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Abstract 

The holistic approach of Ecological Sanitation (ecosan) can be realised with a large number of 
technological options. Many of those have proven to be a viable and advantageous alternative 
to conventional flush sanitation. Existing infrastructure can be upgraded but implementation in 
areas where new construction is done is definitely easier. Some new approaches especially for 
urban and more densely populated urban areas are on the way of development. A low -cost 
option based on urine diversion and a chute systems for faecal matter without addition of water 
for flat houses is on the way of development in an EcoSanRes project. In case of successful 
implementation this can be a breakthrough for many regions. Another challenging system is the 
blackwater cycle where blackwater or brownwater (with urine diversion) is treated to become 
toilet fllush-water again. This way high concentrations can be achieved even with higher flush 
volumes. Implementation of ecosan projects has to follow other procedures than conventional 
installations. Co-operation with city planners is needed.  

Principles and potential of ecological sanitation 

Ecological Sanitation is a holistic approach with a set of basic principles and not a specific 
technology. Almost all known treatment technologies for municipal and industrial wastewater 
can be included in ecosan systems. The full range from low-tech to high end technologies can 
be realised. It is very surprising, that the most simple but well designed ecosan systems for rural 
areas can achieve a performance that can hardly be met by high -end installations. Human 
excreta mixed into the household wastewater turn the whole flow into a potentially dangerous 
and hard to treat mixture that is difficult to reuse. No industry with modern wastewater 
management would mix urine, faeces and the rest of the wastewater (greywater). Figure 1 
shows flows and a characterisation of the different flows. 

It is very clear, that urine is a good resource for the usage as fertiliser with the disadvantage of 
the occurrence of micropollutants (pharma-residuals, hormones) and very low heavy metal 
concentrations. Faecal matter is in contrast rich in humus building organic matter and relatively 
easy to sanitise when collected without or with little dilution. Greywater can be treated for reuse 
in a far more cost efficient and psychologically acceptable way when not mixed wit h human 
excreta. The basic principles for the design of real ecosan systems are consequences of the 
above characterisation (partly from [Kyoto 2003]): 

• Efficient use of water and prevention of water pollution 

• Containment and sanitisation of faecal matter 
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• Reuse of urine and faecals often with biowaste after appropriate treatment usually on 
agricultural land to restore soil and its fertility thereby protecting the water bodies  

• Reuse of urine on sufficiently large areas of land, from around 50 to 400 m² per pe rson 
depending on the crops and the number of harvests 

• Appropriate treatment of greywater, reuse if needed 

• Energy efficiency trough savings in treatment, freshwater transport and in avoidance of 
industrial fertiliser production, if feasible biogas production 

More information on the background can be obtained from ecosanres [www.ecosanres.org]. 
The possibility for the reuse of greywater is one of the advantages of ecosan systems. 
Combined with rainwater harvesting treated greywater can add to reliability of local water 
supply. If geology allows treated greywater can be infiltrated into the ground for further 
treatment and storage with the same structures as rainwater. Reuse of urine as fertiliser should 
preferably be done on industrial crops or fodder. If it is needed for vegetables it should be 
worked into the topsoil before seeding, this way there is a treatment by the abundant soil 
organisms. 

Figure 1: Characteristics of divertable domestic wastewater flows with no dilution for urine and faeces 
(wet weight) (compiled from: Geigy, Wissenschaftliche Tabellen, Basel 1981, Vol. 1, 
LARSEN and GUJER 1996, FITSCHEN and  HAHN 1998 plus analysis of TUHH) 
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Upgrading of existing infrastructure 

Ecosan concepts do include upgrading of existing infrastructure. A large part o f the world 
population uses pit toilets. As a first step they can be improved by making them more shallow, 
by providing ventilation and by using two shallow pits alternately [Morgan, 2003]. The next step 
would be to provide urine diversion and to use it on a sufficiently large plot of land. 

In the case of conventional waterborne sanitation with an end-of-the-pipe treatment plant the 
implementation of urine diversion can upgrade towards ecosan. If urine is not mixed into 
wastewater the remaining flow will not have more nutrients than needed for incorporation 
[Larsen 200x], adaptation for high amounts of industrial wastewater can be needed. At present 
Hamburger Stadtentwässerung, the huge wastewater service provider of Hamburg, Germany is 
calculation scenarios for possibilities of converting the system over some decades (Rakelmann, 
2002). In the final phase there would be no more nutrient removal, less emissions from CSOs 
(combined sewer overflow) and a large flow of raw material for fertiliser production or di rect 
usage. 

Conventional sanitation where the effluent is used for irrigation combined with fertilisation can 
come close to being ecosan. However, if there is no other source of water there will be a strong 
over-fertilisation. There is a danger from industrial pollution, too. Unfortunately, the typical 
uncontrolled reuse of wastewater is without any treatment even on vegetables. It is done by a 
dramatic need for water, upgrading such systems is usually very difficult. TUHH and IWMI 
(International Water Management Institute, Colombo) have worked on identification of feasible 
systems in Pakistan in a project funded by BMZ, Germany and had to conclude that most 
treatment options where too expensive. We did find that aqua -cultures can be a good 
alternative because of the creation on commodities thereby giving an incentive for operation 
(TUHH, internal report). 

New technical approaches under development 

The Vacuum-biogas system, high-tech for urban areas 

While there are many viable options for ecosan in rural and less densely populated peri-urban 
areas, there is still a fairly limited number of concepts available for urban areas. Financial 
restrictions and the limitations in the capacity to maintain more complex technologies are to be 
considered for many regions around the world. The key issue is to find toilets that do not dilute 
too much and still allow transport of faeces or blackwater over distances of some hundreds of 
meter or some kilometres. An interesting technology is the vacuum toilet combined with a 
blackwater-vacuum pipe. Such a system is used on a very large number of ships for up to 
thousands of passengers on ships. It was built for a settlement of up to 400 inhabitants in 
Lübeck, Germany in combination with a biogas plant (Otterpohl, 2003). Other proje cts for urban 
areas are in the planning phase, e.g. in Wageningen, Holland (Mels, 2003). Such systems can 
be installed even in very densely populated areas in combination e.g. with MBAs (membrane -
bioreactors) for greywater treatment. This type of technology is becoming more reliable and 
economic and does include sanitisation because of the small pore sizes of the membranes. 
Maintenance is a key issue and the development seems to go to regular replacement of 
membrane modules and their cleaning in a factory. For greywater treatment with reuse there 
must be a warning system that gives an automatic alarm to the operators e.g. via phone, 
cellphone or internet. 

