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Introduction

The production of sufficient food for a growing popu-
lation is a major challenge for agriculture. Since ag-
ricultural land can only be expanded at the expense of 
deforestation, crop production must be increased mainly 
on existing agricultural land. However, higher yields per 
area require greater input of nutrients. It is therefore es-
sential that limited resources of plant nutrients are used 
in an efficient way.

This chapter provides an overview of nutrient re-
serves and a summary of recent associated information. 
Knowledge about the amounts and limits of nutrient re-
serves is vital for decisions on how to utilise resources 
in an appropriate manner. In order to conserve resources 
and secure production of food, nutrients must be recy-
cled. The potential and conditions to achieve function-
ing nutrient recycling to secure food supply over the long 
term are discussed.
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Influential Trends

Population Growth, Urbanisation and Decline in 
Arable Land Area Per Capita
It is possible to identify certain significant trends world-
wide that will affect agricultural production and nutrient 
use in future. Population growth and urbanisation are in-
creasing (Figure 3.1). Between 1950 and 2009, the global 
population increased from 2.5 billion to 6.8 billion and 
is expected to reach 9.1 billion by 2050 (United Nations, 
2009). Furthermore, population growth is expected to oc-
cur mainly in urban areas (Table 3.1). Statistics show that 
1.4 billion people are now living in 600 cities with a mean 
population of 2.3 million per city, excluding suburban ar-
eas with a population greater than 0.75 million inhabit-
ants (GeoHive, 2010). These scenarios will have some 
foreseeable effects.

Population growth will not be accompanied by an in-
crease in agricultural land, as the total area of agricultur-
al land can only be marginally expanded. In most cases, 
only forests are at hand for conversion, as pointed out by 
Gregory et al. (2002), and other areas cannot be trans-
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formed into agricultural land. In fact, arable land area 
per person has decreased, from 0.38 hectares in 1970 to 
0.23 hectares in 2000, with a projected decline to 0.15 
hectares per person by 2050 (FAO, 2008; Figure 3.1). 
There will be less agricultural land available per capita 
in future and consequently crop production on existing 
arable land must be intensified in order to produce suf-
ficient food.

The demographic trend for increasing urbanisation 
will make towns and cities hot-spots for accumulation of 
plant nutrients (Grimm et al., 2008). Food transported to 
cities results in wastes, from which plant nutrients must 
be recycled and redistributed. To avoid overloading ar-
able land with recycled nutrients, long-distance transpor-
tation from cities back to remote arable land is necessary. 
However, municipal organic wastes typically have high 
water and low nutrient contents. For example, dewatered 
sewage sludge contains 70-80% water and the total con-
tent of nitrogen or phosphorus does not exceed 3% of 

dry matter. The volume of urban wastes to be handled 
is three- to five-fold larger than the volume of most har-
vested crops (Kirchmann et al., 2005).

In summary, two aspects of nutrient management can 
be identified as being central tasks: Firstly, to intensify 
crop production, which includes use of more plant nutri-
ents to increase yields without causing negative environ-
mental side-effects; and secondly, to redistribute nutrients 
in wastes from large urbanised areas back to arable land 
in an equitable manner. 

Yield Increase and Efficiency of Nutrient Use 
Two significant developments can be identified in 
Swedish crop production systems. Crop yields have in-
creased at an average rate of 0.5% per year. Furthermore, 
this enhancement has not been achieved through larger 
inputs of fertiliser, as fertiliser input has remained con-
stant. Instead, use efficiency of inputs has improved by 
about 10% over 20 years (Table 3.2). Increasing the ef-

Figure 3.1. Projected urban and rural population growth and arable land 
area available per capita. Data from United Nations (2010) and FAO 
(2008).

Table 3.1. Predicted population growth for some large cities. Cities 
ranked after expected size in 2025. Data from GeoHive (2010).

