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Abstract

To create a sustainable society, the nutrients in household biodegradable solid waste and
wastewater have to be recycled to agriculture. If the nutrients present in wastes from society
were recycled, the use of fossil resources would decrease and so would the undesirable effects
arising from discharge of nutrients to water recipients.

The main proportion of nutrients in the waste is to be found in the urine, faeces and the
biodegradable solids. If al of these fractions are collected and recycled, 92% of the nitrogen,
85% of the phosphorus and 63% of the potassium out of the total flow of nutrientsin the
biodegradable fractions (urine, faces, greywater and biodegradable solids) would be recycled.

An easy way to collect the urine, which contains the magjority of the nitrogen and alot of the
phosphorus and potassium originating from households, is to use a urine-diverting toilet
system. So far, it has proved possible to collect up to 80% of the urine excreted using such a
system.

In the collected urine mixture (urine and flushwater), there is a tendency for three layersto
form. The middle layer, consisting of more than 90% of the total volume, has a composition
comparable to the urine mixture if it were homogenized. The top layer, which is less than 5%
of the total volume, has alower concentration of nutrients than the middle layer while the
bottom layer, also less than 5% of the volume, has a higher nutrient concentration than the
other two layers.

When using a water-flushed toilet, it is possible after a short transport to capture the faecal
nutrients by separating the faecal particles from the flushwater. High disintegration of the
faecal particles, such as may occur in long or vertical transport, results in extraction and
suspension of the nutrients, which decreases the amounts of nutrientsit is by particle
separation possible to separate and recycle.

Currently, faecal separation can be performed by Aquatron or filtration. The nutrient
separation efficiency of the techniques depends on severa factors. Aquatron separation was
investigated in the laboratory with a short soil pipe transport and in the Ekoporten block of
flats with along transport through up to four floors to the separation in the basement. The
investigation in Ekoporten showed that it was possible to separate about 60% of both nitrogen
and phosphorus but only 45% of the potassium. In the laboratory study, 70% of all the
nutrients were successfully separated. This indicates that the pipe transport distance should be
as short as possible, especially the vertical drops, to enable as many of the faecal nutrients as
possible to be collected.

One of the separation systems available on the market today is based on filtration with filters
that are emptied every six to twelve months. Investigations in the laboratory of biological and
chemical activity when faeces are submerged into water showed a rapid degradation of the
faeces and extraction of the faecal nutrients, which indicates the importance of fast removal of
the filter cake after separation. The laboratory study of filtration with immediate removal of
the filter cake on average separated 70% of the faecal nutrientsin to the separated solids.

If 80% of the urineis diverted and 70% of the faecal nutrients are separated and collected
together with the biodegradable solids, 67%, 66% and 48% of the nitrogen, phosphorus and
potassium respectively can be collected locally in an easily recycled fraction.

Urine diversion and faecal separation are simple and effective methods for collecting
recyclable and unpolluted nutrients from wastewater. This increases the sustainability of
society and decreases the degree of pollution resulting from nutrients being discharged to the
water recipients.
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1 Introduction

All living organisms mainly consist of carbon, oxygen and hydrogen, which are found in
excessin air and water from where they are initially taken up. Furthermore, living organisms
contain alot of nitrogen, phosphorus, potassium, calcium, sulphur and magnesium, which
often are referred to as macronutrients. A lot of other elementsin smaller quantities, trace
elements, are aso needed in small amounts for well-functioning biological systems.

In agriculture, when food is produced, the nutrients and trace elements are taken up from the
soil and built into biological material. On harvesting crops or when meat is produced, these
elements are taken from the fields and in most cases circulated on the farm. However some of
the food is transported into the urban community, where alot of it is eaten and some of it is
disposed of as biodegradable solid waste.

Due to the one-way flow of food from the farms into the city, a deficit of those elements not
occurring in surplus amounts will occur. These el ements have to be compensated for in some
manner. In the agriculture of today, mineral fertilisers of fossil origin often do this. Due to the
decreasing reserves of fossil resources, nutrients have to be circul ated between the city and
the farms if we are to have a sustainable development of society.

The most common elements in mineral fertilisers are nitrogen, phosphorus and potassium, but
in some areas other deficit elements are also added. If the biodegradable rest products from
humans, e.g. urine, faeces and biodegradable solids, were recircul ated, the need for fossil
nutrient supplementation would decrease considerably and the sustainability of food
production would therefore increase.

Of the food we eat, only a proportion of the carbon, hydrogen and oxygen contained in
compounds is transformed in the body from solids or liquids into harmless gases. The
remainder of the compounds consumed are excreted as solids or liquids, which in the Western
world end up in the wastewater system. Some of the components excreted are harmless to the
environment, while others have different degrees of environmental impact such as
eutrophication by phosphorus and nitrogen compounds. To avoid this, the substances have to
be removed from the wastewater before it is released to the water recipient.

The removal of nitrogen and phosphorus is effected by transformation of nitrogen compounds
to nitrogen gas and chemical precipitation of the phosphorus followed by particle separation.
The nutrients in the wastewater mainly originate from urine and faeces (Figure 1). If these
two fractions were collected, the need to purify the water of nutrients would decrease
drastically.

The flow of biodegradable solid and liquid wastes can be divided into four fractions, three
liquid and one solid. The liquid fractions are urine, faeces and greywater, while flushwater
used to flush the toilet can be included with the faecal and urine fractions. The solid fraction
is the biodegradable solids, mainly consisting of food waste.

The nutrients from urine, faeces and biodegradable solids are mainly of biological origin and
the nutrients in the greywater are mainly of mineral origin but all of the nutrients have to be
disposed of in some manner. The best way to do thisis by reuse of the nutrients as fertilisers,
thereby increasing the sustainability both of the solid waste and wastewater treatment and of
the agricultural production system. In the systems of the Western world, the fractions of urine
and faeces are co-collected and transported in pipes with water (blackwater) and greywater to
atreatment facility.



Conventional sewage treatment plants of today in Sweden are able to remove the mgjority of
the phosphorus, more than half of the nitrogen but only small parts of the potassium from the
incoming wastewater. The nutrients not removed from the wastewater are discharged to the
recipient as a pollutant. Of the removed nutrients, most of the phosphorus and potassium are
available for use asfertilisers. Some of the removed nitrogen will also be found as organically
bound nitrogen that becomes plant available by mineralisation and some as directly plant
available ammonia, while the rest is mainly emitted as N gas. Pollution by heavy metals and
organic pollutants in the recovered sludge decreases the value of the nutrients in the sludge.

100%
90% r
80%
70% - M Biod. solid
60% | B Greywater
50% l O Flush water
40% A ® Faeces
30% - OUrine
20%
10%

0%

Mass DM N P K

Figure 1. The distribution of mass, dry matter, nitrogen, phosphorus and potassiumin the
biodegradable household solid and liquids (Paper I).

Of the food purchased in Sweden, about 10% is not eaten (Paper |; NV, 1995) and thereby
ends up in the waste as biodegradable solids. This corresponds well with the amost 9:1
relationship between the amounts of nutrients excreted in the urine and the faeces compared
to the amounts in the biodegradable solids (Figure 1).

The main contributors of nutrients to the greywater are potassium- and phosphorus-containing
detergents and potassium-supplemented salts, although the amount of phosphorusin
detergents has decreased significantly during recent decades (Comber & Gunn, 1996).

Greywater contributes two thirds of the household wastewater volume (Figure 1). Greywater
can be defined as water used for purposes other than flushing toilets, e.g. water used for
washing, washing up, bathing and domestic cleaning. The greywater contributes the majority
of the heavy metals to the wastewater (Figure 2), while only small amounts are found in the
faeces and even smaller amounts in the urine. The content of heavy metalsin the
biodegradable solid waste is of the same magnitude as the content in the faeces.
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Figure 2. The distribution of copper, chromium, nickel, zinc, lead, cadmium and mercury in
the biodegradable solids and liquids (Paper 1).

If the fractions are collected separately, the treatment of each fraction can be adapted to the
specific composition of each fraction. The urine and the faeces are two small fractions,
according to their mass, containing alot of unpolluted plant nutrients, potential resources that
will become pollutants if they enter the water recipients.

2 Background

Up to the early 1970s a lot of descriptive studies were performed on the composition of
human excreta. Most of the studies were performed in the field of medical and biochemical
sciences, to get a better understanding of the biochemical pathways of our body. A lot of the
studies were carried out on urine or faeces separately and seldom on both at the same time
(Blatherwick & Long, 1922; Johnston et a., 1949; Johnston & McMillan, 1952; Jones Harp &
Scoular, 1952; Vallee, 1959; Berger, 1960; Trémoliéres et al., 1961; Schroeder & Nason,
1971; Lentner et al., 1981; NV, 1995).

In the discussion about new types of sewage treatment systems that source separate the
wastewater fractions, the interest in the composition of the different fractions has increased.
The benefit of keeping the wastewater fractions separated is mainly their different
composition and the treatment options for the fractions, where the urine mixture contains the
majority of the nutrientsin awater dissolved state and only a small amount of the heavy
metals. The faeces are avery small fraction by mass, containing some nutrients and metals.
The greywater is the largest fraction by mass, containing only small amounts of nutrients but
the mgjority of the heavy metals (Paper I; NV, 1995; Koch & Rotard, 2000), and thereby also
the concentration of substances. The composition of the biodegradable solid waste is
comparable to that of the faecal fraction (Paper I).



2.1 Urine

2.1.1 Composition

The major proportion of the nutrients in the wastewater originates from the urine. Of the
amounts consumed in food, about 80-90% of the nitrogen, 50-80% of the phosphorus and 80-
90% of the potassium are found in this fraction (Berger, 1960; Schroeder & Nason, 1971,
Lentner et al., 1981; Guyton, 1992; Frausto da Silva & Williams, 1997). All of the nutrientsin
the urine are in water-soluble forms and are thereby easy for microorganismsto digest and if
not available for plants to take up easily transformed into plant available compounds
(Kirchmann & Pettersson, 1995).

With the approximately 550 kg of urine excreted (Hellstrom & Kérrman, 1996) about 4 kg
(NV, 1995) nitrogen are excreted per person (p) and year (y). The nitrogen is mainly found as
urea (80%), anmonia (7%), creatine (6%) and the remaining part isin the form of shorter
peptides and free amino acids (Lentner et al., 1981). The 365 g p™ y™* of phosphorus (NV,
1995)is mainly excreted as inorganic phosphates and one of their main purposesis to buffer
the pH of the urine (Guyton, 1992). The 1.1 kg of potassium (NV, 1995) is, like sodium,
mainly found in the urine as free ions (Berger, 1960).

Only small amounts of the heavy metals consumed will be found in the urine, generally 5% to
15% (Kehoe et a., 1940; Jones Harp & Scoular, 1952; Schroeder & Nason, 1971; Lentner et
al., 1981; Vahter et al., 1991; WHO, 1991, 1992, 1995; Nordic, 1996; Frausto da Silva &
Williams, 1997). Of the inhaled and consumed organically combined heavy metals, a larger
proportion will be digested and therefore a larger proportion will be found in the urine.
However, the fraction of heavy metals found in the urineis still small.

2.1.2 Urinediversion

During the latter part of the 20" Century, urine-diverting toilets were reinvented with the
purposes of collecting the urine separately and thus providing a fraction of non-polluted
nutrients and also of decreasing flushwater consumption. When analysing different sewage
treatment alternatives using Life Cycle Analysis and Systems Analysis, it was shown that
urine diversion was a good alternative with respect to water-recipient preservation, energy
usage and nutrient recycling (Jonsson et a., 1998, 2000; Karrman et al., 1999; Karrman,
2000).

The double flushed urine-diverting toilet has two separate bowls, the urine being collected in
asmaller front bowl and the faeces and toilet paper in alarger rear bow! (Figure 3). The urine
mixture (urine and flushwater) is then transported in a separate soil pipe to a collection tank.
After collection, the urine mixture is stored on site or transferred to a storage tank (Figure 4)
for sanitation by storage, in Sweden for one to six months before usage as a fertiliser
(H6glund, 2001).



Figure 3. Two double flushed urine-diverting toilets, Dubbletten and WM-Ekologen DS

Several studies have been performed regarding how much of the potentially collectable
amount of the urine is actually collected. These studies have shown that between 50% and
80% of the excreted urine is collected (Jonsson et al., 1997, 1999, 2000; Vinnerd, 1998;
Lindgren, 1999). An important factor regarding the percentage collected is how well informed
and conscientious the users are. It could be possible to collect more than 80% if the users are
well informed and thus use the toilet correctly.
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Figure 4. A urine-diverting wastewater system

Due to the low content of heavy metals in the urine (Figure 2), heavy metal contamination by
other sources has a significant effect on the heavy metal content of the collected mixture. The
two main contamination sources are corrosion from pipes and domestic cleaning water poured
into the toilet (Paper I).

When the urine is collected, the urea content is normally biochemically transformed into
ammonia and carbon dioxide and the pH is thereby raised from about 7 up to over 9. This
reaction occurs as early asin the U-bend and the first metres of the soil pipe (Vinner& et al.,
1999; Jonsson et al., 2000). The content of free ammonia makes the urine mixture highly
corrosive. Thus metalsin the soil pipes will corrode and pollute the urine mixture. Use of
metals should therefore be avoided in pipes and fittings.



2.2 Faeces

2.2.1 Composition

Faecesis by weight the smallest of the biodegradable waste fractions. Between 30 and 45
kilograms, wet weight, of faeces are produced per person and year. This corresponds to 10 -
15 kilograms of dry matter (Paper I; Lentner et al., 1981). The volume produced per person
depends upon the composition of the food consumed. Meat and other foods low in fibre
produce smaller volumes than food high in fibre (Guyton, 1992). On average, one stool per
person and day is produced, but it varies from one per week up to five per day (Lentner et al.,
1981; Pharmacia, 2000).

In Sweden, 8.5 kg of toilet paper are used per person and year (Anonymus, 1994), of which
about 10% is expected to be used for other purposes and not thrown into the toilet. Thus about
7.7kg p*y* of toilet paper will be collected together with the faeces (Paper I).

Of the nutrients from the food consumed, 10-20% of the nitrogen, 20-50% of the phosphorus
and 10-20% of the potassium will be found in the faeca fraction (Figure 1), while therest is
found in the urine (Berger, 1960; Lentner et a., 1981; Guyton, 1992; Frausto da Silva &
Williams, 1997). The distribution depends upon the composition of the food consumed,
especially in the case of phosphorus where calcium regulates the amount of phosphorus
available for uptake in the digestive system (Frausto da Silva & Williams, 1997).

Of the faecal nitrogen, about 17% is contained in the bacterial fraction and about 10% is
found as ammonia from degradation of urea, peptides and amino acids. The remaining
proportion of the nitrogen is found in different organic compounds such as uric acid and
different enzymes or peptides. The nitrogen in the faeces is about 50% water-soluble
(Trémoliéres et al., 1961).

Phosphorus is mainly found as granular calcium phosphates in the faeces (Frausto da Silva &
Williams, 1997), but some phosphorus is found in organic compounds and a very small
amount as soluble phosphorus ions (Lentner et al., 1981). Potassum is mainly found in its
water-soluble ionic form (Berger, 1960).

The heavy metals, i.e. metals with a specific gravity above 4.5 (Greenwood & Earnshaw,
1998), can be divided into two fractions; proven essential elements and non-proven essential
elements (Frausto da Silva & Williams, 1997). The main proportion of all heavy metals
consumed passes through the intestine undigested, while many of the heavy metalsinhaled
are taken up by the body (WHO, 1991, 1992, 1995).

The heavy metals taken up are in time excreted in urine, faeces and sweat in different
proportions for different heavy metals. Cadmium and mercury are to alarge extent excreted in
the urine, while the others to a large extent are found in the faeces. The trace elements Cu, Cr
and Zn are also excreted viathe sweat in relatively large amounts (Schroeder & Nason, 1971).
However, due to the low digestion of consumed heavy metals, the main proportion will be
found in the faecal fraction where they remain during the entire passage through the intestines
(Vahter et al., 1991).

2.2.2 Faecal separation

Source separation and collection of faeces can be done either by collecting the faeces dry or,

if awater closet is used, by separating the faeces from the flushwater after a short transport.
To get afunctional system where both the water recipient is protected and the nutrients are
collected into reusable fractions, the urine has to be diverted and collected separately at source



(Paper I11; Fittschen & Niemczynowicz, 1997; Del Porto & Steinfeld, 1999). This paper only
deals with the separation of faeces from water after a short water transport.

The main idea of faecal separation isto keep the advantage of the flushed toilet and then after
a short transport make it possible to recover the faecal nutrientsin afraction as small,
undiluted and unpolluted as possible.

There are severa commercial separation systems available on the market today. The two main
types of systems used are filtration and Aquatron or in some cases a combination of both. The
Aquatron system is based upon a combination of awhirlpool effect, surface tension and
gravity; some systems also have afilter that increases the effect of the separation. The
filtration systems available today are based on filters with afilter cake that complements the
filter with aretention time of several months. In genera, all these kinds of system are simple,
robust and un-mechanised.