Low-tech approaches for urban areas: dramatically needed 

Urine, faecal matter or blackwater (toilet wastewater) that is diverted at source by non- or low-
diluting toilets can be treated with a wide range of technologies. Due to the very high 
concentrations and low volumes even specifically relatively expensive technologies can be 
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implemented for affordable prices per capita. However, more simple and cost efficient systems 
are dramatically needed. Vacuum systems have proven to be feasible where a certain 
complexity of technology can be handled. Unfortunately there are many regions around the 
world where this can hardly be done also for financial reasons. In the following there will be a 
representation of alternatives that may have the potential to be implemented in urban areas at 
low costs and with maintenance requirements that are feasible even in more difficu lt regions. It 
is worthwhile to look into history, because in the 19 th century conditions where not that different 
from those in many areas in developing countries today. It can be shown, that the too large 
amount of flush-water caused the end of agricultural reuse. Two successful systems operated 
around the end of the 19th century where the early vacuum collection by Liernur in the 
Netherlands and the 'Heidelberg Barrel System' of the physician Mittermaier in Germany. The 
barrel system had a chute pipe with siphon and collected blackwater with some flush-water in 
barrels that where frequently emptied. (Lange and Otterpohl, 2000) Now, more than 100 years 
later such ideas are coming back and are improved. One example is the dry chute system in 
combination with urine diversion that is proposed by the EcoSanRes network for installation in 
China as presented at the 3rd World Water Forum and the Lübeck EcoSan Conference 2003. 
This idea does have a great potential for urban areas as faecal matter is far easier to handle 
without water. 

The blackwater cycle: good potential for urban areas 

Separate collection and treatment of black water and grey water is the foundation of the method 
“black water cycle process” (see Fig. 3). The idea of appropriate treatment and recla iming the 
toilet flushing water for toilet usage renders a very high concentration of nutrients during daily 
operation possible. This can be an important contribution for a new viewpoint in domestic 
wastewater management. This method is protected by international patents of the inventor 
[Ulrich Braun, 2001], giving capital investment organisations the opportunity to invest in 
developing the technology. At the Technical University Hamburg first experiments with 
promising results have been carried out. Currently, a half-technical sized pilot plant is being 
installed. Per capita and day only 1 – 2 litre of an ideally clear, odourless and colourless liquid 
nutrient mineral solution will be produced by this method.  

Figure 3: Flow diagram of the black- or brownwater cycle processes 
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With this blackwater cycle technology the freshwater consumption of flushing toilets can be 
reduced down to zero; independent of the water consumption of the specific toilet model by the 
recirculation after treatment. For countries with limited water resources this can be an 
interesting and important option. The high concentration of nutrient containing toilet -flushing 
water opens up completely new treatment options. Due to the very small volumes the usage of 
sophisticated technologies becomes feasible. The technology of the blackwater cycle became 
economically feasible with the development of membrane -bioreactors during the last years. The 
method is also possible with urine separating toilets and re-circulating “brown water cycle 
processing” modules. Feasible connection-sizes are above about 200 residents. Grey water 
recycling plants can be realised on an apartment or housing-level. High quality water recycling 
as tap water is more accepted, if the “own” water is recycled. Fig 3 shows both method options 
and their embodiment into local water resources. 

From a theoretical point of view, no fundamental problems are to be expected by the black or 
brown water cycle processes. Required is the full oxidation of Ammonia to Nitrate (Nitrification).  
No hygienic and health risks are expected, because the treated water is treated thoroughly and 
also only reused for toilet flushing. By utilising the excess-water for direct fertilising, nitrate is not 
as suitable as ammonia, which is a disadvantage. The de-colouring of the circulating liquid has 
been an occurring problem due to the concentration of the gallbladder dyes (Urobillin, etc.). 
That problem has been solved with the research work done at the TUHH. Disinfecting of black 
or brown water is a minor problem due to the employed membrane bioreactors. It is expected, 
that even a case of the full automation of these plants, on mid-term a regular maintenance 
keeps necessary. 

In summary, the methods of black and brown water cycle processes are very interesti ng. They 
contain a high potential especially in areas of the world, where water, energy, and fertiliser are 
costly and scarce. This is an approach for gaining a water autonomy in settlements. By 
production of high numbers of the necessary modules, even in cases of small connection sizes, 
competitive water prices can be reached.  

Implementation of ecological sanitation on a larger scale  

Even with  reliable and proven systems ecosan requires another approach for implementation. It 
is necessary to be involved in an early stage of city planning in order to find legal and 
technological ways of implementation. Help will probably come from the changes in energy 
supply to more decentral structures where synergies can be found for semi -central installations 
in urban areas. Figure 2 shows some of the early phases that are to be worked out before the 
detailed planning can start. 

It is very obvious that co-operation  with city planners is a key issue. Therefore, besides the 
urgent need for expanding education of engineers and capacity building in the region city 
planners must get basic knowledge about alternatives. 

Very small peri-urban or urban pilot installations do have the problem, that there is no fertiliser 
demand yet. For larger scales there is an economic incentive for local operating companies to 
organise the system and to supply fertilisers for farmers. Transport is to be performed with 
sometimes  tricky logistics, however the amounts of source diverted faeces in dry or low -flush 
systems are fairly small (see figure 1). The major challenge is the transport of urine, but 1.5 to 3 
litres per person and day can be handled in comparison to transports that are done normally. 
The advantage with urine is the possibility of pipe transport to tanks that are accessible to 
tankers. 
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Figure 2: Procedure for the pre-planning process for ecosan projects in new settlements  

Economic feasibility does depend on the possibility to get rid of central sewerage. These do 
cost large amounts of money - instead this investment be used for better technology. It is 
important that stormwater can be managed without sewers, too. This requires infiltration 
systems ideally combined with rainwater harvesting structures. The infiltration structures can 
also be used to infiltrate treated greywater, thereby replenishing local aquifers if appropriate. 
Otherwise open trenches can be used for rainwater and treated greywater.  

Socio-economic consequences and models of operation and impact assessment  

Many of these innovative concepts demand only a minor cha nge of the user’s behaviour. 
Another toilet is often the only change. For urine separating toilets and males it has to be 
considered that they should sit down during urinating. This renders an effective separation of 
urine and faeces possible. An according demand will generate new and comfortable resolutions 
very fast. At the moment, the sanitary market is absolutely design-oriented, and poorly 
innovative technically. 