Population (million) 2000 2010 2025

Tokyo, Japan 34.4 36.7 37.1

Delhi, India 15.7 22.2 28.6

Mumbai (Bombay), India 16.1 20.0 25.8

São Paulo, Brazil 17.1 20.3 21.7

Dhaka, Bangladesh 10.3 14.6 20.9

Ciudad de México, Mexico 18.0 19.5 20.7

New York-Newark, USA 17.8 19.4 20.6

Kolkata (Calcutta), India 13.1 15.6 20.1

Shanghai, China 13.2 16.6 20.0

Karachi, Pakistan 10.0 13.1 18.7

Lagos, Nigeria 7.2 10.6 15.8

Beijing, China 9.8 12.4 15.0

Manila, Philippines 10.0 11.6 14.9

Buenos Aires, Argentina 11.8 13.1 13.7

Los Angeles, USA 11.8 12.8 13.7

Al-Qahirah (Cairo), Egypt 10.2 11.0 13.5

Rio de Janeiro, Brazil 10.8 11.9 12.7

Istanbul, Turkey 8.7 10.5 12.1
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ficiency in crop production systems through inputs, farm 
operations, etc. is a central and driving force in agricul-
tural research. In order to improve the use of organic and 
mineral fertilisers, detailed knowledge to fine-tune soil 
and crop management is needed. 

Nutrient Reserves for Fertiliser 
Production

A critical question often raised is how long global re-
serves used for the production of mineral fertilisers will 
last. Although there are different opinions on what ap-
propriate use of non-renewable nutrient reserves means, 
it is necessary to summarise data on known reserves to 
forecast possible scenarios. 

Nitrogen
Nitrogen fertiliser production is based on ammonia syn-
thesis, requiring hydrogen gas (H2) and nitrogen gas (N2). 
Nitrogen gas is taken from the atmosphere (air contains 
78% N2) and hydrogen gas is produced from fossil en-
ergy, mainly natural gas or through gasification of coal 
according to the following reactions:

CH4 + H2O → CO + 3 H2
CO + H2O  → CO2 + H2 

Hydrogen gas reacts under high pressure and temperature 
to form ammonia gas according to the Haber-Bosch reac-
tion, which is an energy-demanding process.

N2 + 3 H2 → 2 NH3

Roughly 5% of annual gas consumption in the world is 
used for ammonia production, of which more than 90% 

is used in agriculture for the production of different nitro-
gen fertilisers. Natural gas (CH4) accounts for about 70% 
of ammonia production, coal and petroleum coke for the 
remaining 30%. Hydro-electric power has also been used 
in some fertiliser plants in the past. Globally, we are using 
3.2 trillion cubic metres of natural gas per year of proven 
reserves of 175 trillion cubic metres (Energy Information 
Administration, 2010). This would mean a life-time of 
about 50 years. 

The dependence of N fertiliser production on fossil 
fuels is often questioned. Instead, biological nitrogen 
fixation by legumes is proposed to replace nitrogen fer-
tiliser application (e.g. Watson et al., 2002).  It is also 
argued that N fertiliser production is too large, threaten-
ing the ecological functions of our planet (Rockström et 
al., 2009). However, hydrogen gas can be produced from 
renewable resources.  

There are different ways to produce hydrogen gas 
from biomass, such as (i) anaerobic digestion providing 
methane; (ii) combustion to form electricity for electroly-
sis of water; and (iii) thermochemical conversion through 
pyrolysis and gasification. The last alternative - gasifica-
tion of biomass - has been investigated by Ahlgren et al. 
(2009) from a life-cycle perspective using straw or short-
rotation willow as feedstock for an ammonia plant. The 
results indicate that 1 kg of N can be produced from 2.6 
kg dry salix or 2.7 kg dry straw.

In the straw alternative, no extra land was set aside 
and the straw was removed from 1 hectare arable land 
cropped with wheat. Assuming an average winter wheat 
yield for Sweden, straw from 1 ha would allow net pro-
duction of 1,615 kg N. In the salix alternative, net pro-
duction of 3,914 kg N per ha plantation was derived. This 
clearly shows that biomass-based production of nitrogen 
fertiliser from straw or salix is not only self-supporting 
but provides N fertiliser for an additional 20 or 49 ha, 
respectively, assuming an application rate of 80 kg per ha 

Table 3.2. Crop yield and efficiency of N fertiliser use in Swedish agriculture (data from SCB, 1982-2010).