2.2.3 Blackwater

Blackwater is the denotation used for the flow when urine and faeces are kept together and
separate from the greywater. Often blackwater is collected in a vacuum system and this kind
of system has been used for decades on boats. One magjor advantage with these systems is that
all the nutrients from the faeces and the urine are collected. One major disadvantage,

however, is that the systems are highly mechanised and therefore need alot of maintenance to
function.

2.3 Biodegradable solids

The biodegradable solid waste is composed of solid food waste not eaten, but the liquid part
of the food waste being found in the greywater. Due to higher amounts of heavy metalsin the
exterior parts of vegetables (McLaughlin et al., 1999) and bones and shells containing larger
proportions of phosphorus and calcium compared to the average content in food, the parts of
the food ending up in this fraction have a dightly different composition compared to that of
the food consumed. In Sweden, this fraction is often collected separately and biologically
treated, either at the house or at a central treatment plant.

24 Greywater

The greywater fraction is the largest wastewater fraction as regards both volume and dry
matter content (Figure 1). Its contents of nitrogen and phosphorus are low, and the amount of
phosphorus depends heavily on the usage of phosphorus-containing detergents. The
potassium content is high, about 45% of the total content of potassium in the wastewater is to
be expected in this fraction. It originates from detergents and potassium-supplemented salts,
etcetera.

The main proportion of the heavy metals in household wastewater is found in the greywater.
Main sources of the heavy metals are considered to be dust, extraction from metal-containing
materials such as cutlery and machines, dyes of cloths, some phosphorus-based detergents and
in some case building materials (e.g. Cdin PVC and Pb in paint) (Moriyama et a., 1989;
Vahter et a., 1991; Kim & Fergusson, 1993; Comber & Gunn, 1996; McLaughlin et al.,

1999; Koch & Rotard, 2000).



3 Objectives

The main objective of this study was to investigate the potentia for collection of
biodegradable solid waste and unpolluted wastewater fractions for recycling of their nutrients,
to obtain sustainable handling of these fractions.

The specific purpose of the study was to identify the composition of biodegradable household
solid waste and wastewater, identify chemical differences within the collected urine and
identify the potential for local recycling of nutrients by using faecal separation.

Studies of the composition of the biodegradable household solid waste and wastewater were
performed in parallel on the four fractions urine, faeces, greywater and biodegradable solids
to determine the amounts in the different fractions and to identify the internal distribution of
the fractions concerning mass, nutrients and heavy metals. The results are presented in

Paper |

To investigate if there were any internal differences in the collected urine mixture, the

chemical stratification of the urine was analysed, and results of this are presented in Paper 11.
The study was performed in both collection tanks and storage tanks to see what happensin the
urine mixture over time and to determine the best way of sampling to get representative
samples.

The potential of faecal separation was studied and presented in Papers I11 and IV. The faecal
separation was studied in the Ekoporten block of flats in Norrkdping, where urine was
diverted at the toilets and the faeces was separated in the basement by two Aquatron
separators. The results are presented in Paper [11. To compare different separation techniques,
alaboratory study was performed mainly comparing small system separation by Aquatron and
filtration. Flotation and sedimentation were also briefly studied, the results being presented in

Paper 1V.

4  Distribution of substancesin the biodegradable solid waste and wastewater

The composition of the different fractions of biodegradable solids and liquids has often been
studied one at atime (NV, 1995; Jonsson et al., 2000) or in some cases the composition of
greywater has been calculated by withdrawing the other fractions from a mixed wastewater
(NV, 1995).

In the study in Ekoporten, all fractions were collected at the same time to enable investigation
of the composition and the internal distribution of the different fractions (Paper I). It was
thereby possible to identify misplaced compounds in some of the fractions, e.g. urinein the
faecal fraction and domestic cleaning water in the urine mixture and the faecal water. The
misplaced quantities could then be deducted and added to the correct fraction.

According to the results from the study in Ekoporten and other studies, an updated norm for
the composition of urine, faeces, greywater and biodegradable solids was proposed. The
figures proposed to change are given in bold type in Table 1. These figures are the average
that can be expected in the different waste fractions originating from Swedish subjects.

The volumes and composition of the fractions investigated are not exact figures but the
average of what to expect from an average person in Sweden. The composition of urine and
faeces depends on the diet of the subjects and to some extent on their metabolism. The
composition of the biodegradable solid waste depends on how much of the food that is
purchased is disposed of in this fraction. Finally, the composition of the greywater depends on
severa things, e.g. detergents used, extraction rate from machinery and heavy metal fallout.



Due to changes in the diet and usage of chemical household products, the norm has to be
continuously updated to reflect the present composition of the biodegradable waste and
wastewater fractions.

Table 1. A proposal for new Swedish norm values for amounts of mass, nutrients and heavy
metals in the different fractions of biodegradable waste per person and year. The bold entries
are those for which changes are proposed (Paper 1)

Parameter Urine Faeces Greywater Biod. Solid Total
Mass [kg] 550 40 40 000 80 40 670
DM [kg] 21.9 18.0 29.2 24.1 93
N [g] 4015 548 460 482 5505
Plq] 365 183 110 92 750
K[d] 1100 400 1 000 224 2724
Cu[mg] 37 402 2190 450 3079
Cr [mg] 3.7 7.3 1100 241 1352
Ni[mg] 2.6 27.0 720 60 810
Zn [mg] 16 3942 12 200 1 300 17 458
Pb [mg] 0.7 7.3 1 095 236 1339
Cd [mg] 0.4 3.7 65.0 31 72.2
Hg [mg] 0.5 7.6 8.4 0.4 16.9

5 Urinediversion

The system of urine diversion is based on atoilet that enables the urine to be collected
separately (Figure 3). The different toilet models available today collect about the same
amounts of urine, but the amount of diluting flushwater varies greatly between the different
models and the size of the U-bend of the urine pipe (Hanaeus & Johansson, 1996). The single
flushed urine-diverting toilet, where the faeces is collected dry seems to give the highest
concentration of urine mixture (Olsson, 1995; Hoglund et al., 1999).

The urineis collected with a small amount of flushwater used to clean the bow! after usage.
The urine mixture is then collected in atank and after storage used as a fertiliser (Jonsson et
al., 1997, 2000).

5.1 Activity in the collected urine mixture

When the urine is collected and transported to the collection tanks via soil pipes, some
chemical, biochemical and biological activity occurs (Paper I1; Hoglund et al., 1999; Vinnerd
et al., 1999; Jonsson et al., 2000).

In the U-bend of the urine bowl! and in the adjoining soil pipes, organic compounds in the
urine, e.g. urea and peptides, are decomposed by microorganisms and enzymatic activity
(Jonsson et al., 2000). This activity raises the pH due to ammonia formation.

Another chemical activity is precipitation of phosphates from the urine and metal ions from
the urine and the flushwater (Vinnerd et al., 1999). The precipitation rate of metal phosphates
increases in urine with higher concentrations of metal ions and with increased pH. Sediment
with a high phosphorus content will be formed in the soil pipes. The sediment aso contains a
lot of active microorganisms. If the system is correctly built, the sediment will dowly be
transported into the collection tank where it will form a bottom layer that contains higher
concentrations of both nutrients and microorganisms (Paper I1; Vinner& et al., 1999).



The occurrence in the urine tank of sediment with a higher concentration of phosphorus gives
a non-homogeneous urine mixture. The effect of different layersin the collected urine mixture
isto produce non-homogeneous solutions that do not supply equal nutrient dosage during
fertilisng and that give rise to unrepresentative analyses if samples are taken in different
layers (Paper 11; Vinner& et al., 1999). Therefore the vertica difference in chemical
composition of the urine mixture was investigated to see if there were any layersin collection
and in storage tanks (Paper I1). Three different layers were detected in this study, a bottom
layer, smaller than 5% of the total volume, containing higher concentrations of phosphorus
and metals, amiddle layer larger than 90% of the total volume with a composition more or
less the same as the total mixed urine mixture and a top layer containing fewer nutrients and
metals compared to the others.

Therefore arisk exists for miscalculation of the chemical composition of the collected urine
mixture if samples are taken at the top or bottom of the mixture, where the concentrations
differ and have a different internal distribution than the main part of the urine mixture or than

a homogeneous urine mixture. Therefore, samples from collected urine mixture should be
taken in the middle of the tank to get representative samples (Paper I1). To get arepresentative
result if the urine mixture analysed is made homogeneous by mixing, the tank hasto be

cleaned before it isfilled. Otherwise old sediments will increase the content of nutrients,
especially phosphorus, and produce misleading results.

Due to the small volume of the urine in the top and the bottom layers, the importance of a
non-homogeneous nutrient supply when fertilising is small. However, if possible the urine
mixture should be mixed before use as a fertiliser to provide a chemically homogeneous
mixture.

5.2 The potential of the urine diverting system

The amount of urine mixture collected mainly depends on the time spent at the place where
the urine is collected. There isalinear correlation between time and the amount of urine
excreted, which provides the potential to calculate the percentage of urine collected per
person and day even if the person did not spend al the time at home (Hellstrom & Kérrman,
1996). If the collected amounts are corrected to reflect a full-time resident, asif al of the time
was spent at home or if al toilets used were urine diverting ones, the percentage of urine
mixture collected differs widely, from 50% up to over 80% (Paper I11; Jonsson et al., 1997,
1999, 2000; Vinnerd, 1998; Lindgren, 1999). It seems asif a combination of function of the
toilet, motivation and knowledge are the reasons for the difference in how much is collected
(Jonsson et al., 2000).

Thus, there is a potential for collecting more of the excreted urine if the users are better
informed about the function of the system and about why they have the system, and aso if
initial problems with the design of the toilets are taken care of. Thisis similar to other
recycling systems.

Due to the low content of heavy metalsin the urine (Table 1; Figure 2) the effect due to
contamination from other sourcesis great. The two main sources are corrosion of heavy
metals from the soil pipes and the disposal of other liquids, such as domestic cleaning water,

in the toilet (Paper |; Paper 11; Paper I11; Jonsson et al., 2000). Therefore, when building these
kinds of systems, the materials that come into contact with the urine have to be free from
metals, due to the corrosive nature of the urine mixture. The users of the urine diverting toilets
also have to be informed about not disposing of domestic substances in the toilets. One major
source of heavy metals is domestic cleaning water, due to the high content of heavy metalsin
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dust (Kim & Fergusson, 1993). This contaminated the urine and faecal fractionsin Ekoporten
(Paper I; Vinner& et al., 1999).

6 Faecal separation

The purpose of faecal separation from flushwater is to have the advantage of using a water-
flushed toilet and still be able to collect a small fraction, according to its mass, containing the
major proportion of the faecal nutrients.

These systems are al dependent on the fact that the nutrients remain in the particles that are
separated. Therefore the fraction to be separated must contain as little water-solved nutrients
as possible. The urine should therefore be diverted in the toilet to avoid its high load of water-
solved nutrients.

6.1 Technical basis

The filtration system for faecal separation is based on afilter, often made of geotextile,
through which the outgoing water isfiltered. The interval between removals of the filter cake
in the system is about half ayear to ayear. So the filter cake forms a complement to the filter
and is therefore continuously washed during the retention time. With thiskind of system there
isarisk of mgor nutrient losses by mineralisation and extraction.

The Aquatron system separates the solids from the fluids directly when passing through the
separator. The separation mechanism is based on the fact that the liquid follows the outer
surface of the separator while the solids drop down in the middle (Figure 5)

‘ll—'ﬁ
Y Hzo Porticles

Figure 5. The faecal separator Aquatron and its function where the faecal water (FW) is
separated into liquids and solids.

6.2 The study in Ekoporten

Ekoporten, situated in Norrkdping in the southern part of Sweden, is afour-story block of
flats, which was rebuilt during 1995. When rebuilding, the environmental effects and usage of
resources were in focus. The house consists of 18 flats and during the measurements in the
spring of 1999 there were 35 people living in the house. When the wastewater system was
rebuilt, urine-diverting toilets were installed. The soil pipes for the different fractions of urine,
faeces and greywater were kept separate. In the basement two Aquatron separators were
installed to separate the faecal fraction into separated solids (SS) and separated water (SW).
The SSfraction is diverted to a composting drum where it is composted, together with the
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biodegradable solid waste and sawdust. The SW is led into the greywater, which after passage
through a septic tank is treated in a soil filter before it is discharged into alocal water
recipient. The separated urine mixture is collected and stored locally (Figure 6).

Whder
Peciph

Figure 6. The wastewater system in Ekoporten.

In the Ekoporten study all the fractions of biodegradable waste and wastewater were collected
and analysed. It was therefore possible to identify al of the flows and to alow corrections for
misplaced components such as urine and domestic cleaning water (Paper |; Paper I11).

The urine that was misplaced into the faecal fraction was deducted to enable calculation of the
separation efficiency of the two Aquatron separators. Due to the different chemical forms, the
nutrients nitrogen, phosphorus and potassium were separated by the Aquatrons into the
fraction of separated solids (SS) in different percentages. Of the faecal nitrogen, whichis
mainly organically combined, more than 58% was found in SS, while the mostly inorganic
phosphorus was separated to amost 58% and the mainly ionic potassium only to 45%. The
different chemical form of the analysed elementsis the reason for the different distributions of
the elements (Paper 111).

With the faeces, 13% of the used flushwater was collected. This gave arather diluted fraction,
with 0.2% dry matter content (Paper 111). The high dilution comes from a combination of the
disintegration of the particles and the large amount of flushwater used. The high
disintegration allows more water to be absorbed into the particles and toilet paper absorbs a
lot of water, giving alower dry matter content, which also means more water into the SS
fraction. AlImost as many faecal flushes as urine flushes were performed, so alot of water
passed through the separator, giving a high water content in the SS fraction.

The faecal fraction was contaminated by domestic cleaning water poured into the toilets. This
resulted in both a more diluted SS fraction and in an increased amount of heavy metalsin the

faecal fractions (Paper 111). This emphasises the importance of not putting foreign materialsin
the toilet since they reduce the high quality of unpolluted recyclable nutrients. In conventional
systems when all fractions are kept together thisis not a problem since the materia will be
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mixed into the wastewater in the system anyway. But in systems that recycle the toilet
fraction, agood alternative for disposing domestic liquids has to be available to avoid this
kind of contamination.

6.3 Thelaboratory study of faecal separation

To follow up the study in Ekoporten, a study in the laboratory was performed on the effects of
different conditions before separation and different separation techniques. First, the effect on
the faeces of submersion into water for different time periods and different oxygen supplies
was investigated. The second part in the laboratory study consisted of investigations of the
performance of different separation techniques (Paper 1V).

When faeces are submerged in water, a rapid biochemical degradation of the faeces and a
mineralisation of the nutrients occurs (Paper 1V). The degradation of the faeces was
monitored by measuring the redox-potential. The increased amount of ammonia also indicated
the high biochemical activity (Figure 7). No significant differences in chemical degradation
were found as a function of the amount of available oxygen. There was some tendency
towards higher losses from samples where air was bubbled through the sample to get an
aerobic environment compared to the samples that attained anoxic and anaerobic conditions
(Paper 1V). This was probably due to a higher reaction rate with oxygen present. Therefore it
isimportant that the separation is performed as soon as possible after the faeces are
submerged into the water, to retain as much of the faecal nutrients as possible in the particles
and thus easily separable.
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Figure 7. The total amounts of ammonia in the fractions of SW and SS after the faeces were
immersed in water for 1, 3 or 15 minutes before separation.

Of the different separation techniques, filtration with instant removal of the filter cake and
Aquatron were investigated closely, while sedimentation and flotation were discarded due to
their inability to perform afast and effective separation of the faecal particles from the water.

The filtration and the Aquatron showed similar separation efficiencies (Paper IV). The pattern
of the separated amounts of nitrogen, phosphorus and potassium differed between the two
separation techniques. The separation by Aquatron separated 70% of N, P and K into the
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separated solids (SS) fraction (Figure 8), which had a dry matter content of 10%. Filtration
with Imm pores separated 80% of the nitrogen, 72% of the phosphorus and of the 65%
potassium was separated into the SS fraction, which had a dry matter content of 10%.
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Figure 8. The amounts separated into SSwhen separating faecal water by 1 mm filter,
Aquatron and 70 pm filter.

The difference in the distribution of the elements is due to how the nutrients are separated by
the two techniques. By filtration, al particles larger than 1 mm are collected and, when athin
filter cake isformed, even smaller particles are captured in the filter. Thus the loss of nutrients
occurs by extraction and suspended small particles. The nutrients not captured by the
Aquatron are mainly nutrients still combined to larger particles suspended in the water that
were not separated.

The best separation performance with regard to captured amounts of nitrogen and phosphorus
was suction filtration via afilter with 70 um pores performed in Part 1 of the laboratory study
(Paper 1V). After the faeces had been immersed in water for 15 minutes, 79% of the nitrogen
and 92% of the phosphorus was recovered in SS (Figure 8). This indicates that the faecal
phosphorus is found as small granules, mainly composed of calcium phosphates (Frausto da
Silva& Williams, 1997) that are suspended in the water and thus not separated by filtration
with large pores.

