

de

kunstmestindustrie waren de onduidelijke eigenschappen van struviet vergeleken
met de huidige kunstmest, en daarnaast de einde-afvalstatus van struviet die vrije
markthandel hindert. Verschillende waterschappen hebben aangegeven dat de
belangrijkste barrières voor hen de hoge investeringskosten zijn in combinatie met
een onzeker rendement op de investering voor de installatie van struvietherwinningstechnieken. De stimulus voor struvietwinning is de reductie van de
onderhoudskosten van de RWZI’s, en voor de P herwinning uit slibas de lage
concentratie organische contaminanten in het herwonnen product.

Nederland is een koploper op het gebied van fosfaatterugwinning en biedt daarom
een interessante casus om duurzame, socio-technische transities beter te begrijpen.
In hoofdstuk 6, tevens het laatste hoofdstuk, wordt een model besproken waarbij
twee socio-technische theorieën gecombineerd worden, namelijk het multi-level
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perspectief, waarin de invloeden van niche en landschapsniveau besproken
worden,

alsmede

het

institutionele

ondernemerschap

om

de

ondernemersactiviteiten binnen een regime te verhelderen via het bestuderen van
gebeurtenissen binnen de Nederlandse fosfaattransitie. De opgedane kennis vanuit
dit proefschrift kan handvatten en inzichten bieden met betrekking tot het
ontwikkelen van een duurzaamheidsstrategie voor het stimuleren en versnellen
van het recycleren van fosfaat alsmede andere transities om een circulaire
economie te verwezelijken.
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