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Zusammenfassung

Nachhaltige Landbewirtschaftung impliziert ausgeglichene Pflanzennahrstoffflisse
ohne die Abhéangigkeit von Dingern aus nicht erneuerbaren Quellen. Stickstoff,
Phosphor und Kalium aus der menschlichen Nahrung werden in Mitteleuropa im
Allgemeinen in Schwemmkanalisationen gesammelt und dabei mit Schadstoffen
vermengt. Neuartige stoffstromtrennende Sanitdrsysteme ermdéglichen die
Bereitstellung von Humanurin und F&kalien zur Verwendung als Diingemittel.

In der vorliegenden Arbeit wurden praxisrelevante Aspekte der Verwendung von
Dingemitteln anthropogener Herkunft untersucht. Die in Gefal3- und Feldversuchen
in Berlin Dahlem ermittelte Ertragswirkung zeigte, dass Urin in dieser Hinsicht
aquivalenten Mineraldingern grundsatzlich gleichwertig ist. Bei sehr hohen
Konzentrationen kam es abhangig von der Pflanzenart zu Depressionseffekten,
welche vermutlich auf den Salz- und Ammoniumgehalt von Urin zuriickzufiihren sind.
Unter Freilandbedingungen traten diese Effekte nicht auf.

Bodenbiologische Auswirkungen von Diingerapplikationen sind entscheidend fiir die
Abschétzung ihrer langfristigen Bodenfruchtbarkeitserhaltung. Sowohl in Labor-
versuchen als auch im Freiland zeigten sich Regenwirmer durch menschlichen Urin
aus Trenntoiletten deutlich beeintréchtigt. Die Ursache der Schadigung konnte nicht
geklart werden. Von einer langfristigen bodenfruchtbarkeitsreduzierenden Beein-
tréachtigung wird jedoch nicht ausgegangen. Mikrobielle Enzymaktivitaten im Boden
wurden im Freiland durch Urinapplikation nicht beeinflusst. Fir die Praxis wird
empfohlen Urin wéhrend der Ausbringung einzuarbeiten, da die Tiere dann weniger
mit der Flussigkeit in Kontakt kommen.

Da es ein umweltpolitisches Ziel ist, die Ammoniakemissionen der Landwirtschaft zu
minimieren, wurden diese nach der Urinausbringung im Freiland gemessen. Auf
Grund der sehr geringen Trockensubstanzgehalte von Humanurin emittierte deutlich
weniger NHj3 als Ublicherweise nach Ausbringung von Schweine- oder Rindergulle.
Verbraucherumfragen bestatigten eine hohe Bereitschaft pflanzliche Nahrung,
welche mit Urin als Dinger erzeugt wurde, zu kaufen und zu verzehren.
Praktizierende Landwirte reagierten dagegen deutlich reservierter.

Die Ausbringung von Urin aus Trenntoiletten kann im Sinne einer nachhaltigen
Landwirtschaft grundséatzlich empfohlen werden. Es besteht aber weiterer
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Abstract

Sustainable agriculture implies balanced nutrient flows and independence from
fertiliser made from non renewable resources. In Europe, plant nutrients excreted by
humans are commonly collected in water borne sewage systems and thus mixed with
potentially harmful substances. Novel segregating sanitation techniques can collect
separated urine and faeces in a form which enables their use as fertiliser.

In the presented thesis selected aspects concerning the use of anthropogenic plant
nutrients relevant to farming were investigated. Pot and field experiments indicated
that equal yields can be gained if urine instead of mineral fertiliser is applied. Very
high concentrations of urine led to reduced growth, presumably caused by the
presence of ammonium or salt. However, this was not found under field conditions.
Soil biological effects caused by the application of a fertiliser must be considered
when assessing its long term contribution to soil fertility. Laboratory experiments as
well as field investigations showed that human urine application severely affects
earthworms, however, the harmful components were not identified. The results
suggest that the effect is of short term only. Soil microbial enzyme activities were not
influenced by urine fertiliser. For farming practice it is recommended to inject or
incorporate urine to prevent earthworms from coming into direct contact with the
infiltrating fertiliser.

Gaseous ammonia loss was measured after urine application on fields as reducing
harmful emissions from agriculture is a goal of European environmental policy.
Because of the very low Dry Matter contents of urine, far less ammonia was emitted
to the atmosphere than usually occurs after application of cattle or pig slurry.

