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Abstract 
Phosphorus (P) is an essential element for all life on our planet. During the past 

century anthropogenic consumption of P has reached critically unsustainable levels, the 
mining of finite phosphate rock and the dispersion of this resource could lead to resource 
scarcity in the future. The need to increase knowledge and understanding for the P system 
is an essential part of sustainable decision making. In this thesis the P balance of Sweden is 
characterised and quantified using material flow analysis methodology. Furthermore, the 
study provides a solid foundation of knowledge and understanding of the current state of P 
balance in Sweden. Major challenges are highlighted and further improvement potential is 
established for the Swedish flows of P. The major identified contributors to the Swedish P 
balance are the consumption of mineral fertilizers, the consumption patterns in society and 
the waste management. Moreover, there is a need to reduce the emissions of P to the 
environment in order to preserve natural state. The most effective ways of reducing the 
emissions are to reduce inputs to the system and improve the system efficiency through 
technical solutions, political tools and financial incentives. It is important to reduce 
emissions without shifting of burdens onto others. The anthropogenic activities in Sweden 
have a significant impact on the environment, this is due to Sweden importing P fertilizer 
that is added to the system. Nevertheless, there is a large potential for improvement of P 
resource management, where recycling and reuse of P is highlighted. Furthermore, Sweden 
has historically proven that political action and financial incentives are effective in reducing 
emissions.  
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Phosphorus, Material Flow Analysis, Sweden, Sustainable Resource Management, 

Geochemical Flows 
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Sammanfattning 
Fosfor (P) är ett väsentligt element för allt liv på vår planet. Under det senaste 

århundradet har den antropogena förbrukningen av P uppnått kritiskt ohållbara nivåer, 
brytning av begränsade mängder fosfatmalm som finns och spridningen av denna resurs kan 
leda till resursbrist i framtiden. Behovet av att öka kunskapen och förståelsen för P systemet 
är en väsentlig del av hållbart beslutsfattande. I denna avhandling karakteriseras och 
kvantifieras P balansen i Sverige med hjälp av metoder för materialflödesanalys. Dessutom 
ger studien en stadig grund för kunskap och förståelse för det nuvarande tillståndet för 
fosforbalansen i Sverige. Viktiga utmaningar lyfts upp och ytterligare förbättringspotentialer 
fastställs för de svenska flödena av P. De viktigaste identifierade påverkningsfaktorerna till 
den svenska P-balansen är konsumtion av mineralgödselgödsel, konsumtionsmönstren i 
samhället och avfallshanteringen. Utöver detta, finns det ett behov av att minska utsläppen 
av P till miljön för att bevara ett naturligt tillstånd. De mest effektiva sätten att minska 
utsläppen är att minska tillförseln av P till systemet och förbättra systemeffektiviteten 
genom tekniska lösningar, politiska verktyg och ekonomiska incitament. Det är viktigt att 
minska utsläppen utan att förskjuta bördorna på andra. Den antropogena verksamheten i 
Sverige har en betydande påverkan på miljön, detta beror på att Sverige importerar P gödsel 
som läggs till systemet. Ändå finns det en stor potential för förbättring av P 
resurshanteringen, där återvinning och återanvändning av P framlyfts. Dessutom har 
Sverige historiskt bevisat att politiska åtgärder och ekonomiska incitament är effektiva för 
att minska utsläppen 

Svensk Titel 
Fosforbalansen i Sverige 

Nyckelord 
Fosfor, Materialflödesanalys, Sverige, Hållbar Resurshantering, Geokemiska Flöden 
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1. Introduction  
Phosphorus (P) is an essential element for all life on our planet, it is a fundamental 

building block for all living organisms, P enables energy transfer in our cells and the 
production of DNA, amino-acids, proteins and more (Smil, 2000; Westheimer, 1987). 
Phosphorus is a finite resource that is the most commonly found in the form of phosphate 
rock (PR). In a natural system P cycle is slow as; the nutrient is released from mineral rock 
trough weathering, erosion and lithospheric activities. The minerals released to soils are 
then cycled through organisms in the biosphere. After which, the element is dispersed by 
water flows to the world oceans, where new bedrock is formed and the cycle is complete. 
However, this natural cycle is under threat from current anthropogenic activities, the 
element is mined at unprecedented rates and dispersed to the natural system through use of 
fertilizers to support our intensive agriculture (Ott and Rechberger, 2012; Fixen and 
Johnston, 2012). As P is often the growth limiting factor in natural environments, especially 
aquatic systems therefore, the excessive release of P can have profound negative impacts 
such as eutrophication such as overgrowth of algae when the nutrient becomes readily 
available (Smil, 2000; Ning et al., 2018). While the element phosphorus is an invaluable 
resource for human existence and a fundamental corner stone modern of agriculture. The 
human impacts on the natural environment through the exploitation of P are inadmissible.  
 

The interest in characterisation and understanding of biogeochemical cycles has 
increased in the last few decades, in recent years interest has increased especially for 
phosphorus (Herrmann, 2014). The attention to the characterization of the biogeochemical 
flows of different elements such as carbon (C), nitrogen (N) and sulphur (S) lies especially 
with the increasing concentrations of greenhouse gases (GHG) in the atmosphere due to 
anthropogenic activities. Some examples of GHGs are carbon dioxide (𝐶𝑂2) and methane 
(𝐶𝐻4) emission. Other examples are gases from nitrogen and sulphur that are emitted in the 
forms of nitrogen oxides (𝑁𝑂𝑥)  and sulphur oxides (𝑆𝑂𝑥). These gases contribute to climate 
change as well as widespread acidification of water. These compounds have seen an increase 
in attention in the scientific community as well as catching the eye of the public due to the 
increasing threat of climate change. It is clear that the human impact on earth is ever 
increasing in magnitude since the industrial revolution, use of P has enabled the 
development of our agriculture which in turn has allowed us to feed a larger world 
population. However, the costs of this development are pollution of our waters and the risk 
of depletion of this invaluable recourse. Some scientists argue that we have now reached the 
Anthropocene, the geological time period where mankind has become the dominant driving 
force influencing our climate and environment. According to Rockström and Klum (2012) 
and Steffen et al. (2015) the anthropogenic use of P together with N, has exceeded the 
estimated safe threshold values for biogeochemical flows set by the planetary boundary 
framework (Rockstrom and Klum, 2012; Steffen et al., 2015).  

 
A driving factors for the increased use of phosphorus fertilizers are the increasing 

production of food and intensity of agriculture, this might be the result of the increasing 
human population or the global consumption patterns (Smil, 2000). The environmental 
impacts of P emissions have long been known and the work to reduce the emissions to water 
has already been conducted to a wide extent. However, little effort has so far been directed 
towards understanding the flows of P in society in order to proactively approach the 
consumption of the finite resources. The pace and magnitude, at which the resource is being 
consumed or even depleted, is by many considered unsustainable.  Several scientific articles 
and popular science publications highlighted the ever increasing global issues surrounding 
sustainable resource management of phosphorus (Ott and Rechberger, 2012; Cordell et al., 
2011; Smit et al., 2009; Smil, 2000; Ning et al., 2018; Rockström and Klum, 2012).  
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In this study the phosphorus flows in Sweden are quantified and presented in the 

form of a material flow diagram. The P balance of Sweden is put into perspective with the 
global issues regarding sustainable resource management of P to highlight, the main 
national challenges. The quantification of the Swedish system in the form of the material 
flow diagram using Material Flow Analysis (MFA) methods provides a better understanding 
of the impacts of anthropogenic interaction and interference with the natural element flows. 
The characterisation of the phosphorus balance of Sweden allows to identification of barriers 
and draw conclusions for potential improvements. Studies such as this, that are within the 
field of Industrial Ecology (IE) can help to mitigate the future barriers by providing a solid 
foundation of knowledge from a holistic systems perspective for decision makers to further 
be implemented as policies and regulations. 

1.1 Aim 
The aim of the study is to characterize, identify and quantify relevant phosphorus 

flows in order to provide an overview of the current state of the P system and balance for 
Sweden. The constructed P flow system is used for highlighting the most significant flows 
and raising awareness to current issues regarding the global anthropogenic use of 
phosphorus by discussing the existing environmental and socioeconomic problems linked 
with phosphorus flow system and balance. Furthermore, this work aims to provide new 
knowledge by elaborating on the options for reducing the depletion rate of available fossil 
phosphorus, exploring the potential of implementing tools and methods based on circular 
economy for the mitigation of environmental and socioeconomic impacts.  

 

1.2 Objectives 
In this work three main objectives are identified in accordance with previously 

defined aim of the study. The first objective is to review the available literature material and 
collect quantitative data in order to construct a system and synthesise a material flow 
analysis (MFA) that provides an estimate on the magnitude of major anthropogenic 
phosphorus flows in Sweden. As a result, the system for the phosphorus flows in Sweden of 
its current state is described and presented as the MFA-diagram. The second objective is to 
increase knowledge and understanding of P flows in the Swedish society. Provide Swedish 
perspective and its impacts in relation to the global system by providing a base 
understanding for the element and bringing attention to the issues regarding the 
consumption of P. The third objective is to highlight what steps have been taken towards 
improving the system and what future actions could be taken. This objective is achieved by 
providing background to what has been done domestically and internationally as well as 
bringing forward suggestions for improvement. 
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2. Theoretical Background  
This chapter covers the general background theory describing essential terms and 

principles on the current knowledge of the topic. Furthermore, the chapter presents in detail 
some of the environmental and socioeconomic issues relating to the phosphorus element. 
This chapter describes the natural flows of P and the anthropogenic interactions with its 
natural cycle. 

2.1 Occurrence of Phosphorus  
Phosphorus is the first element to be discovered and separated by modern science. It 

was first discovered by the German scientist Henning Brand in the 17th century. Phosphorus 
is the 13th most abundant mineral in the lithosphere, the element is reactive and easily 
dispersed (Scholz and Wellmer, 2013). In spite of the element being abundant much of the 
available P is non accessible to plants. As it is only available to plants in certain forms. P is 
found in mineral deposits in the earth’s lithosphere as Phosphate rock (PR) which is the 
most available and commonly used source of phosphorus. There are two main types of PR 
igneous deposits and sedimentary deposits (Fixen and Johnston, 2012). The PR originating 
from igneous sources is commonly unreactive and contain lower concentrations of P. 
Therefore, these require more processing before the full potential of P is accessible (Fixen 
and Johnston, 2012). The most commonly used PR is found as sedimentary deposit. These 
deposits make out the majority of the PR produced and used in the world today (Fixen and 
Johnston, 2012). In the EU most of the P consumed comes in the form of PR that is used as 
fertilizers. Only a small portion of P is transformed to chemicals and detergents (European 
Commission, 2019).  
 

The most common phosphorus compound is phosphate due to its stable chemical 
structure. This inorganic compound structure consists of P and Oxygen (O) atoms with very 
strong bonds (Phosphates, 1980). Due to this P is not found in its elemental state in nature, 
but rather as an oxide caused by natural reactions between O and P. The elemental state of 
P is a highly reactive element and can only be observed in laboratory conditions (Phosphates, 
1980). Phosphate is essential for life on earth, enabling energy conversions in our cells, as 
well as the photosynthesis for plants. Phosphates also form important molecular structures 
such as DNA, RNA and enables the creation of amino acids and proteins (Smil, 2000; 
Westheimer, 1987). 

 
The most common use of phosphorus and phosphates are as fertilizers for plant 

nutrition in agriculture. It is often used in synthetic detergents as surfactants or it can be 
used in small fractions in plastics and other similar materials as a method to increase the 
fire retardant properties of a material. To a lesser extent P is used in heavy industries for 
metal coating applications, petrochemical products, paints, pharmaceuticals and explosives 
(Phosphates, 1980). 
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2.2 The Phosphorus Cycle 
The phosphorus flows are circular in nature similar to other biogeochemical flows. 

The element is cycled through various exchanges between the abiotic lithosphere and the 
biotic biosphere as visualised and described in Figure 1. The natural rate of P being released 
to the environment is extremely slow, this is due to geological phenomena such as 
weathering and erosion that break off PR from bedrock. The element has low solubility as 
phosphates and quickly becomes insoluble therefore much of the P in soils is not easily 
accessible for vegetation in natural ecosystems. The released P is mainly mobilized by the 
movement of water. After being released the P enters soils, where the element is used by 
vegetation as nutrition, and in this process the P enters the food chain. The P is cycled within 
the food chain until it is released and carried away with water by rains and rivers. This P 
ends up in lakes and oceans, where it functions as a nutrient for the aquatic life. Over time 
the P will settle towards the ocean floor, where over geological time periods the organic P is 
transformed back into inorganic P that take part in the formation of new bedrock (Gowariker 
et al., 2008, p.493).  