6.4 The potential of faecal separation

The difference in the performance of faecal separation by Aquatron in the two studies, in
Ekoporten and in the laboratory, shows the importance of avoiding large vertical drops that
disintegrate the particles and of minimising the number of flushes, which increase the dilution
of SS (Paper I11; Paper 1V). Therefore, when the system isinstalled in buildings with more
than one floor, the separated amount of nutrients will probably be higher if the separation is
performed on each floor.

The Aquatron is agood system for local separation of faeces for nutrient recycling. The
system contains no moving parts, which increases its robustness. Some problems still exist,
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however. The separation performance as regards the dry matter content varied a lot without
any visua differences existing during the tests in Ekoporten (Paper 111).

The rapid degradation of the faeces and the extraction of the nutrients show the importance of
separating the faeces from the water as rapidly as possible. Otherwise the nutrients will be
mineralised and extracted to the water and discharged to the wastewater system, from which
they will have to be removed again. Therefore, filtration systems with a retention time of
several months are tentatively not recommended.

To have agood separation performance of the faecal separation system, as many of the
nutrients as possible have to be bound to particles. Therefore the urine with its dissolved
nutrients has to be diverted by using urine-diverting toilets.

The best separation performance was achieved by suction filtration through filters with 70 pm
pores (Paper 1V). This kind of technique requires alot of energy to perform the separation and
the removal of the filter cake needs some kind of mechanical device, which renders this kind

of system complex.

7 Thepotential for the techniques and their effect on the environment

With the sewage system of today, alot of substances are discharged to the water recipients.
Most of the phosphorus and the majority of the nitrogen are removed together with a small
fraction of the potassium. If the main proportion of the nutrients could be collected and
recycled locally at the houses, the central sewage treatment could be optimised for treatment
of the greywater and the flow of polluting nutrients would decrease.

To get awell-functioning system in which the nutrients are collected, the urine diverting
system is a good alternative and the nutrients collected are directly plant available
(Kirchmann & Pettersson, 1995; Jonsson et a., 1997, 1999, 2000; Hoglund et al., 1999).

With better information about how to use the urine diverting toilets and what the
environmental impact isfrom using urine diversion, it will probably be possible to collect
more than 80% of the urine nutrients and thereby collect more than 58% of the nitrogen, 39%
of the phosphorus and 32% of the potassium in the biodegradable waste and wastewater from
households (Figure 9). If it were possible to collect al the urine, the figuresfor N, P and K
would be 73%, 49% and 40%, respectively (Figure 9).

If the urine diverting toilets with 80% diversion of the urine are combined with faecal
separation where, as in the laboratory tests, 70% of the faecal nutrients were collected, 59%,
54% and 40% of N, P and K, respectively of the nutrients from the biodegradable waste and
wastewater would be collected in small recyclable fractions (urine mixture and SS)(Figure 9).

If the biodegradable solids were collected together with 80% of the urine and 70% of the
faeces, the collected recyclable nutrients from the households would be 68% nitrogen, 66%
phosphorus and 48% potassium.

If a blackwater system or dry collection of the faeces were to be used instead, where adl the
urine and the faeces were collected, the amount of the biodegradable household waste and
wastewater collected would be 83% of the nitrogen, 73% of the phosphorus and 55% of the
potassium (Figure 9).
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Figure 9. The potential of nutrients collected from the biodegradable solid waste and
wastewater depending on separation efficiency, A=100% urine collected, B=80% urine
collected, C=80% urine + 70% faeces collected, D=100% urine + 100% faeces collected,
E=80% urine + 70% faeces + 100% biodegradable solids collected and F=100% urine +
100% faeces + 100% biodegradable solids collected.

If al of the urine, faeces and biodegradable solids fractions were collected, 92% of the
nitrogen, 85% of the phosphorus and 63% of the potassium from the households would be
available for recycling (Figure 9).

In an environmental perspective, a blackwater system combined with collection of the
biodegradable solids would be the best aternative for recycling of plant nutrients from the
households. Today there are no efficiently functioning blackwater systems available. Systems
with urine diversion, faecal separation and separate collection of the biodegradable solids are
effective alternatives with a high potential for recycling of nutrients.

8 Further studies

Due to the advantages with blackwater systems, the function of these has to be further
investigated and developed. Thisis partially done within the development of the area
“Hammarby gdstad” in Stockholm.

Sanitation of the biodegradable solid waste, faeces and blackwater has to be done before
recycling its nutrients. Techniques used today are mainly thermal treatments by pasteurisation
and solid or liquid thermal aerobic or anaerobic digestion. These techniques are complicated,
highly mechanised and require process knowledge for maintenance. For proper functioning
the systems also have to be relatively big. In order to provide local recycling systems new
techniques to maintain the hygiene has to be developed. These techniques should be smple,
robust and resource saving. One easy way would be to sanitise the waste by chemical
treatment, before transport from the place of collection. This technique could be used at each
collection site, by the owner of the system.
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The laboratory studies of Aquatron indicated a better separation of faecal nutrients and
production of a drier separated solids fraction if the vertical and horizontal transports were
shorter. To confirm this, studies of real systems with short transports, e.g. one-floor buildings,
to verify the recommendation of installing a separator on each floor.

Flushed toilet paper will absorb alot of water, a probable effect from thisis an increased
amount of water in the separated solids. During the laboratory study decreased dry matter was
an effect by increased usage of flushwater. To see the effect on the separation efficiency
depending on water and toilet paper usage studies with varied water and paper usage have to
be performed.

To seeif the separation technique using long-time filtration is an aternative for collecting and
recycling of faecal nutrient, the technique has to be investigated with the focus on the amount
of nutrients collected in the filters.

9 Conclusions

By using urine-diverting toilets, and if all of the urine produced is collected, it is possible to
collect 88% of the nitrogen, 75% of the phosphorus and 55% of the potassium in household
wastewater. Thisis afraction containing from heavy metals unpolluted plant nutrients.

To collect even more nutrients and still have the advantages of flushed toilets, filtration or
Aquatron faecal separation from the flushwater into a small solid fraction could, after a short
transport, separate 70-80% of the faecal nutrients.

Urine diversion combined with faecal separation is agood aternative for removal of nutrients
from the wastewater into unpolluted fractions that are easy to recycle to agriculture.

The performance of the separation depends on the degree of disintegration of the faecal
particles. Disintegration will give larger losses of small particles and a higher extraction of
nutrients from the particles due to the larger contact area. Therefore alonger pipe transport
will decrease the nutrient separation efficiency when using Aquatron or filtration with 1 mm
pores. Filtration with finer poresis not as sensitive to disintegration as regards its separation
of phosphorus, but for nitrogen and potassium the effect is the same as for the other
techniques.

In the collected urine mixture, three layers with different chemical compositions occur in the
tank. The middle layer contributes more than 90% of the total volume. Therefore the layers do
not have any major effects regarding the total dosage of nutrients when fertilising. Samples
should be taken from the middle of the tank to get a good reflection of the composition of the
homogeneous urine mixture or preferably, if the tank is cleaned before collection, the samples
should be taken from a mixed homogeneous urine mixture.

Metals should be avoided in systems for diverted urine. The high pH in combination with the
ammonia content in the urine will increase the corrosion of heavy metals, which will pollute
the urine mixture and decrease the lifetime of the installation.

Domestic cleaning water is a considerable source of heavy metals and therefore in a system
that recycles the toilet waste, domestic cleaning water should not be poured into the toilet
snce it will pollute the unpolluted fractions of urine and faeces.

The norm for the composition of the biodegradable waste and wastewater fractions depends
on the food consumption and the usage of household chemicals. Therefore, the norm has to be
continuously updated to reflect the present composition of the fractions of biodegradable
waste and wastewater.
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1 Abstract

The purpose of this study was to determine the composition (nutrients, heavy metals) and
mass flows of the different fractions of biodegradable solid waste and wastewater and to
compare these to present norms.

In the study the fractions of urine mixture (urine and flush water), faecal water (faeces, toilet
paper and flush water), greywater and biodegradable solid waste from 35 people were
measured and analysed during 35 consecutive days.

Based on the results, a proposal is made to update the Swedish norms for the composition of
biodegradable waste, both liquid and solid, originating from households.

Key words: Nutrient, heavy metal, urine, urine diversion, urine separation, faeces, biodegradable household
waste, greywater, wastewater standards.

2 Introduction

To evauate the environmental impacts (mainly eutrophication) of households, and to compare
different treatment alternatives for household wastewater, the quantities and composition of
household wastewater and bi odegradabl e solid household waste need to be known. For
conventional sewage systems, it is enough to know the composition of the incoming mixed
wastewater. However, if complementary sewage systems where the flows are aready kept
separated during collection are used (i.e. source separating systems), the composition of the
different fractions has to be known. By having source separating sewage systems, it is
possible to give specific treatment to each component flow. It is thereby possible to optimise
the chosen treatment system, to achieve the best treatment for minimising the emissions from
wastewater and for recovering unpolluted nutrients for recycling to agriculture and ultimately
for preserving natural resources (Hanaeus et a., 1997; Jetten et al., 1997; Otterpohl et al.,
1999; Skjelhaugen, 1999; Karrman, 2000; Gunter, 2000; Johansson & Gustafsson, 2000).

In this study we identified and quantified the composition of the different fractions of
wastewater and biodegradable solid waste. The results obtained enabled us to propose new
updated Swedish norms for the composition and quantities to be expected in the different
fractions.

The study was carried out during 35 days in the ecologically reconstructed block of flats
Ekoporten, with 18 apartments. The wastewater fractions urine, faeces and greywater and the
biodegradable solid household waste were studied.

The present Swedish norms for the quantities and composition of urine and faeces are laid
down by the Swedish Environmental Protection Agency (NV, 1995) and are based on
Swedish food consumption data for 1995 combined with studies of human excretion. Most of
the excretion studies are presented in Lentner et a. (1981). The valuesin Lentner et a. (1981)



are an amalgamation of measurements, made mainly between the 1920s and the 1960s. The
majority of these measurements were made with a very small selection of the population and
during short periods and in many cases only one of the fractions, urine or faeces, was
measured.

The present norm for greywater is based on samples from 16 apartmentsin an eco village
during seven days, in combination with calculations from analyses of flows in other systems
(NV, 1995).

For the biodegradable solid waste, a norm for the quantity and composition was proposed in
1996 by Sonesson and Jonsson (Sonesson & Jonsson, 1996). More recent analysis of source
separated biodegradable solids (Eklind et al., 1997) showed a much lower content of the non-
essential metals lead, cadmium and mercury and thisis probably due to decreased flows of
these metalsin society. During recent years, several measurements have been performed that
indicate a need for upgrading of the norms for urine (Jonsson et al., 1997, 1999, 2000).

2.1 Liquid biodegradable waste

The biodegradable waste produced in households can be divided into a solid and aliquid
fraction. The liquid fraction can then be divided into three different flows by origin; urine,
faeces and greywater.

External sources of contamination are a risk worth considering when using sewer systemsto
collect the different fractions, especialy for urine and faeces. The two main sources of
pollution are liquids poured into the sewers (e.g. domestic cleaning water poured into the
toilet) and contamination from corroding material (e.g. copper corroding from pipes).
Increased concentrations of copper in diverted urine (40 times the norm) have been found to
originate in half a metre of copper pipe connecting the urine bowl of the toilet with the soil
pipesin the walls (Jonsson et al., 1997, 2000).

2.1.1 Urine

The amount of urine excreted varies; the present Swedish norm is 365 litres per person and
year. However, a more recent study has shown an average of 548 | py™* (Hellstrom &
Kérrman, 1996).

The nitrogen in the urine when excreted is mainly found as urea (80%), ammonia (7%),
creatinine (6%) and the remaining part is mainly free amino acids or shorter peptides (Lentner
et a., 1981). If the urineis collected separately in a sewage system, the main proportion of the
nitrogen will be biologically converted into free ammonium (Vinner& et al., 1999). The
conversion of the organic nitrogen to mineral ammoniawill aso have amajor effect in
decreasing the dry matter content of the collected urine from about 21.9 kg per person and
year (NV, 1995) to less than 7 kg (Jonsson et al., 1999).

Phosphorus in the urine is mainly found as phosphates (Lentner et al., 1981) and more than
95% is inorganic. Between 50% and 80% of the phosphorus consumed is excreted viathe
urine, where it buffers the pH. The potassium is mainly found as free ions, the excreted
amount in the urine corresponding to 80 to 90% of the dietary intake (Berger, 1960).

The content of heavy metalsin the urine is very low compared to the content in the faeces and
the greywater. The heavy metals can be divided into two types; one of proven essential

metals, e.g. Cu, Zn, Ni, and the other of metals not proven to be essential, e.g. Hg, Cd, Pb. Of
the heavy metals consumed, generally less than 10% are excreted via the urine, e.g. for Cu
and Ni 3%, Zn 5%, and Pb 7% (Lentner et al., 1981). However mercury differs and about
75% is excreted viathe urine (Lentner et al., 1981).
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2.1.2 Faeces

Of the three-wastewater fractions, faeces is the one with the smallest mass flow. About 30 to
45 kilograms, wet weight, of faeces are produced per person and year, corresponding to 10 to
15 kilograms of dry matter (Lentner et a., 1981; NV, 1995). The amount of faeces excreted
depends on the composition of the food consumed. Meat and other food low in fibre produces
smaller volumes than food high in fibre (Guyton, 1992). On average in Sweden, one stool per
person and day is produced, but the rate varies from one per week up to five per day (Lentner
et a., 1981; Pharmacia, 2000). About 8.5 kilograms of toilet paper are used per person and
year (Anonymus, 1994). Not all of the paper is not thrown into the toilet but at least 90% (7.7
kg py™) can be expected to end up in the toilet.

Next to urine, the largest proportion of nitrogen and phosphorus in the biodegradable
household waste (both liquid and solid) is found in the faeces. The amounts of nutrients and
heavy metalsin the faeces and in the urine reflect the composition of the food consumed
(Vahter et al., 1991).

Of the faecal nitrogen about 50% is water soluble (Trémolieres et al., 1961) and about 17% is
contained in the bacterial fraction. About 10% is found as ammonia, from degradation of urea,
peptides and amino acids. The remaining fraction is found in different organic compounds
such as uric acid and different enzymes (Lentner et al., 1981).

The faecal phosphorus is mainly found as calcium phosphates (Frausto da Silva & Williams,
1997), but some phosphorus is found in organic compounds and some as solute phosphorus
ions (Lentner et al., 1981). Potassium is mainly found in its water-soluble ionic form (Guyton,
1992).

On average, more than 90% of the heavy metals consumed are excreted via the faeces and
most of them have not been digested at all. Of the metabolised heavy metals, approximately
50% is excreted via the faeces and the rest mainly viathe urine (Vahter et al., 1991).

2.1.3 Greywater

Greywater is the water used in the household, not including the water used in the toilets; e.g.
water for washing dishes and clothes, showering and domestic cleaning. This part of the
household wastewater corresponds to about 75% of the total wastewater flow when a
conventional toilet system is used. The Swedish norm for greywater is 55 m® per person and
year.

The amounts of macronutrients in the greywater are generally considered low. During the
second half of the last century, detergents containing phosphorus were used, thereby
increasing the amount of phosphorus in the fraction. During the 1990s this kind of detergents
became less common, due to an increased awareness of the risk of eutrophication in recipient
waters (Huheey et a., 1993). However, some of the liquid detergents available today use
potassium as a saponifier. Some potassium in the greywater fraction also originates from
food, e.g. food ingredients and potassium-supplemented table salt.

The content of heavy metalsin the greywater is high in relation to the total content in the
liquid and biodegradable solid household waste. The concentrations of heavy metals are,
however, generally quite low, as aresult of the large water volume. The origins of the heavy
metals are mainly considered to be dust, extraction from metal -containing materials such as
cutlery, dyes of cloths, some phosphorus based detergents and in some case building materials
(e.g. Cdin PVC and Pbin paint) (Vahter et al., 1991; Kim & Fergusson, 1993; Comber &
Gunn, 1996; McLaughlin et al., 1999).



2.2 Biodegradable solid waste

Biodegradable solid waste consists of source separated household waste. The amount of
biodegradabl e waste according to the norm is on average about 80 kg per person and year
(Sonesson & Jonsson, 1996) corresponding to 27 kg of dry matter (EKlind et a., 1997).

In the biodegradable solids, the N content is about 10% and the P and K contents about 17%
of the amounts in the urine and faeces together. This agrees well with the assumption that
about 10% of the food purchased is thrown away (NV, 1995). All nutrients are not evenly
distributed in the food. Therefore alarger part of the phosphorus ends up in the biodegradable
solids compared to the nitrogen. Scraps such as bones contain alot of phosphorus and are
always thrown away.