A consumer acceptance study showed a general high public willingness to accept
urine as fertiliser even if used on crops for food production. The reaction of farmers
was mainly reserved as a result of the present legal regulations in Germany.

Within the context of sustainable agriculture the use of human urine as fertiliser can
be recommended. Further research is necessary, especially concerning any effects

resulting from residues of pharmaceutical substances contained in human excreta.
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1. Introduction

Our developed societies lack sustainability in a number of ways. Among the general
public, sustainable energy use is often considered to be more important than
sustainable matter flow. However, both processes greatly depend on each other. As
humans tend to think forward, what we (virtually) leave behind us often fails to
become part of our worldview. Our natural residues are, however, of significant
importance on the path towards a more sustainable way of life. The following PhD-
thesis deals with exactly this topic. It was written to point out the importance of
dealing with human urine and faeces in a more sustainable way. Furthermore, it
refers to a specific sanitation approach and investigates its suitability from an
agricultural, environmental as well as social point of view. Source separation of urine
and faeces can be technically simple in execution, but its design is different from
what is usually found in the so-called ‘Western World’. Since the introduction of the
existing water-borne sewers, the requirements that they were build to serve have
changed or, at the very least, have been greatly extended. Increased scientific
knowledge about the major significance of matter cycles in sustainability has led to a

re-evaluation of our existing waste disposal systems.
1.1. Nutrient Cycles

1.1.1. The Cycle of Matter

The main elements that are found in the organic matter composition of all organisms
are carbon (C), hydrogen (H), oxygen (O) and nitrogen (N). Water and minerals, such
as phosphorus (P), sulphur (S), calcium (Ca), sodium (Na), potassium (K) and
magnesium (Mg), are also essential. These elements pass through the non-living
compartments - water, air and soil - and enter living organisms, before eventually
returning to the non-living compartment after the organisms’ death, describing a cycle

known as the Cycle of Matter. This process is deeply entwined with the food chains.

Unlike energy transfer, which flows in one direction, matter is continuously cycling:
Chemical elements are removed from the environment, used by organisms and again
returned to the environment. All organisms on earth consist of materials that are part
of various cycles. In a simplified physical sense, ‘life’ means the development of

organisms from available matter and the distribution of the components at the end of



life. Added to this, most organisms exchange parts of their components during their
lifespan. Life is limited by the availability of energy and matter. Over a long period,
matter repeatedly is transferred from one organism to another, and between
organisms and their physical environment. As with all material systems, the total
amount of matter remains constant, even though its form and location change.
Substances are taken up and incorporated e.g. for growing processes or converted
for energy production (metabolism). Living organisms obtain matter from cycles and
are themselves part of these closed or wider loops. All organisms, including the
human species, are part of and depend on two main interconnected global food
webs. One includes microscopic ocean plants, the animals that feed on them, and
finally the animals that feed on those animals. The other web includes land plants,
the animals that feed on them, and so forth. The cycles continue indefinitely, because
organisms decompose after death to return food material to the environment. Food
provides molecules that serve as fuel and building materials for all organisms. Plants
use the energy in light to make sugars out of carbon dioxide and water. This food can
be used immediately for fuel or material, or it may be stored for later use. Organisms
that consume plants break down the plant structures to produce the materials and
energy they need to survive. These are then also consumed by other organisms
(ASTRO-VENTURE/NASA, 2005).

Two principle types of matter cycles are known: Long cycles including sediments and
short cycles including living matter only. Often, they are referred to as internal and
external matter cycles. Internal cycles include transformation and direct
transportation in and between living matter, and no large pools. External cycles
include large pools of matter like oceans, rock sediments or the atmosphere. Certain
elements (nitrogen, phosphorus) are only limitedly available from these large pools.
Their availability mainly depends on the chemical form as well as the concentration in
which they occur. Nitrogen, for instance, is available from the atmosphere only in
very small quantities for plants, although it is quite abundant in the atmosphere.
Often, external cycles are not considered as cycles, as a result of questions about
the availability from the large pools involved. Nevertheless, in the physical sense,
they are in fact cycles. Environmentalists sometimes promote the idea of ‘closing the
loop’ or ‘closing the cycle’ of certain substances and thereby describe a management

system of ‘re’-cycling matter. However, they predominantly only consider the internal
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cycle of matter, as the character of a cycle is barely recognisable if large pools of
matter are involved and availability is limited. A clear distinction is also difficult, as
both cycles are closely connected. Most internal cycles also have ‘openings’ to the

atmosphere where matter is added to or removed from the described loop.