A very important issue is the informing and training of the users to an innovative water 
technology - or at least about it’s basic philosophies. It has been shown that in many cases, 
after an according explanation, users are very co-operative and interested. In Lübeck, 
Germany, the residents have been informed about the context between the high concentrations 
of Phosphorous in the grey water and dishwasher detergents. After that campaign, the residents 
started an initiative of corporate acquirement of Phosphate-free detergents. Comprehensible 
courses of action change the behaviour of many human beings. 
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The ‘economy of scale’ of central sewage pants is very often pointed out in wastewater 
management. However, this essentially correct fact cannot be seen isolated. In most urban 
areas wastewater collection and transport cause 70 to 80% of the total costs. Consequently, 
savings on the side of the sewage plant have only a small effect in total. Contradicting that, 
decentralised treatment plants can become very economically priced if they are produced 
standardised and in high numbers. On the other hand,  the much higher operation costs of 
decentralised plants have to be considered. In summary, investments in decentralised concepts 
flow into production and maintenance of plants, whereas investments in central concepts flow 
mainly into large sewerage systems. Thus, decentralised concepts produce more jobs than 
central. The decentralised concept in Lübeck produced one job for a caretaker including the 
technical management of energy / water technology with total costs of system plus labour not 
higher than for conventional wastewater services. 

Professional management of operating innovative water systems is of utmost importance. Ideal 
legal possibilities are local private operating companies or co-operatives. In case of small units, 
regular maintenance by an external company is suitable as well.  

In case of catastrophes like floods and earthquakes, central systems are highly sensitive. 
Impact assessments are demonstrating that failures of central systems have grave 
consequences, but are more rare compared to decentralised systems. The risk of many 
decentralised resp. semi-central plants can be effectively minimised by professional 
maintenance and modern sensor-based controls with alarm messaging and remote inquiry. The 
large number of plants can cause more disturba nces. But altogether, their impact may be much 
less than one failure of a central system.  

Conclusions 

A wide range of ecosan applications has proven the great potential especially in rural and peri -
urban areas. The demand is huge as ecosan can address the problems of water scarcity, cheap 
local fertiliser supply in a better and often also more economic way. For urban areas there is 
more development needed, but the promising technologies that have been presented do 
definitely have a great potential to find ways for densely populated areas. Education, logistics 
and operation are increasingly important when moving to a larger and more urban scale. Larger 
projects are easier managed in a professional way and do have the potential to trigger utilisation 
of fertiliser. Fertiliser companies could change from fossil to secondary resources for many of 
the substances needed on the land. In addition, organic matter can be supplied in order to 
restore soil fertility. 
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Abstract 

The thermodynamics of struvite (MgNH4PO4) precipitation in source separated and artificial 
urine under controlled addition of magnesium chloride (MgCl2), magnesium oxide (MgO) and 
magnesium hydroxide (Mg(OH)2) were investigated. The solubility product of struvite in source 
separated and artificial urine was identified by use of experimental results in a precipitation 
potential model designed for working with urine. A conditional solubility product of 10-11.7±0.51 was 
determined, which can be used for solutions comparable to source separated urine . With the 
precipitation model the inorganic complexes MgPO4

-, MgHPO4, NH4HPO4
-, NaHPO4

-, MgSO4, 
MgHCO3

+, MgCO3, and NH4SO4
- were determined as significant in urine and they exert 

influence on the solubility of struvite. Ionic strength and formation of dissolved complexes were 
considered in calculating the average value of the standard solubility product of struvite in urine, 
which is 10-13.41±0.31. This value is slightly smaller but agrees well with the solubility products 
reported recently in the literature. 

Organic complexing agents do not influence the solubility of struvite.  

Introduction 

Forced struvite (MgNH4PO4) precipitation is known as a possible way to recover phosphate from 
liquid waste. Several pathways have been described, mostly focusing on the formation of 
struvite from digester supernatant (Wild et al., 1996; Battistoni et al., 1997; Booker et al., 1999), 
animal waste slurries (Schuiling and Andrade, 1999; Burns, R. T.  et al., 2001) or directly out of 
wastewater (Durrant et al., 1999; Webb and Ho, 2001). Using struvite precipitation to recover 
phosphorus from urine has the potential to capture up to 50% of the P-flux in the urban 
wastewater stream.  

Struvite is an orthorhombic crystal consisting of ammonium, magnesium and phosphate in a 
molar ratio of 1:1:1.  Struvite precipitation is controlled by pH, the degree of supersaturation, 
temperature and the presence of other ions in solution (Doyle and Parsons, 2002). 
Supersaturation is reached when the activity product (IAP) exceeds the solubility constant (Ks) 
of a solid: 

                                                
*This paper has been peer reviewed by the symposium scientific committee 
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Degree of saturation = 
sK

IAP
         (House, 1999) 

Fresh urine contains  0.27±0.05 M urea, only little ammonia and its pH is approximately 6.2 
(Ciba-Geigy, 1977). Under the influence of bacterial urease, complete hydrolysis of urea takes 
place, ammonia is formed and the pH increases to above 9 (Udert, 2003a), thereby favouring 
the chemical properties of source separated urine for the precipitation of phosphorus 
compounds. The complexity of the solution makes the understanding of the underlying 
thermodynamics and kinetics difficult. 

Many details on the thermodynamics of struvite precipitation in aqueous solutions are known, 
(Aage et al., 1997; Battistoni et al,. 1997; Doyle and Parsons, 2002; Jaffer et al., 2002) but 
considerably less on the kinetics (Bouropoulos and Koutsoukos, 2000) and precipitation in high 
strength liquors (Babic-Ivancic et al., 2002). Both parts are important in struvite precipitation 
research. 

This research was conducted to investigate the thermodynamics of struvite precipitation in 
source separated and artificial urine under controlled addition of magnesium chloride (MgCl2), 
magnesium oxide (MgO) and magnesium hydroxide (Mg(OH)2). 