 
Figure 1. Phosphorus cycle, inspired by (Jahnke, 1992) 
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The element phosphorus does not appear in our atmosphere in a gaseous form, 
unlike the other biogeochemical elements such as nitrogen and carbon. P is transported in 
the atmosphere being carried by particulates such as sand and dust. The natural P cycle is 
relatively slow in relation to other elements such as N and C which have more rapid cycles. 
This is in part due to the fact that oxidation-reduction reactions do not have a significant 
role in the reactivity and spread of P (Jahnke, 1992, p.301). The cycle has remained 
unchanged for the majority of the time of human civilization (Smil, 2000). However, in the 
past century the natural balance has been broken by rapid increase in the mobilisation of the 
element due to anthropogenic activity (Smil, 2000). 

 
In Figure 2, the anthropogenic impacts on the natural phosphorus cycle are 

presented. The major difference is the mining of PR and the use of the resource as fertilizers 
that greatly increases the total amount of P available to the natural environment 
downstream. The effects of this increase in available nutrition is notable especially in aquatic 
waterways and the world oceans. The increase in nutrition causes eutrophication and can 
lead to the collapse of aquatic ecosystems. The environmental impacts of P are described in 
greater detail in Section 2.3.1.  

 
Figure 2. Phosphorus cycle and the anthropogenic impact 
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2.3 The Human Impact 
This section will cover the anthropogenic impacts on the phosphorus cycle and the 

consequences they have on humans and the environment.  
 
Phosphorus is an essential nutrient for human survival, however,  there is seldom a 

nutritional deficiency of P in humans unlike other nutrients, the main food sources for P are 
cereals, dairy products and meats (Smil, 2000). Most of the P digested by humans ends up 
in human excreta (Smil, 2000). The increasing proportion of the population in urban areas 
in connection with increasing overconsumption of P rich foods such as meat, dairy products 
resulting in an ever increasing amount of P being contaminated in waste water streams. In 
such urban areas medicines and trace metals are found in higher concentrations the sewage. 
The consumption of goods and products is increasing globally, in order to meet the need for 
the growing population leading to more P is needed to be used as fertilizers in the future. It 
is also expected that the developing world is going to see a rapid increase in consumption of 
high nutritional foods (Smil, 2000). As a result, the demand for P is expected to increase.  
 

The acceleration of extraction of fossil P has led to the exponential intensification 
and expansion of agriculture and industry. According to Smil (2000) a significant increase 
has been noticed since the 1950’s when the industrial processing and use of inorganic P 
fertilizers increased rapidly (Smil, 2000). The mobilisation of PR used as fertilizers has over 
the past fifty years has caused global emissions of 500 Mt of P  to the hydrosphere (Cordell 
et al., 2011). The anthropogenic interference with the natural phosphorus flows has resulted 
in evident effects on the natural environment in the form of eutrophication. The green 
revolution in the mid-20th century introduced the use of chemical fertilizers. When methods 
for efficient fixation of Nitrogen from the atmosphere were developed. In nature even some 
plants can perform the task of fixating N to the soils from the atmosphere. During this green 
revolution of agriculture technology the global crop production increased substantially, and 
many areas with arid and poor soil conditions now produced enough crops to feed its 
population. Nitrogen is now easily recoverable by industrial processes or by managing crop 
rotation. P fertilizers on the other hand cannot be replaced or synthesised as with N 
fertilizers and therefore, pose a bigger threat if they were to run out (Cordell, Drangert and 
White, 2009). Soil P levels are often built up by farmers to increase the amount of nutrition 
available for crops, this is done by application of fertilizers and manure to the agricultural 
land. Soils have an affinity towards P and a high carrying capacity of P, however, the higher 
the P levels in the soil the larger the risks from erosion, leaching and runoff from rain.  

 
The overall largest impact of human activity is the mobilisation the element and as a 

result it is dispersed to the natural environment. Ultimately the mobilized phosphorus ends 
up in our water sources where it causes environmental issues and becomes difficult or 
impossible to recover. When the element is spread out the costs of recovery increase and 
when the element enters the world oceans it is lost to the ocean floors (Cordell, Drangert and 
White, 2009). Moreover, P is the nutritional inhibiting factor for growth, particularly in 
aquatic ecosystems (Smil, 2000). Therefore, abnormally large amounts of nutrients that 
have been made available in our natural ecosystems due to anthropogenic activity that may 
be causing changes or tipping points in the predominant natural state. For example nutrient 
over exposure could encourage toxic algae blooms such as blue-green algae that in turn lead 
to rapid degradation of the natural environment(Rockström and Klum, 2012; Wang et al., 
2019). There is evidence that suggests that the anthropogenic impact on coastal waters is a 
critical issue in the Baltic Sea region. The shallow waters of the Baltic Sea region are subject 
to human-induced environmental degradation. Intensive land use is viewed as the primary 
driver for the negative trend (Ning et al., 2018). In Figures 2-3 it can be observed that the 
anthropogenic impacts on the P cycle are accelerating the mobilization of P this results in a 
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transformation from a slow and circular system to a more rapid and unidirectional system 
from mineral to sea.  
 

Trace metals in phosphorus resources is another emerging issue. As more of the high 
quality PR is mined, much of the remaining sedimentary PR has high levels of trace metals 
such as Cadmium, Mercury and other undesired metals causing it to be considered 
unsuitable for agricultural purposes. This is due to risks of increasing the levels of harmful 
trace metals in agricultural land and crop production. Human activity is further increasing 
the contamination of P sources with trace metals and other unknowns in out sewage systems. 
The sludge and fly ash often have higher concentrations of trace metals. In Sweden the legal 
limits for the threshold values of trace metals are stricter than the European law, for values 
please refer to Table 1 below. Therefore, almost none of the potential resource is recycled 
from fly ash (Kalmykova and Karlfeldt Fedje, 2013).  

 
Table 1. limit values for amount of trace elements allowed to be added to agricultural land  in EU* 

(EEC, 1986) and Sweden **(Naturvårdsverket, 1994)  

Trace metal limits 
(g/ha/a) Cd Hg Ni Cr Pb Cu Zn 

EU-Directive* 50 100 3000 3500 4000 7500 7500 
Swedish directive** 0.75 1.5 25 40 25 300 600 

 
 

The public knowledge of P flows and the importance that the element has to our 
society and environment is rather limited. Most individuals in today’s world have heard 
about the threat of global warming and the rising carbon dioxide levels in our atmosphere. 
Historically looking the methods to approach environmental issues has changed. It started 
with taller smoke stacks to dilute smoke so that there would be less odour and the smoke 
would rise better. Then came direct treatment measures such as for acid rain issue caused 
by coal and other fossil fuel was solved by technological measures to remove sulphur and 
nitrogen oxides from the emissions. The latest methods are a combination of reactive and 
proactive measures to mitigate the carbon dioxide emissions trough technological, political 
and other approaches (Persson, 2011). Even with rather slow progress, these environmental 
issues are being or have previously been addressed. However, issues regarding sustainable 
management of P has not reached a public spotlight yet, but receives increasing attention 
from the scientific community (Smil, 2000; Cordell, Drangert and White, 2009; Herrmann, 
2014; Rockström and Klum, 2012).  

2.3.1 Environmental Impacts 

The major environmental risks of phosphorus overuse are mainly aimed at aquatic 
systems. Nutrient pollution is a widespread and well documented issue, the overexposure of 
P in aquatic systems causes eutrophication. Rockström and Klum (2012) has identified two 
major threats within the planetary boundary framework these are, global oceanic anoxic 
events that could trigger irreversible change to ocean ecosystems and the collapse of 
freshwater ecosystems induced by overexposure to P (Rockström and Klum, 2012). These 
are potential impacts to the environment on global scale. The estimated safe threshold 
values have already been exceeded for the biogeochemical flows of P and N (Rockström and 
Klum, 2012; Steffen et al., 2015). However, these kinds of events are seen also in a Swedish 
setting and on a smaller scale. The Baltic Sea has been suffering from anoxic conditions in 
the seabed and deeper waters. The cause of the state of the Baltic Sea is not solely due to P 
but rather as the result of several factors of which P is one. It is concluded in the work of 
Ning W., et al. (2018) by stating that the situation in the Baltic Sea region has seen an 
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unprecedented increase in P stocks during the past century (Ning et al., 2018). Swedish 
water ecosystems have suffered on local scale due to P induced eutrophication (Ning et al., 
2018).  

 
Eutrophication causes algae blooms some of which can be toxic causing issues with 

water availability, these algae blooms are often so dense they cover the surface reducing the 
light passing through to the aquatics plants below. Eventually the algae blooms will die off 
and bacteria will start to degrade this biomass resulting in oxygen depletion in some cases 
this can lead to hypoxic conditions. 

2.3.2 Socioeconomic Impacts 

The impacts of phosphorus flows in society are not only relating to the environment 
but also to economy and politics. The human interaction and mobilization of P has together 
with artificial N fertilizers, enabled the green revolution and the intensification of the global 
agriculture. Since the mid-20th century there has been a rapid increase in the use of 
fertilizers causing risks of resource scarcity of P to become a critical issue. Modern 
agriculture and food production are highly dependent on the presence and addition of three 
major elements P, N and K in order to sustain high crop yields of good quality (Cordell, 
Drangert and White, 2009). Therefore, it is worrying from a food security perspective that P 
resources are being consumed at such a high rate.  

 
The natural availability of P is not evenly distributed across the globe, the three 

largest global deposits of PR are located in Morocco, China and USA. The rest of the world 
only stands for a fraction of the PR mined in these locations. The local production also means 
the resource is in need of distribution throughout the global areas with P deficit, the 
emissions and environmental impacts of which are significant. There is uncertainty in the 
existing estimations of easily available deposits of P. The inability to determine with high 
accuracy the amount of PR available for consumption and discoveries of new deposits have 
historically been used as arguments by stakeholders to invalidate risks of P depletion (Walan 
et al., 2014). There are clear signs that some PR deposits are being depleted. The production 
capacity projections for PR mines in Florida and the rest of the US are set to decrease by half 
until 2030 (Van Kauwenbergh, 2010). Predictions by experts say that the continued 
unsustainable consumption of P at the current rates will result in the complete depletion of 
the PR deposits in a not too distant future (Cordell, Drangert and White, 2009; Cordell et 
al., 2011; Scholz and Wellmer, 2013; Smit et al., 2009; Walan et al., 2014; Van Kauwenbergh, 
2010).  

 
The uneven distribution of phosphorus causes fluctuations in costs of P fertilizers as 

a direct result also affecting the price of food. The livelihood of many people across the globe 
is threatened by this issue. An increase in price of PR hits the developing and poorer nations 
first. In Sweden and other developed countries do not react as strongly to minor increase in 
PR pricing as in developing nations. The costs of P are bound to increase, the consumption 
of P is accelerating and the remaining PR sources are to a certain extent contaminated with 
trace metals and in order to remove these trace metals, costly treatment is needed (Cordell, 
Drangert and White, 2009).  

 
The costs of restoring polluted natural environments is often higher than the costs of 

measures for preventing pollution. A well-known extreme example of critical nutrient 
pollution is the case of Lake Taihu in Northern China, where rapid development in the area 
caused large amount of nutrients to flow into the lake causing toxic blue-green algae blooms 
resulting in a toxic water supply. That lead to large economic burdens to clean up the lake 
and provide clean water for the surrounding population (Wang et al., 2019). In extreme cases 
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such as the Lake Taihu example the nutrient pollution can have negative health effects on 
the local population as well. In Sweden, the most discussed environmental issues relating to 
P emissions are  the Baltic Sea and the Swedish waters (Naturvårdsverket, 2018b; HaV, 
2018b; Ning et al., 2018). 

 
The relationship between economics and the environment is described in the work 

by Wright and Boorse (2014). The increase in economic development often results in a 
decrease of acute issues such as direct pollution i.e. by installation of treatment units. 
Meanwhile, increased economic activity increases the rate of pollution and the production 
of waste products through increased production and consumption. Therefore, the need to 
implement more mitigation measures is increasing, the authors suggest that the best way to 
address these issues is the implementation of policies and governing institutions (Wright 
and Boorse, 2014). 
 