Crop Mean yield
1980-1990 (kg)

Yield per N input
(kg kg-1 N)

Mean yield
2000-2010 (kg)

Yield per N input
(kg kg-1 N)

Yield increase
(%)

Efficiency increase 
(%)

Winter wheat 5,500 50 6,200 56 11 11

Barley 3,600 45 4,200 52 14 13

Oats 3,600 45 3,900 49 7 8



Definitions and Prerequisites

22

of arable land. This shows that nitrogen fertilisers can be 
produced with renewable energy in the future.  

Ammonia production according to the Haber-Bosch 
reaction is an energy-demanding process. However, ap-
plication of nitrogen fertiliser to crops results in a positive 
energy balance (Figure 3.2). Nitrogen is the plant nutrient 
that has the greatest impact on crop yields. Application of 
N fertiliser enhances crop production, whereby more so-
lar energy is captured through a larger biomass, increasing 
photosynthesis. As a result, more energy is bound in N-
fertilised than unfertilised crops. The energy gain through 
enhanced photosynthesis is 5 to 10 times higher than the 
energy required for N fertiliser production (Bertilsson et 
al., 2008). This means that the energy-demanding pro-
duction of N fertiliser is greatly compensated for by the 
much higher energy yield, which is a strong argument for 
producing nitrogen fertiliser.

Renewable energy can replace natural gas as an energy 
source for N fertiliser production. It is therefore possible 
to produce N fertilisers from renewable biomass even if 
fossil energy becomes scarce. This is important because 
of the crucial role of nitrogen fertiliser for food supply in 
the world. Smil (2001, 2002) concluded that the Haber-
Bosch process for industrial fixation of atmospheric ni-

trogen provides the very means of survival for 40% of 
humanity and that only half the current population in the 
world could be supported by pre-fertiliser farming, even 
with a mainly vegetarian diet. Thus one has to recognise 
the immense role of nitrogen fertiliser for human welfare 
and why fertiliser production will not stop even if fossil 
resources may be depleted.

Phosphorus 
World reserves of phosphate rock are large, but most of 
these reserves are found in Saharan Africa (Table 3.3). 
About 80% of the rock phosphate currently mined is used 
to manufacture mineral fertilisers. Use for detergents, an-
imal feeds and other applications (metal treatment, bev-
erages, etc.) accounts for approximately 12.5%, 5% and 

Figure 3.2. Energy input in relation to energy gain through crops and 
residues in crop production systems with N fertiliser (right) compared 
with systems replacing N fertiliser with biological N fixation (left) (data 
from Bertilsson et al., 2008).

Ranking of coun-
tries according to 
reserve size

Total mineable reserves Proportion 
of total 

production

(billion ton) Proportion of 
reserves (%)

(%)

Morocco + Western 
Sahara

50 77 15

China 3.7 5.6 37

Algeria 2.2 3.4 1

Syria 1.8 2.8 1.6

South Africa 1.5 2.3 1.3

Jordan 1.5 2.3 3.4

USA 1.4 2.1 15

Russia 1.3 2.0 5.7

Brazil 0.34 0.5 0.3

Israel 0.18 0.3 1.7

Senegal 0.18 0.3 0.04

Tunisia 0.1 0.2 4.3

Egypt 0.1 0.2 1.7

Australia 0.08 0.1 1.6

Togo 0.06 0.1 0.04

Other countries 0.62 0.9 10

Total 65 100 100

Table 3.3. Total mineable rock phosphate reserves according to USGS 
(2011).
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3%, respectively (Heffer et al., 2005). The global produc-
tion of rock phosphate amounted to 174 million tonnes in 
2008 (IFA, 2010a). Depending on its origin, phosphate 
rock can have widely differing mineralogical, textural and 
chemical characteristics. Igneous deposits typically con-
tain fluorapatites and hydroxyapatites, while sedimentary 
deposits typically consist of carbonate-fluorapatites col-
lectively called francolite. Sedimentary deposits account 
for about 80% of the global production of phosphate rock 
(Stewart et al., 2005). As high-quality deposits have al-
ready been exploited, the quality of the remaining sedi-
mentary phosphorus reserves is declining and the cost of 
extraction and processing is increasing, mainly due to a 
lower phosphorus content in the ore (Driver et al., 1999). 
Associated heavy metals such as cadmium and uranium 
substituting for calcium in the apatite molecule are often 
present at high levels in phosphate rock, especially that 
of sedimentary origin. Rock phosphate may contain up 
to 640 mg cadmium per kg phosphorus and only a minor 
proportion of phosphorus reserves have a low cadmium 
content (McLaughlin et al., 1996) (Table 3.4, Figure 3.3). 
Most (85-90%) of the cadmium in rock phosphate ends 
up in fertilisers (Becker, 1989). 