1.1.2. The Cycle of Anthropogenic Plant Nutrients

With respect to energy, earth is an open system; with respect to chemical elements,
earth is an almost closed system. The elements that are essential to life are called
nutrients. Because different groups of creatures need different forms of nutrients,
the composition of a particular nutrient is always defined by the kind of life it serves.
This means that the term ‘nutrients’ is often debated among scientists. Biologists in
particular state that, considering their actual meaning, nutrients are organic carbon
compounds of a biological origin. In our oxygen-rich environment, these structures
can provide energy and enable the composition of biomass (FINCK, 1991). Following
this definition, minerals are in fact not nutrients (LIBBERT, 1991). However, minerals
are essential to plant life and are often described as plant nutrients, as plants build
up organic components from airborne carbon dioxide and minerals. Plants can also
obtain essential elements from organic matter after conversion into a mineral form. In
the presented work, minerals are therefore also referred to as nutrients.
“Anthropogenic Plant Nutrients” include elements and substances that are required
for plant growth. If essential, they cannot be replaced by the presence of another
element. ‘Anthropogenic’ means that these nutrients are of human origin. In the
narrower sense it describes plant nutrients that are released from the human body.
However, in the wider sense, the term generally denotes plant nutrients disposed by
humans, including other wastes. In the following, the focus will be on nitrogen,
potassium and phosphorus from human urine and faeces, as these are the most
limiting elements for plant growth in terrestrial environments.

The processes that govern the stock and flow of nutrients are called nutrient cycles.
Two basic steps in all nutrient cycles are physical transport and chemical
transformation. Plant life is dependent on the availability of plant nutrients, mainly
nitrogen, potassium and phosphorus, but also of ten other elements. With sunlight
and carbon from the air, the (mineral) nutrients are transformed into higher structures
that act as nutrients for vertebrates. These rather complex (organic) nutrients are

also essential to human life.
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1.1.3. The Nitrogen Cycle

In the following, the fate of nitrogen in the nutrient cycle via the human diet is
described, because nitrogen (N) is a main element taken up by humans from food in
the form of proteins. Humans are entirely dependent on other organisms for the
converting of atmospheric nitrogen into forms available to the body. 99 % of all
nitrogen is located in the atmosphere; air is largely made up of nitrogen (78 %).
However, the availability of atmospheric nitrogen is highly limited. In nature, a
process known as nitrogen fixation occurs, whereby some bacterial species, the
symbiotic eubacteria Rhizobium (in plant root nodules) and the archaea
cyanobacteria (otherwise known as blue-green algae) contain an enzyme complex
for the reduction of molecular nitrogen to ammonia. In its changed forms (NH,;*, NO3")
it can then be used by plants to form amino acids. Bacteria, plants, and animals can
synthesise some amino acids, but not all. Vertebrates cannot synthesise all the
amino acids that they need for life, and must obtain some through their diet. Fixed
nitrogen is returned to the soil after death and excretion. Animal wastes are rich in
urea (NH2)2CO. The proteins from dead organisms are broken down into amino
acids by bacteria and fungi. The urea and amino acids are converted into NH3; by

other bacteria in ammonification.

Figure 1: Nitrogen cycle in nature (own illustration)
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The global nitrogen cycle has a large internal cycle (uptake — synthesis — excretion
— death — decomposition). Actions that influence the internal cycle are likely to be
more important than actions influencing external cycles (e.g., N-fixation) (Figure 1).
Almost all the nutrients taken up by humans are excreted as urine and faeces. Urine
production and excretion is the body's primary method for removal of urea, a protein
metabolic by-product. If disposed of in soil, the contained N is again taken up by
plants. Today, in the case of human food, excreted nitrogen is not directly returned to
the soil due to the particular kind of sanitation system. During sewage treatment, a
large proportion of fixed nitrogen is released into the atmosphere and is therefore lost
from the internal cycle. To ensure sufficient food production, mineral N-fertilisers are
derived with high energy input from the air. The equivalent of 1.8 | of diesel-oil is
required to produce, transport and apply 1 kg of mineral nitrogen (FLUCK, 1992).