Background 

Solubility product 

The solubility product (Kso, often expressed as the pKso = -log(Kso)) is calculated from the total 
molar activity of the free lattice ions in solution at solid-solute phase equilibrium. In high 
concentrated solutions such as seawater, apparent or conditional equilibrium constants (K s or 
pKs = -log(Ks)) are frequently used because calculating the ion activity would be too sumptuous 
or even impossible. The conditional solubility product Ks can only be applied for the kind of 
solutions they were estimated for and is defined as: 

 Ks = [Mg2+]⋅[NH4
+]⋅[PO4

3-] 

where [Mg2+] is the measured dissolved concentration of magnesium and [NH4
+] and [PO4

3-] are 
derived from the measured concentration of the sum of ammonia and ammonium [NH 4

++NH3] 
and dissolved phosphate [P], respectively: 

 [ ] [ ]
( )1

34
4 101

 pKpH

NHNH
NH −

+
+

+
+

=  [ ] [ ]
( )pHpKpHpKpK

P
PO −−+

−

++
= 3232

3
4 10101

  

where pK1 = 9.24, pK2= 7.21 and pK3 = 12.36 according to the equilibrium constants in table 2. 

nm not mentioned  

Table 1: Standard solubility product of struvite as reported in literature. 

pKso Temp. 
[°C] 

Speciation Ionic Strength Reference 

9.4 nm no mention of strong pH effect (Borgerding, 1972) 

12.36 25 yes 0 (Buchanan et al., 1994) 
12.6 25 no negligible (Bube, 1910) 
12.94 
12.22 

25 
 

yes 0 
0.07 

(Aage et al., 1997) 

13.12 
12.97 

25 
35 

yes nm (Burns and Finlayson, 1982) 

13.15 25 yes 0 (Taylor et al., 1963) 
13.26 25 yes nm (Ohlinger et al., 1998) 
13.36 
13.27 

25 
37 

yes 0.5 (Babic-Ivancic et al., 2002) 
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Many researchers report on the value of the solubility product of struvite , with pKso values 
ranging from 12.22 to 13.36 (tab. 1). A pKso value of 12.6 was first reported by Bube in 1910, 
which was obtained at 25° C and negligible ionic strength. This value is commonly used in water 
chemistry texts today (Snoeyink and Jenkins, 1980; Stumm and Morgan, 1996), although no 
calculation on the speciation was taken into account. In 1963, Taylor et al. reported a value of 
13.15, calculated with an ionic strength obtained with the Güntelberg approximation to the 
Debye-Hückel equation. Burns and Finlayson (1982) obtained a solubility product of 13.12 by 
using the Davies approximation:  









−

+
=− I

I
I

zf ii 2.0
1

5.0 log 2      (Stumm and Morgan, 1996) 

For solutions of high ionic strength the Davies approximation is used, although it is also limited 
to an ionic strength of ≤0.5M. Most authors state that the Davies approximation should only be 
applied for I ≤0.1 M (Pitzer, 1979), but the variance of the equilibrium constants and other data 
is so high that the error introduced by using the Davies approximation is negligible. 

Complexation 

The fundamental problem of calculating the ion activity product of struvite is the amount of 
magnesium, ammonium and phosphate that are effectively avai lable for struvite precipitation;  
the species can be involved in other complexing equilibria.  Also, the speciation of the 
components is strongly dependent on pH and ionic strength. Ionic strength and complex 
formation both have an increasing effect on the solubility product. At higher ionic strength the 
electrostatic interactions of ions are increased, thereby reducing the ion activity and increasing 
the solubility. In struvite precipitation, complex formation primarily affects the availability of 
magnesium and phosphate ions. 

The need for speciation and complex formation is indicated many times in literature. Although 
Stumm and Morgan (1996) do not make any calculations on speciation for determining the 
solubility product of struvite, they do mention tha t other equilibria beside the solubility 
equilibrium occur in a solution, and the side reactions increase the solubility. Ohlinger et al. 
(1998) state that accurate determination of struvite solubility requires consideration of ionic 
strength effects and inclusion of magnesium and phosphate complexes in the analysis, while 
both factors increase solubility. In literature, many different complexes involving one or more of 
the struvite species are mentioned. Ohlinger et al. (1998) take only MgHPO4 into account while 
other complexes were expected to have little effect on the pK so value in the pH range of 6.3-8.1. 
Buchanan et al. (1994) include 3 different magnesium ammonium complexes as well as 
magnesium hydroxide formation. Bouropoulos et al. (2000) also invo lve magnesium ammonia 
complexes. 

Calculations 

Within this work, complexation as well as ionic strength is considered for determination of the 
solubility product. A selection was made on the complexation reactions within source separated 
urine. The most dominant species (>3% of the struvite components Mg, PO4 and NH4 in 
equilibrium) were selected using a model for predicting the precipitation potential in urine, 
developed by Udert (2003b). This model includes many kinetic data on chemical reactions 
involved in source separated urine. The equilibria constants are taken from literature. (Viellard 
and Tardy, 1984; Stumm and Morgan, 1996; Martell  et al., 1997) When necessary, literature 
data were adjusted to T=25°C and to the ionic strength with the Van 't Hoff equation and the 
Davies approximation, respectively (Udert, 2003b). All complexes considered are pH dependent 
and influence each other; therefore the equilibrium concentrations and ionic strength are 
determined by iteration. 
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Activity factors and ionic strength were determined with the Davies approximation to the Debye -
Hückel equation, taking into account all ion species present in source separated urine defined in 
the model. Ionic strength was calculated with:  

∑ ⋅=
i

ii zc 25.0 I   (Stumm and Morgan, 1996) 

Equilibrium pKso 
Mg2+ + H2PO4

- ↔ MgPO4
- + 2H+ 12.96 

Mg2+ + H2PO4
- ↔ MgHPO4 + H+ 4.3 

  H2PO4
- ↔ HPO4

2- + H+ 7.21 
  HPO4

2- ↔ PO4
3- + H+ 12.36 

NH4
+ + HPO4

2- ↔ NH4HPO4
-   -1.3 

Na+ + H2PO4
- ↔ NaHPO4

- + H+ 6.01 
Mg2+ + SO4

2- ↔ MgSO4   -2.37 
Mg2+ + HCO3

- ↔ MgHCO3
+   -1.07 

Mg2+ + HCO3
- ↔ MgCO3 + H+ 7.35 

  HCO3
- ↔ CO3

2- + H+ 10.33 
  NH4

+ ↔ NH3 + H+ 9.24 
NH4

+ + SO4
2- ↔ NH4SO4

-   -1.03 

Table 2: Dissolved complexes considered for the determination of the solubility product of struvite in 
source separated urine. The values for the equilibrium constants are given for 25 °C and an 
ionic strength of 0. When necessary, literature data taken from Martell  et al. (1997), Stumm and 
Morgan (1996) and Viellard and Tardy (1984) were adjusted with the Davis approximation. 