Country and mine Cadmium concentration 
(mg Cd kg-1 P)

Russia (Kola), Finland (Sillinjärvi) 1.0

South Africa (Phalaborwa) 23

China (Yunan) 35

Syria (Eastern and Khneifiss) 35

Australia (Duchess) 50

Egypt (Quseir) 61

Morocco (Khouribga) 80

Israel (Arad) 85

Tunesia (Gafsa) 108

Israel (Zin) 228

Morocco (Boucraa) 240

Christmas Island 275

USA (North Carolina) 311

Table 3.4. Cadmium concentrations in rock phosphate reserves 
(McLaughlin et al., 1996).

Figure 3.3. Locations of phosphorus de-
posits, mapping out cadmium contents 
and proportion of mineable reserves in 
relation to cadmium contamination (com-
bined data from McLaughlin et al., 1996 
and USGS, 2011a). 

< 10 mg  Cd kg
-1

 P;   < 5% of mineable reserves

> 50 mg  Cd kg
-1

 P;  > 85% of mineable reserves
10-50 mg  Cd kg

-1
  ; " 10% of mineable reserves
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Phosphate Rock Reserves
It is difficult to forecast how long the existing phosphorus 
reserves will last. Earlier estimates vary between 50 to 
100 years and peak phosphorus is a foreseeable scenario 
(Stewart et al., 2005; Buckingham and Jasinski, 2006; 
Cordell et al., 2009). Including reserve bases would pro-
long the life-time to around 350 years, based on the cur-
rent production capacity and excluding an increased de-
mand for phosphorus (IFDC, 2010; USGS, 2011a).

Cadmium Problem
A new standard for low cadmium content in phospho-
rus fertilisers may be required, since the European Food 
Safety Authority recently reduced the recommended 
tolerable weekly intake of cadmium from 7 to 2.5 µg 
per kg body weight, based on new data regarding the 
toxicity of cadmium to humans (EFSA, 2009). The rea-
sons given by EFSA (2009) are as follows: Cadmium 
is efficiently retained in the kidney and liver in the hu-
man body, with a very long biological half-life ranging 
from 10 to 30 years. Cadmium is primarily toxic to the 
kidney, especially to the proximal tubular cells, where 
it accumulates over time and may cause renal dysfunc-
tion. Cadmium can also cause bone demineralisation, 
either through direct bone damage or indirectly as a re-
sult of renal dysfunction. After prolonged and/or high 
exposure, the tubular damage may progress to decreased 
glomerular filtration rate, and eventually to renal failure. 
Cadmium has been classified as a human carcinogen by 
the International Agency for Research on Cancer and 
there is evidence that it mimics the function of steroid 
hormones and can function biologically as an oestro-
gen and an androgen (Bryne et al., 2009; Joseph, 2009). 
However, the extent to which exposure to metalloestro-
gens could explain increased rates of breast and prostate 
cancer in developed countries is still being discussed 
(Järup and Åkesson, 2009).

Several countries already restrict cadmium levels in 
phosphate fertilisers and there is a need for exclusion of 
cadmium from phosphorus fertilisers to ensure safe food 
production. Based on a balance calculation, we calculated 
the maximum cadmium concentrations in fertilisers and 
amendments not leading to an increase of cadmium con-
centrations in soil (Box 1). This calculation is based on 
Swedish conditions.