The EU relies on imports of phosphorus. The element is not part of the upstream 
supply chain within EU this is due to the fact that there are no major sources of phosphate 
rock within the EU that are being utilized (European Commission, 2018). Sweden is 
currently relying on imports of P for agriculture and industry. However, there is potential 
within the Swedish mining industry to recover P from mining wastes some pilot projects to 
recover P and other valuable rare earth metals are being conducted and the success of these 
projects may determine how reliant Sweden is on imports (LKAB, 2019). Though, in this 
study the potential resources in Sweden are not included in the P balance of Sweden, the 
reasoning behind this decision is made in section 3.2.3. 

 
The importance of phosphorus has been acknowledged by the European Union (EU) 

who produced a list of Critical Raw Materials (CRMs) the latest version was published in 
2017 (European Commission, 2019). P and phosphate rock (PR) are among the 26 critical 
raw materials that are considered critical materials according to the EU, out of the CRMs P 
belongs to the category of rare earth elements (REE) (European Commission, 2018). 
According to the Study on the review of the list of Critical Raw Materials (European 
Commission, 2017), P has the fourth highest supply risk and a moderate economic 
importance. Meanwhile, PR has the fifth highest economic impacts while simultaneously 
being above the supply risk threshold (European Commission, 2017, p.39). The evaluation 
of the CRMs is determined on a large variety of factors, some important aspects are the 
options for material substitution, consumption rates and stocks, market value and the 
possibilities of recycling (European Commission, 2017, p.30). 

 
The CRMs link to all stages of industries both up- and down-stream, in this context 

up-stream relates to resource extraction and refining of P. Meanwhile, down-stream refers 
to the consumption of and discharge of P. The elements are used either during the processes 
itself or to support the progress in the supply chain. Most CRMs have a crucial role in modern 
technology and have a significant effect on the daily life in today’s society. In addition, the 
environmental concerns plays a large role, many of the CRMs have significant impacts on 
the natural environment (European Commission, 2018). Phosphorus is not an exemption to 
this, as mentioned before, anthropogenic release of P cause eutrophication and the 
dispersion of the element can become a future issue. 

 
The authors Rockström and Klum (2012) warns in their book, The Human Quest, 

about the overconsumption of phosphorus, that the inept utilisation of this precious and 
finite resource might result in the inability to meet the needs of future generations  
(Rockström and Klum, 2012). Peak P might be reached in the near future if the careless 
exploitation of the resource will be allowed to continue. The available PR will end up in low 
concentration sinks on the ocean floors. The question of when the deposits run out relies on 
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the development of technology and the costs associated with extraction of lower 
concentration PR. If the global community does not change the status quo a large amount of 
P might be lost to the world oceans where the resource is non-economically accessible 
(Scholz and Wellmer, 2013; Cordell et al., 2011). There is a need for global polices  for the 
sustainable management of P resources (Cordell et al., 2011). 

2.4 Industrial Ecology 
Industrial ecology (IE) is the holistic study and analysis of substance-, material-, and 

energy-flows through an industrial system, and the interactions between this system and the 
environment. The purpose of IE is to create understanding and information as a foundation 
for decision making on impacts on the environment from the interconnections of 
environment and anthropogenic actions. Industrial ecology is the field of science that can 
quantifying and gather the information and knowledge needed to understand the complexity 
of relations the various interactions of an element such as phosphorus (Duchin and Levine, 
2014).  

 
Historically environmental issues and challenges regarding phosphorus have been 

addressed as reactive strategies  (Persson, 2011). When the public have complained about 
visual algae blooms or fisheries along with noticed effects of near point loading industries or 
wastewater treatment. It has already been shown in history that knowledge about the issues 
and the understanding of the system can provide support for alternative actions to be taken 
towards sustainable future. The term “sustainable development” comes to mind and is 
defined as “Sustainable development is development that meets the needs of the present 
without compromising the ability of future generations to meet their own needs” (World 
Commission on Environment and Development, 1987, chap.2).  

 
In Sweden there has been only few MFA studies on the Swedish P system. A recent 

study is “Analys av fosforflöden I Sverige” (SLU, 2013), this study presents data in the form 
of a Sankey diagram and focuses mostly on how the P is spread in Swedish agriculture and 
agricultural products. The study also follows the presence of trace metals such as cadmium 
(SLU, 2013). There are more studies in Sweden that focus on particular challenges with P, 
such as P emissions from the Swedish waterways  (SMED, 2018b), how P can be recycled 
from landfills in Sweden (Kalmykova and Karlfeldt Fedje, 2013) and the impacts of waste 
water treatment plants large scale municipal and small scale onsite (SMED, 2018c; SCB, 
2018b; Herrmann, 2014; Stark, 2004). 

 
Internationally there has been many studies on the bio-geochemical flows such as 

the study “Phosphorus flows and balances of the European Union Member States” (van Dijk, 
Lesschen and Oenema, 2016) that has inspired the base for the MFA-diagram in this study. 
Another good example from the international P balance studies is the study “A substance 
flow analysis of phosphorus in the food production, processing and consumption system of 
the Netherlands” (Smit et al., 2015). The international examples are typical studies of an 
element, most data is based in statistical data or economic data converted to mass of P. In 
the article “Towards global phosphorus security: A systems framework for phosphorus 
recovery and reuse options” (Cordell et al., 2011) the authors present a framework for how 
P recovery and reuse could be implemented. Highlighting the need to identify key drivers, 
the flows and interconnections of P in global and local systems. The field of IE and studies 
of MFA, SFA and LCA could be beneficial in providing this information, this study can 
hopefully provide some insight to the current situation in Sweden. 
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2.5 What has been done or suggested 
 

Historically Sweden adopted a reactive strategy towards waste management, in the 
1960s when eutrophication received much attention. The first reactive strategies used was 
the pollution control by installing wastewater treatment plants. The government also 
introduced the first Law on Environmental Protection “Miljöskyddslagen (1969:387)” in 
1969 (Naturvårdsverket, 2016). When it comes to waste management, the mitigation of 
waste creation and pollution prevention has become a focus for the Swedish Government 
that has continuously moved towards more proactive strategies. The next environmental 
protection strategies towards sustainable development would be the implementation of 
cleaner production and industrial ecology (Persson, 2011).  

 
The Swedish government has in the past decades actively worked on the reduction of 

emissions to the hydrosphere. The Swedish Agency for Marine and Water Management 
(HaV) has followed the development in Swedish emissions to lakes and the sea, regular 
samples and measurements of phosphorus, nitrogen and organic matter levels have been 
recorded since the 1990’s (HaV, 2018a). Sweden has driven change trough environmental 
policies and investment support for projects. In the environmental goals for 2030 Sweden 
aims to continue the reduction in P emissions to the environment, the main goal being 
“Ingen övergödning” (Naturvårdsverket, 2018b, p.165) no eutrophication. The report 
environmental goals 2018 sets out a strategy to reach three milestones, clean water and 
sanitation for all, life in the sea and ecosystem and biological diversity (Naturvårdsverket, 
2018b).   

 
The recycling and recovery of  phosphorus in Swedish society has been studied in 

several scientific works, (Levlin and Hultman, 2003; Linderholm, Tillman and Mattsson, 
2012; Kalmykova and Karlfeldt Fedje, 2013; SLU, 2013) and more. These works cover many 
aspects of possible methods for sustainable P management. These studies main focus lies on 
the recovery of P from waste streams. Other technical solutions such as use of algae has been 
studied. The potential of algae is high, as a medium for P removal from eutrophied waters, 
to provide agriculture, industries and consumers with a valuable raw material (Thomas, 
2018; Balina, Romagnoli and Blumberga, 2017; Xiao et al., 2017). The use of fungi to retain 
P in soils has also been investigated in the works of Bolduc and Hijri (2011).  
 

The typical market reactions to resource scarcity are increase in prices, development 
of more efficient systems, and replacement of the resource in this case to increase the 
recycling and reuse of P is the most feasible long term solution (Cordell, Drangert and White, 
2009). In Europe and North America the agricultural industries have developed much in the 
past decades improving P efficiencies greatly and reducing total PR inputs to the agricultural 
system (Smil, 2000; Cordell, Drangert and White, 2009).  

 
The call for more studies of P recycling and recovery are highlighted in many studies 

(Cordell, Drangert and White, 2009; Cordell et al., 2011). The field of industrial ecology and 
studies in material flow analysis and circular economy can provide foundations for 
understanding the complexity and the extent of the issues. A framework for the support of 
decision-making to tackle the sustainable consumption and recovery of phosphorus is 
described in (Cordell et al., 2011).  
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3. Method  

3.1 Research Design 
This study is an empirical study compiling and synthesising existing data in the form 

of an MFA from which new conclusions can be drawn. In order to establish a foundation of 
the knowledge and understanding of the topic in greater detail a literature review of existing 
scientific articles, books, reports and other available material was performed. To acquire and 
gain access to the various material search tools and databases are used, some examples are; 
Google, Google scholar, the Science Direct database, the Elsevier database and KTH online 
Library are used. In order to effectively find information appropriate to the geographical 
focus of the study the searches were performed in both English and Swedish.  

 
The data assembly of the MFA is conducted as a top down study where the data found 

is used to create a system within the boundaries of the study. This system is then broken 
down into greater detail by dividing it into smaller sections described under chapter 3.3. The 
following specialized software tools where used in this study, for Figure 4-9 the open source  
MFA tool Stan 2 web was used (TUW, 2012). Cmap tool (IHMC, 2019) was used for the 
mind-map concept in Figure 3. Initially the mind map of P cycle was made to collect the 
basic knowledge and aspects of the phosphorus cycle that was already known to me and 
functioned as a starting point for understanding the P cycle and the interconnection between 
environment and society. The red rectangle represents the anthropogenic interference with 
the natural system, mainly the acceleration of the mobilization of P through, mining, 
consumption and emissions. The green rectangle represents the environment and the on-
land natural activities that cycle P. Meanwhile, the blue square is the hydrosphere and the 
activities that cycle P in the aquatic ecosystems.  Later this mind map was transformed into 
the two Figures 1-2 with additional inspiration from (Jahnke, 1992).  

 

 
Figure 3. Mind map of the phosphorus cycle and the anthropogenic impact  
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Based on the literature review the current state of the consumption of phosphorus in 
Sweden is presented. An analysis of the most prominent domestic and international 
challenges is performed, where the most important environmental, social and economic 
issues are highlighted from the literature. By identify what has already been acknowledged 
and addressed as well as the existing future potential improvement methods. 

 
In this study I follow the guidelines of KTH for non-plagiarism, all knowledge is 

referenced accordingly. From an ethical standpoint the results are presented honestly 
without alteration as I have compiled them, I hold no bias towards any organisation and also 
do not wish to project my opinions in the results.  

3.2 Conceptual Model 

3.2.1 Hypothesis 

Preliminary Hypothesis: [there are emissions of P to the natural environment, scale 
is given by the MFA-diagram, based on this, there are potential measures to suggest and 
elaborate on to mitigate P emissions] 

 
Based on the MFA-diagram for phosphorus and the product by mass flow diagram it 

should be possible to draw conclusions on the importance and scale of the various flows in 
the Swedish society. Basing on the observations in the MFA-diagram suggestions are made 
that relate to the issues observed.  

3.2.2 System Boundaries and Delimitations 

The geographical boundaries of this study are Sweden, however, import and export 
of goods to the rest of the world is considered. Furthermore, the interactions of Phosphorus 
between society and the nature, hydrosphere and atmosphere are also accounted for. This 
study focuses on the element of P and the flows and balances of the element trough society. 
The temporal scope of the data is the P flows in Sweden during the year 2016. Most recent 
data found from SCB statistics Sweden are reports from 2018 where the latest figures are 
2016 or 2017. The selection of year 2016 as a baseline is due to the increased availability of 
data compared to later years where reports are not yet published, in cases where the data is 
not available for 2016 and is substituted it is mentioned and described under the Discussion 
section.  

3.2.3 Other Important Flows 

The mining and metal refining industry in Sweden uses domestic and imported iron 
ore as well as coal in the production of steel all of these contain low concentrations of P. The 
amounts of P in the iron ores mined in Swedish mines is estimated to be 60 000 tonnes per 
year (Naturvårdsverket, 2013b). The majority of this P is contained within the rock that is 
discarded as mining wastes. These wastes are deposited back into the mines or in the mining 
area creating its own loop, the minerals are at this point not used or recycled, therefore, the 
flows are not considered in the MFA however, the potential of this resource is elaborated on 
in the discussion.  