The content of heavy metals also agrees with the assumption of 10% being thrown away and
90% eaten. However, as for phosphorus, the waste contains more than 10% of the heavy
metals. Thisis dueto larger concentrations of heavy metals in the removed exterior- and root
parts of plants and vegetables (McLaughlin et a., 1999). There is also somerisk for
contamination by misplaced substances and objects. Therefore, the biodegradable solid waste
contains more than 10% of the heavy metals compared to the content in the urine and the
faeces.

3 Materialsand methods

Thisinvestigation was carried out in the Ekoporten block of flats, which was reconstructed
with special consideration for the environment, i.e. emissions, recirculation of nutrients,
materials used and conservation of natural resources. The house is four storeys high and
consists of 18 flats and a communal area on the top floor. During the investigation, 35 people
lived in the house, 34 adults and one 10-year-old boy. The sewage system is divided into three
sub-systems; one for greywater, one for faecal water (faeces, toilet paper and flushwater) and
one for urine mixture (urine and flushwater). These systems have separate pipe systemsin the
house. All flats are equipped with the urine-diverting toilet Dubbletten (Jonsson et a., 1997).

The study was carried out during a period of 35 days in the spring of 1999, and was divided
into three periods of 11, 12 and 12 days, respectively. The total mass flows and the
composition with respect to dry matter, nutrients and heavy metals were collected, weighed
and analysed for the urine mixture, faecal water, greywater and biodegradable solid waste.
Due to measurement problems, the duration of the measurements for greywater during Period
One was 5 days, during Period Two 12 days and during Period Three 12 days. The faecal
water was collected into two different fractions, separated solids and separated water. The
duration of the measurements for separated solids during Period One was 10 days, during
Period Two 12 days and during Period Three 11 days, while for the separated water all
measurement periods were 11 days.

The number of flushes, both of the urine- and the faecal-bowl, were measured using electronic
counters attached to the flush buttons according to the method described by Jonsson et al
(1997). The water usage per faecal flush was noted and the water usage per second of the
urine flush was determined. During the measurement periods, the inhabitants recorded the
time they spent at home using protocols.

31 Sampling

During the study the urine mixture was collected in a one cubic metre plastic tank. At the end
of each period, before sampling, the urine mixture was mixed by pumping and simultaneously
the walls of the tank were scraped to ensure representative samples (Hoglund et al., 2000). To



avoid ammonia loss during the 10 minutes of mixing and sampling, the containers were
covered with plastic sheets. After sampling, the samples were stored at —20°C until the
analyses were performed. The collected volume was determined by weighing.

The faeces were collected in two separate fractions, separated water and separated solids.
However, in this investigation these two fractions were added together after collection and
treated as a single faecal water (FW) fraction.

The separated water (separated by two Aquatron separators (Vinnerd & Jonsson, 2001)) was,
just as the urine, collected in a one cubic metre plastic tank. The flow of separated water was
on average dightly less than 1,000 litres per day. The separated water was sampled once or
twice a day, depending on the volume collected. The mixing procedure was the same as for
the urine mixture. The sampling was done each day by taking weight proportional samples,
ten grams per 100 kilos of separated water. Directly after sampling, all samples were stored at
—20°C until the analyses were done.

The separated solids fraction was collected below the two Aquatron separatorsin a 120 litre
plastic bin. The flow of separated solids varied from 50 to 210 litres per day. Sampling was
done once or twice a day, depending on the volume collected. The separated solids were
weighed and then mixed mechanically for ten to fifteen minutes with alarge electric plaster
mixer, until the mixture was homogeneous. The sampling was done after the mixing, taking
weight proportional samples each time. One gram per kilogram of collected separated solids
was taken. The samples were stored at —20°C until analysis.

The greywater was conveyed to a one cubic metre plastic tank. When the water volume was
0.700 m®, a volume of 0.600+0.010 m* was pumped out automatically. Two inductive
switches sensitive to the water level controlled the pump. The volume of greywater was
calculated from the number of times the collection tank was emptied. From the outlet, a bleed
stream was led to a 25-litre collection container. Once every day sampling was done from the
25-litre container. The size of the sample was proportional to the amount of the greywater
collected each day. Ten grams of greywater were taken for each emptying cycle. Before
sampling the container content was mixed by shaking. The collected samples were stored at -
20° C until analysis was done. The amount of greywater entering the collection tank during
emptying was estimated and corrected for, from the average flow of greywater each day.

The solid biodegradable waste was collected in a plastic bin placed in front of the normal
disposal point. The bin was emptied once every second day. After weighing, the
biodegradable waste was emptied on a tarpaulin where it was mixed and made into a pile. The
pile was then divided into eight equally sized sections, from which two opposite sections were
removed. The procedure of making a pile and removing two eights was repeated until only
10% of the waste was left. The remaining biodegradable waste was then stored at —20°C until
it was ground in a mincer with 12 mm holes. After grinding, the samples from the respective
period were mixed before samples were taken for analysis. These ground samples were stored
at —20°C until anaysis.

All samples were taken in triplicate, poured into three different sampling containers and then
analysed separately. The daily samples of separated solids and separated water and greywater
were added to the frozen main samples for each measurement period.

3.2 Analyses

Phosphorus, potassium and the metals, except cadmium and mercury, were analysed using
|CP-AES (Perkin Elmer) after the sample was resolved in nitric acid. Samples for mercury
and cadmium analyses were prepared in the same way but analysed with ICP-M S (Perkin



Elmer). Nitrogen was analysed for using elemental analysis according to the Dumas principle.
Analysis was performed on triplicates of each sample. When calculating total means, the
results from the three periods were weighted according to the length of each period.

4 Results

The average time spent at home was 13.9 hours per day, i.e. 58% of the day (Table 1). During
this time the urine bowl was flushed 4.6+2.9 times per person and day and the faecal bowl
was flushed 4.5+2.9 times. Half of the time both bowls were flushed within the same minute.

The collected volumes and the compositions of the investigated fractions are given in Table 1.
In the discussion the values are recal culated to amounts per person and year for full day
personsi.e. if they spent 24 h per day at home. This was done by extrapolating the two toilet
fractions (urine mixture and faecal water) linearly for the time spent at home, since other
studies have shown alinear correlation between the excretion of urine and time when
considering more than 12 hours per day (Hellstrom & Kérrman, 1996). According to a Gallup
survey done by Pharmacia (2000) the stools are ailmost evenly distributed over the day, with a
dight predominance of being performed at home.

Table 1. Collected daily amounts and the concentrations of elements in the urine mixture,
faecal water, greywater and biodegradable solid waste (averagetstandard deviation)

Parameter Unit Urine mixture Faecal water Greywater Biod. solid
Volume kg/day, 35p 45.9+5.3 1 00619 3 640+1645 7.9+2.4
TS o/kg 8.51+0.93 0.66+0.09 0.57+0.49 261+24

N o/kg 2.49+0.60 0.10£0.01 0.016+0.003  6.86+0.09
P o/kg 0.28+0.05 0.125+0.001  0.004+0.001 1.10+0.21
K o/kg 0.98+0.21 0.49+0.01 0.040+0.005 2.40+0.19
Cu mg/kg 1.82+0.35 0.057+0.003  0.11+0.02 3.70+£0.20
Cr mg/kg 0.013+0.002 0.004+0.001  0.009+0.007 3.19+3.54
Ni ma/kg 0.040+0.007 0.006+0.001  0.008+0.002  0.41+0.07
Zn mg/kg 0.18+0.08 0.26+0.02 0.13+0.06 8.01+0.67
Pb ma/kg 0.019+0.011 0.025+0.004  0.014+0.007 2.47+2.27
Cd pa/kg 0.58+0.24 0.34+0.11 0.30£0.12 33.1+21.5
Hg pa/kg 0.43+0.24  <0.15% <0.10% <2.5°

a) Lessthan given detection limit.

The two other fractions (greywater and biodegradable solid household waste) were not
expected to depend on the time spent at home, at least if more than 50% of the time is spent at
home. Therefore they have not been corrected for the time spent at home.

5 Discussion

The nitrogen:phosphorus ratio of the urine mixture was nine and not the expected eleven
(HOglund et al., 2000). The reason for this was probably the nitrogen losses when handling
the samples before analysis. One factor that might have increased the nitrogen loss as
ammonia emission was the handling of the samples by freezing and melting the samples. The
low temperature can cause extraction of minerals from the water, giving a higher
concentration of ammoniain the liquid phase. Earlier studies of the urine mixture from
Ekoporten (HOglund et al., 2000) showed a nitrogen:phosphorus ratio of 12. The nitrogen



content of the urine mixture was therefore calculated based on the phosphorus content and a
nitrogen:phosphorus ratio of eeven.

5.1 Massflow

The largest volume and most of the dry matter was found in the greywater. The volume
collected, 38 m® p* y*, was only two thirds of the present Swedish norm, 55 m® pty™, (NV,
1995). In the study by NV (1995), greywater from an ecological village was collected and the
collected volume was the same as in our study. So, by using water-conserving equipment the
inhabitants used considerably less water (30%) compared to the present Swedish norm.
However, teenagers are often claimed to use alot of water and no teenagers lived in the house
during the measurement period.

The second largest fraction by volume was the faecal water. The urine diverting toilets used
25% less water than conventional toilets would have used, with the same number of flushes.
However, by only flushing the faecal bow! after each stoal, it would have been possible to
save 70% of the water used by a conventional toilet.

By using water conserving equipment, taps and double flushed urine diverting toilets, the
inhabitants made a saving of more than 30% of the normal water usage. This can be compared
to 15%, which is the approximate water saving in most systems that recycle wastewater
(Mclntosh, 1996; Neal, 1996; Dixon et al., 1999).

5.2 Flows of the macronutrients nitrogen, phosphorus and potassium

All of the urine excreted at home was not collected in the urine bow! as intended. Some urine
was instead collected in the faecal bowl. According to the Swedish norm, combined with the
time spent at home, not as many urine-derived nutrients (nitrogen, phosphorus and potassium)
were collected (Hellstrom & Kéarrman, 1996; Hanaeus et al., 1997; Jonsson et a., 1997, 2000;
Faouzi et a., 1998). This, combined with the higher than expected amounts of nutrientsin
faeces according to the present norm, proved the misplacement of the urine.

Approximately 32% of the urine is estimated to be collected in the faecal bow! (Vinnerd &
Jonsson, 2001). Since the purpose of this paper was to check the validity of the Swedish
norms, the urine that was estimated to be misplaced was deducted from the faecal water and
added to the urine fraction.

Table 2. Measured values in Ekoporten (En) in grams per person and year compared to the
Swedish norm values (SN) for nitrogen, phosphorus and potassium in the different fractions of
biodegradable waste (NV, 1995; Sonesson & Jonsson, 1996)

Parameter Urine mixture Faecal water Greywater Biod. solid Tota
En SN En SN En SN En SN En SN

Nitrogen 3741 4015 632 548 613 365 566 549 5552 5477
Phosphorus 340 365 126 182 162 109 91 104 719 761
Potassum 1186 913 537 365 1449 182 198 255 3371 1715

After deducting the estimated urine value from the faecal water and adding it to the urine
mixture figure, the amounts of nutrients collected in the two toilet fractions agree fairly well
with expected amounts according to given norms and earlier studies (Table 2) (Lentner et al.,
1981; NV, 1995; Hellstrom & Karrman, 1996; Hanaeus et al., 1997; Jonsson et a., 1997).
However, the collected amount of phosphorus in the faecal fraction differed from the amount
expected according to present norms. This difference is probably due to differences in the diet



compared to the average Swedish diet. Thisis also, to alesser extent, reflected in the collected
urine mixture.

It isimportant to include the effect of the time the people spend within the system per day
when estimating the nutrient flow of the different toilet fractions. The excreted amounts are
approximately linear compared to the time spent at home if more than 50% of the timeis
spent there (Hellstrom & Karrman, 1996; Pharmacia, 2000).

The flows of potassium in the three wastewater fractions were larger, especially for the
greywater, and differently distributed to the Swedish norm, while the flows in the solid waste
agreed fairly well. Total potassium flow (3.34 kg p* y™*) was 100% larger than the norm
value. About 43% of the potassium was found in the greywater, which is much more than the
present norm. The reason for these large flows is probably an increased use of potassium, for
example in liquid detergent and as a supplement in table salt. Jonsson et al. (1999) have aso
noted the increased amount of potassium in urine compared to the norm. The differencein
collectable amounts of potassium seems to be a general one, therefore the present norms
ought to be increased.

5.3 Heavy metals

The total flow of heavy metals was in most cases lower and in some cases much lower than
the present norm values. The major discrepancies were found in the greywater, while in the
urine (Jonsson et a., 1997, 2000) and in the faeces the flow of heavy metals was larger than
expected from earlier measurements and present norms (NV, 1995).

Earlier studies have shown much smaller amounts of heavy metalsin the urine (Jonsson et al.,
1997) and the norm values for heavy metals in the faeces are also lower than those measured
here (Lentner et al., 1981; Faouzi et a., 1998). The present norm is based on the average
Swedish diet but the amount of heavy metals in Swedish society has decreased during recent
years, and so has the dietary intake of heavy metals. The amountsin the urine have been well
determined by earlier studies, where no contamination was detected (NV, 1995; Jonsson et a.,
1997, 1999, 2000) and the amounts of heavy metals in the faeces can therefore be calculated
from the amounts of heavy metals consumed minus the amounts found in the urine.

The reason for the large amounts in the toilet fractions was probably heavy metal-containing
domestic cleaning water being poured into the toilets. A lot of heavy metals are found in dust
from households and thereby in domestic cleaning water. It is not possible to remove more
than 10% of particles 10 um in diameter by vacuuming. Instead, these small particles have to
be removed in some other way, e.g. by scrubbing or wiping (Mansson, 1992). Therefore alot
of heavy metals will be found in the domestic cleaning water. This was especially obvious for
lead, which probably partly originated from leaded fuel used at the airport nearby and
deposited on surfaces in the homes.

No aternatives were available to the inhabitants of Ekoporten other than to pour the domestic
cleaning water into the toilet. Thisis the probable explanation for the large amounts of heavy
metals found in the urine and the faecal fractions. However, these metals belong to the
greywater. To get agood image of the content in the investigated fractions, the misplaced
amounts of metals from the domestic cleaning water were mathematically moved to the
greywater. The surplus of heavy metalsin the urine (except copper) and in the faeces was
deducted from these fractions and added to the greywater where it belongs (Table 3).

The reason for not adding the copper from the urine to the greywater is the high corrosion rate
of copper from the half metre pipe that connects the toilets to the soil pipes inside the walls as
described in Vinnerds et al. (1999). The high ammonia content in the urine, after biological



degradation of urea, increases the corrosion of metals (Greenwood & Earnshaw, 1998;
Vinner& et a., 1999). Half a metre of copper pipe in the urine pipe system caused the high
copper concentration in the urine mixture compared to the Swedish norm (Table 3). When
calculating the excretion of copper, the excess of copper was therefore deducted from the
urine but not added to the greywater.

Table 3. The flows of heavy metals in Ekoporten (En) in the different fractions of
biodegradable waste, mg p* y*, and the present norm values (SN) (NV, 1995; Sonesson &
Jonsson, 1996)

Urine mixture  Faecal water Greywater Biodeg. Solid Total
En SN En SN En SN En SN En SN
Cumg 372 37 4022 402 3648 <2190 306 549 4391 <3177
Crmg 42 4 72 7 426 <1825 263 137 701 <1973
Ni mg 3 3 272 27 428 <1095 33 82 491 <1207

Znmg  16° 16 3346 3942 6486 <18250 661 3570 10510 <25779
Pomg 074 07 7.3 73 991 <1095 203 275 1202 <1378
Cdmg 04* 04 33 37 144 <219 27 82 208 <2313
Hgmg 04 11 <19° 230 <38 <219 <02* 28 <63 <487

a) Set to norm value when correcting for misplaced greywater
b) Less than given detection limit.

The maority of the heavy metals were found in the greywater. However, these amounts were
still much lower than the norm values (NV, 1995). The flows of the non-essentia heavy
metals cadmium and mercury were considerably below present norms Table 3). In the solid
biodegradable waste, the greywater and in the separated water (one of the two faecal water
fractions) no mercury was detected at all, therefore the detection limit was used to calculate
the total flow of mercury. However, for mercury the values are uncertain because of the risk
for point discharges by dental fillings and by free mercury used in the households, e.g.
thermometers, which were probably missed during this study. The amount of |ead was not
reduced as much as the amounts of cadmium and mercury. The probable reason was an
airfield nearby where leaded fuel was still being used, which increased the surface depositions
of lead.

The second and third largest flows of heavy metals were found in the faecal water and in the
biodegradable solid waste. In these two fractions the metal flows were still considerably lower
compared to the flows in the greywater.

The smallest flows of heavy metals, except for mercury, were found in the urine mixture. The
flows were in most cases considerably lower than in the other fractions.