Box 1. 
Assessment of a safe cadmium threshold 

concentration for phosphorus sources 
applied to Swedish agricultural soils

The new recommendation by the European Food Safety 
Authority (EFSA, 2009) to reduce cadmium intake through 
food from the previous 7 to only 2.5 μg per kg body weight 
and week requires strategies to reduce the cadmium content 
in food. Cadmium is considered a human carcinogen (Bryne et 
al., 2009; Joseph, 2009; Järup and Åkesson, 2009) and requires 
whole-hearted attention. This implies that the cadmium con-
tent of agricultural soils should not be enriched with cadmium 
through manures, organic wastes and fertilisers.  
Using soil and environmental conditions in Sweden as an exam-
ple and applying the principal of nutrient replenishment - phos-
phorus removed through harvest is replaced through an equiva-
lent input - a critical threshold concentration of 10 mg cadmium 
per kg phosphorus was estimated to avoid accumulation in soil. 
This critical concentration is valid for phosphorus fertilisers and 
different types of wastes recycled to agricultural soils.

Current annual flows of cadmium (Cd) to and from Swedish 
agricultural soils per hectare (data from Eriksson, 2009) were 
used to calculate the threshold concentration: 
With deposition and leaching being roughly in balance, mini-
mum crop removal of 220 mg Cd allows a maximum applica-
tion of 160-210 mg Cd to avoid enrichment in soil. 
If 20 kg of phosphorus are applied, the cadmium mass is equal 
to the amount of phosphorus x concentration of cadmium.

160 mg Cd = 20 kg phosphorus x X mg Cd/kg;  8 mg Cd per 
kg phosphorus
210 mg Cd = 20 kg phosphorus x X mg Cd /kg;  10.5 mg Cd 
per kg phosphorus

The estimated threshold concentration for cadmium in phos-
phorus sources is about 10 mg Cd per kg phosphorus in order 
not to enrich Swedish agricultural soils.
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Short History of Europe’s Largest P Deposits
In 1889, the Swedish Parliament commissioned the geolo-
gist Hjalmar Lundbohm to explore technically useful rocks and 
in particular apatite reserves in the North of Sweden (Åslund, 
1965). In the following years, he investigated ‘Gällivare Malmberg’, 
Kiirunavaara, Luossavaara and Svappavaara. The main conclusions 
in his report were that significant apatite reserves existed, but 
that they were associated with iron ore. No isolated apatite was 
present and magnetic or metallurgic separation was necessary in 
order to use the reserves. During renewed prospecting in 1897, 
he found another iron ore deposit in Tuollavaara that was low in 
apatite and could be used without difficulties by the Swedish iron 
and steel industry. History tells us that despite the original aim 
to mine apatite for fertiliser production, so far only iron ore low 
in phosphorus has been mined and apatite-rich iron ore deposits 
have been excluded. 

Potential Reserves
The iron content in the Kiruna ore amounts to 50-60%, while 
phosphorus amounts to 1-5%. Phosphorus is present as apatite as-
sociated with haematite, quartz, actinolite and hornblende. Apatite 
is separated from iron ore through a chain of extraction steps in 
order to produce high quality iron ore. Separation of phospho-
rus produces about 100 000 tons per year. Over time, about 5 
million tons of extracted phosphorus have been deposited. Total 
reserves of phosphorus in iron ore amount to 15-20 million tons, 
equivalent to 100 million tons of apatite (Swedish EPA, 2002), 
which ranks Sweden among the top 10 countries with significant 
reserves (Table 3.3 refers to apatite reserves). The P-content in 
apatite usually varies between 11-15%. The P content in apatite-

Box 2. Non-utilised P reserves from iron ore – An example from Sweden  

The Swedish Kiruna mine (Photo: LKAB).

enriched deposits, which are already ground into fine particles with 
a P concentration of around 2.75%, can easily be enhanced to high-
er concentrations by flotation. In comparison, the Finnish apatite 
ore at Siilinjärvi contains only approx. 1.7% P (Kemira Oy, 1980).

Trace and Rare Earth Elements in Apatite Deposits
The apatite from Kiruna is as low in cadmium as the Kola apatite 
(Russia), but the material is natively contaminated with arsenic at 
a level of 60 ppm. Removal of arsenic from apatite is necessary in 
order to use this resource for fertiliser production. In addition, 
the material contains about 0.5% rare earth elements (Zhang and 
Muhammed, 1990).  