 
The natural growth of biomass in Swedish forests is not considered, as the MFA 

attempts to show the anthropogenic impact however in Sweden the natural regrowth is 
larger than the harvested wood (SLU, 2016; SkogsSverige, 2017) resulting in a net growth of 
approximately 2468 t P reserves in Swedish forestry. Furthermore, reforestation is excluded, 
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due to the low concentrations of P in wood, and the complexity and uncertainty in results in 
converting number of seedlings to mass of P. The amount of seed for crops is also excluded 
due to the negligible total mass of P that would result as well as the challenge of estimating 
this. The P leaving Sweden with particles in the atmosphere is also excluded due to lack of 
available data. 

3.3 Material Flow Analysis 
Material flow analysis (MFA) also sometimes called substance flow analysis (SFA) is 

defined by Brunner and Rechberger (2017) as “a systematic assessment of the state and 
changes of flows and stocks of materials within a system defined in space and time” 
(Brunner and Rechberger, 2017, p.3). MFA is based on the fundamentals of the second law 
of thermodynamics: the Law of conservation of mass, MFA uses the fact that matter cannot 
be created nor destroyed only transformed (Brunner and Rechberger, 2017; Morris et al., 
2011). Therefore, MFA is the study of inputs, outputs and balances (Brunner and 
Rechberger, 2017). In society these interactions can be described as the metabolism of 
society (Kaufman, 2012). In order to quantify and provide perspective of issues of 
sustainability MFA is one fundamental tool alongside Life Cycle Assessment (LCA) utilized 
in the field of industrial ecology (Kaufman, 2012). LCA is commonly used to study a specific 
product in relation to a system meanwhile, MFA focuses on substances, elements and 
physical material in a system.  
 

The balancing of material flows in a special and temporal setting creates a system 
where, Material flow analysis can be used to identify the way resources are utilized, exploited 
or accumulated in society. This knowledge provided by a well conducted MFA is beneficial 
in order to understand and take preventive measures to reduce material losses and improve 
system performance (Brunner and Rechberger, 2017). 

 
Transparency, description and analysis of the data are important aspects of MFA 

studies for the repeatability of the study (Brunner and Rechberger, 2017). Therefore, 
uncertainties and shortcomings are discussed in Section 5.1, in order to understand the 
ambiguities of the source data. When analysing a base element such as phosphorus many 
simplifications and assumptions were made in order to transform flows of physical goods 
into element flows. In this study, the open source MFA modelling software Stan 2 web (TUW, 
2012) is used to produce the material flow diagrams.  

 
The creation of the MFA-diagram included discussions with Vincent Lernbecher 

another student of the master’s programme Sustainable Technology at KTH. The 
collaboration based around the MFA-diagrams was encouraged by our supervisor Rajib 
Sinha, PhD. The creation of complementary diagrams simplifies the integration of the works 
into future studies. Vincent Lernbecher is writing an equivalent study on the Nitrogen flows 
in Sweden. As initial inspiration for the first concepts of our MFA-diagrams was inspired by 
(van Dijk, Lesschen and Oenema, 2016) are used. To develop the flows for phosphorus and 
gain understanding of the interconnections of physical material trough society the work by 
(Smit et al., 2015; Smil, 2000) provided a model approach for what to include and exclude 
and aid to identify the essential flows. The breakdown of the flows and processes in society 
were determined by adapting and establishing the major categories of flows and processes 
in society from the aforementioned studies. Resulting in five major processes in the society. 
These categories are; import and export, agriculture, industry, consumption and waste 
management. The major external processes where chosen to be; the atmosphere, nature and 
hydrosphere. 
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Figure 4. Conceptual phosphorus MFA Sweden  

When establishing the MFA-diagram concepts, we agreed on attempting to decrease 
complexity and improve legibility by providing the necessary information while using 
simplified flows to graphically represent the flows in society. Moreover, new flows with 
reliable available data were included when found during literature study. Flows and 
processes where data is non obtainable, or determined to have negligible impact in 
proportion to major flows, were not included.   
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3.4 Data Collection 
This study is relying on data gained through literature review of available official, scientific 
and other publicly available material. The material available shows the lack of updated 
holistic studies of element balances for Sweden, it is also apparent that the data to assemble 
a model for the current situation in Sweden is available. The necessity of such a study is 
apparent by the growing amount of concerns for biogeochemical flows. Therefore, the 
assembly and analysis of adequately recent data can provide an overview of the current 
phosphorus flows and balance in Sweden. The latest report that synthesises data on the P 
balance in Sweden, is a report compiled by Swedish University of Agricultural Sciences  
(SLU, 2013). However, this study focuses mostly on agriculture. On a European level there 
are several studies of P flows and balances, such as (Ott and Rechberger, 2012; van Dijk, 
Lesschen and Oenema, 2016), these studies provide a model for the approach to the task of 
mapping the Swedish P balance. The data in this study is mainly based on official statistics 
from Swedish authorities obtained from sources such as Statistiska Centralbyrån (SCB). As 
with most MFA’s the data relies on many simplifications and motivated assumptions. 
Therefore, data in the model produced is an estimation that reflects the real phosphorus 
flows and balances of Sweden. When conflicting or more accurate data is found the mean 
value is calculated and a separate calculation is provided with the arithmetic mean. The 
methods used to process the data is described in this chapter. 
 

Total mass of phosphorus, In order to transform data in the form of mass per product 
a conversion factor of P weight percent (P wt%) is used. This factor is multiplied by the total 
mass in tonnes to yield the total mass of P in tonnes. 

 
𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑚 ∗ 𝑃𝑤𝑡%  

 
Where the following stands for; 
 
𝑃𝑡𝑜𝑡𝑎𝑙 is the total phosphorus in the product 
𝑚 is the total mass of products 
𝑃𝑤𝑡%  is weight percent of P in the respective product 
 
The weight percent factors used can be found in the data tables presented. 
 
 
Arithmetic mean, sum of the sampled values divided by the number of samples. 
 

�̅� =
1
𝑛

(∑ 𝑋𝑖

𝑛

𝑖=1

) 

 
Where the following stands for; 
 
�̅�  is the mean value of the sample 
n is the total number of samples values 
𝑋𝑖  is a sample value 
i is the number the sample 

 
For a comprehensive tables of the final values and Flows please refer to the respective 

Appendix 1-8, for each process. 
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3.4.1 Import, Export  

The import and export processes in the MFA consist of the following flows found in 
Appendix 1, this section describes the assembling of the data for the process Import and 
Export.  

 
Mineral fertilizers containing 12490 tonnes of phosphorus were imported to Sweden 

in 2016, flows F1 and F5 this data was obtained according to the official statistics central of 
Sweden (SCB, 2018a). 

 
In order to calculate the Import and Export of food- and animal products data from 

Agricultural Statistics 2018  (SCB, 2018a) is used. The data is based on gathered values and 
corrections that have been made by SCB to account for missing data from smaller businesses 
that have not provided data, on average the data is to be rounded upwards to compensate 
for the missing data (SCB, 2018a). The data from SCB is grouped into categories of products, 
for some of these there are detailed information on the fractions of products in each category. 
In order to convert the mass values into mass of pure P conversion, phosphorus weight per 
cent (Pwt%)  factor is used. This value is often an estimate or a mean value, due to large 
variations in single products as well as between products in each category.  

 
The mass of goods is converted to P in the following way: the mass of grouped products is 
multiplied with the estimated Pwt% values. The calculations for Import and Export of 
food- and animal products of Sweden can be found below in; Table 2, Table 5, Table 6 and  

Table 9 below. Calculations in the tables represent flows F3, F12, F2 and F11 respectively. 

 
Table 2. Calculation of P in food imports Sweden * (SCB, 2018a) 

Import  Mass (t)* P wt % Source Mass P (t) 

     

Meat & Meat 
products 312900 0.180% (Andersson, 2018) 563 

Pasteurised 
products & eggs 399200 0.142% (Andersson, 2018) 567 

Fish, Crayfish & 
other seafood 784500 0.162% (Andersson, 2018) 1271 

Grain & grain 
products 682200 0.164% (Andersson, 2018) 1119 

Fruit & vegetables 1749400 0.028% (Andersson, 2018) 490 

Sugar & sugar 
products 187800 0.071% (Andersson, 2018) 133 

Coffee, tea, spices 
& more 237200 0.379% **(DTU, 2019) 898 

Other food 
Products 289800 0.066% **(DTU, 2019) 191 

Beverages 520800 0.007% (Andersson, 2018) 36 

Tobacco products 12000 0.620% **(Kakie, 1969) 74 

Oil rich seeds & 
nuts 248100 0.012% (Andersson, 2018) 30 
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Oils & fats 627200 0.012% (Andersson, 2018) 75 

     

Imported food 
products 6051100      5448  

 
**The Pwt% values for the grouped items; Coffee, tea & more; Other food Products are calculated in 

Table 3 and Table 4, found below. Values of P concentrations in tea, coffee and cacao products are taken from 
(DTU, 2019) the concentration for each product is weighted proportionately against the amount of product 
imported according to (SCB, 2018a), thus giving a more accurate estimation of total P content. Note that the 
mass given is in kilo tonnes (kt). The value for tobacco is the arithmetic mean value from a study of the variation 
of P concentrations in tobacco (Kakie, 1969). 

 
Calculation for the group “Coffee, Tea & more” is presented in Table 3, where the 

mass fractions for each of the sub products are given in SCB data. Therefore, the calculation 
of a more accurate Pwt% is possible. The calculation of an average value can be found below. 
 

Table 3. Calculation Pwt% of coffee, tea & more, mass fraction * (SCB, 2018a). 

  Mass (t*1000)* Mass % Pwt% Source Mass P (kt) 
Coffee 131.3 55 0.160 (DTU, 2019) 0.242 
Tea 36.8 16 0.630 (DTU, 2019) 0.267 
Cacao 69.1 29 0.660 (DTU, 2019) 0.5253 
Total 273.2 100 0.379  0.898 

 
Calculation of the group “Other food products” presented in Table 4, the mass 

fractions for each of the sub products are given in SCB data and therefore the calculation of 
a more accurate Pwt% is possible. The calculation of an average value can be found below. 

 
Table 4. Calculation Pwt% of Other food products, mass fraction * (SCB, 2018a) 

  Mass (t*1000)* Mass % Pwt% Source Mass P (kt) 
Soups 92.1 32 0.027% (DTU, 2019) 0.0249 
Margarine 42 14 0.015% (DTU, 2019) 0.0063 
Flour 56.2 19 0.115% (DTU, 2019) 0.0646 
Ready meals 99.5 34 0.096% (DTU, 2019) 0.0955 
 Total 289.8 100 0.066   0.191 

 
The calculations of total P in exported food and animal products are presented in 

the table below. 

 
Table 5. Calculation of P in food exports Sweden * (SCB, 2018a) 

Export Mass (t)* Pwt % Source Mass P (t) 

     
Meat & Meat 
products 155300 0.180% (Andersson, 2018) 280 

Pasteurised 
products & eggs 221700 0.142% (Andersson, 2018) 315 
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Fish, Crayfish & 
other seafood 782700 0.162% (Andersson, 2018) 1268 

Grain & grain 
products 2100600 0.164% (Andersson, 2018) 3445 

Fruit & vegetables 240300 0.028% (Andersson, 2018) 67 

Sugar & sugar 
products 159800 0.071% (Andersson, 2018) 113 

Coffee, tea, spices 
& more 101600 0.379% (DTU, 2019) 385 

Other food 
Products 297700 0.066% (DTU, 2019) 197 

Beverages 335900 0.007% (Andersson, 2018) 24 

Tobacco products 2800 0.620% (Kakie, 1969) 17 

Oil rich seeds & 
nuts 39100 0.012% (Andersson, 2018) 5 

Oils & fats 149200 0.012% (Andersson, 2018) 18 

     

Exported food 
products 4586700      6133  

 

The calculations for imported and exported animal products and live animals are 
presented in the tables below. 

 
Table 6. Calculation of P in animal products import Sweden * (SCB, 2018a) 

Imported Animal 
Products Mass (t)* Pwt%  Source Mass P (t) 

     

Animal Feed 642800 0.384% Table 7. Animal 
feed calculation  2470 

Living animals 400 0.800% 
**(Georgievskii, 
Samokhin and 

Annenkov, 1981) 
3 

Imported Animal 
products 643200      2473  

 
** The Pwt% concentrations in living animals is an arithmetic mean of the three most common 

domesticated animals in Sweden, Cows, Pigs and Chicken. The calculation can be seen below. 
 