In Western Europe, the excreta of a mature human contain 5 kg of plant-available
nitrogen per year. Mass balances for plant nutrients can also be calculated for the
human body. This means that the same amount of nitrogen, phosphorous and
potassium that is consumed in the diet also is excreted, and that this excretion is
almost entirely within the urine and faeces. During adolescence, this is not
completely true, since some substances accumulate in our growing bodies. However,
calculations show that this accumulation is negligible, as it has been calculated to be
less than 2 % of the nitrogen consumed between the ages of 3 and 13 (SCHONNING,
2001).

1.1.4. The Phosphorus Cycle

Phosphorus (P) is a limiting nutrient for terrestrial biological productivity. Unlike
nitrogen, the availability of ‘new’ phosphorus in ecosystems is restricted by the rate of
release of this element through soil weathering. Without any link to the atmosphere,
the P-cycle is driven only by weathering, uplift, and sedimentation. Because of the
limitations of P availability, P is generally recycled in ecosystems to various extents,
depending on climate, soil type, and ecosystem level. The weathering of P from the
terrestrial system and transport by rivers is the only appreciable source of P for the
oceans. On longer time scales, this supply of P also limits the total amount of primary
production in the ocean. For plant growth, ten times less phosphorus is required than
N, but because of its scarcity in accessible form, it can be the limiting nutrient. This is

because P does not form any important gaseous compounds under normal
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conditions, and P salts are insoluble in water. Most plants are only about 0.2 % P by
weight, but this small amount is critically important. Phosphorus is an essential
component of adenosine triphosphate (ATP), which is involved in most biochemical
processes in plants and enables them to extract nutrients from the soil. Phosphorus
also plays a critical role in cell development and DNA formation. Insufficient soil P
can result in delayed crop maturity, reduced flower development, low seed quality,
and decreased crop yield. Too much P, on the other hand, can be harmful in some
situations; when P levels increase in fresh water streams and lakes, algae blooms
(eutrophication) can occur. Phosphorus must be in the inorganic form to be available
for plants. Organic, adsorbed or primary mineral P cannot be taken up despite the
fact that it may be located and accessible in the soil (HYLAND et al., 2005). Processes
of weathering, mineralization and desorption increase plant-available P. The
application of mineral phosphorus fertiliser is often a precondition for ensuring high
yields in crop production. Today, the annual global production of phosphate is around
some 40 million tonnes of P,Os, derived from roughly 140 million tonnes of rock
concentrate. Overall, mineral fertilisers account for approximately 80 % of
phosphates used worldwide (BSP, 1998). In 1998, STEEN explained that the
“depletion of current economically exploitable reserves can be estimated at
somewhere from 60 to 130 years”. A shortage of phosphorus to be used as fertiliser

is expected to arise within this period of time.

1.1.5. The Potassium Cycle

Potassium (K, potash) is plentiful in nature. It is the seventh most common element in
the Earth’s crust. Certain clay minerals associated with heavy soils are rich sources
of K, containing as much as 17 % K. Sea water represents a majority of the element
globally, as it typically contains 390 mg I of K. Large potash-bearing rock deposits,
deriving from minerals in ancient seas that dried up millions of years ago, can be
found in many regions of the world. Potash for fertiliser is chiefly derived from this
potash rock, requiring only separation from the salt and other minerals and physical
grading into a form that is suitable for fertiliser manufacture or farm spreading.

Potassium performs many vital functions in a wide variety of processes in plants,
animals and humans. It is typically absorbed in greater quantities than is required
and surpluses are naturally excreted. This process occurs in animals and humans via

the kidneys and urine, and in plants by the return of potash in senescent tissue at the
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end of each season - leaves from trees, cereal stubble and roots, etc. K is therefore
naturally widely recycled, and in large quantities. Today, soil reserves are an
essential requirement for an adequate nutrient supply of K to plants, which commonly
contain more potassium than any other nutrient, including nitrogen. Potassium can
be lost from the soil through leaching, though amounts are small except on sandy
soils. The concentration in water draining from agricultural land in the UK rarely
exceeds 3 mg I"' K, and the concentration in rivers rarely approaches 10 mg I K.
The EC Drinking Water Directive set a maximum admissible limit of 12 mg I” K, with
a guideline of 10 mg "' K. Losses of potassium to water are not of environmental
concern in Europe. Potassium is not lost to the air from soil (PDA, 2006).