Potassium 
Major potassium reserves that are economically feasible 
to mine include evaporated salt deposits from ancient 
inland seas, salt lakes and natural brines. According to 
US Geological Survey (2008), the largest deposits are 
found in Saskatchewan (Canada), Russia, Belarus and 
Germany, which together hold 92% of all reserves. Other 
significant reserves are found in Spain, England, Brazil, 
Chile and Israel (see Figure 3.4).

Potassium salts are mined in two different ways: 1) so-
lution mining, which means that water is used to dissolve 
deposits, pumped up and evaporated in basins on the 
surface, and 2) mining of underground deposits through 
cutting/drilling followed by removal and transport. The 
main minerals are potassium chloride (sylvite) and mix-
tures with sodium chloride (sylvinite), magnesium sul-
phate (kieserite) and magnesium chloride (carnallite). 

The life-time of potassium reserves based on the cur-
rent production rate is about 250 years for currently mined 
reserves and 500 years if the reserve base is included. 

Sulphur
Sulphur is the 10th most common element on earth and 
many minerals occur as sulphides. Gypsum is a common 
sulphur-containing mineral, with thick and extensive 
deposits, but sulphur is also found as a pure element. 
Today, the demand for sulphur is covered from extrac-
tion of crude oil containing about 0.1-0.28% sulphur, 
from which it is obtained mainly as hydrogen sulphide 
by-product. The gas is converted into elemental sulphur 
through the Claus Process.  

Global production of sulphur amounted to 48 mil-
lion tons in 2009 (IFA, 2010a). Only around 14% of the 
world’s sulphur production is used as a plant nutrient 
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(ammonium sulphate or superphosphate fertiliser) (IFA, 
2010a, 2010b). The main use of sulphur is as a raw mate-
rial for production of sulphuric acid for industrial uses 
(80-85%). Roughly half the sulphuric acid produced is 
used by the fertiliser industry to process phosphate rock 
into water-soluble phosphorus fertiliser. However, nitric 
acid and hydrochloric acid can replace sulphuric acid for 
that purpose. 

Large amounts of sulphur (more than 600 billion tons) 
are contained in coal, natural gas, crude oil and oil shale. 
Sulphur in gypsum and anhydrite is almost limitless 
(USGS, 2011b). Sulphur can be extracted from gypsum 
in the form of pure ammonium sulphate according to the 
Merseburg process (William et al., 1996). Processing gyp-
sum into ammonium sulphate is not economically justifi-
able as long as sulphur is obtained as a cheap by-product 
from processing of oil, gas and coal. Sulphur can also 
be recovered from renewable bio-fuels. In other words, 
sulphur will not be a limited element for agriculture in the 
foreseeable future.

Remarks
It must be borne in mind that assessments of the life-
time of nutrient resources are based on assumptions. In 
the estimates given above, it was assumed that current 

fertiliser use will remain constant over time. However, if 
increasing demand for fertiliser due to population growth 
is taken into consideration, the life-time of reserves will 
be shortened and the figures given are overestimates. On 
the other hand, if technical development allows nutrient 
recycling to be improved so that the majority of fertiliser 
use is based on recycled nutrients, the life-time of re-
serves will be prolonged. Such development is discussed 
below.

Recycling of Plant Nutrients  

All forms of agriculture remove plant nutrients from 
fields via the harvest of crops. The nutrients removed 
from fields flow through one or more of three cycles: 
the fodder cycle, the food cycle, and the industrial cycle 
(Figure 3.5). The fodder cycle is the flow through housed 
animals, on or off the farm, which results in manures, 
slurries, urine, feed-lot wastes and deep-litter wastes. The 
food cycle concerns human consumption of food of plant 
or animal origin, and the resulting wastes. The industrial 
cycle concerns the industrial residues from processing of 
animal and vegetable food products.