Table 7. Animal feed calculation 

 
Mass total 

(t/y) P wt% Source Mass of P (t/y) 
Animal Feed 
Production 
(A1) 

1538942 0,384%*  5912,5 
 

Grains 71% 0,164% (Andersson, 2018) 1793,6  



20 
 

Oilrich seeds 13% 0,012% (Andersson, 2018) 24,658  
legumes 2% 0,028% (Andersson, 2018) 9,6788  
Rootfruits 3% 0,028% (Andersson, 2018) 12,896  
Animal based 
feedstuff  2% 4,98% (IPNI, 1999) 1484,5  
Other 8% 2%  2587,2  

 
 
* The calculated  proportional P wt% in animal feed, the  “Mass total t/y” product from  the statistics 

(SCB, 2018a) is multiplied by known P wt% of each category, then the remaining “Mass of P t/y” then gives the 
proportion of P wt% in animal feed generally. 

 
 
Table 8 describes the calculation for the Pwt% of P in living animals based on average 

values for the three most common animal types Cows, Pigs and Chicken for animal 
husbandry in Sweden. 

 
Table 8. Pwt% in animals *(Georgievskii, Samokhin and Annenkov, 1981) 

Animals  Cows Pigs Chicken Mean Pwt% 

Pwt%* 1.00% 0.70% 0.71% 0.80% 

 

Table 9. Calculation of P in animal products exported Sweden * (SCB, 2018a) 

Exported Animal 
Products Mass (t)* Pwt% Source Mass P (t) 

     

Animal Feed 292500 0.384% Table 7 1124 

Living animals 700 0.800% 

(Georgievskii, 
Samokhin and 

Annenkov, 1981, 
p.72) 

6 

Sum of food 
products 293200     1129 

 

3.4.2 Agriculture 

 
Food production in Sweden is based on data from agricultural statistics (SCB, 

2018a), the mass values are presented in Table 10. These values are multiplied by the 
selected Pwt% factor to yield the total mass of P for each product category. 
 

Table 10. Calculation of P for production of food in Sweden *(SCB, 2018a) 

Food products 
production Mass (t)* P wt % Source Mass P (t) 
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Meat & Meat 
products 370000 0.180% (Andersson, 2018) 666 

Pasteurised 
products & eggs 1485000 0.142% (Andersson, 2018) 2109 

Grain & grain 
products 2942158 0.164% (Andersson, 2018) 4825 

Fruit & vegetables 1071700 0.028% (Andersson, 2018) 300 

Sugar & sugar 
products 1988000 0.071% (Andersson, 2018) 1411 

Coffee, tea, spices 
& more 219100 0.379% (DTU, 2019) 829 

Other food 
Products **N/A - - - 

Beverages 369800 0.007% (Andersson, 2018) 26 

Tobacco products 18400 0.620% (Kakie, 1969) 114 

Oil rich seeds & 
nuts 285300 0.012% Andersson, 2018) 34 

Oils & fats 495200 0.012% (Andersson, 2018) 59 
      
Produced food 
products 9244658     10374  

 
**The data for other food products was unavailable from (SCB, 2018a) 

 
The transformation of data on animal feed from (SCB, 2018a) requires the 

calculation of the mass proportion of phosphorus in the feedstuff. The values for P content 
in feedstuffs vary depending on the type of feed and whether nutritional supplements have 
been added. Therefore, the produced animal feed in Sweden is broken down into categories 
of grains, oil rich seeds, legumes, root fruits, animal based feedstuff and others. Each 
category is assigned a mean value for the weight content in percent and is proportionately 
accounted for to the mass of each fraction. There is no breakdown available for the imported 
foodstuffs for animals, therefore, the same values as for the domestic feed production are 
assumed for the feedstuff in the flow “Animal products” imported to Sweden flow F2. 

 
“Fish products” flow is the sum of domestic aquaculture, private fishing and 

commercial fishing. The data is based on statistical reports from SCB. The values for private 
fishing are estimations based on questioners. However, the data from aquaculture and 
commercial fisheries are reported by yields, these values are the mass for the whole raw fish. 
The total amount of P in fish from the hydrosphere flow F14 is the sum of “fishing private” 
and “fishing commercial” 337t. Table 11 shows how the mass of fish is converted to mass of 
P. The total value of 359t is the total fish products produced and fished in Sweden. 

 
Table 11. Calculation of P in fish products Sweden 

Fish  Description Mass (t) Source P wt %* Mass P (t) 
Fish 
production 

Aquaculture food 
fish 13451 (SCB, 2017a) 0.162% 22 
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Fishing 
private 

Estimated amount 
of fish catched 
from lakes and sea 
by private fishing 

10330 (SCB, 2017d) 0.162% 17 

Fishing 
commercial 

Reported fish 
yields from 
commercial 
fisheries 

198000 (SCB, 2017e) 0.162% 321 

Fish products  
 221781   359 

 
*Percent weight content of P in fish is taken from (Andersson, 2018). 
 
The water emissions from Agriculture are accounted as follows; leaching from 

agricultural soils is calculated based on approximations of the annual load of P on soils. The 
load of P from soils varies greatly depending on the use (Riddle, 2018), the value of 0.37 
kg/ha/year is based on data from a database of a long term study of agricultural soils by SLU 
(2019). The total arable land used for agricultural purposes in Sweden 2016 was 3 million 
ha (SCB, 2018a). 

 
Table 12. Calculation of P leaching from soils in Sweden *(SCB, 2018a) 

Leaching  Area (ha)* Load (kg/ha/y) Source Mass P (t) 

 3021000 0.37 (SLU, 2019) 1118 

 
According to SMED (2012) the average P loads per tonne of produced fish to the 

hydrosphere from the Swedish aquaculture industry are calculated varying between 8.2 kg/t 
and 6.4 kg/t (SMED, 2012). Therefore, the arithmetic mean of 7.3 kg/t is chosen as the factor 
against total mass of fish produced in aquaculture. “Fish Production” equal to 13 451 t is 
multiplied by 7.3 kg/t resulting in an estimated P emission load of 98 t to the hydrosphere.  

 
In the waste management process “agricultural waste” contains not only organic 

residues but also animal manure and urine. This is chosen so that the recycling of manure 
can be seen in the overall MFA of Sweden. The amount of 16 880 t/y P from manure and 
urine recycled on Swedish agricultural land is known from statistics (SCB, 2018a). 
 

3.4.3 Industry 

In the industry section the accounted phosphorus comes from forestry industries 
such as paper and pulp, sawmills and from other industry such as food processing industry. 
In addition, consumed industrial detergents are accounted for. 

 
It is assumed that there is no phosphorus stock in the Industry, this is most likely not 

the case, however the quantification of such stocks is difficult. There is no compulsory 
reporting mechanism for stored and stocked goods that would give an accurate perspective 
on the situation regarding P. 
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3.4.4 Consumption 

When approximating the P content in the consumption of food products in Sweden 
the data is obtained from the statistical report, Food consumption and Nutritive values, 
data up to 2016 (SCB, 2017c). The values for consumed mass of goods in Table 13 are 
provided by food category. The values are converted from Mass of product to tonnes of P by 
use of aforementioned calculation. Sources for the Pwt% values used are mentioned in the 
table. For some the values were calculated, in such cases there is a description of the 
calculation presented.  

 
Table 13. Calculation of P for consumption of food in Sweden * (SCB, 2017c) 

Consumption of 
food in Sweden  Mass (t)*  P wt % Source Mass P (t) 

      
Meat & Meat 
products 875100  0.180% (Andersson, 2018) 1575 

Pasteurised 
products & eggs 1537800  0.142% (Andersson, 2018) 2184 

Fish, Crayfish & 
other seafood 271500  0.162% (Andersson, 2018) 440 

Grain & grain 
products 633800  0.164% (Andersson, 2018) 1039 

Fruit & vegetables 2686400  0.028% (Andersson, 2018) 752 
Sugar & sugar 
products 424800  0.071% (Andersson, 2018) 302 

Coffee, tea & more 83500  0.379% (DTU, 2019) 316 

Other food 
Products **N/A  - - N/A 

Beverages 184900  0.007% (Andersson, 2018) 13 
Tobacco products 9200  0.620% (Kakie, 1969) 57 
Oil rich seeds & 
nuts 209000  0.012% (Andersson, 2018) 25 

Oils & fats 17200  0.012% (Andersson, 2018) 2 
      

Consumed food 
products 6933200        6705  

 

**The data for other food products was unavailable from (SCB, 2017c) 
 

3.4.5 Waste management 

In Table 14 the mass of P is calculated by multiplying Pwt% of paper products by the 
mass of recycled paper and cardboard in Sweden. The Pwt% of 0.024% is based on 
estimations of P contents by fresh mass based on work by Antikainen R., et al., (2004). 
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Table 14. Calculation of P recycled in Industry*(Naturvårdsverket, 2018a) 

Waste Industry 
recycled Mass (t)* P wt % Source Mass P (t) 

Paper & Cardboard 1100000 0.024% (Antikainen, Haapanen 
 and Rekolainen, 2004) 264 

 
The emitted phosphorus in 2016, from municipal waste water plants flow F28 is 237 

t and P from industrial waste water F25 amounted to a total of 297 t. The amount of P in 
waste water entering municipal treatment plants F27 is 5546 t. These statistics are available 
from official statistics Sweden (SCB, 2018b).   

 
Calculation of phosphorus leaching from landfills is shown in Table 15. The amount 

of losses during a foreseeable time period is estimated to be approximately 2 %, and the rest 
of the P will be dispersed over geological time periods. 

 
Table 15. P leaching from landfills 

Leaching (landfills) Mass (t) P wt % Source Mass P (t) 

 10185 2% (IVL, 1999) 204 

 
Data on the amount of food waste generated in Sweden is found in the report 

Matavfall i Sverige by Svenska Miljö Emissions Data (SMED, 2018a), the data in this report 
is presented as tonnes of sorted food waste in Sweden per year. In order to determine the 
contents of phosphorus in the different waste fractions the conversion based on Pwt% data 
from (Bernstad and la Cour Jansen, 2011) is done.  

 
Waste from the food industry, flow I4 was calculated based on data on the amounts 

of food waste from the food processing industry found in (SMED, 2018a), this data was 
transformed into amount of P per food waste using the findings and data from (Bernstad 
and la Cour Jansen, 2011). Phosphorus emissions to waste water treatment plants from the 
food processing industry is equalled a total of 4 tons in 2016 flow I5 (SCB, 2018b). 

3.4.6 External loads 

In Sweden the forestry industry harvests approximately 74.8 million cubic meters of 
wood each year (SCB, 2017b). The phosphorus content in wood is relatively small the Pwt% 
value is obtained from (Hellsten et al., 2013) where samples of roots and stumps are tested. 
The species tested were the three common species in Scandinavia Scots pine, silver birch 
and Norwegian spruce. In this study it is assumed that the Pwt% content is consistent 
through all of the plants even though this might not be the case. The study shows that there 
is variety also between locations as well as between plants, the value assumed is on the 
conservative side. 

 
Table 16. Calculation of P in harvested wood Sweden*(SCB, 2017b) 

Forestry V (𝒎𝟑)* ρ (t/𝒎𝟑)** Mass (t) P wt % Source Mass P (t) 
Wood net 
harvested   74800000* 0.42 31416000 0.013% (Hellsten et 

al., 2013) 4084 

Wood 
Regrowth   120000000 0.42 50400000 0.013% (Hellsten et 

al., 2013) 6552 
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** The value for density [ρ (t/𝑚3)] of 0.42 tons per cubic meter is adapted from the conversion rate used 

in  the study by the Swedish Environmental Protection Agency, Fosforflöden inom skogsbruket och 
skogsindustrin (Naturvårdsverket, 2013a).  

 
Mass calculation performed in Table 16 is following the equation below, in order to 

convert volume and density to mass. 
 

𝑚 = 𝑉 ∗ 𝜌 
 
Where the following stands for; 
 
𝑚 is the mass of the wood 
𝑉 is the volume of wood 
𝜌  is the density of wood  

 
Atmospheric deposition is estimated in Table 17, the area of Sweden is multiplied 

with estimations of the annual deposition per square kilometre. The value of estimated 
deposition comes from the Baltic Marine Environment Protection Commission (HELCOM), 
the value is presented as a rough estimate. It is assumed that there is no loss of P to the 
atmosphere in Sweden. The deposition described here is P that is settled as dust, particles 
and waterborne P (HELCOM, 2014).  