Experimental set-up, material and methods 

Experiments were conducted to investigate the precipitation thermodynamics of struvite in 
source separated and artificial urine under controlled addition of 3 magnesium sources. For 
these experiments, slightly diluted, completely hydrolysed source separated urine was collected 
from a urine collecting system (consisting of 3 waterless urinals and one NoMix toilet). Artificial 
urine was prepared according to the recipe of Udert et al (2003c). This preparation does not 
contain any organic components, so complexation of struvite components with an organic 
complexing agent is excluded. 

 

Species g/L mM Species g/L mM 

Na2SO4 water free 2.3 16.19 NaCl 3 51.33 

KCl 3.4 45.61 NH4HCO3 21 265.64 

NH4Cl 3.9 72.91    

NaH2PO4 2.0 16.67 NH4OH  17 ml/L 227.5 

Table 4: Composition of artificial urine in deionised water (Udert, 2003c). 

Samples were taken from a tap on the bo ttom of the 0.5 m3 collection tank (HRT urine >14 
weeks), and from an extra tap on the end of the piping system right before the collection tank 
(HRT urine in the system < 1 week). The composition of the urine used for the experiments are 
compiled in tab. 4. The source separated urine was slightly diluted because of flushing water 
from the NoMix toilets. The dilution factor was calculated by comparing the measured total 
nitrogen to the standard nitrogen concentration of urine (8 gN/L urine, (Ciba-Geigy, 1977)). 
Batch tests were performed in glass volumetric flasks of 750 ml (real urine experiments) and 
500 ml (artificial urine) which were stirred with magnetic stirrers and covered to prevent 
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ammonia volatilisation. Magnesium oxide and magnesium hydroxide were added as a 
suspension; the water free magnesium precipitants all originated from MERCK (analytical 
quality). For analysis, 20 ml samples were taken and filtered through a Whatman GF/F filter 
(0.7µm), acidified with 1.5 ml 2M HCl and stored at 4° C until analysis. Total ammonia, given as 
the sum of ammonia + ammonium, and phosphate concentration were determined by Flow-
Injection-Analyser (FIA, Ismatec AG), magnesium was measured with ICP and ortho-phosphate 
with IC. COD analyses were done with Dr. Lange LCK 014. 

Table 5: Composition of the dissolved components [mM] in urine used for the experiments. Legend: art 
= artificial urine (recipe see table 3). 

Results and discussion 

The solubility product of struvite in source separated and artificial urine was identified (tab. 5). 
All calculations were done in Aquasim (Reichert 1994) with the precipitation potential model 
(Udert, 2003b). 
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A1 < 4 12.41 13.55 0.34 22 9.02 0.50 0.22 0.97 MgCl2 

B1 > 14 11.28 13.00 0.40 23 9.03 3.65 0.04 1.00 MgO 

B2 < 1 11.68 13.49 0.40 22 9.13 0.97 0.04 1.00  

B3 artificial 11.17 13.31 0.52 22 9.13 9.78 0.02 0.94  

C1 >14 11.89 13.60 0.38 23 9.03 3.13 0.01 1.02 Mg(OH)2 

C2 < 1 12.22 13.89 0.39 22 9.16 0.03 0.68 0.97  

C3 artificial 11.18 13.06 0.52 22 9.08 9.17 0.02 1.01  

Table 6: The conditional (pKs) and standard (pKso)solubility product of struvite in urine  

The average value of the conditional solubility product for struvite and for slightly diluted urine 
can be calculated with 10-11.7±0.51. This means that compared with the solubility products in tab. 1 
struvite is much more soluble in urine than in other solutions. E.g.: Using the solubility constant 
pKs of 13.2 and neglecting the ionic strength, the concentrations of dissolved phosphorus and  

E
xp

er
im

en
t 

S
to

ra
ge

 
tim

e 
[w

ks
] 

C
O

D
 [g

/L
] 

D
ilu

tio
n 

fa
ct

or
 

pH
 [-

] 

P
 

N
H

4+
+N

H
3 

N
a+

 

C
l-  

K
+
 

C
O

2 
+

 H
C

O
3-  

S
O

42-
 

M
g 

co
nc

en
tr

at
io

n 
af

te
r 

ad
di

tio
n 

 

M
g 

so
ur

ce
 

A1 < 4 n.d. 1.77 9.00 8.72 232 80 73 37 176 11 8.45 MgCl2 
B1 > 

14 6.10 1.77 9.01 5.71 322 68 62 32 91 9 2.96 MgO 

B2 < 1 5.42 1.87 9.12 5.13 307 64 59 30 82 9 3.00  
B3 art. - 1.14 9.17 16.7 501 88 149 40 219 14 2.97  
C1 > 

14 5.82 1.93 8.99 4.20 299 62 57 29 77 8 5.98 Mg(OH)2 

C2 < 1 6.04 1.86 9.15 3.74 309 65 59 30 83 9 6.02  
C3 art. - 1.14 9.09 16.7 501 88 149 40 219 14 5.99  
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 magnesium at the end of experiment A1 (tab. 5) would have been 0.28 mM and 0.005 mM, 
respectively. The real measured concentrations were with 0.5 mM dissolved phosphorus and 
0.22 mM for magnesium significant ly higher.  Fig. 1 shows the correlation between the amount 
of added magnesium and the fraction of remaining phosphorus  for experiment A1. Using an 
equimolar amount of magnesium chloride leads to a 96% elimination of dissolved phosphorus.  

Figure 1:  The effect of magnesium addition on the dissolved phosphorus and magnesium concentration 
at equilibrium. The calculations were done with the urine composition of  experiment A1. The 
initial magnesium is given as molar ratio of the dissolved phosphorus concentration. The 
residues are given as the percentage of dissolved and therefore not precipitated phosphorus 
or magnesium. 

In order to compare the results from the experiments with the data given in the literature we 
considered the ionic strength and the formation of dissolved complexes (tab. 2). The average 
solubility product for struvite is given with 10-13.41±0.31. This value is slightly smaller but agrees 
well with the solubility products reported recently in the literature. The considered inorganic 
complexes MgPO4

-, MgHPO4, NH4HPO4
-, NaHPO4

-, MgSO4, MgHCO3
+, MgCO3, and NH4SO4

- 
play a significant role in urine and influence the solubility of struvite.  