Figure 3.4. Locations of potassium depos-
its and size of reserves (USGS, 2008).
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Description of Major Problems 
In the past, the fodder cycle was more or less closed, since 
manures were normally recycled to arable land except for 
a proportion used for nitrate production for gunpowder.  
Today, however, transfer of fodder to a livestock farm can 
result in nutrient accumulation that far exceeds the ab-
sorption capacity of nearby farmland. Manure surpluses 
occur in many regions of Europe, Asia and the USA. For 
example, Haygarth et al. (1998) calculated that a typical 
intensive dairy farm of 57 ha in the UK with 129 lactat-
ing cows results in a net annual accumulation of approxi-
mately 26 kg phosphorus per hectare. On a national level, 
the Netherlands reported an estimated national surplus of 
about 8000 tons of phosphorus per year (Greaves et al., 
1999). Incineration of manure to minimise the logistical 
difficulties of handling surplus manure and to recover en-
ergy is now practised in regions with a high animal den-
sity (Kuligowski and Poulsen, 2010).

The food cycle suffers from severe problems regarding 
return of nutrients from cities back to arable land. Urban 
growth has resulted in centres of consumption, and hence 
accumulation of human wastes containing nutrients, 
that are far away from areas of agricultural production. 
Nutrients removed from the fields enter cities in the form 
of food of plant or animal origin, resulting in the pro-
duction of municipal wastes such as toilet waste in the 
form of sewage sludge, and organic household waste in 
the form of compost or biogas residues. The proportion of 
plant nutrients removed through harvest ending up in mu-
nicipal waste amounts to about 25%, while the remaining 
75% are present in animal manure (Kirchmann, 1998).  

Waste accumulation around cities leads to logistical 
difficulties in re-distributing human waste to arable land. 
Lack of available arable land for organic waste applica-
tion within a reasonable distance from cities requires 
strategies and technologies for reducing the volume of ur-
ban wastes. In many cities sewage sludge is incinerated, 
whereby the volume can be reduced by approx. 90%.  

Conditions Necessary to Achieve Efficient Recycling 
An environmental target in modern societies is to recycle 
nutrients back to agricultural land in a sustainable way, 
which presupposes ‘safe and clean’ products. In order to 
achieve this target, a number of actions have already been 
taken. For example in EU countries, landfilling of organ-

ic material has been prohibited. The use of certain metals 
(e.g. cadmium, mercury) has been prohibited or is highly 
restricted to reduce contamination of wastes. Industries 
connected to sewage treatment plants must keep dis-
charge of pollutants at a minimum to avoid contamina-
tion of sewage sludge. Source-separation of household 
wastes has been introduced to produce composts without 
contaminants. These efforts have improved the quality 
of municipal wastes. For example, the cadmium level 
in sewage sludge in Sweden has declined from rather 
high concentrations to only 20-40 mg per kg phosphorus 
(Eriksson, 2009). 

However, it is questionable whether these commend-
able improvements will result in long-term use of mu-
nicipal wastes on arable land, considering that a number 
of conditions must be fulfilled for sustainable recycling. 
Table 3.5 summarises the most important conditions that 
must be fulfilled to achieve sustainable recycling of mu-
nicipal wastes back to soil, including: (i) ‘safe and clean’ 
wastes that have a negligible effect on the soil and envi-
ronment (refers to their possible content of metals, or-
ganic contaminants and pathogens); (ii) high plant avail-

Table 3.5. Outline of conditions to achieve sustainable recirculation of 
nutrients.

Conditions for sustainable recycling of plant nutrients 

No adverse effect on food quality and the environment

Low levels of unwanted metals

Low levels of organic pollutants

Low levels of pharmaceuticals

Low levels of pathogens

Efficient nutrient supply

High plant availability

Low nutrient losses

Application according to crop demand

Equitable redistribution on arable land

Concentrated fertilisers enabling long-term transportation

Less energy demand for redistribution than production of mineral 
fertilisers
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ability of nutrients in wastes to give a significant fertiliser 
effect (i.e. if nutrients in wastes are bound in less soluble 
or insoluble form, recycling will not replace inorganic 
fertilisers); and (iii) redistribution of nutrients on arable 
land must be related to nutrient removal by crops (i.e. the 
‘law of nutrient replacement’ should be followed). 