It is often argued that the K-cycle is closed despite the fact that mineral K fertiliser is
applied. The described cycle includes the transport of K in rivers into the sea and
depositions in sediments. Thus, K can theoretically be mined again and be applied
on agricultural fields. However, in fact, K fertiliser cannot practically be derived from
seawater, except from the Dead Sea. If the concentration and location of K in its
original sources is taken into account, it can be referred to as a non-renewable
resource. The mining of K from rocks is carried out faster than the deposition in
concentrations that are worth being mined.

Total global reserves are not easy to estimate. Current estimates of known, high
quality reserves of potassium ore range from 9 to 20 billion tonnes of K,O. According
to the lowest estimate, and at the current rate of consumption, this supply could last
up to 350 years. Total resources are estimated to be about 150 billion tonnes of K0,
which will last many millennia (JOHNSTON, 1997). In 2000, Germany was the fourth
largest producer of potash fertiliser. 3.15 million tonnes of K,O were exploited in the
country, of which 95 % was used as fertiliser (FAO, 2000).

1.2. Human Excreta Utilisation Historically

The relationship between humans and their excrement seems to have always been
split into two camps. On the one hand, faeces in particular have been seen as a
waste that should be disposed of as soon as possible. On the other hand, positive
effects such as improved plant growth were observed around places where
excrement was deposited. It can reasonably be assumed that these effects were
deliberately exploited from very early on. The hygienic aspect only became important

where greater numbers of humans were dwelling on a limited area. Contact with
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others’ excreta could be easily avoided as long as sufficient space was available
around the living area. Generally, faeces and urine do not seem to have played a
significant role in the history of rural life until the 20" century, but were always
important in cities and other densely populated places.

The first recorded instruction regarding sanitation/hygiene is thought by many to be
the following text from the bible: "Also you shall have a place outside the camp,
where you may go out; and you shall have an implement among your equipment, and
when you sit down outside, you shall dig with it and turn and cover your refuse"
(NELSON IMPERIAL REFERENCE BIBLE, 1983, Deuteronomy 23: 12 + 13). It was
obviously not common to cover faeces in that area a few thousand years ago, but in
the case of military build-up, it was a necessity due to the high concentration of men
over a limited area. This instruction was certainly not made with regard to the
fertilising effects of excrement, but one can easily imagine that trees and bushes in
particular benefited from significant amounts of nutrients during the presence of
larger numbers of soldiers in a specific area during wars in ancient times.

In the 19™ century, Justus von Liebig referred to the use of “metropolitan sewage” as
one of the key issues for the future. He underlined the importance of nutrient
recycling by describing the return of human excreta from urban areas to agricultural
land as a precondition for sustaining the wealth and welfare of the states, as well as
the progress of culture and civilisation [... so werden sie die Einsicht gewinnen, daf}
von der Entscheidung der Kloakenfrage der Stadte die Erhaltung des Reichtums und
der Wohlfahrt der Staaten und die Fortschritte der Cultur und Civilisation abhangig
sind.], (ZOLLER & VON LIEBIG, 1876). Von Liebig was particularly concerned about
London’s sewage problem. This was following a cry for help from the Lord Mayor of
the city. The agricultural-chemist was appalled at what he saw as a complete waste
of useful agricultural nutrients being washed into the Thames. GIRADET recounts in
1996 how the German chemist tried to convince the London authorities to build a
sewage recycling system for the city in the 1840s. When they instead decided in the
1850s to build a sewage disposal system, von Liebig and others began working on
the development of artificial fertilisers, to replenish the fertility of the soil that was
feeding the cities by artificial means (now that the human fertiliser was being
disposed of into the sea). This political and economic decision contributed to the
current unsustainability of both agricultural and urban systems (www.dep.org.uk,
2007).
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At the time, the idea of productively exploiting human excreta was also being
explored by other scientists: WOLFF (1868) described the use of “latrine-fertiliser”
[Latrinendlinger] in German agriculture. He saw great potential to increase yields in
many areas (especially around cities) and complained about the new water-borne
sewerage systems that prevented the night soil (content of latrines) to be used as
fertiliser due to a massive dilution with water. Conversely, in 1840, von Liebig still
considered the use of sewage water to be the most practical means of returning plant
nutrients to agricultural land. In his opinion, the transportation effort of emptying
urban latrines prevented this from becoming the system of choice (ZOLLER & VON
LIEBIG, 1876). Particularly, before the introduction of mineral fertiliser, the availability
of plant nutrients from human excreta seems to have been of great significance. With
the increased availability of nitrogen fertiliser produced by the Haber-Bosch-
Technique, the use of anthropogenic nutrients became less important. At the same
time, water-borne sewage systems were introduced in towns and the use of nutrients
from humans became increasingly limited.