The fact that inorganic complexes alone are sufficient to explain the change in struvite solubility 
indicates that organic complexing agents do not influence the solubility of struvite. This 
statement is also backed up by the observation that the apparent solubility do not differ 
significantly between the different types of urine. 
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A1 91.9 157 0.54 3.15 1.02 0.17 0.10 15.3 2.78 74.8 4.72 

B1 3.49 218 4.06 0.81 0.24 1.53 0.66 0.49 1.40 4.00 5.80 

B2 15.5 192 1.28 1.16 0.66 0.34 0.17 2.32 5.77 20.8 5.34 

B3 7.36 314 12.9 0.66 0.56 5.13 1.28 11.5 1.19 4.25 7.06 

C1 4.08 202 3.33 0.79 0.24 1.21 0.57 0.60 1.52 4.26 5.55 

C2 22.8 189 0.43 0.56 0.13 0.10 0.053 3.41 8.42 32.5 5.29 

C3 3.86 327 10.1 2.00 0.53 4.69 1.35 0.44 2.27 7.23 7.21 

Table 7: Calculated concentrations of the species used for the computation of pK so (table 5); activity 
factors f1=0.70, f2=0.24, f3=0.04 for all experiments. 
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Conclusions 

In this paper, the thermodynamics of struvite precipitation in source separated and artificial 
urine have been studied. A conditional solubility product Ks of 10-11.7±0.51 was determined. This 
value considers the dependency of the solubility on the pH, but neglects the influence of the 
ionic strength and complexation reaction in the dissolved urine matrix. Due to these effects the 
solubility of struvite in urine is much higher than under conditions usually applied to determine 
solubility constants. 

In order to compare the obtained conditional solubility product with the K so values from literature 
we adjusted the measured concentrations to the ionic s trength of urine with the Davis 
approximation and considered the following inorganic complexes: MgPO4

-, MgHPO4, NH4HPO4
-, 

NaHPO4
-, MgSO4, MgHCO3

+, MgCO3, and NH4SO4
-. This approach leads to a standard 

solubility product Kso for struvite of 10-13.41±0.31 as an average for all performed experiments, 
which does not significantly differ from the solubility products reported in the recent literature 
(table 1). 

The inorganic complexes used for the estimation of the standard solubility product Kso were 
sufficient to explain the measured dissolved concentration of ammonia, magnesium and 
phosphate. In addition, no difference could be identified between precipitating struvite in source 
separated urine with organic compounds and inorganic artificial urine. It can there fore be 
concluded that in our experiments organic complexing agents do not influence the solubility of 
struvite significantly. 
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Abstract 

A pilot-scale compost toilet for a family of 5 persons and 2 laboratory-scale composting units 
were operated in this study both at room and elevated temperatures. The sawdust was used as 
a bulking agent. Elevated temperature operation for pilot-scale reactor could secure pathogen 
kills and no liquid left except composted material, but the heat loss significantly increased 
electric consumption. The liquid (urine) evaporation actually required more energy than the 
potential heat energy to be released during the nightsoil degradation. The energy produced 
from sawdust was far greater than that of nightsoil, and it was observed the nightsoil addition 
stimulated the sawdust degradation. A practical modification has been made not only to save 
energy but also to separate liquid in the compost toilet. The separated liquid could store for 
agricultural use, or evaporated if needed. The composted material and stored urine could be 
removed once or twice a year for an unheated operation.  

Introduction 

Daily life produces various kinds of wastes such as solid waste and wastewater including faeces 
and urine. Faeces and urine contribute about 2/3 of the total BOD produced from the daily life. 
There are 3 options available to treat faeces and urine in Korea depending on localities; 
traditional toilet with storage tank, flush toilet and compost toilet.  

Traditionally, the faeces and urine, or called as ‘nightsoil’ were stored and used as a fertilizer in 
oriental countries. However, this practice has been restricted to the limited areas because of 
sanitation problems and rapid urbanization. Therefore, the stored nightsoil in the traditional toilet 
had to be collected by truck and treated at municipal nightsoil plants. About 200 nightsoil 
treatment plants are still in operation in Korea, but this practice has also been replaced by the 
construction of sewage treatment plants, because people are in favor of using flush toilets for 
more comfortable life particularly in urban areas. Compost toilet has been developed for an 
ecological sanitation system without using flush water as well as minimizing odor problem, and 
aimed for a total recycle of waste material in rural areas. 

This study was conducted for the functional analysis of a compost toilet developed for remote 
areas where no sewers are available. This study included the evaluation of overall 
performances of the compost toilet operated with and without heating operations. Unlike the 
traditional toilet, no odor problem has been reported in compost toilet. The compost to ilet has 
become a reliable treatment method for feces and urine and used for single dwellings and 
public places in Korea (Korean NRLSI, 2002). The  functional analyses were made with 
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monitoring temperature, oxygen demand, C/N ratios, moisture content, energy consumed for 
heating and mixing, and others. 

Materials and methods 

Preliminary laboratory bench scale studies were carried out prior to the operation of pilot -scale 
unit to determine temperature effects for the active degradation for nightsoil at differ ent 
temperatures of 35 and 15oC with supplying air underneath the pre-controlled moisture content 
of 60% with sawdust and nightsoil in the insulated reactors as shown in Figure 1. Table 1 
denotes the characteristics of nightsoil and sawdust used in this study. All analyses including 
total solids (TS), volatile solids (VS) were performed as defined in Standard Methods (APHA, 
1998). 

   (a) Lab scale units                                              (b) Pilot unit for a family of 5 persons  

Figure 1: General view of compost reactors used for this study 

Constituents Sawdust Nightsoil* Urine** Feces** 

pH 5.5 7.0-7.2 9.1-9.2 7.2 

Moisture(%) 3.6 96 99+ 95 

TS (%) 96.4 4.03-4.27 0.8-1.1 4.5-5.4 

VS (% TS) 99.4 68.4-70.6 48-49 68-71 

TKN (%) 0.12 0.4-0.42 0.55-0.89 0.43-0.5 

TOC (%)  3.9-4.5 NA 3.23 

C/N ratio 540 9.8-10.7 1-1.4 8.4 

COD (g/L)  54-55 7.8-8.5 65-73 

BOD (g/L)  18 NA 28-31 

Fecal coliform (No/100 mL)  4.6×1010 NA 2.6×1010 

Cl- (g/L)  4.1 7.4-8.8 4.1-5.5 

Caloric content*** (Kcal/kg TS) 5,000 5,000 NA NA 
*Measured at a nightsoil plant, **Urine and feces separated from sources,*** Predicted. 