Nutrients removed from soil through harvest and 
losses should be replenished with equivalent amounts. 
Application of excessive amounts to arable land is un-
acceptable and long-distance transportation would be re-
quired to achieve equitable redistribution while avoiding 
accumulation of nutrients in arable land surrounding cit-
ies. It seems that all these conditions can only be achieved 
if nutrients from organic wastes rather than whole wastes 
are recycled. 

Recycling Alternatives
As toilet waste contains most of the nutrients present in 
municipal wastes (Kirchmann, 1998), this fraction is most 
important to recycle. There are four main options avail-
able for recycling of nutrients in toilet wastes: a) spread-
ing sewage sludge on arable land; b) separating human 
urine from faeces in special toilets and using the urine as 
a fertiliser; c) recovering phosphorus from sewage water 
in wastewater treatment plants; and d) recovering phos-
phorus from the ash of incinerated sewage sludge. Each 
option has advantages and disadvantages and the best 
choice depends on the conditions present, as discussed by 
Cohen et al. (2011). 

As outlined in the paragraph ‘Influential trends’, a 
dominant future trend will be accumulation of nutrients 
in cities (Grimm et al., 2008). Applying recycled organic 
wastes may not be a viable option, as the required land 
area will not be available within a reasonable distance. 
There is currently a trend for more sewage sludge to be 
incinerated, not only in mega-cities but also in cities and 
towns, which means that spreading of sewage sludge will 
decrease in future. Ash may become the main waste prod-
uct from increasing urbanisation. Processing of ash from 
combusted municipal wastes for nutrient extraction may 
be an important step to close nutrient cycling in society 
(Figure 3.5). The approach of not recycling urban organic 
wastes as such but producing inorganic fertilisers from 
nutrients present in wastes has been proposed earlier 
(Kirchmann et al., 2005). 

Outlook and Conclusions

Assessments of global reserves for fertiliser produc-
tion have changed over time. In fact, reserve capacities 
have been upgraded several times and previous surveys 
indicating ‘peak nutrients’ in coming decades seem less 
likely. Over the long-term, recirculation of nutrients is the 
key to achieving more sustainable nutrient management. 

Rather than shortage of rock phosphate, cadmium con-
tamination of existing reserves is the most critical issue, 
due to serious health risks associated with cadmium in-
take through food. There is a need to implement a techni-
cal step for removal of cadmium from phosphorus fer-
tilisers in order to avoid an enrichment of the cadmium 
content in soil. 

It should be remembered that the application of nitro-
gen, phosphorus and potassium fertilisers to agricultural 
soil over the last 100 years has increased nutrient levels 
and improved soil fertility. However, in other parts of the 
world such as sub-Saharan Africa, arable soils are still 
nutrient-poor and there is a need to increase their nutrient 
status. 

Figure 3.5. Plant nutrient cycling in society divided into fodder, food and 
industrial cycles. 



Definitions and Prerequisites

29

As pointed out in this chapter, it is necessary to in-
crease the use of recycled instead of mined nutrients for 
fertilisation in future. This requires new approaches and 
technologies for handling municipal organic wastes. Only 
nutrients recovered from wastes, and not whole wastes, 
should be redistributed on arable land. This transforma-
tion is necessary in order to achieve efficient nutrient 
flows back from cities to remote arable land. In addition, 
recycled nutrients should have the same fertiliser value as 
mineral fertilisers, i.e., the same water solubility.  

Based on the information given in this chapter, it can 
be concluded that there will not be a shortage of nutrients 
for fertiliser production in coming generations. Important 
points are:

• Nitrogen fertiliser produced with fossil energy can be 
based on renewable energy in the future 

• Reserves of rock phosphate have been upgraded 
again. However, low-cadmium rock phosphates are 
highly limited.  

• Cadmium-related health problems seem to be more 
serious than previously assumed 

• Sulphur, the 10th most abundant element in the 
world, will not become a limited element for crop 
production due to copious amounts of sulphate and 
sulphide mineral reserves

• Nutrient recirculation from organic to inorganic 
forms may be the way forward.

We believe that further development of waste treatment 
techniques will lead to sustainable nutrient recycling in 
society, characterised by efficient processes and high 
quality products.
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