Table 4 isour proposal for an upgraded norm to be used when discussing and calculating the
total mass and the concentrations of nutrients and heavy metals in the different fractions of
biodegradable waste from households. This table is based on the present Swedish norm values
(NV, 1995) and measurement of all the biodegradable fractions in Ekoporten, a house with 35
inhabitants during 35 consecutive days. Where the discrepancy was large when comparing the
measured flows with present norms, and not explainable by local circumstances, a new norm
value is proposed in-between the present and the measured values.



Table 4. A proposal for new Swedish norm values for amounts of mass, nutrients and heavy
metals in the different fractions of biodegradable waste per person and year. The bold entries
are those for which changes are proposed

Parameter Urine Faeces Greywater Biod. Solid Total
Mass [kg] 550 40 40 000 80 40 670
DM [kg] 21.9 18.0 29.2 24.1 93
N [g] 4015 548 460 482 5505
Plq] 365 183 110 92 750
K [d] 1100 400 1 000 224 2724
Cu[mg] 37 402 2190 450 3079
Cr [mg] 3.7 7.3 1100 241 1352
Ni[mg] 2.6 27.0 720 60 810
Zn [mg] 16 3942 12 200 1 300 17 458
Pb [mg] 0.7 7.3 1 095 236 1339
Cd [mg] 0.4 3.7 65.0 31 72.2
Hg [mg] 0.5 7.6 8.4 0.4 16.9

The norm for the mass of the urine has been increased by 50%, according to the results from
this study and other recent studies showing 550 kg as the amount to expect (Hellstrém &
Kéarrman, 1996; Jonsson et al., 1997, 1999).

The total mass of the greywater has been reduced. Newer and more water conserving
equipment requiring less water islikely to be used in the future. The proposed flow is based
on this measurement and the measurement done by NV (1995), which showed similar water
consumption. Recent studies of water consumption in some Swedish househol ds show figures
for greywater production figures similar to the proposed values (Hellstrom & Johansson,
2001).

We propose reducing the total mass of the faeces by 10% to 40 kg per person and year. Of the
collected mass, 17.5% (7 kg) istoilet paper and the rest is faeces.

It is proposed to reduce the dry mass of the faeces and toilet paper fraction to 18.0 kg per
person and year. Even if a considerably lower mass was collected during this measurement,
the impact from this on the proposed norm is not especially great. The lower mass collected
can be caused by three major factors; biological degradation of the collected matter, a
decrease in dietary fibre in the food giving less dry matter in the faeces and less usage of toilet
paper compared to the norm, especially if not all toilet paper used is disposed of in the toilet.
In Trémolieres et a. (1961)a much lower value is given for excreted faecal mass from seven
males (7.7 kg py™) compared to the present norm (12.8 kg p'y™). Of the proposed amount
of dry matter, 60% comes from the faeces and 40% from the toilet paper.

A proposal is made to slightly increase the norm for nitrogen in greywater. No valid
explanation for the difference between the present norm and the measured value was found.
The coefficient of variation for the measured values was only £7.5%, so the measured values
were quite stable. Because of these two factors, the proposed new norm is closer to the old
norm than the measured value.

It is proposed to increase the norms for potassium in al wastewater fractions. Earlier
measurements of diverted urine indicated that the norm for potassium was underestimated
(Jonsson et al., 1999, 2000). The proposed values are between the measured value and the old
norms for all liquid fractions. The proposed new norms for nitrogen, phosphorus and
potassium areillustrated in Figure 1a
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Figure 1. The proposed new Swvedish standards for the composition of wastewater and
biodegradable solid waste with respect to (a) N, P,K, (b) Cu, Cr, Ni, Zn, Pb, (c) Cd and Hg
given per person and year.
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The local influence of copper in the liquid fractionsis due to a difference in the incoming
water, especially from corrosion in the pipes. Therefore, the standards for copper in the
wastewater have not been changed.

The proposed values for chromium, nickel and zinc in the greywater are the averages between
the present norm and the values from the present measurement. The large changes to the
norms are necessary because of the big differences from present norms, which were 3to 4.5
times higher than the measured values. The present norms are mainly based on a single, not as
extensive, measurement and calculated values from other flows, where corrosion from the
pipework and some industries could have been included (NV, 1995). The proposed new
norms for copper, chromium, nickel, zinc and lead areillustrated in Figure 1b.

The proposed values for cadmium and mercury in the greywater and mercury in the faecal
water are close to the measured values. These major changes are due to increased sensitivity
of the analyses as a result of improved technology and the norm is mainly based on detection
limits. The difference between the measured vaues and the old norms were about one power
of ten. For mercury there isarisk of point discharges not included in present measurements,
and the proposed values include this effect. The proposed new norms for cadmium and
mercury are shown in Figure 1c.

The proposed values for copper, nickel, zinc and mercury in the biodegradable solid waste are
close to the present norms. The smaller influence from the measured values is because the
present norms are based on several measurements of biodegradable solid wastes from
different places. The differences between the measured values and present normsin the case
of these three metals were so large that the norm value had to be updated.

The proposed value for mercury in the urine has been decreased to the measured value. This
value is the measured value for mercury in the urine; the old norm value was based on the
detection limit. The detected value is therefore a more valid value for use as the norm than the
detection limit.

6 CONCLUSION

Using double flushed urine diverting toilets and water conserving equipment, the inhabitants
used 30% less water than the present Swedish norm for household water consumption.

For the urine, changes to the norm for mass, potassium and mercury are proposed. The mass
and the potassium are increased, while the mercury content is decreased.

For the faeces, changes to the norms for the mass, dry matter, potassium and mercury are
proposed. For the mass and the dry matter, a dight decrease is proposed, mainly dueto a
changein the diet. For potassium it is proposed that the norm be increased, as for all the liquid
fractions.

For the greywater, changes to the mass, nitrogen, potassium, chromium, nickel, zinc,
cadmium and mercury values are proposed. The mass is decreased by 27%, while the values
for nitrogen and potassium are increased. For the heavy metas, values for chromium, nickel
and zinc are decreased somewhat and for cadmium and mercury the new proposed values are
decreased significantly.

For the biodegradable solids, we propose that the norm values for the heavy metals nickel,
zinc, cadmium and mercury be dightly decreased.

12



7  Acknowledgements

This study was financed by MISTRA, Foundation for Strategic Environmental Research, in
Sweden.

We will also acknowledge the “Norrkopings Hyresbostader” for letting us use the facility of
the building Ekoporten and the inhabitants who helped us by donating time and waste.

8 References

Anonymous 1994. Per capita consumtion of paper. European Tissue Symposium Henkil6
1993. Henkilo.

Berger, E.Y. 1960. Intestinal Absorption and Excretion. In: Comar CL, Bronner F (eds)
Mineral Metabolism. Academic press. New Y ork. pp 249-286.

Comber, SD.W. & Gunn, A.M. 1996. Heavy Metals Entering Sewage - Treatment Works
From Domestic Sources. Journal of the Chartered Institution of Water and Environmental
Management 10:137-142.

Dixon, A., Butler, D. & Fewkes, A. 1999. Water Saving Potential of Domestic Water Reuse
Systems Using Greywater and Rainwater in Combination. Water Science and Technology
39:25-32.

Eklind, Y., Beck-Friis, B., Bengtsson, S., Ejlertsson, J., Kirchmann, H., Mathisen, B.,
Nordkvigt, E., Sonesson, U., Svensson, B.H. & Torstensson, L. 1997. Chemical
Characterisation of Source-Separated Organic Household Wastes. Swedish Journal of
Agricultural Reseach 27:167-178.

Faouzi, S., Hagipantdlli, R., Misset, J-L., Bastian, G., Vassdl, G., Bonnay, M., Herait, P.,
Cote, C., Mahjoubi, M., Mignard, D. & Cvitkovic, E. 1998. Pathophysiology and Therapy of
Irinotecan - Induced Delayed - Onset Diarrheain Patients With Advanced Colorectal Cancer:
A Prospective Assessment. Journal of Clinical Oncology 16:2745-2751.

Frausto da Silva, JJ.R. & Williams, R.J.P. 1997. The Boilogical Chemistry of the Elements -
The Inorganic Chemistry of Life. Oxford, Oxford.

Greenwood, N.N. & Earnshaw, A. 1998. Chemistry of the Elements Second Edition.
Butterworth Heinman, Oxford.

Guyton, A.C. 1992. Human Physiology and Mechanisms of Disease. W.B.Saunders
Company, Philadelphia.

Gunter, F. 2000. Wastewater Treatment by Greywater Separation: Outline for aBiologicaly
Based Greywater Purification Plant in Sweden. Ecological Engineering 15:139-146.

Hanaeus, J., Hellstrém, D. & Jonsson, E. 1997. A Study of a Urine Separation System in an
Ecological Village in Nothern of Sweden. Water Science and Technology 35:153-160.

Hellstrom, D. & Johansson, L. 2001. Bra SmaAvlopp - Delrapport 1 Utvardering av
reningseffekt med avseende pasyreforbrukande och eutrofierande amnen. Stockholm Vatten
AB, Stockholm.

Hellstrém, D. & K&trman, E. 1996. Nitrogen and Phosphorus in Fresh and Stored Urine.
Proceedings from the 2nd International Conference on Ecological Engineering for
Wastewater Treatment, September 18-22 1995. Environmental Research Forum. Waedenswil.
pp 221-226.

13



Huheey, JE., Keiter, E.A. & Kieter, R.L. 1993. Inorganic Chemistry — Principles of Structure
and Reactivity, 4" ed. Harper Collins College Publishers, New Y ork.

Hoglund, C., Vinnerd, B., Stenstrom, T.A. & Jonsson, H. 2000. Variation of Chemical and
Microbial Parameters in Collection and Storage Tanks for Source Separated Human Urine.
Journal of Environmental Science and Health Part A: Environmental Science and Engineering
35:1463-1475.

Jetten, M.S.M., Horn, S.J. & van Loosdrecht, M.C.M. 1997. Towards a More Sustaniable
Municipal Wastewater Treatment System. Water Science and Technology 35:171-180.

Johansson, L. & Gustafsson, J.P. 2000. Phosphate Removal Using Blast Furnace Slags and
Opoka-mechanisms. Water Research 34:259-265.

Jonsson, H., Stenstrom, T.A., Svensson, J. & Sundin, A. 1997. Source Separated Urine-
Nutrient and Heavy Metal Content, Water Saving and Faecal Contamination. Water Science
and Technology 35:145-152.

Jonsson, H., Vinnerd, B., Hoglund, C. & Stenstrom, T.A. 1999. Source Separation of Urine —
an Added Function to the Sewage System Aiming at Sustainability. Wasser & Boden 51:21-
25.

Jonsson, H., Vinnerd, B., Hoglund, C., Stenstrom, T.A., Dahammar, G. & Kirchmann, H.
2000. Kallsorterad humanurin i kretslopp. VA-FORSK RAPPORT 1. VAV, Stockholm.

Kim, N. & Fergusson, J. 1993. Concentrations and Sources of Cadmium, Copper, Lead and
Zinc in Dust in Christchurch, New Zealand. Science of the Total Environment 138:1-21.

Kérrman, E. 2000. Environmental System Analysis of Wastewater Management. PhD thesis.
Chalmers, Géteborg.

Lentner, C., Lentner, C. & Wink, A. 1981. Units of Measurement, Body Fluids, Composition
of the Body, Nutrition. Geigy Scientific tables. Ciba-Geigy, Badle.

Mclntosh, G. 1996. Reuse of Urban Wastewater in Developing Fringe Areas of Metropolitan
Adelaide. Desalination 106:355-360.

McLaughlin, M.J., Parker, D.R. & Clarce, JM. 1999. Metals and Micronutrients - Food
Safety Issues. Field crops research 60:143-163.

Mansson, L. 1992. Hogteknologins osynliga fiende - En beréttelse om renlighetsteknik och
renarum - R-TEKNIK. Timab Tvétt, Mamé.

Ned, J. 1996. Wastewater Reuse Studies and Trials in Canberra. Desalination 106:399-405.

NV. 1995. Vad innehdler avlopp fran hushdl? : néring och metaller i urin och fekalier samt i
disk-, tvétt-, bad- & duschvatten. NV rapport 4425. NV, Stockholm.

Otterpohl, R., Albold, A. & Oldenburg, M. 1999. Source Control in Urban Sanitation and
Waste Management: Ten Systems With Reuse of Resources. Water Science and Technology
39:153-160.

Pharmacia. 2000. Svenska Folkets Tarmvanor - Den stérsta undersokningen ngonsin om
magen, dess skotsel och vaa attityder till det allramest privata. En Gallupundersokning av
Pharmacia. Pharmacia Upjohn, Stockholm.

Skjelhaugen, O.J. 1999. Closed System for Local Reuse of Blackwater and Food Waste,
Integrated with Agriculture. Water Science and Technology 39:161-168.

14



Sonesson, U. & Jonsson, H. 1996. Urban Biodegradable Waste Amount and Composition -
Case study Uppsaa. Report 201. Department of agricultural engineering, Uppsala.

Trémoliéres, J.,, Bonfilis, S, Carré, L. & Sautier, C. 1961. Une méthode d'étude de la
digigtibilité chez I'nomme, le fécalogramme. Nuitritio et Dieta; European Review of Nutrition
and Dietetics 3:281-289.

Vahter, M., Berglund, M., Lind, B., Jorhem, L., Slorach, S. & Friberg, L. 1991. Personal
Monitoring of Lead and Cadmium Exposure - a Swedish Study With Special Referenceto
Methodol ogical Aspects. Scandinavian Journal of Work, Environment and Health 17:65-74.

Vinnerd, B., Hoglund, C., Jonsson, H. & Stenstrom, T.A. 1999. Characterisation of Sludgein
Urine Separating Sewerage Systems. In: KI6ve B, Etniner C, Jenssen P, Maehlum T (eds)
Proceedings of the 4™ International Conference — Managing the Wastewater Resource
Ecologica Engineering for Wastewater Treatment. Norway. June 7-11. 1999.

Vinnerd, B. & Jonsson, H. 2001. The Potential of Faecal Separation and Urine Diversion to
Recycle Plant Nutrients in Household Waste Water. Submitted to Bioresource Technology

15









Hoglund, C., Vinnerds, B., Stenstrom, T.A. & Jonsson, H. (2000). Variation of chemica and
microbia parametersin collection and storage tanks for source separated human urine.
Journal of Environmental Science and Health Part A: Environmental Science and Engineering
35:1463-1475









The performance and potential of faecal separation and urine diversion to
recycle plant nutrientsin household waste water

*Vinnerd, B. Jonsson, H.

Swedish University of Agricultural Science, Department of Agricultural Engineering,
P.O. Box 7033, SE-756 07 Uppsala, Sweden.

e-mail: bjorn.vinneras@It.slu.se phone: +46 18 67 18 34 fax: +46 18 67 18 83

1 Abstract

In household wastewater and biodegradable solid waste, the main proportion of the plant
nutrients are found in the toilet water (i.e. in urine and faeces). In order to recover the
majority of these nutrients, with the purpose of decreasing the emission of eutrophicating
agents and of increasing their recycling, present waste and wastewater systems have to be
changed. The major proportion of the nitrogen (>70%), phosphorus and potassium (>50%)
can be collected separately by using urine-diverting toilets and almost al of the nutrientsin
this fraction are immediately plant available. If the faeces are also collected, up to 85%, 75%
and 75% for N, P and K respectively can be recovered and recycled. The faeces can be
collected dry or, asin the system investigated here, separated from the flushwater used for
transport.

This study was carried out at an ecologically renovated house with 18 flats. The toilets used
were of a double flushed urine-diverting type. The faeces were flushed from the toilets using
water and then separated from the flushwater using two parallel Aquatron separatorsin the
basement. The Aquatron separates by a combination of awhirlpool effect, gravitation and
surface tension. Nitrogen and phosphorus from the faeces were separated to 73% and 58%,
respectively, to the dryer fraction, indicating that this method is an aternative when aiming to
recover faecal plant nutrients while still wanting to use water flushed urine-diverting toilets.

Key words: faeces, urine, faecal separation, urine diversion, nutrient recirculation, supplementary wastewater
treatment.

2 Introduction

The purpose of the present study was to evaluate the system of urine-diverting double flushed
toilets combined with Aquatrons for faecal separation and recovery of human waste nutrients.
An ecologically reconstructed house with 18 flats was monitored for 35 days. The quantity
and composition of different wastewater flows (urine, faeces and greywater) and of solid
biodegradable household waste were studied and are presented in Vinnerds et al. (2001). This
paper presents some results concerning the toilet water from the households (faecal water and
urine mixture) and highlights the separation of faecal water into separated solids (SS) and
separated water (SW).

Household wastewater has three major constituents; greywater, urine and faeces. In Swedish
houses, these are normally mixed and piped together into one sewer. The total volume of
water used in households is about 73 m® per person and year (NV, 1995; Hanaeus et al.,
1997).

The major contributor to the plant nutrients nitrogen, phosphorus and potassium is the toilet
water (urine and faeces) (Figure 1). If aurine-diverting toilet is used, the urine, containing a
large fraction of the plant nutrients, is collected separately. Simultaneoudly, flushwater is
saved (Jonsson et a., 1997).
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Figure 1. The distribution of mass, dry matter (DM), nitrogen (N), phosphorus (P) and
potassium (K) in solid organic household waste and household wastewater constituents
(Ké&rrman et al., 1999).