 
Table 17. Calculation of atmospheric P deposition in Sweden *(HELCOM, 2014) 

Area (𝒌𝒎𝟐) Deposition kg/𝒌𝒎𝟐 Source* Mass P (t) 

450295 4 (HELCOM, 2014) 1801 

 
Deposition of phosphorus calculation is performed by the following equation, in 

order to estimate the atmospheric deposition of P. 
 

𝑥 = 𝑎 ∗ 𝑑 
 
Where the following stands for; 
 
𝑥 is the estimated total mass of deposited P  
𝑎 is the area of Sweden in 𝑘𝑚2 
𝑑  is the deposition per area kg/𝑘𝑚2 in one year 
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4. Results  
The anthropogenic phosphorus flows in Sweden are quantified and presented in 

Figure 5. All values in Figure 5 are presented in tonnes of P per year. The detailed data and 
description of calculation methods and source can be found in the Appendices 1-8. 
 

Flows marked as Import (I) and Export (E) are representations of the import and 
export market of goods converted to P. The flows and stocks of the atmosphere, environment 
and hydrosphere are outside of the system boundaries. The stocks in these are represented 
as the load on each sector.  
 

4.1 Phosphorus balance of Sweden  
The phosphorus balance of Sweden as presented in Figure 5 shows that the total P 

imports from goods are equal 23 111 t/y and total exports of goods  are 12 881 t/y. This is an 
increase of P stocks of 10 230 t/y. However, in the figure the mass balance does not include 
the 1919 t/y that is emitted to the hydrosphere. In addition there is P depositions from the 
atmosphere of 1801 t/y and from the harvested forestry products from the environment 
equal to 4084 t/y.  

 
The total phosphorus inputs including P from atmosphere and environment are 

29 333 t/y and the total outputs equal to 15 137 t/y. This means that the true exports are 
exported goods plus deposition to the hydrosphere. With a total remaining increase in P 
stocks of 14 196 t/y. The P balance of Sweden is comparable in magnitude to the total amount 
of P in mineral fertilizer imported annually. The stock build up in Sweden plus the losses to 
the hydrosphere are approximately the same as the import of P fertilizers. The results are 
highlighting the importance of imported P especially in the form of fertilizers. 

 
The largest flows of phosphorus to Sweden are related to the agricultural sector and 

imported mineral fertilizers equivalent to 12 490 t/y. The recycling of P is present in the 
overview MFA. It can be observed that the absolute largest flows in Swedish society is 
agricultural waste at 18 870 t/y, this includes manure and urine, which are mostly recycled 
back to the agricultural sector as fertilizers for fields. The recycling of agricultural waste is 
the second largest flow accounting for 16 880 t/y. The knowledge of recycling manure has 
its roots in history and it can be observed in the diagram that the recycling of organics is a 
major part of the nutritional cycle. Without recycling of P in this way it can be assumed that 
the nutrition would be required to be added as PR mineral fertilizers. Since there are losses 
these could be reduced by improving efficiency of our food chain and the recycling of 
nutrients.  

 
The following largest flow relates to the production of food. It can be observed that 

the production and consumption of food products stand for the majority of the total 
phosphorus flows in the Swedish society. Much of these produced foods are also consumed 
and ended up in waste management. That is one area, where P is being stocked. This P stock 
is a result of sludge from waste water and ash from incineration of municipal waste, most of 
this ash ends up in landfills. 
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Figure 5. Phosphorus MFA Sweden  

4.1.1 Import and export of goods 

Sweden imports four major categories of goods containing phosphorus. These are 
mineral fertilizers, animal products, food products and other products & chemicals. The total 
imported mass of P in these goods is 23 111 t/y. Sweden exports three major categories of 
goods containing P, these are animal products, food products and other products that 
contain a total mass of P 12 881 t/y. Sweden produces more goods than it imports, a large 



28 
 

proportion of the imported goods are products that Sweden does not produce domestically, 
typical examples are vegetables and fruits (SCB, 2018a). 

4.1.2 Agriculture 

From Figure 6 it can be observed that within the agricultural sector there are many 
major flows of phosphorus. The largest flows are with the highest resource intensity related 
to animal husbandry. It is clear that animal husbandry has poor resource efficiency of P the 
amount of animal product per P input is low in relation to just crops. It is however important 
to notice that manure from animal husbandry is noted as agricultural waste in this study. It 
is done in order to emphasize that a large portion of it is recycled as fertilizer to the 
agricultural soils, the losses are 1990 t/y from the recycling of manure. Since the mid-20th 
century the global amounts of manure used as fertilizer has remained relatively unchanged, 
on the contrary the current consumption of PR is ten times higher than it was in the early 
20th century (Cordell, Drangert and White, 2009).  

 

 
Figure 6. Phosphorus MFA Sweden Agriculture  

 
Water emissions from aquaculture are significant. In Figure 6 it is possible to observe 

that the animal feed provided to aquaculture is largely emitted straight to the water. The fish 
farming techniques with open nets in the Sea cause much of the provided feed to directly 
enter the surrounding water. It is important for the aquaculture industry to improve the 
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nutrient discharges to the environment (Nielsen et al., 2017). It is, however, notable that the 
total load from aquaculture is low in comparison to the amount from leaching of agricultural 
soils.   

 
The foremost challenge is to increase agricultural efficiency (Cordell et al., 2011), by 

improving the efficiency of P fertilizers. Food chain efficiency and the consumption of 
various food products strongly dictates the overall impact of agriculture when it comes to 
resource management of P. Importance of animal husbandry for agriculture cycling of P is 
also an important factor. Soil stocks of P are also built up by 889 t/y according to the results, 
this means there is potential to improve the efficiency in fertilizer application management. 
In Sweden there are many guidelines to improve the efficiency of fertilizer application on 
fields and technology such as graphical information systems that are being used on a wider 
scale to adjust the application of fertilizers on fields to increase yields and minimize waste 
(Jordbruksverket, 2019).  

 
An alternative way is to change raw material inputs. One of the basic concepts of 

cleaner production methodology is the substitution of raw material used to enable creation 
of new value chains while mitigating or changing the emissions. Changing or replacing parts 
of the fossil PR with for example algae has been suggested. Thomas J-B. (2018) describes 
the potential to use algae produced to remove nutrients from the hydrosphere, the author 
emphasises the importance of closure to the P cycle and imbalance in the natural system 
caused by anthropogenic exploitation and dispersion (Thomas, 2018). Utilisation of algae 
for food is already common in Asia and could become a major part of future diets. Algae 
could be used to remove P and N from the hydrosphere to counteract the emissions as well 
as produce a stream of useful raw material. Algae can be used as a raw material in bio-
refineries to produce fuels that could replace a portion of fossil resources and thereby 
provide multiple benefits including the reduction in 𝐶𝑂2 emissions while recovering emitted 
P and N from the Sea (Balina, Romagnoli and Blumberga, 2017).  
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4.1.3 Industry 

The industry process is assigned as the system that handles the production of 
products containing phosphorus. The entire industry section is divided up into sub 
categories of food processing industry and traditional industry. The food processing industry 
receives the domestically produced food products and imported foods that are further 
processed. Animal products are imported to this system as animal products and exported in 
combination with industrial products.  

 
The industry in Sweden consumes forestry products containing P of 4084 t/y, this is 

mainly wood for the paper industry. It is assumed that most of this P remains in the product. 
This products are distributed between the domestic consumption as well as to the export 
market. The waste stream from the industry is calculated being 983 t of P per year, this 
consists mostly of ash and green liquor sludge from the paper mills. A positive note is that 
about 264 t of P is recycled annually in the form of recycled paper products in Sweden. There 
is an additional consumption of 351 t of detergents and raw material for detergents per year. 
The two exported products are domestic consumption 1088 t/y and products for trade 3467 
t/y and these are a result of a mass balance. 

 

 
Figure 7. Phosphorus MFA Sweden Industry  
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4.1.4 Consumption 

Regarding the consumption in Sweden many of the internal interactions are unclear. 
There is a lack of data for the amount of consumption in private households and in 
commercial sector. The commercial sector stands for restaurants, services and retail, which 
represents the distribution of goods. However, the important flows for understanding the 
overall picture of the Swedish P balance are found in the statistics of SCB. Total consumer 
goods as food and products are available as well as the generation of waste. The SCB data for 
produced waste in Sweden is detailed and easily available. The proportions of the internal 
flows between Retail, Commercial and Households where not obtained from the data, 
therefore it is unclear how the stock is built up between these three sections. 

 
 

 
Figure 8. Phosphorus MFA Sweden Consumption  

From Figure 8, it can be observed that most of the P in consumption sector are food 
products, out of these the main waste stream is in waste water in municipal sewage, followed 
by waste. The results of the treatment of Waste and Municipal waste water are found in 
Section 4.1.5. The overall stock build-up of 3326 t/y in Figure 8. The main reason for this 
build up is likely to be the storage and stocking of goods, as well as other activities such as 
home composting. 
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Food chain efficiency is the most important aspect of sustainable phosphorus 

management (Cordell et al., 2011). One way to impact the system is to shift in consumption 
patterns. Diet is a controversial topic, many individuals in Sweden make a conscious 
environmental decision to change their lifestyle and diets to be semi-vegetarian, vegetarian 
or vegan. The consumption of animal products has a large impact on the environment when 
it comes to greenhouse gases (Martin and Brandão, 2017). As seen in Figure 5 and Figure 8 
the food production and consumption play a major role in the P balance of Sweden. 
According to data from statistics of Sweden the average energy intake per capita had 
increased from 2900 to 3100 kcal per person and day, since the 1980 until 2016. The 
statistical report states the major reason for this is the significant increase in meat 
consumption per person that rose by 38% in the same time period (SCB, 2017c). However, 
the meat consumption has remained stable between the years 2010-2016.  One method to 
reduce the impact from animal husbandry on the P balance of Sweden would be to reduce 
consumption of meat and other animal products. However, some animal products have 
beneficial nutritional traits. Some essential elements such as iron, fats and B12 vitamins are 
easily obtained from animal products. There is a trend in modern society of 
overconsumption, especially the consumption of products such as meats, fats and milk. 
Products high in protein and fat such as meat, milk products and nuts have proportionately 
a higher P concentration compared to for example cereals. In addition, products such as 
meat and milk are resource inefficient in a way to provide society with the needed nutrition. 
Using algae as feedstock for animals and direct consumption for humans or as crop fertilizer 
would reduce the impact of animal products. In addition, the algae is capable at taking up P 
from water and could be used to reduce eutrophication in coastal waters.  

 
The shifting of burdens is important to consider. The imports and consumption of 

goods in Sweden also affect the P cycle globally. Even if Sweden has managed to improve the 
efficiency of the domestic system the imports of goods from other parts of the world creates 
a situation where the products imported may be the cause of environmental problems 
elsewhere. If regulation in Sweden or EU focus solely on domestic issues the cost of 
production ramps up and import increases, thereby also influence the environmental strain 
on other areas. There are also products that are not produced domestically such as tropical 
fruit etc., it is important to ensure that the production of these products does not cause 
excessive use of P. 

 
The flow “Waste water private” is the emissions from small scale on-site treatment 

units amounting to 303 t/y of P. The emitted  P from private on-site waste water treatment 
solutions have a significant impact on natural environment (Herrmann, 2014). The smaller 
scale on-site waste water treatment solutions for private households are often limited in 
their capacity to remove P from waste water stream (Stark, 2004). The current systems 
available for on-site treatment of waste water are often relying on filter materials for the 
removal of P, one major issue with this method of P removal is the eventual saturations of 
the filter medium. Many studies have been conducted on improving and understanding filter 
materials (Herrmann, 2014; Stark, 2004). According to Naturvårdsverket a large number of 
up to 20% of the small scale on-site treatment solutions do not fulfil the legal minimum 
treatment criteria (Naturvårdsverket, 2016). The flow “Waste water” 5546 t/y of P is the 
amount of P emitted through the municipal waste water treatment plants in Sweden, this 
flow is described in the waste management section. 
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4.1.5 Waste management 

Waste management is a fundamental part of the anthropogenic interaction with 
phosphorus where the reuse and recycling of P are important aspects. It is necessary to find 
solutions to reduce the transformation and dispersion of P both from environmental 
standpoint as well as from an economic point of view. From a global perspective Sweden 
consumes a portion of the total P used. However, Sweden also has the potential to drive 
technological innovation and development towards sustainable resource management of P. 