Table 1: Characteristics of nightsoil and sawdust used for this study 

The pilot unit (compost reactor) had an effective capacity of 228 L with 50 cm width x 115 le ngth 
x 85 cm depth designed for a family of 5 persons. The reactor was intermittently mixed by 100-
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watt (w) motor and heated electrically by heat tapes (160 w capacities) installed at the bottom of 
the reactor as shown in Figure 1(b). A total amount of 42 kg of sawdust (dry weight: 40.5 kg) as 
a bulking agent was placed in the reactor at the start, and 5 L of nightsoil was added every day. 
The reactor temperature, electric consumption, moisture contents, carbon-to-nitrogen (C/N) 
ratios, oxygen uptake rates and pH were monitored. The pilot unit was installed inside of a room 
to detect odor easily. The experiment was also extended without an external heating in order to 
identify possible problem during the operation.  

Results 

Minimum retention time for nightsoil degradation 

It could be said that the nightsoil is relatively easily degradable in comparison to sawdust, which 
is largely natural cellulosic material. Both batch units operated with 35 and 15 oC indicated the 
temperature increased rapidly within 2 days followed by a slow decrease to about 6 days from 
the start (Figure 2). The observation suggests that the degradation of easily degradable portion 
of nightsoil rapidly increased the temperature, and the remaining portions were degraded 
slowly. The measured maximum oxygen demands were 3.3 mgO2/gVS/hr with an average of 
1.7 mgO2/gVS/hr at 15oC unit and 5.2 mgO2/gVS/hr with an average of 2.7 mgO2/gVS/hr for 
35oC. The results also suggest that the higher temperature stimulated the degradation rates and 
could shorten the time required for composting.  

Figure 2: Temperature profile at the batch units  

A temperature sensor inside of the reactor controlled the temperature in pilot -scale compost 
reactor. If the temperature increased excessively, the electrical heater was automatically off, 
and if the temperature became lower than the preset condition, the electrical heater was 
automatically on. Therefore, the electric consumption for heating could show how much energy 
was supplied by electricity as well as how much heat released by the degradation of organic 
matter applied. 

Figure 3 presents energy consumption and the temperature profile in the pilot -scale unit. Some 
specific features revealed during operating periods of the pilot-scale compost reactor were 
summarized as follows: 

• Idling period with sawdust without feeding: Energy consumption was about 3.07 kwh/d 
without mixing (data not shown in Figure 3). 

• 1 to 20 d period: 5 L/d of nightsoil addition increased energy consumption of 3.8 kwh/d at 
start, and the consumption increased to about 4.2 kwh/d, to evaporate about 35 L of water 
during the first 20 days with 29 times of mixing/d. C/N ratios were 341 at 7 d and 43 at 20 d, 
respectively. 
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• 21 to 31 days: Nightsoil and sawdust actively degraded during this period and the energy 
consumption rate reduced to about 3.2 kwh/d with 9 times of mixing/day. C/N ratio was 36 at 
27 d. 

• 32 to 40 days: Energy consumption increased to 3.8 kwh/d without feeding of nightsoil with 4 
times of mixing/d. 

• 63 days: A total amount of 14.4 kg composted material was removed from the reactor and 8 
kg of sawdust was refilled. C/N ratio was 20 at 41 d and slowly reduced 15 at 53 d, but 
increased to 128 with the refilling.  

The temperature at 20 cm from the bottom of the reactor was about 30 oC, whereas temperature 
at 10 cm from the top of the sawdust was stabilized at about 60oC, which was high enough to 
kill pathogens (Lue-Hing et al, 1992). The first 20 d of operation represented low temperature 
because the active degradation of nightsoil seemed not be well developed. The moisture 
content reached to 60 % at about 20 d from the start. The pH increased to 8.5 and slowly 
decreased to about 8 at about 60 d. Figure 4 represents variations of pH, moisture contents and 
C/N ratios along with the operating period.  If the desirable C/N ratio of the composted material 
was around 20 (Diaz et al, 1993), the minimum retention time seemed to be about 20 days 
excluding the start up period. The result was the identical retention time obtained from liquid 
phase aerobic digestion of nightsoil for 95% BOD removal (Choi et al, 1983). 

Figure 3: Temperature profile and electric consumption with operating time (pilot unit) 

Figure 4: pH, moisture contents and C/N ratios in pilot unit with time 
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Energy consumption 

Electric consumptions for keeping the temperature of 30oC to 60oC and providing mixing were 
almost consistent except those periods of start up as well as no feed as shown in Figure 3. The 
start up period required a higher electric consumption with little energy release from the 
biological degradation. It is obvious that the frequent mixing provided more aeration resulting an 
increased cooling of compost, but the energy requirement for mixing itself was very small in 
comparison to the energy requirement for heating. During the start up period, 3.5 minute of 
mixing was provided at 29 times per a day, but the mixing frequency reduced to 9 times or 4 
times during the later operations. With 9 times of mixing per day, the total average electric 
consumption was 3.2 kwh/day except the period of 32 to 41 d without feeding which required 
relatively higher electric consumption of about 3.8 kwh/d. The difference was about 0.6 kwh 
which is an equivalent to 516 kcal/d. Unit conversions were based on: 1 kwh = 3412 btu = 860 
kcal, 1 btu = 0.252 kcal = 1.054 kJ (1 kcal = 4.18 KJ), and btu/lb = 0.252 kcal/0.45 kg = 0.56 
kcal/kg. The overall summary of energy balance is shown on Figure 5.  

It was assumed about 95% of 5 L nightsoil was evaporated with the electric heat resulting in 
heat loss of 2,700 kcal/d (3.1 kwh/d) with evaporating energy of 600 kcal/kg water. The 
biodegradability of nightsoil was assumed to be about 65% and produce 3,600 kcal/kg COD 
degraded (Lapara and Alleman, 1999) resulting in heat production of 655 kcal/day (0.76 kwh) 
which is about 1/4 of the energy to be required for evaporation of water from nightsoil. This 
means nightsoil addition requires 1,970 kcal/d equivalent to about 2.34 kwh/d. The summary of 
energy consumption is also shown on Table 2. 