If al the toilet waste is recirculated to agriculture, between 75% and 85% of the nitrogen,
phosphorus and potassium from the households will be used as aresource instead of being a
potentia pollutant to the environment. By storing before usage, the urine will be sanitised and
approved for use as afertiliser (H6glund, 2001). The majority of the potential pathogenic
microorganisms excreted are found in the faeces. The faeces must therefore be treated to
remove potential pathogens before usage in agriculture.

Of the total mass flow per person and year (73 m®), approximately 55 m® is greywater, i.e.
water used for washing, showering and cleaning, and the remaining 18 m® is toilet water. The
flows of macronutrients in the greywater are about 5% of the nitrogen, 15% of the phosphorus
and 10% of the potassium from the total household flow (Figure 1), while the major
proportion of heavy metalsisfound in the greywater (NV, 1995; Kérrman et al., 1999).

2.1 Heavy metals

Dietary consumption of heavy metals, especially those such as lead, mercury and cadmium
that are non-essential, islow, leading to low concentrations in the excreta. A rule of thumb
which is often given is that more than 90% of the heavy metals consumed, both ingested and
inhaled, are excreted in the faeces (Vahter et a., 1991; WHO, 1993). The main proportion of
heavy metals consumed passes through the intestines without being metabolised. Major
sources of heavy metals in the solid biodegradable waste and wastewater flows are dust, dyes
and cutlery. Thisis one of the reasons why the major proportion of the heavy metals is found
in the greywater (Kehoe et al., 1940; Vahter et al., 1991).

2.2 Diverted urine

In Sweden, the average time spent at home by a person is about 15 hours per day, which gives
about 400-500 litres of diverted urine mixture collected per person and year (Jonsson et a.,



1999). The volume collected depends on the amount of flushwater used and this mainly
depends on the toilet model used. The urine mixture contains approximately 1.5-2 kg
nitrogen, 0.15-0.2 kg phosphorus and 0.4-0.5 kg potassium per person and year (Jonsson et
al., 1997, 1999).

The plant availability of the nitrogen and the phosphorus in the diverted urineis high
(Kirchmann & Pettersson, 1995). The nitrogen is comparable to mineral fertiliser or just a
little bit poorer and the phosphorus is aso comparable to mineral fertiliser or even alittle bit
better.

The heavy metal content in the urine fraction is generally very low. Due to the high
concentration of ammonia and the high pH in the urine, metals used in the urine sewer pipes
are easily corroded and thereby contaminate the urine mixture (Vinnerd et al., 1999; Hoglund
et a., 2000).

2.3 Separated faeces

The second largest contributor of nitrogen, phosphorus and potassium to household
wastewater is faeces. The plant availability of this nitrogen is probably lower than that of
minera fertiliser since only about 50% of the nitrogen is extractable with water (Trémoliéres
et a., 1961). The remainder of the nitrogen is incorporated into organic matter and bacteria
(Lentner et al., 1981). The plant availability of the faecal phosphorus might also be lower as
compared to mineral fertiliser, since a considerable fraction is found in granulated particles
mainly bound to calcium (Frausto da Silva & Williams, 1997) and the rest exists mainly as
organic bound material, e.g. bacteria. Only asmall fraction of the faecal phosphorus can be
found as free phosphate ions.

Conventional toiletsin Sweden today are water closets using approximately six litres of water
per flush and the mgjority of the urine-diverting toilets use water to flush both the urine (0.1
litres per flush) and the faecal fraction (4-9 litres per flush).

One way to get adry, and thus compact, faecal fraction is by using dry urine-diverting toilets.
The urine diversion decreases the volume of the faecal fraction and its smell, giving two

fractions that are easy to handle (Fittschen & Niemczynowicz, 1997). However, many people
accustomed to the present flushable toilets do not think that dry toilets are equally acceptable.

Another technique for obtaining a compact faecal fraction when using a double flushed urine-
diverting toilet is to separate the faecal particles from the flushwater. In this paper, the
separation technique investigated is the Aquatron.

24 Faecal separation

One way to recover the nutrients contained in the faeces is to separate the faeces from the
flushwater after just a short transport in the sewer.

A technique for removing some dry matter and nutrients is to use a three-chamber septic tank.
In Sweden, the accumulated sludge is removed once a year. However, due to decomposition
of organic matter and anaerobic conditions, the main fraction of the bound nutrientsis
dissolved into the wastewater and transported down the system. Only a small fraction of the
material is accumulated in the septic tank. The anaerobic environment dissolves phosphorus
and the greenhouse gas methane is emitted (Philip et al., 1993). The concentrations of heavy
metals in the septic dudge are high (Svenson & Mattson, 1999).

Another technique for separation of the total solids and nutrients from the wastewater is by
using an Aquatron separator locally to separate faecal particles from flushwater (Figure 2).

3



The Aquatron separation technique uses a combination of surface tension, gravitation and a
whirlpool effect. The water follows the outer surface of a vertical, hourglass-shaped separator
across the waist and further along the expanding outer surface of the lower section, while
larger particles drop straight down from the waist by gravitation. Thus two fractions,
separated water (SW) and separated solids (SS), are formed (SP, 1992; Del Porto & Steinfeld,
1999).

,

] Hao FPorticles

Figure 2. The urine diverting toilet Dubbletten™, the faecal separator Aquatron™ and a
technical description of the function of Aquatron where the faecal water (FW) is separated
into liquids and solids.

The separated water is normally diverted to the sewer and then piped with the greywater to a
treatment facility, either a sewage treatment plant or an on-site treatment system, frequently a
septic tank followed by a sand filter or an infiltration bed. The separated solids can be treated
biologically, chemically or thermally. Biologica treatment, e.g. composting, is most
commonly used. Sometimes the separated solids are treated together with solid biodegradable
household waste (Del Porto & Steinfeld, 1999).

3 Materialsand method

This investigation was carried out in the Ekoporten block of flats, which was reconstructed
with special consideration for the environment, i.e. recirculation of nutrients and saving of
natural resources. The house isfour storeys high and consists of 18 flats and a communal area
in the attic. During the investigation, 35 persons lived in the house, 34 adults and one 10-year-
old boy. The sewage system is divided into three subsystems; one for greywater, one for
faecal water (faeces, toilet paper and flushwater) and one for urine mixture (urine and
flushwater). These systems have separate sewers in the house. All flats are equipped with the
urine-diverting toilet Dubbletten (Figure 2) (Jonsson et al., 1997).

The urine mixture collected is conveyed to two parallel collection tanks. When the tanks are
full, after approximately ayear, the urine mixture is pumped to a storage tank nearby.

The faecal water (faeces and flush water) is conveyed to two parallel Aquatron™ separators
where the faecal water is separated into two fractions, separated water and separated solids.
The separated water is conveyed, together with the greywater, to an on-site treatment system.
The separated solids are conveyed to a composting drum where they are composted together
with source separated solid biodegradable household waste and pellets of sawdust, which are
used as a compost amendment.



The study was carried out during a period of 35 daysin the spring of 1999, and was divided
into three periods of 11, 12 and 12 days, respectively. The total mass flows and the
compositions concerning dry matter, nutrients and heavy metals were measured and analysed
for solid biodegradable waste, greywater, urine and faecal water as described in Vinnerd et

al. (2001). Due to measurement problems, the duration of measurements of separated solids
during Period One was 10 days, during Period Two 12 days and during Period Three 11 days,
while for the separated water all measurement periods were 11 days.

The number of flushes, both of the urine- and the faecal-bowl, were measured using electronic
counters attached to the flush buttons according to the method described by Jonsson et al.
(1997). The water usage per faecal flush was noted and the average water usage per second of
the urine flush was determined. During the measurement periods, the time spent at home by
the inhabitants was registered using protocols filled in by the inhabitants.

31 Sampling

During the measurement period, the urine mixture was collected in a one cubic metre plastic
tank. When the first period started, the urine sewer was reconnected to lead the urine to this
externa collection tank. At the end of each period, before sampling, the urine mixture was
mixed using a high capacity pump and the tank walls were scraped with a rubber scraper to
ensure a representative sample (Hoglund et al., 2000). To minimise the anmonialoss during
the ten minutes of mixing and sampling, the upper parts of the containers were covered with
plastic sheets. Three parallel samples were taken of the urine mixture, as of all the other
fractions. After sampling, the samples were stored at —20°C until the analyses were
performed, one week after the end of the last measurement period. The amount of urine
mixture was determined by weighing.

The separated water was a so collected in a one cubic metre plastic tank. The flow of
separated water was on average dightly less than 1,000 litres per day. The separated water
was sampled once or twice a day, depending on the volume collected. The weighing and
mixing procedures before sampling were the same as for the urine mixture. Weight
proportional samples were taken each day; ten grams were taken per 100 kilos of separated
water. All samples were stored at —20°C directly after sampling until the analyses were done.

The separated solids fraction was collected below the separatorsin a 120 litre plastic bin. The
flow of separated solids varied from 50 to 210 litres per day. Sampling was done once or
twice a day, depending on the volume collected. The separated solids were weighed and
mixed mechanically with an electric plaster mixer for ten to fifteen minutes until the mixture
was homogeneous. Sampling was done after the mixing, taking weight proportional samples
each time. One gram per kilogram of collected solid fraction was taken. The daily samples of
SS and SW were added to frozen main samples for each measurement period. All samples
were stored at —20°C until analyses.

3.2 Analysis

The metals, except cadmium and mercury, were analysed for by using ICP-AES after the
sample had been dissolved in nitric acid. For mercury and cadmium, the sample was prepared
in the same way but analysed with ICP-MS. Nitrogen content was analysed using elemental
analysis according to the Dumas principle. Analyses were performed in triplicate for each
sample. The results from the three periods were weighted according to the length of each
period.



4 Results

Collected amounts of macronutrients are given as grams per person per annum (g p y™).
Whenever measured values were compared with the expected excreted amounts, a correction
for the time spent at home was made. The collection figures were linearly extrapolated to the
amounts expected to be collected if the inhabitants had spent 24 hours per day at home. The
inhabitants spent on average 13.9 hours per day, i.e. 58% of the day, at home.

The volume of urine mixture collected per person and year was 476 litres with a coefficient of
variation of £11%. The volume of faecal water (faeces and flushwater) produced per year was
11.0 m® (+7.7%), which was separated into 1.38 m® (+32%) of separated solids and 9.62 m*
(x11%) of separated water.

When the collected amounts of nitrogen, phosphorus and potassium in the urine mixture were
compared to expected amounts according to the nutritional datafor Sweden in combination
with previoudly determined excretion rates (Figures 1, 3) (Jonsson et al., 1999), on average
68% was collected (Vinnerd et al., 2001). The urine not collected is believed not to be
separated i.e. it enters the rear, faecal, bowl, due to incorrect use of the toilet. This hypothesis
is strengthened by the large recovery rate of nutrients in the faecal fractions when 24 h were
spent at home: 1,829, 235 and 917 g p™ y™* for nitrogen, phosphorus and potassium,
respectively (Table 1). The expected amounts when 24 h were spent at home, based on the
average consumption in Sweden, were 548, 183 and 365 g p y* respectively (NV, 1995;
Hanaeus et al., 1997).

Table 1. Collected volumes and amounts of macronutrients in the three toilet fractions, urine
mixture, separated solids, separated water and the sum of the two faecal fractions (faecal
water), if 24 h per day were spent at home[gp ™ y*]

Parameter Urine mixture  Separated solids  Separated water Faecal water

N2 2544 +430 609 +52 1220 +195 1829 +143

NH4 2209 +597 298 +53 887 +203 1185 +148

P 232 44 86 +16 149 12 235 +22

K 807 +181 287 124 630 +89 917 472

a) One of the samples of the urine mixture from Period One was treated as an outlier and thus not included in the
average value.

To estimate the efficiency of the separation of faecal water into SS and SW, the urine
contribution to the nutrient content of the faecal water had to be corrected for. This meant that
the assumed amount of urine in the faecal water, 32% of the urine, was deducted from the
faecal fractions, in proportion to the masses in the two fractions. The nutrients deducted from
the faecal fractions were added to the urine mixture (Table 2), which is the fraction into which
all the urine should have been diverted if the toilets had been used as they should.

Table 2. The nutrients in the urine mixture, the separated solids, the separated water and the
faecal water after the non-diverted urine was deducted and added to the urine mixture, if 24 h
per day were spent at home [gp™ y]

Parameter  Urinemixture Separated solids Separated water ~ Faecal water

N 3741 462 169 632
P 340 73 53 126
K 1186 240 297 537




The nitrogen:phosphorus ratio in the urine mixture was nine and not the expected eleven
(H6glund et al., 2000). The reason was probably nitrogen losses when handling the samples
before analysis. The nitrogen content of the urine mixture was therefore adjusted up to a
nitrogen:phosphorus ratio of eeven.

The amounts of heavy metals in the excreta (urine and faeces) are generally low, with alower
amount in the urine than in the faeces (Lentner et a., 1981; Jonsson et a., 1999). The
amounts found in the urine mixture and the faecal fractions reflect the consumption pattern of
the subjects.

5 Discussion

The following evaluations of the faecal separation were made after deducting the urine from
the faecal water and adding it to the urine mixture. The urine mixture was corrected for
nitrogen losses during the handling of the urine mixture to attain a nitrogen:phosphorus ratio
of eleven instead of the detected nine. This was done since earlier measurements on-site
showed aratio of about eleven (Hoglund et al., 2000).

Of the mass of the faecal water, 87% ended up in the separated water fraction and was treated
in the wastewater treatment system together with the greywater. The remaining 13% (£32%)
got separated as SS. This fraction aso contained 37% of the dry matter (Figure 3). The high
coefficient of variation for the SS fraction indicates a wide variation in separation efficiency.
This was a so observed visually during the measurements, since the dry matter content
differed between different days.

The separation of inorganic matter into SS was as high as 50%, while only 23% of the organic
matter was separated (Figure 3). One possible reason for the low separation of the organic
matter was extraction of water-soluble compounds and dissolved particles. Inhabitants
pouring domestic cleaning water into their toilets might be one source of the unexpectedly
high amounts of inorganic matter found in the faecal water. The toilet paper was finely
dispersed into small particles that were not separated. The paper mainly consists of organic
material and this might be the reason for the difference in separation of organic and inorganic
matter.

The expected amount of dry matter consisting of faeces and toilet paper was between 16.2 and
21.1kgpty* (Lentner et a., 1981), which was much higher than the collected 12.5 kg p* y*
(Figure 3). The difference from the Swedish norm value for excreted amounts of faeces
depends on the composition of the food consumed, where high intake of fibres increases the
faecal mass. Decreasing fibre consumption in Sweden indicates that the lower of the two
values is the more accurate one. The remaining difference between collected amounts and the
norm value might be caused by alot of reasons, such aslower excreted amounts, smaller
amounts of toilet paper used compared to the Swedish average (8.5 kg, p™*, y"* (Anonymus,
1994)) and some biological degradation of small organic substances such as peptides. One
other reason can also be that the degree of pre-treatment of the food consumed has increased
since most of the reference values were determined mainly before 1965 (Lentner et al., 1981;
NV, 1995). Increased pre-treatment of the food decreases the waste products | eft after passing
the intestines.
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Figure 3. Distribution of dry matter, ash and organic material in the two fractions SS, SW
and the sum of the two (FW) compared to the Swedish norm for faeces and toilet paper.

The collected amounts of dry matter in SS (4.6 kg p'y™") combined with the 13% of water
that was separated gave arather dilute fraction i.e. 0.2% DM. Between 10 and 20% of
incoming water is normally to be expected in the SSfraction if the separation process does
not have any specific dewatering devices (Zhang & Westerman, 1997). Therefore, it should
be easy to increase the percentage of dry matter by decreasing the amount of flushwater used.

Of the nitrogen, between 59% and 73% corresponding to 484 and 462 g py ™ (with 100%
time at home) was separated into SS. The range is due to uncertainty in the analysis of the
nitrogen content of the urine mixture, due to losses indicated by a nitrogen:phosphorus ratio
of nine instead of the expected ratio of eleven (Hoglund et al., 2000). The higher separation
rate, calculated from a nitrogen:phosphorus ratio of eleven, is probably closer to the truth,
indicating a high content of nitrogen in the separated particles. Even if about half of the faecal
nitrogen content is extractable with water (Trémolieres et al., 1961), only a minor part of the
nitrogen was found in SW. This indicates only a small extraction of nitrogen during the
transport.

Of the phosphorus, 58%, corresponding to 73.2 g py™ (with 100% time at home), was
separated into SS. Thisis still higher than the separation of dry matter (36%). The reason for
the lower percentage of separated phosphorus compared to nitrogen is probably due to some
suspended small granular calcium phosphates and not as much organically combined
phosphorus.