 

 
Figure 9. Phosphorus MFA Sweden Waste Management  
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As seen in Figure 9 there is a stock increase of 9981 t/y in the waste management 
sector, this is largely due to landfilling of fly ash and sludge from incineration of municipal 
waste and discarding of sludge from waste water treatment plants. Some phosphorus can be 
recovered from the incineration of municipal waste. According to Kalmykova et al., (2013) 
up to 30% of mineral fertilisers could be replaced with recycled P from fly ashes from 
municipal waste incineration (Kalmykova and Karlfeldt Fedje, 2013). Much of the P found 
in the fly ashes come from incineration of residue sludge from municipal waste water 
treatment plants. The reason the sludge is not utilised in Sweden is due to the presence of 
trace metals, which prevents the use of the sludge on agricultural croplands. This is regulated 
on a political level in Sweden, and the threshold values are set higher than in many other 
European countries (Kalmykova and Karlfeldt Fedje, 2013) as presented in Table 1 for limits 
values on trace metals in EU and in Sweden. The technical challenge is to find methods to 
economically separate the P from the trace metals. Leaching from landfills could be 
mitigated by use of biochar (Riddle, 2018). 

 
From Figure 9 it is possible to observe that treatment of municipal waste water is 

efficient in removing P from the waste water stream to a degree of about 96%. This efficiency 
in treatment is a direct result of efforts in Swedish environmental work to reduce emissions 
that cause eutrophication and pollution, these efforts can be understood when looking at the 
recent development of P emissions from Swedish waste water treatment plants seen in 
Figure 10.  

 

 
Figure 10. Development of the phosphorus emissions from water treatment plants municipal and 

inustrial since 1987. Based on data from (SCB, 2018b) 

In Sweden environmental work with a focus on water treatment started already in 
the 1960s trough 1980s. This in turn has led to rapid development and implementation of 
the treatment methods between 1980 and 2000 represented by an increase in installations 
of waste water treatment plants in Sweden. From the 1990s the introduction of biological 
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treatment in combination with chemical treatment resulted in major reductions in P 
emissions (Persson, 2011). One reason for the observed stabilizing trend in P emissions is 
the increased effort and associated costs required to treat lower concentration effluent. The 
effort and costs grow exponentially when concentrations become low. The same principle of 
treatment of P, when concentrations are low, applies for industrial applications. However, 
the production of goods has increased while the emissions have remained stable showing 
that there is progress in treatment technology. Furthermore, the industry has 
simultaneously struggled with other contaminations (Persson, 2011). 
   

As aforementioned, the agricultural waste includes manure and urine, which are 
largely recycled as fertilizer, the flows of agricultural waste are described in detail under 
Section 4.1.2 Agriculture. 

4.1.6 External factors 

A total of 1801 t/y phosphorus is deposited in Sweden through the atmosphere, this 
is an estimation based on data from (HELCOM, 2014) and calculations can be found in Table 
17. The majority of this deposition is in the form of dust and other solid particles settling in 
Sweden, the data is based on average deposition on Swedish waters of the Baltic Sea, and the 
amount of removal of dusts from Sweden is not included in this study. 

 

4.2 Improvement measures 
It is implied in several scientific works  that the optimisation of phosphorus flows in 

society could greatly reduce the exhaustion and dispersion  of P (Ott and Rechberger, 2012; 
Cordell et al., 2011; Kalmykova and Karlfeldt Fedje, 2013). There is a need for a more robust 
policy framework on the consumption of P. The future expense of extraction and scarcity of 
the element could be mitigated though proper and timely planning. It is widely known that 
the environmental impacts on the local scale can be mitigated by implementation of 
regulatory framework and technical solutions. Wright and Broose (2014) suggests the best 
solution to resolve issues created by economic activity is the implementation of policy 
measures (Wright and Boorse, 2014). 

 
There have been several studies and suggestions from Swedish institutions and 

governmental bodies on the implementation of charges for emissions of phosphorus and 
nitrogen (Naturvårdsverket, 2010; IVL, 2012). The suggested emissions charge system is 
only aimed at the waste water treatment plants and emissions to the hydrosphere. On the 
European level there are suggestions of wider policy tools such as water emissions trading 
(WET) by (Wind, 2012). However, there is a need for a wider approach to P management on 
a local and global scale. To manage the increasing problems of dispersion of P and 
eutrophication of water bodies. 

 
Recovery and reuse of crops and agricultural residue, manure, human excreta can 

reduce the consumption of PR (Cordell et al., 2011; Kalmykova and Karlfeldt Fedje, 2013). 
Regarding the recovery of P from the hydrosphere by using algae as a medium the resulting 
algae can be used in various applications such as food, fertilizers, fuels and more. (Thomas, 
2018; Balina, Romagnoli and Blumberga, 2017). The use of algae for P removal has been 
studied in several studies that show potential of this method for treatment of eutrophied 
water  (Xiao et al., 2017; Breure, 2014). Increase of agricultural efficiency (Cordell et al., 
2011), improving management of fertilization of crops according to needs and considering 
previous applications, while implementing tools such as graphical information systems and 
data collection the efficiency of fertilizer application can be further improved 
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(Jordbruksverket, 2019). Improve on-site treatment of waste water for private households, 
increase the awareness or ensure systems are of the right type (Herrmann, 2014; 
Naturvårdsverket, 2016). Changing diets and consumption patterns could impact the 
production stage of food products (Cordell et al., 2011) especial focus on reducing the 
overconsumption of animal products such as meat and milk products.  

 
The deposition of roughly 60 000 tonnes of P per year as mining wastes are resources 

that could potentially be used, these resources are excluded in the MFA-diagram of this 
study due to the fact that currently these mining wastes are not used but deposited on the 
mining sites. The companies’ Loussavaara-Kirunavaara AB (LKAB), Svenskt Stål AB (SSAB) 
and Ragn-Sells are starting a pilot project for the extraction and potentially recycling of P 
and other valuable metals from mining wastes (LKAB, 2019).  
 

The recycling of agricultural waste is a major factor in the sustainable P management, 
the management of inputs, outputs and existing deposits on a global scale. Development of 
technology of methods for P extraction from land to marine systems is essential. (Scholz and 
Wellmer, 2013). The phosphorus emissions to the hydrosphere contributes to the primary 
production of algae that in turn benefit plankton and eventually fish stocks. However, the 
emissions from the anthropogenic activities can have severe impacts in long term.  The 
environmental state of the Baltic Sea has been discussed for years  and environmental 
impacts such as eutrophication, increased concentrations of trace metals in sediments and 
hypoxic conditions on the seabed in the Baltic Sea, are directly affected by the anthropogenic 
activities (Ning et al., 2018). 
 

Increase the public knowledge and understanding of the sustainable phosphorus 
management paradox is the first step. In order to achieve change in a sustainable direction 
the international community needs to acknowledge and address the challenges with P 
dispersion. The environmental and socioeconomic issues caused by unsustainable resource 
management are escalating. Cordell D. (2011) expresses the need for policies on sustainable 
P resource management (Cordell et al., 2011). This can be achieved through the creation of 
goals and plans supported on a foundation of knowledge from scientific studies. The field of 
IE can be of aid in the development of new policy tools and technology to solve the challenges 
of sustainable P management. The discussion around other elements such as C is a prime 
example of the international community acknowledging an issue and proceeding with work 
towards rectifying the identified challenge. It is however clear, that work on such a large 
scale is going to take decades, with EU setting climate targets for 2030 and 2050. The 
discussion on sustainable resource management of Critical Raw Materials (CRMs) needs to 
be taken more seriously and actions should be taken already now in order to secure a 
sustainable future for everyone.  

 
The paradox for sustainable resource management of P is the fact that we need to 

reduce the amount of PR consumed while feeding an ever growing world population. If the 
emissions are to be curbed globally actions need to be taken even in Sweden. It is important 
from a socioeconomic and environmental perspective to ensure that the actions taken do not 
cause a shift of burdens onto others. The costs of extracting PR is increasing and the mineral 
deposits remaining are to a large degree contaminated with trace metals. Industrialized 
countries can pay a premium price for the resource to avoid costly treatment, often leaving 
poorer grades of PR at cheaper prices. The overconsumption and poor resource management 
in the past is now leading to the scarcity of the element. The countries that have exploited 
the resource are also the ones reaping the benefits of developed agriculture and economy. 
This economic advantage comes at a cost for of the livelihood of many in developing 
countries, when fertilizer costs eventually increase. This raises the ethical question of who 
has the rights to the remaining PR. The developing countries have already gained the 
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benefits of rapid industrialisation and intensification of the agricultural system in the green 
revolution, while much of the easily available PR of high quality has been consumed. It is a 
fact that the remaining sources are of poorer quality and are contaminated with trace metals 
(Cordell, Drangert and White, 2009).  How do we treat and combat this treat globally, what 
policies and regulations can we implement to ensure a sustainable future?  

 
Could a trading system similar to the 𝐶𝑂2 emissions trading system be used? It has 

been proven that 𝐶𝑂2 trading is effective due to the economic incentives. And there has been 
suggestion of trading schemes (Naturvårdsverket, 2010; IVL, 2012; Wind, 2012). I propose 
that further studies are in need to be conducted on, how would a phosphorus emissions 
trading scheme look like and what the consequences would be. Example, P allowances for 
farmers or producers, when PR is used a tax would be applied and the revenues directed 
towards the removal of P from the sea in the form of algae farms and the restoration of 
eutrophied aquatic systems and for technologies that treat emissions of P such as waste 
water or waste treatment technology. In the work of Cordell et.al (2011) it is concluded that 
the increased recycling and recovery efforts should focus on cost and energy effective 
solutions to solve the challenge of P management. When the element is dispersed it becomes 
more costly and difficult to recover (Cordell et al., 2011). This work identifies several key P 
stocks and flows that show the potential of working with proactive measures as well as 
recycling of resources that already exist in the Swedish system. Perhaps Sweden could 
pioneer the field of P recycling trough development of technology, policies and financial 
incentive schemes. 
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5. Discussion  
From the results the magnitude of the Phosphorus consumption of Sweden is 

apparent. The mass balance results in Figure 5 are comparable to previous studies. In the 
report, Analys av fosforflöden I Sverige (Analysis of phosphorus flows in Sweden) by SLU 
(2013) they achieved import values of 24 627 t/y and export values of 14 839 t/y resulting in 
net increase of 9 788 t/y in the analysis of P flows for the time period of 2010 and 2011 (SLU, 
2013). These values are of the same magnitude as the results presented in Figure 5, the 
difference are likely due to difference in the timeframe of the data as well as varying 
methodology of assembling the data. 

 
Treatment of waste water has significantly improved over the past decades, Sweden 

has been a leading actor in implementing policies to reduce environmental pollution. 
However, the total deposition of P to the hydrosphere calculated in Figure 5 is 1919 t/y. The 
amount of emissions to the hydrosphere is a threat to the aquatic environment. This 
estimation of total anthropogenic deposition is comparable with results from SMED’s online 
technical calculation system for water (TBV). Using the TBV web tool to show the total 
anthropogenic load on the hydrosphere results in an P gross load of 2020 t/y (SMED, 
2018b). The dataset used to check the accuracy of the MFA model was Pollution Load 
Compilation 6 (PLC 6), this dataset is presented for the year 2014. The comparison between 
this work and trusted organisation such as SMED supports the robustness of the MFA model 
of P flows and balance of Sweden produced.   

5.1 Limitations of the study 
The following section describes the factors, which have a significant impact on the 

results. The official data available from SCB has many limitations as the collection method 
varies depending for the described goods. Furthermore, the data is assembled or collected 
by different organisations with varying methodology and standards for data collection. The 
data for imports and exports is complex to analyse, there are thousands of products and 
product category codes that can be challenging and time consuming to navigate increasing 
the risk that something has been overlooked.  The lack of previous holistic material flow 
analysis and studies on the phosphorus metabolism in Sweden also makes the task of 
characterising P balance of Sweden more challenging. The source data as well as the factors 
chosen for Pwt% could greatly affect the final values. The accuracy of the work could be 
subjected to sensitivity analysis in order to further improve on the results. The results are of 
similar magnitude where comparison was possible. However, the presented results are not 
an exact representation of reality but rather a model that provides scale and an estimate of 
the real case. 