Undoubtedly, usage as a fertiliser was the most common utilisation. MORGAN (2002)
described some examples of a traditional African method of recycling human waste,
i.e. of planting valuable trees in old abandoned latrine pits - a method that is
established in countries as far apart as Rwanda, Kenya, Malawi and India. This is a
method that is often hidden from view under an intricate cover, but where this
technique has been established, the trees’ growth is known to be spectacular and the
fruit produced both large and delicious. Local wisdom has proven that, following
given period of time, the excreta do indeed form a suitable medium in which trees
can grow. It is an elegant and simple method that allows the nutrients available in
human waste to be recycled to form new fruit, which is then eaten before being
recycled again.

In 2006, SIJBESMA also described farmers in Drente, a region with sandy soil and low
fertility in the Netherlands, bringing the night soil from the city of Groningen to
manure their land. She also mentioned the known productive use of urine: In at least
six Dutch cities, households collected urine to sell to the textile industry. It was then
used to wash and colour wool. During the annual carnival, the inhabitants of one city
are still referred to as ‘jarpissers’. The so called ‘fulling’- process in the production of
cloth, converting a relatively loosely-woven fabric into a close-knit one, was carried

out by soaking it in fresh clean water and fuller's earth, and then pounding it by foot,
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much like treading grapes. Stale human urine was often used in this process, as it
contains ammonia that breaks down the grease. Once the oils and other impurities
were removed, the wool could be dyed. A pre-industrial process for dyeing with
indigo, used in Europe, dissolved the indigo in stale urine. Urine reduces the water-
insoluble indigo to a soluble substance, which produces a yellow-green solution.
Fabric dyed in the solution turns blue after the indigo white oxidizes and returns to
indigo. Synthetic urea to replace urine became available in the 1800s (WIKIPEDIA,
2007 ‘indigo’).

In ancient times, human urine was collected and used to make gunpowder. Stale
urine was filtered through a barrel full of straw and allowed to continue to sour for a
year or more. Water was then used to wash the resulting chemical salts from the
straw. This ‘slurry’ was filtered through wood ashes and allowed to dry in the sun.
Saltpetre crystals were then collected and added to brimstone and charcoal to create
black powder (WIKIPEDIA, 2007 ‘human urine’).

The use of human urine as fungicide on fruit trees is described by RICHARD & CARON
(1981). The authors report that it was successfully used in place of synthetic urea to
control apple or pear scab (Venturia inaequalis).

Today, many drug tests and other clinical chemical analyses use urine to find out
whether individuals are pregnant, if they are drug users, or to check hormone levels,
alongside aiding testing in a range of other health related questions.

Urine is generally considered to be relatively sterile as long as people are healthy.
When it leaves the body, however, the urine can pick up bacteria from the
surrounding skin, which would leave it contaminated. However, according to an entry
in WIKIPEDIA (2007, '’human urine’), “...it is not generally advisable to use urine to
clean open wounds”. In fact, exactly this method is recommended by other sources.
HORL (1999) not only describes the disinfecting effect of urine for cleaning wounds,
or its use as eye drops, ear drops or nose drops. He further states that the oral intake
of freshly voided morning urine has been recommended for many diseases such as
viral or bacterial infections. Symptoms reported during the first days of oral intake of

urine include vomiting, headaches, palpitations, diarrhoea or fever. Several