The separation of potassium to SS was 45%, corresponding to 240 g py™ (with 100% time at
home). Thisis lower than the separation of inorganic matter. The reason for thisis mainly due
to the origin of potassium in the faeces. The potassium mainly originates from ion exchange
reactions in the intestine. Therefore alot of the potassium found isin the form of easily
extracted water-soluble ions.

The distribution of N, P and K indicates a good separation of the faecal matter. However,
between 27% and 55% of the nutrients were still neither separated nor collected. If the



mechanical disintegration of the faecal particles in the sewers were less, the separation would
probably be higher. An easy way to reduce disintegration is by shortening the length of the
system, especialy by decreasing the vertical drop of the faecal water (here it was up to four
stories). Thus, the type of system investigated hereis mainly of interest for small buildings or
parts of large ones. In the building investigated, it would have been better if separators were
installed on each floor. The separation of phosphorus can possibly be increased by chemical
precipitation with for example calcium or iron ions, thereby making the phosphorus react and
adhere to large particles, which are separated.

The major advantage of the Aquatron faecal separating system isits smplicity and

robustness, since it has no moving parts. In this study, where the conditions for separation of
faecal particles were unfavourable, more than half of the faecal nutrients were still separated
into the separated solid fraction. Under more favourable conditions, i.e. less vertical drop, the
separation would probably have been better. With a decreased usage of flushwater it isaso
plausible that the amount of water led to SS would have been less, thus increasing the
percentage of dry matter content.

Visua observations revealed mainly large particlesin SS and smaller onesin SW. The
conclusion isthat alot of the nutrients are bound to separated large faecal particles. However,
this contradicts the conclusion drawn by Zhang and Westerman (1997) and Méller et al.
(2000) on animal manure, since they found that the main proportion of the nutrients are found
in particles smaller than 0.5 mm. Their investigations were performed on cow dung, faeces
and urine mixed and are thus a confirmation of the large amounts of liquefied nutrientsin
urine.

Nutrients should be used as fertilisers on agricultural land instead of eutrophicating natural
waterways. The urine contains the main proportion of the nutrients from households. The
urine can be diverted and the concentration of the urine mixture depends upon which urine-
diverting toilet used and how it was installed. The composition of the collected urine in this
study was similar to that in other investigations using the same toilet (Jonsson et al., 1997;
Hoglund et al., 2000). The only exception was the lower ratio of nitrogen to phosphorus
which, according to Hoglund et al. (2000) is expected to be eleven. In this study was it nine,
indicating that some nitrogen loss probably occurred during the storage of the urine mixture
before anaysis.

The concentrations of heavy metals in the urine mixture and the faecal water were low.
However, the collected amounts of the essential heavy metals and lead were higher than those
expected from the average Swedish consumption (Table 3). The domestic cleaning water
poured into the toilet by the inhabitants probably caused this. With correct information about
how to use the toilet and better alternatives concerning where to pour domestic cleaning
water, the heavy metal content of these fractions should be considerable [ower.

Urine diversion has a major impact on nutrient recovery and on lowering the emissions to the
water recipient body. If urine-diverting toilets are used correctly, about 80% of the nitrogen
and 50% of the phosphorus should be recycled from the househol ds as urine mixture. If the
faeces are recovered, an even larger fraction of the nutrients will be recycled as afertiliser.
These two fractions, the urine mixture and the faeces, have very low concentrations of non-
essential heavy metals e.g. Hg, Cd. The concentration of cadmium in the urine mixture per kg
of phosphorus was lower than in minera fertiliser claimed to be cadmium free. The
concentrations of non-essential heavy metals in the faeces per kg of phosphorus were about
the same asin normal Swedish mineral fertiliser.



Table 3. The collected amounts of heavy metals in Ekoporten (En) found in the urine, the two
faecal fractions and the sum of the two faecal fractions compared to the Swvedish norm (SN),
if 24 h per day were spent at home [mg p* y']

Parameter Urine mixture Separated solids Separated water Faecal water

Source En SN En En En SN
Cu 1487 37 213 851 1064 402
Cr 10.3 16.1 17.6 50.6 68.2 7.3
Ni 32.7 51.1 36.8 715 108.4 27.0
Zn 147 172 1365 3499 4865 4015
Pb 15.3 8.8 375 424.6 462.1 7.3
Cd 0.48 0.88 1.53 4.84 6.36 3.65
Hg 0.30 0.37 1.12 <1.64 <2.75 23.0

Diverting the urine and separating the faeces and, after sanitation, using their non-polluted
nutrients as a resource instead of emitting them to the environment as pollutantsis one
interesting option of moving towards a more sustainable society.

A magjor advantage with this kind of system isits lack of moving parts. Using a separate bowl
diverts the urine and the faecal particles are removed in a separator with no moving parts.
This should make the system robust.

6 Conclusions

The Aquatrons (using awhirlpool, gravitation and surface tension technique) in Ekoporten
separated a SS fraction containing between 58% and 73% of the faecal nitrogen and
phosphorus. This fraction contained 13% of the flushwater used. However despite this, the
DM content of this fraction was only 0.2%. The separation of dry matter and nutrients would
have been higher if the vertical drop had been less. This could be achieved by having a
separator on each floor.

Larger amounts of heavy metals than expected were found in the faecal water. The reason for
this was probably domestic cleaning water poured into the faecal bowl. Thisindicates the
importance of using the toilet only for human excreta in this type of system.

Had the toilet used less flushwater and no domestic cleaning water poured into it, then the
amounts of water and of heavy metalsin the SS fraction would have been less.

To get the most positive environmental effects from using urine diversion and separation of
the faecal water for dry treatment, it is greatly important to inform the inhabitants how to use
asystem like this correctly.

Despiteits limitations, this system, using urine diversion and faecal separation by Aquatron,
isagood alternative for environmental sanitation, which strives to use possible eutrophicating
nutrients on agricultural land as fertilisers, instead of polluting adjoining waters.
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1 Abstract

The aim of this study was to evaluate the potential of different separation techniques for local
recovery of faecal nutrients. Separation by Aquatron, filtration, flotation and sedimentation
was tested in the laboratory.

In this study we found that the extraction of nutrients from the faeces to the liquid occurred
rapidly. Therefore, to effectively separate the faecal nutrients and particles from the
flushwater, the separation has to be performed locally, preferably at house level.

The Aquatron and the filtration gave afraction of separated solids with 10% dry matter,
which contained 70-80% of the incoming plant nutrients nitrogen, phosphorus and potassium.
The other two methods investigated did not prove effective for local separation of faeces.

Using urine-diverting toilets, where al the urine is diverted, and collected and 70% of the
faecal nutrients are separated locally, the potential for local nutrient recovery from the
household wastewater is 88% for nitrogen, 75% for phosphorus and 55% for potassium,
mainly in the form of directly plant available nutrients.

Key words. Faeces, Faecal separation, Nutrient management, Separation, Filtration, Aquatron, Sustainable
sewage management

2 Introduction

In household wastewater the main proportion of nitrogen and phosphorus originates in the
urine fraction (Figure 1). Using a urine-diverting toilet, the urineis easily collected separately
at source. The other fraction worth recycling, according to its nutrient content, is the faeces
(Vinner& et al., 2001). The mass flow of the faecal fraction (faeces and toilet paper) is small,
about 40-50 kg, person™ year™, and to take advantage of this small mass for direct recycling
the amount of diluting flushwater should be as small as possible. This can be combined with
the advantage of the flushed toilet, if after a short pipe transport the faeces are separated into a
dry fraction that contains the majority of the faecal nutrients and aliquid fraction containing
the flushwater and some nutrients (Vinnerd & Jonsson, 2001).

A system with the potential to separate, collect and recycle alarge fraction of unpolluted
human excreted nutrients can consist of a double flushed urine-diverting toilet, which flushes
the urine and the faeces into separate sewers. The faecal particles and the toilet paper are then,
after a short transport in the sewers, separated again. Some advantages of this system are that
the convenience of the water-flushed toilet remains, that the nutrients can be recovered with
just minor pollutants and that it provides an easy way to recover the faecal nutrients (Del
Porto & Steinfeld, 1999; Vinnerd & Jonsson, 2001). However, one prerequisite for recovery
of the faecal nutrients by using solid-liquid separation techniques is that these nutrients

remain in the separated particles.
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Figure 1. The distribution of Mass, DM, N, P and K in the three household wastewater
fractions and the mass of flushwater.

In this study the potential for solid-liquid separation of faeces and water was evaluated with
respect to nutrient recovery potential. The study was done in two parts; the first part consisted
of an investigation of what happens after the faeces are immersed into the water. The second
part of the study evaluated the separation of faeces and water in a controlled environment in
the lab, using different separation techniques. The aims of these studies were to investigate
the potential of different separation methods under different conditions.

Compared to the other biodegradable household waste fractions, the faecal fraction (faeces
and toilet paper) is small if the flushwater is excluded. The 30 to 45 kilograms, wet weight, of
faeces that are produced per person and year correspond to 10 to 15 kilograms of dry matter
(Lentner et al., 1981; Vinnerd et al., 2001). The amount of excreted faeces depends on the
composition of the food consumed. Meat and other food low in fibre produce smaller volumes
than food high in fibre (Guyton, 1992). On average, one stool per person and day is produced,
but it varies from one per week up to five per day (Lentner et al., 1981; Pharmacia, 2000). In
Sweden, about 8.5 kilograms of toilet paper are used per person and year (, 1994). Not all of
this paper is thrown into the toilet as someis used for other purposes, but at least 90% (7.7 kg
p'y™!) can be expected to end up in the toilet with the faeces.

Of the faecal nitrogen, about 17% is contained in the bacterial fraction. About 10% is found
as ammonia, from degradation of urea, peptides and amino acids. The remaining part is found
in different organic compounds such as uric acid and different enzymes (Lentner et a., 1981).
The nitrogen in the faeces is to about 50% water soluble (Trémoliéres et al., 1961).

The faecal phosphorus is mainly found as calcium phosphates (Frausto da Silva & Williams,
1997), but some phosphorus is found in organic compounds and some as soluble phosphorus
ions (Lentner et al., 1981). Potassium is mainly found in its water-soluble ionic form (Berger,
1960).



The three main macro plant nutrients nitrogen, phosphorus and potassium are differently
distributed between the urine and the faecal fractions. Of the food consumed, 10-20% of the
nitrogen, 20-50% of the phosphorus and 10-20% of the potassium will be found in the faecal
fraction, while the rest is found in the urine (Berger, 1960; Lentner et a., 1981; Guyton, 1992;
Frausto da Silva & Williams, 1997).

On average, more than 90% of the heavy metals consumed are excreted via the faeces and
most of them have not been digested at all. Of the metabolised heavy metals, approximately
50% is excreted via the faeces and the rest mainly viathe urine (Vahter et al., 1991). Some of
the proven essential heavy metals, i.e. Cu, Cr and Zn, can be excreted in the swest in
relatively large amounts (Schroeder & Nason, 1971). When comparing the amounts of heavy
metals in the urine and the faeces to the total flow from households, 10-30% of proven
essential heavy metals (e.g. Cu, Cr and Zn) and less than 5% of Pb and Cd are found in the
urine (Vinner& et al., 2001). For mercury, where dental fillings are a considerable source
(Engqvist, 1998), about 10% and sometimes more can be expected in the urine (Schroeder &
Nason, 1971; Vinner& et al., 2001).

To utilise the potential of the high nutrient content and the low heavy metal pollution of the
urine and the faeces, these two fractions have to be collected separately without being mixed
with greywater. Using systems where these materials are source separated achieves this.

During the pipe transport of the faeces from the toilet to the separator, some physical
disintegration of particles occurs. This disintegration occurs due to vertical drops and
turbulent horizontal transports. The drops are the main source of disintegration of the particles
(Brown et d., 1996) and thisis also indicated in the study by Vinnerd & Jonsson (2001)
where the faecal particles were generally small after the transport in afour-storey block of
flats to the separatorsin the cellar.

The faeces pass through the pipes somewhat slower than water and therefore a certain amount
of flushwater has to be used (Brown et al., 1996). If too little is used, the faeces will block the
pipes. However, Brown et al. (1996) studied the transportation dynamics in the pipe using
artificial standard faecal stool (NBS), thereforeisit hard to predict what happens in the pipe
with real faeces. The NBC isaplastic cylinder 38 mm in diameter and 76 mm long with a
specific gravity of 1.05 g, cm’.

Many methods are available for performing the solid-liquid separation. This study focuses
upon four different methods: Aquatron separation, filtration, flotation and sedimentation. Of
these methods, the Aquatron is developed for this kind of separation, while the others are
general separation techniques dightly adjusted in the lab for this purpose.

The Aquatron separates the solids from the liquid using a combination of awhirlpool effect,
surface tension and gravity. The system is described in detail by Del Porto et a. (1999)and
Vinner& et a. (2001). Vinnerd et a. (2001)investigated on-site separation in afour-storey
block of flats where, when undiverted urine was corrected for, more than 60% of the faecal
nitrogen and almost 60% of the faecal phosphorus were estimated to be separated by two
Aquatrons into adrier fraction of separated solids (SS). In addition, 13% of the flushwater
was separated into SS. Due to relatively large flushwater usage, the dry matter content of SS
was low, 0.2%. With less usage of flushwater, a more concentrated fraction of SS would
probably have been obtained.

No studies on filtration of faecal water were found, but many studies have been performed on
separation of farmyard manure (Zhang & Westerman, 1997; Westerman & Bicudo, 2000;
Moller et al., 2000). Filtration can either be performed by gravity or by using some kind of
dewatering gadget, e.g. filter press, vibration or vacuum filtration. When filtrating manure by



using gravitational filtration, about 10% of the incoming water is separated with the separated
solids (Zhang & Westerman, 1997).

Systems for long-term filtration of particles from the faecal water are available on the market.
The faecal material and the toilet paper are collected in afilter-bag and the filter cakeis used
as a supplementary filter until the filter-bag is emptied every six to twelve months. This
system is presently being evaluated but no results relating to the filter are available as yet
(Hellstrom & Johansson, 2001).

In septic tanks a combination of flotation and sedimentation is used for separation of particles
from sewage water. During the long retention time of sludge in these systems, in Sweden up
to one year, major losses of nutrients occur due to mineralisation and extraction when the
separated materid is biologically digested (Philip et al., 1993).

When using sedimentation and flotation to separate manure, the separated solids have a high
water content (Cheremisinoff, 1995). Adding a chemical thickener is one way of producing a
drier fraction and in most cases the treatment has to be done in severa steps. The thickening
can be done by an initial sedimentation or flotation, then addition of first lime and then
polymers and finaly thickening in athickener to get a reasonable solid fraction (Westerman
& Bicudo, 2000).

Another alternative for separating the faecal particles could be by using gas-induced flotation,
where the particles are lifted to the surface by small air bubbles (0.01-0.1mm) and then
scraped off (Cheremisinoff, 1995). The advantage with this method is that even small
particles with ow sedimentation can be forced to the surface by the bubbles. One problem
though is the decrease of density and surface tension caused by al the bubbles, which makes
it more difficult to keep the larger particles floating, and if the bubbles are too big their own
raise rate will prevent them from adhering to the particles (Cheremisinoff, 1995).

The purpose of this study was, in a controlled environment in the lab, to determine how rapid
the biological degradation, mineralisation and extraction was when water and faeces were
kept together and to evaluate the potential of different separation techniques. The main focus
for the study was to identify the potential for recovery of faecal plant nutrients to adry
fraction for a wastewater treatment system based upon local nutrient recovery.

3 Materialsand methods

The faeces used in this study were collected during one week from approximately 150

persons, mainly male, in their late teens or early twenties and in the Swedish military service.
Collection was carried out outdoors at a constant temperature below zero degrees Celsius. The
faeces were kept frozen until they were used in the laboratory. On the night before usage the
faeces were brought into room temperature to assure that all material was thawed when used.
The collected faeces contained some toilet paper but no or very little urine. Aslittle toilet

paper as possible was included in the samples for separation, but some was included for
practical reasons. The avoidance of paper was to get as similar samples as possible.

3.1 Part 1: Biochemical activity and extraction of faecal nutrients

In the study of the biochemical activity after faeces were immersed into water, the effects of
contact time and oxygen supply in the water on the overall extraction of nutrients from the
faeces were studied.

Approximately 20 grams of faeces were immersed into 250 ml of water for 1, 5 or 15 minutes
before the mixture was separated by suction filtration over a polyethene filter with 70 um



pores. The duration of the filtration was about five minutes per sample. All three time spans
were tested with different oxygen supply to seeif the nutrient extraction depended upon the
amount of available oxygen. In thefirst trial, air was bubbled through the water to create
aerobic conditions, these samples are denoted Air. In the second trial, the mixture was gently
stirred to ensure only small amounts of available oxygen were present in the water and
thereby to produce close to anoxic conditions, these samples are denoted Stir. In the third
trial, N2 was bubbled through the mixture to get anaerobic conditions, these samples are
denoted N». The water used in the third trial was aerated with N, for more than five minutes
before use to minimise the initial oxygen content.