 
Regarding the feedback loop for forestry the quantities of P are assumed to be 

negligible and are therefore not accounted for. This is also the case for crop seed used in 
agriculture. The data for import and export of products is misrepresented in that the 
statistical data for imports and exports partially include products that only pass as transit 
trough Sweden. One such product is Norwegian fish, which is bought by Swedish companies, 
imported only to be exported directly (Swedish Board of Agriculture, 2018) and therefore 
this changes the balance of the Swedish system. There is an inconsistency in the inclusion of 
eggs and milk products in the food products flow and not in the flow for animal products. 
However, this has negligible effect on overall mass balance.  
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Improvement opportunities in the MFA diagram include more accuracy in the flows, 
and reduce complexity to ease the readers understanding of the system. As an example 
forestry products pass straight through the system of agriculture, the arrow could have 
passed straight to industry, where it is consumed, rather than seemingly interact with 
agriculture. Another important aspect to consider is that values for normalisation of the data 
are not included. It is common that the magnitude of P consumption is normalised per capita 
or per hectare of land. 

 
The statistics for fish production are not complete, the inclusion of mussels should 

add another 2317 tonnes raw shellfish to the flow equalling about 3 t/y of P (SCB, 2017a). 
Plastics are not included in the system, except for the waste fractions from consumption, 
where the plastics are included in the mix of waste that forms the base for the calculation of 
phosphorus weight percentage in waste. The variety of plastics in society also further 
complicates the possibility of including plastics in this time limited study. Furthermore, the 
weight percentage of plastic products is low along with the relatively low density of plastic, 
conclusively leading to negligible flows when compared to the rest of the system.  If the 
plastics would be included more wholesomely the bulk of the P from plastics in Sweden 
would end up in ashes from incineration and be landfilled.  

 
The majority of data in this study is calculated and gathered for the reference year of 

2016, however some data is from other time periods than 2016. The data for C9 from (SMED, 
2018a) the household waste fraction includes foods waste discarded into the sewers this 
means that the values are larger than the true values. For the flow F20, the data from (SMED, 
2018a) on agricultural and aquaculture food waste is outdated 2014, therefore the data may 
present a higher degree of uncertainty to the flows in connection to the data. In the SCB 
statistics for emissions from waste water, the values are representing the waste water 
treatment plants that require permissions to operate, this means waste water treatment 
plants serving a population of at least 2000 people of have a load equivalent of such. 

5.2 Stocks 
The build-up of stocks in agriculture equivalent to 889 t/y are mostly the increase in 

soil stocks. In the commercial sector there is a build-up of stock accounting to 3326 t/y, it is 
unknown what contributes to the stock. Some logical explanations for the build-up are the 
storage of P in the form of goods or an increase in population, other alternatives are home 
composting and non-accounted disposal of organics. The build-up of stock in the waste 
management sector is the result of landfilling sludge and ashes from incineration of 
municipal waste, this area shows large potential for improvement. In addition, the emissions 
to the hydrosphere of 1919 t/y are directly contributing to the eutrophication and the 
dispersion of the element. The emissions to water are of highest priority since they directly 
affect the environment. Stocks in waste management can be accessed at a later stage when 
treatment technology has developed to sufficient levels. 
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6. Conclusions 
In this study the phosphorus balance of Sweden is compiled and synthesised from 

existing data trough methods of MFA and literature review. The results provide the scale and 
spread of the anthropogenic impact of P consumption in Sweden. Furthermore, the 
important flows and key issues regarding P management in Sweden are highlighted. The 
results show the dependence Sweden has on imports of PR for the use as fertilizers. The 
primary sources for influx of P in Sweden are due to imported fertilizers and food products, 
where the total imports of P equal to 23 111 t/y. The exports account for a total of 12 881 t/y 
as well as significant emissions to the hydrosphere of 1919 t/y. In addition, there is major 
build-up of stocks in the Swedish system resulting the total stock accumulation of 10 230 
t/y.  

 
The work elaborates on the particular challenges of P management from a Swedish 

perspective. The consumption of mineral fertilizers in agriculture is identified together with 
animal husbandry to have largest turnover of P, and therefore these flows play the major 
role in the management of P. In Sweden the deposition of P to landfills is significant and 
identified as a potential area for recovery and recycling of the element. The emissions to the 
hydrosphere in Sweden have improved significantly over the past decades and the results 
show how political action against emissions can have dramatic effect on the levels of P 
emissions. The study also draws parallels between Swedish and international issues. The 
Swedish consumption of P is bound to the global P systems. The socioeconomic impacts can 
be observed globally when remaining sources of PR are in risk of depletion within the next 
century, the economic and social costs of continued exploitation of P as an element are 
inadmissible.  

 
The study presents current and suggested measures to improve the Swedish system 

with special focus on the challenges highlighted in the results. The results show that 
agriculture is the most important sector in society for the implementation of efficiency 
measures. Animal husbandry has a significant impact on the overall P system in Sweden and 
the consumption patterns are related to food products. Recovery of phosphorus trough 
increase of valuable side streams, for example algae could be used to capture P from 
eutrophied waters and be used as animal feedstock, as direct consumption or as fertilizer for 
crop production or any other application where biomass can be used. The second most 
important sector is the consumption of goods, which is directly related to the production of 
food products as well as the waste management. The overconsumption of meat and milk 
products should be avoided. Waste management is the third essential part of the system. In 
Sweden the reduction of imports from fertilizer could be reduced greatly through recycling 
of fly ash from municipal waste incineration. In waste water streams the efficiency can be 
increased in on-site treatment plants and continuation of the work on the municipal waste 
water treatment systems is important. In Sweden the work in reducing emissions has a long 
tradition and it shows especially in the waste water treatment in the past decades. Another 
effective way to influence the consumption of P is through policies and regulation. In Sweden 
there has been several suggestions for the implementation of charge systems for P and on an 
EU level the suggestions of a water emissions trading has been studied. 
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I can conclude that the anthropogenic activity in Sweden has large impacts on the 
natural environment. The largest contributors to the large phosphorus turnover in Sweden 
are use of P fertilizers, the consumption patterns in society and the waste management. The 
results shows significant potential for improvement in the management of P. When 
addressing the challenges of anthropogenic consumption of P it is imperative to avoid the 
shifting of burdens. It is necessary from environmental, social and economic aspects to 
acknowledge and address the challenge of closing the loop for P and reducing the 
anthropogenic impact of P consumption observed in this study to ensure a sustainable future 
for everyone. More effort needs to be placed on reducing P emissions from to the natural 
environment, where the most effective ways to do so are to reduce the inputs of P to the 
Swedish system, increase the recycling and reuse of P resources through technological 
solutions, political tools and financial incentives. 
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Appendix Description 
If the value are given directly in literature the source is cited in the table. However, if there are several sources or the values are based on 

calculations the source can be found in the respective tables. Alternatively there is an x marked under the column calculation in which case the 
value are based on calculations in the Stan 2 Web software.  
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Appendix 1, Import and Export 
 
Import, Export Flow   Description   Source Calculation Import Export Mass P (t) 
         
Mineral Fertilizer F1 Imported mineral fertilizers (SCB, 2018a) - x - 12490 

Animal Products F2 Live animals and animal feed 
imported to Sweden 

 
Table 9 - x - 2473 

Food Products F3 Imported food products Table 2 - x - 5448 
Other Products & chemicals F4 Detergents imported (KEMI, 2019) - x - 2700 

Food Products F9 Food products produced in 
Sweden Table 10 - x - 6046 

Products F10 Produced Products - x x - 3467 

Mineral Fertilizer F5 Mineral fertilizer used in 
agriculture (SCB, 2018a) - - x 12490 

Animal products F6 Live animals and feed from 
imports used in agriculture. - x - x 1130 

Food and Other Products F7 
Consumed food and 
detergents from the import 
market 

- x - x 5772 

Products F8 Detergents used in industry (KEMI, 2019) - - x 351 

Animal Products F11 Exported live animals and 
feedstuff  

 

Table 9 
- - x 1129 

Food Products F12 Exported food products Table 5 - - x 6133 
Products F13 Exported products   x - x 5619 

 

Appendix 1. List of Flows and values, Import and Export 
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Appendix 2.0, Agriculture 
Agriculture Flow  Description Source Calculation Import Export Mass P (t) 
        

Mineral Fertilizer F5 Mineral fertilizer used in 
agriculture (SCB, 2018a) - x - 12490 

Animal Products F6 Live animals and feed from 
imports used in agriculture. - x - x 1130 

Fish F14 Total harvested Fish Table 11 - x - 337 

Compost, Sludge F21 Recycled manure and 
agricultural wastes (SCB, 2018a) - x - 16880 

        
Food Products F15 Total food Products produced Table 10 - - x 10374 

Fish Products F16 Total fish harvested and 
produced in aquaculture Table 11 - - x 359 

Animal Products F17 Total animal products produced - x - x 1129 

Water Emissions F18 Leaching from soils Table 12 and 
aquaculture - x - x 1216 

Products F19 Forestry products  Table 16 - - x 4084 
Agricultural Waste F20   x - x 18670 
        
Deposition from Atmosphere F31 Deposition from the atmosphere Table 17 - x - 1801 
        
Harvested wood F32 Forestry products Table 16 - x - 4084 

 

Appendix 2. List of Flows and values, Agriculture 
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Appendix 3.0, Industry 
Industry Flow  Description   Source Calculation Import Export Mass P (t) 
         
Products F8 Detergents used in industry (KEMI, 2019) - x - 351 

Food Products F15 Total food Products 
produced Table 10  x - 10374 

Fish Products F16 Total fish harvested and 
produced in aquaculture Table 11 - x - 359 

Animal Products F17 Total animal products 
produced - x x - 1129 

Products F19 Forestry products  Table 16 - - x 4084 

Recycled Material F30 Recycled paper and 
cardboard Table 14 - x - 264 

         

Food Products F9 Produced food products for 
export market - x - x 6046 

Products F10 Produced goods for export 
market - x - x 3467 

Industry Waste F22 Total waste from Industry - x - x 1852 

Products F23 Consumed products 
domestic market - x - x 1086 

Food Products F24 Domestic food 
consumption - x - x 3814 

Waste Water Industry F25 

Emitted Phosphorus in 
industrial waste water 
plants, official statistics of 
Sweden.  

(SCB, 2018b) - - x 297 

 

Appendix 3. List of Flows and values, Industry 
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Appendix 4.0, Waste Management 
Waste Management Flow  Description Source Calculation Import Export Mass P (t) 
         

Agricultural Waste F20 Waste from agriculture 
(including manure) - x x - 18670 

Industrial Waste  F22 Waste from Industry - x x - 1852 

Waste F26 Waste from Consumption 
sector - x x - 1498 

Waste Water Municipal F27 

Measured phosphorus 
entering municipal waste 
water plants, official 
statistics of Sweden.  

(SCB, 2018b)  x - 5546 

Fertilizer Recycled F21 
The reported amount of 
manure used as fertilizer 
2016 

(SCB, 2018a)  - x 16880 

Waste Water F28 

Emitted phosphorus from 
municipal waste water 
plants, official statistics of 
Sweden.  

(SCB, 2018b)  - x 237 

Leaching F29 Leaching from landfills (IVL, 1999)  - x 204 
 

Appendix 4. List of Flows and values, Industry 
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Appendix 5.0, Consumption, Retail  
Consumption Flow  Description   Source Calculation Import Export Mass P (t) 
         

Food and Other Products F7 
Consumed food and 
detergents from the import 
market 

- x x - 5772 

Products F23 Consumed products 
domestic market - x x - 1086 

Food Products F24 Domestic food 
consumption  - x x - 3814 

         

Waste F26 Sum of flows C5, C9 and 
C10 - x - x 1498 

Waste Water Municipal F27   - x - x 5546 
         

Waste Water Private F33 

The amount of P emitted 
from private households  
outside the municipal 
WWTP 

(SMED, 2018) - - x 303 

 

Appendix 5. List of Flows and values, Consumption, Retail 
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Appendix 6, Hydrosphere 
 

Hydrosphere Flow  Description Source Calculation Import Export Mass P (t) 
        
Water Emissions F18 Leaching from soils Table 12 and aquaculture -  x -  

Waste Water Municipal F28  (SCB, 
2018d)  x - 237 

Waste Water Industrial F25  (SCB, 
2018d)  x - 297 

Fishing F14   Table 11 - x 337 
 

Appendix 6. List of Flows and values, Hydrosphere 
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Appendix 7, Atmosphere 
  

Atmosphere Flow  Description Source Calculation Import Export Mass P (t) 
        
Deposition from Atmosphere F31   Table 17 x - 1801 

 

Appendix 7. List of Flows and values, Atmosphere 
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Appendix 8, Environment 
Environment Flow  Description Source Calculation Import Export Mass P (t) 
        
Harvested wood F32   Table 16 x - 4084 

 

Appendix 8.  List of Flows and values, Environment 
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