To monitor the biochemical activity in the faeces-water mixture, the reduction and oxidation
(redox) potential was continuously measured with a redox-potential probe (Hamilton,
PROFITROAD Pt-ORP) during the tests.

Analyses were performed upon the fresh faeces, SS and SW. The nitrogen, anmonia,
phosphorus and potassium contents were analysed.

3.2 Part 2: Separation of faeces from water after pipe transport

The second part of this study was carried out to investigate the potential for local separation
of faecal nutrients from flushwater using different separation techniques. The idea was to
smulate the effects from flushing the toilet and the following pipe transport in a system where
the separation is performed just below the toilet. Depending on separation method used,
different amounts of water and faeces were used. Techniques investigated were Aquatron,
filtration and flotation. No experiments were performed on sedimentation due to several
reasons given later in the discussion.

Before separation, the faeces and some of the water were gently mixed and poured into a pipe
system consisting of a 1 metre vertical pipe connected to a 1 metre horizontal pipe by a 90°
bend (Figure 2). Directly after pouring the mixture into the pipe, the rest of the water was aso
poured into the pipe.

1Baa

Figure 2. The system for filtration, a sketch and a picture of the system for pipe transport and
filtration.

The amount of water and the pipe diameter were scaled down four times for the filtration and
the flotation, which meansthat 1 litre of water and a pipe diameter of 55 mm were used. To
get reasonable amounts of faecal matter to handle and separate, the amount of faecal matter
was not decreased in the same proportions and almost 80 grams wet weight of faeces was

5



used. After passage through the sewer, the material was collected in avessel and manually
moved to the separator.

The Aquatron system was used at full scale, meaning 110 mm pipes and 4 litres of water
together with about 90 grams wet weight of faeces were used. The horizontal pipe was
connected to an additional 1 metre horizontal pipe, which had a 5° slope leading directly to
the Aquatron separator as prescribed by the manufacturer (Figure 3).

|
1
Y

[fetord

\
\
\
\

oS, V% LYY

&
A

Vs :
ffiur'd \“f*,‘[l

Figure 3. The system for Aquatron separation, a sketch and a picture of the system for pipe
transport and the Aquatron separation.

The separation by flotation was performed in a 25-litre vessal where the bubbles were
produced by air forced into wood, giving small bubbles (<1mm). The bubbles were produced
at four placesin the vessel. Water was continuously running through the system.

Analyses were performed upon the fresh faeces and the separated solids fraction. Lossesto
the separated water were then calculated from the difference between incoming and the
separated solids. The nitrogen, ammonia, phosphorus and potassium contents were analysed.

3.3 Analyses

Phosphorus and potassium were analysed using |CP-AES (Perkin Elmer) after the sample had
bee re-dissolved in nitric acid. Nitrogen was analysed using elemental analysis according to
the Dumeas principle. Analysis was performed on triplicates of each sample and from each
separation technique, three samples were analysed.

4 Results

4.1 Part 1: Biochemical activity and extraction of faecal nutrients

The results of nutrient extraction for the three different treatments are presented in Table 1 for
all three methods. Figures are given both for SS and for SW.



Table 1. Amounts (mmol) of nutrients in the separated solid fraction (SS) and in the separated
water fraction (SW) as a function of contact time and oxygen supply. Air = aeration with air,
Stir= stirred with a rod and N,=aeration with N, gas

N NH," P K

Air SS

1 minute 545 8.2 6.0 6.9

5 minutes 67.8 7.7 10.4 7.0

15 minutes 91.2 12.3 18.6 6.9
Air SW

1 minute 3.3 2.4 0.12 1.6

5 minutes 11.3 6.6 0.43 3.4

15 minutes 23.6 12.8 1.48 4.8
Stir SS

1 minute 65.1 8.5 11.8 7.4

5 minutes 56.7 8.5 10.1 57

15 minutes 55.3 7.8 12.6 57
Stir SW

1 minute 6.1 3.1 0.27 1.7

5 minutes 9.9 5.2 0.47 2.0

15 minutes 18.7 8.9 1.60 34
N, SS

1 minute 75.6 10.6 14.3 9.2

5 minutes 64.7 9.1 12.4 5.7

15 minutes 56.7 8.6 14.0 6.8
N, SW

1 minute 3.9 2.2 0.18 1.1

5 minutes 12.1 5.7 0.82 2.9

15 minutes 12.3 5.9 0.90 2.6

The redox potential was continuously monitored throughout the tests (Table 2).

Table 2. The redox potentials as a function of the time the faeces has been in contact with the

water (mV)

Time Aeration No air N>
0 minutes 150 90 40
1 minute 130 30 -10
5 minutes 70 -30 -130
15 minutes -40 -60 -250

4.2 Part 2: Separation of faeces from water after pipe transport

In the second part of the investigation, the separation of faeces from flushwater by Aquatron,
afilter with 1 mm pores and a small-scale flotation was studied. The separation was done
after passage of a1 metre vertical and 1 metre horizontal pipe connected by a 90° bend. The
amount of SSwas compared to the amount of incoming material (Table 3).



Table 3. Separation of mass, dry matter and ash into SS by Aquatron and by filtration

Parameter Wet weight Dry matter Ash
G % % DM
Aquatron
In 88.6+18.3 22.6+1.6 12.9+1.3
Out 177.0£57.8 9.3£1.9 13.7+0.5
Filtration
In 77.1+£17.9 22.6+1.6 12.9+1.3
Out 149.3+45.7 11.5+2.3 11.2+0.2

The concentrations of nitrogen, ammonia, phosphorus and potassium in SS compared to the
incoming materia are shown in Table 4.

Table 4. The concentrations of nitrogen, phosphorus and potassium in the material used and
in the collected solid fraction [ mmol/kg wet weight]

Parameter N NH," P K
Materia in 1255+78 222+21 150+26 113+8
Out Aquatron 4424117 7915 56116 41+8
Out filtration 519+191 85126 56+17 38+10

In the experiments with flotation, the system was not able to lift the large faecal particles, but
instead broke them into small suspended ones, which left the tank with the outgoing water.
Therefore no more results are presented from that part of the study.

5 Discussion

There were no significant differences between the three oxygen suppliesin the water;

therefore the extraction of investigated parametersis given as an average for all the three
oxygen supply treatments (Figure 4). However, there was a tendency for a higher extraction
rate in the two treatments with available oxygen (Air and Stir) compared to the N, one. Thisis
probably due to the higher mineralisation rate of aerobic microbia and biochemical activity.
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Figure 4. The average and the standard deviation of N, NH,4, P and K remaining in SS after
immersing the faeces in water for different periods.

The increasing total amounts of ammonium with time compared to the initial amount (Table
1, Figure 5) indicate arelatively high biochemical activity. The increasing total amount of
ammonium is due to decomposition of smaller amine-containing organic particles such as
peptides, amino acids and urea. The molar NH4":N ratio in SS was stable but the ratio in the
liquid phase increased with time, indicating formation of ammonia, which is extracted to the
liquid phase (Table 1, Figure 5).

Figure 5. The distribution and the sum of ammonia over time in the two separated fractions
given as an average for all three treatments.

The decrease of the redox-potentia after immersion of the faeces into the water was rapid in
all samples, even in those aerated with air (Table 2; Figure 6). The largest drop in potential
was in the samples aerated with N». The drop in potential shows that a rapid degradation of
chemical compounds in faeces has occurred. Thisis what happens in septic tanks, where the
biological and enzymatic activity is high and the sludge has along retention time. This means
that when the contact time between the faeces and the water increases, alot of theinitially
captured nutrients will be dissolved into the water (Philip et al., 1993). Thus, if the aim of the
separation is to recover faecal plant nutrientsit is important that the faeces and the water are
separated as soon as possible, since the nutrient recovery decreases rapidly with time.
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Figure 6. The change of the redox potentials as a function of contact time and oxygen supply
(Air = active aeration, Stir=mixed by stirring, N2 = aeration by N gas)

time up to a year, the time combined with the repeated flushing of the filter cake implies that

evaluated yet, and thus there are no confirmative results available.

ts of the separated solids (SS) collected when separating with Aquatron
and filtration respectively were similar to each other (Table 3), although with a tendency for
This
is aconsiderably higher dry matter content than in the study by Vinner& et al. where
the dry matter content of SS was about 0.2%. The main reasons for the difference were
of soil pipesand
thereby the degree of disintegration of faecal particles before the separation. In thisstudy a 1

Ekoporten block of flats, which had four stories (Vinn . Dueto the large
disintegration caused by drops, high vertical drops should be avoided. In buildings higher than

any of the investigated separation techniques, if the separation were to be performed at each

To determine the effects of using more flushwater, a complementary study was carried out
n of
SS contained 7.7% of dry matter. This shows the importance of keeping the volume of water

about 10% of incoming water will end up in the separated solids (
This rule seemed not to be applicable for the separation by Aquatron under our experlmental

follow the material into SS when more toilet paper is used, due to the high absorption of water
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The method used for this investigation concerning the distribution of nutrients was that only
the fresh material and the fraction of separated solids were analysed. Some nitrogen and mass
losses could therefore be due to degradation in the samples. To minimise thisrisk, all samples
were kept deep-frozen until analysis and the dry matter content was determined immediately
after the separation was performed.

The separation to SS of nitrogen, phosphorus and potassium when using the Aquatron was
about 70% for all the three elements and about 80% of the dry matter was also collected in SS
(Figure 7). The equal parts separated of nitrogen, phosphorus and potassium were not
expected, due to the different chemical characteristics these three elements have in faeces.

The nitrogen is mainly organically bound to larger particles, the phosphorus occurs mainly as
granular mineral particles (calcium phosphates) and the potassium asfreeions (Berger, 1960;
Guyton, 1992)}} (Lentner et al., 1981).

100% I I
90% -
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70%
60% Ga
50% - B
40%
30% -
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10% |
DM Ash Org N P K

0% -

Figure 7. The distribution of DM, Ash, Org, N, P, K between the SW and SSfractions when
using Aquatron.

The similar degree of separation indicates that smaller particles, mainly from disintegrated
faeces, are not separated but end up in SW. Thiswas also visually observed. It was also
observed that only a minor extraction of nutrients occurred, mainly due to the rapid
separation.

The separated solids from Aquatron have two distinct fractions, one with particles and one
with water. Thisis abig difference compared to the filter cake, which consists more of solids
containing alot of free water. The distinct fraction of water in SS from the Aquatron
separation indicates a potential for further dewatering and thereby getting a higher dry matter
content. However, an increased loss of nutrients will also occur if water is drained from the
separated solids.

One difference in separation of phosphorus and nitrogen between filtration in Part 1 of the
study (Table 1, Figure 4) and filtration in Part 2 of the study (Figure 8) isthat the P:N ratio in
SS differed. More phosphorus compared to nitrogen was separated in Part 1 than in Part 2 of
the study. The main factor causing this difference was the pore size of the filters, which was
70 pm in Part 1 and 1000 pm in Part 2.
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Figure 8. The distribution of DM, Ash, Org, N, P, K between the SSand SW fractions when
using Filtration with a pore size of about one mm.

For phosphorusin particular, the effect of the pore size was distinctly noticeable. The highest
fraction of phosphorusin SW in Part 1 was 9% (Figure 4) whilein Part 2 it was 31% (Figure
7). The main part of the faecal phosphorus occurs as small calcium phosphate granules
(Lentner et al., 1981; Frausto da Silva & Williams, 1997) and these were separated by the 70
pm pores but not by the 1 mm pores. A similar effect is seen for nitrogen, where the mgjority
is organicaly combined (Trémolieres et al., 1961).

SS, after separating the faecal water by filtration in Part 2, contained of the incoming
nitrogen, phosphorus and potassium 80% nitrogen, 72% phosphorus and 65% potassium
(Figure 8). No larger particles passed this separation and the nutrients lost were suspended or
extracted into the liquid fraction. A larger part of the dry matter compared to the Aquatron
system was collected into SS, more than 95% compared to 80% in the separation with
Aquatron.

The difference in separation is confirmed by a tendency for a difference in the P:N and K:N
ratios for the two separation methods used. This indicates that the Aquatron separation loses
whole faecal particles while the filtration method has losses by extraction of nutrients from
the particles. When the Aquatron is used in large systems, where the faecal matter is
transported in long soil pipes, extraction of nutrients occurs, and the ratios between the
different macronutrients (Vinnerd & Jonsson, 2001) look more like the ratios obtained for
filtration (Figure 8).

Studies of suction-filtration were also carried out with pores smaller than 1 mm. When using
filtration paper (with aflow rate of 1.67" 10° m®, s* m) the filter was obstructed. Therefore,
it is probably not possible to use filters with finer pores when separating faecal water due to
the increased need for energy to drive the water through the filter fast enough to have
sufficiently short separation time to keep the extraction low. A minor study of afilter with
only afew 0.5 mm pores combined with suction resulted in a recovery of 90%, 54%, 48% and
44% of dry matter, nitrogen, phosphorus and potassium, respectively. The ratios of



phosphorus and potassium to nitrogen were in the same range as for the gravitational
filtration, indicating no difference in the composition of the separated mater.

Compared to the considerably higher recovery from gravitationa filtration, the suction-
filtration method is not to be recommended due to high nutrient losses and energy
requirement. One alternative isto use really small pores such as during the studies with
different retention timesin Part 1, where 70 um pores were used and relatively small fractions
of the nutrients were lost. However, alot of energy is needed to drive the liquid through the
small pores of the filter and the system will aso be much more complex, where not only the
removal of thefilter cake needs to be mechanised but also some kind of mechanism is needed
to get pressure or suction to force the water through the filter. These high-mechanised systems
are not suitable for asmall scale local recovery where the system has to be robust and

virtually maintenance free.

The differences between the two separation methods, Aquatron and filtration, concerning
separation efficiency of faecal nutrients were small. Both systems were vulnerable for the
disintegration of the faecal particles, especially the Aquatron system that does not separate
small particles. Another effect of particle disintegration is the increased rate of nutrient
extraction due to the increased contact area between the particles and the water.

The mgjor difference between these two systems was that the filtration system tested was just
alab scale model while the Aquatron system was a full-scale commercial system for local
separation of faeces. However, there are filtration systems for other purposes available today,
and some kind of mechanical device is needed to remove the filter cake. The Aquatronisa
system developed for faecal separation and has been tested on site and the system does not
contain any moving parts, which increases its robustness. When installed correctly, the
Aquatron combined with urine diversion seems to be a good aternative as a complement to
provide afunctiona environmentally adapted sewage system that recycles pure nutrients and
prevents pollution of the recipient waters.

No experiments were performed with sedimentation, due to the large variety in density of the
faeces. Some of the faecal particles had higher and some lower density than water.
Experiments with flotation were performed, but the decreased water density, due to the
increased air supply, meant that the bubbles could not lift the relatively large faecal particles.
Some of the bubbles were larger than 0.1 mm, which could have decreased the amount of
smaller bubbles attaching to the particles. The only effect this flotation system had was to
suspend, disintegrate and mix the faecal particles into the water fraction. It is an open question
whether using pressurised air to saturate water and releasing the pressure in the flotation
chamber would give a better performance of separating these large faecal particles. The
retention time with such a system would be quite long and the amount of available oxygenin
the liquid would aso be high. Thus quick aerobic mineralisation would probably give
considerable nutrient extraction to the water fraction. Therefore using flotation for local faecal
separation is probably not to be recommended.

By using urine-diverting toilets where all the urine is diverted and collected and 70% of the
faecal nutrients are locally separated, there is a potential for local recovery of 88% of the
nitrogen, 75% of the phosphorus and 55% of the potassium of the total content in household
wastewater. The separated and collected fractions have a small volume flow and contain
mainly directly plant available and non-polluted nutrients.
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6 CONCLUSON

About 70-80% of faecal nutrients are recoverable from the flushwater after a short pipe
transport by using Aquatron or filtration. The recovered fractionsin this study had a dry
matter content of about 10%. If more flushwater is used, the dry matter content will probably
be lower. Therefore as little water as possible should be used to get afraction as dry as
possible.

Due to disintegration of the particles and extraction of the nutrients, the longer the retention
time the smaller the amount of nutrients to be found in the separated solid fraction. When
faeces are immersed into water, the redox-potential drops rapidly. This indicates a high rate of
biochemical activity and means that the faeces should be separated from the water as soon as
possible.

Flotation and sedimentation are not functional techniques for local separation of faecal plant
nutrients from flushwater.

The disintegration of the particles has a major influence on the efficiency of the separation.
Much disintegration, i.e. small particles, gives less efficiency of separation, both by loss of
small particles and by high extraction losses of nutrients.

The Aquatron is acommercial separation system adopted for separation of faeces from faecal
water. The efficiency of the system depends on correct installation. The disintegration of
faecal particles should be minimised. When using the system in a multi-storey building, one
way of doing thisisto install an Aquatron on each floor.

It is aso possible to develop functional devices with similar separation performance based on
gravitational filtration with continuous removal of the filter cake, but these systems will be
more complex.
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