Since energy consumption was increased from 3.2 kwh/d to 3.8 kwh/d during no feed period of 
32 to 40 d, about 2.94 kwh/d (=2.34 + 0.6) of energy was not released. Thus, it could be easily 
assumed the sawdust was the major source of heat released. Actually, 40.5 kg sawdust could 
have a total caloric content of 200,000 kcal from Table 1. However, the biological degradation of 
sawdust seemed to be retarded during unfed period probably due to the deficiency of certain 
nutrients, which could has been supplied by the nightsoil addition. Ni trogen could be a possible 
one, since it could vaporize easily at high pH and high temperature. However, it seemed that 
nitrogen was not limiting during this period showing the lower C/N ratio of about 20 in 
comparison to the previous periods with higher C/N ratios of 36 to 40 as previously shown on 
Figures 3 and 4. 

The measured oxygen demands of the composted materials from the pilot unit were 
respectively 2.3 mg/gVS/hr at 20 d, 2.8 mg/gVS/hr at 43 d and 2.2 mg/gVS/hr at 70 to 90 days 
with an average of 2.4 mg/gVS/hr. Since the composted material consisted of 90% of VS, the 
total amount of VS in the reactor was assumed to be 36.5 kg VS resulting in oxygen demand of 
87.6 gO2/hr or 2.1 kgO2/d, which is an equivalent to 7,560 kcal/d (8.79kwh/d). This suggested 
nightsoil potentially released only about 9% of the total heat released from the compost reactor. 
The higher oxygen demands at the bench scale units were due to a relatively large amount of 
nightsoil being added to sawdust to secure the moisture content of 60% from the beginning of 
operation. 

• Measured minimum energy required during idling period:  3.07 kwh/d  

• Normal energy consumption: 3.2 kwh with feeding 5 L/d nightsoil excluding 32 to 40d  

• Energy consumption without feeding from 32 to 40 d: 3.8 kwh/d  

• Energy released from sawdust degradation w/o nightsoil: 2.34 kwh/d  

• Energy released from sawdust during normal operation: 5.28 kwh/d  

• Potential heat release from sawdust degradation: 8.79 kwh/d (7560 kcal/d) 

• Potential heat release from nightsoil: 0.76 kwh/d (655 kcal/d) 

Table 2: Summary of energy consumption and potential heat release 
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Figure 5: Energy balance during the normal- and unfed-operation  

Practical modification 
It was understood the energy provided to the compost reactor was mostly lost by heat  
transferred to outside from the reactor and for the evaporation of excess water from nightsoil. 
The bench scale and pilot plant studies suggested that lower temperature operation did not 
cause any significant problem for the degradation of nightsoil, except it would require longer 
time for composting and unsecured pathogen kills. It was, however, noticed that there were 
some flying insects, but no odor problem was noticed. The possible reduction of odorous 
substances in compost toilet compared to traditional toilet was shown on Figure 6. It has been 
known that sewage sludge and animal waste with a bulking agent could successfully be 
composted without an external heating, and therefore, a modification was made with separation 
of urine as shown on Figure 7, which could be done by providing drain holes at the bottom of 
the composting reactor (Changil Industries, 2002). With a proper amendment in this case rather 
than applying the bulking agent-only to control the moisture content, the system could easily 
increase the reactor temperature sufficiently enough to kill the pathogens in feces as well as to 
shorten the time to be required for composting. In addition, urine separation could reduce the 
chloride content of composted material accumulated by evaporation. This would be beneficial 
for agricultural use. Currently, Korean Ministry of Agriculture has selected the compost toilets for 
improving the quality of life and reducing the environmental problems in rural areas, and 
provided some subsidy for the construction of this system, which includes compost reactor with 
mixer and liquid storage (Korean NRLSI, 2002). For those remote areas not served by 
electricity, only forced ventilations are supplied by solar cells.  
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Figure 6: Selected measurement of odorous substances in vent of toilets  

 

Figure 7: Practically modified compost toilet segments  

Separated urine 

Table 1 previously presented the characteristics of separated urine from sources. The specific 
characteristics seemed almost unchanged except COD concentration during the experimental 
period of 11 months. The first 5 months, however, did show very little change, but the latter 6 
months reduced 75 % of COD applied. In addition, NH4N concentration increased during this 
period probably due to the increase of ammonification. 

The stored urine were removed from compost toilet at about 2 times per a year or evaporated 
by submerged heaters if required. It was reported that the urine is relatively sterile and can be 
used without further treatment (Wolgast, 1993). Since the urine in this system was discharged 
to the top of the compost reactor and collected from the bottom, a special attention has to be 
paid for possible pathogen contamination from the contact with partially degraded feces.  
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Conclusion 

Preliminary laboratory bench-scale units and a pilot-scale compost reactor for a family of 5 
persons were operated at room (15oC) and elevated temperatures with sawdust for the 
treatment of feces and urine. Pilot-scale reactor was operated at temperature of 30oC to 60oC 
with a nightsoil addition of 5 L/d and following conclusions were drawn:  

Preliminary studies with laboratory compost units indicated that an elevated temperature (35 oC) 
stimulated the degradation rates and could shorten the composting time. The minimum 
retention time for the degradation of feces and urine seemed to be 20 days. The unheated 
operation of pilot-scale reactor allowed the growth of some flying insects without an odor 
problem. 

The elevated temperature operation for compost reactor could secure pathogen ki lls and no 
liquid left except composted material, but a relatively large amount of heat loss increased 
electric consumption; 3.2 kwh/d for a family of 5 persons or 0.64 kwh/L for the nightsoil treated. 
The liquid (urine) evaporation actually required more energy than the potential heat energy to 
be released from the nightsoil addition. The energy produced from sawdust was estimated to be 
far greater than that of nightsoil itself. It was observed that the nightsoil addition stimulated the 
degradation of sawdust. 

A practical modification to reduce the electric consumption was made with a liquid separation in 
the compost reactor, and the separated liquid were stored for agricultural use or evaporated if 
needed. Once or twice a year removal of composted material and separated urine was the 
common practice with unheated operation.  
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Conventional sewers 

It is a most important aspect of Ecosan Systems to collect different waste streams in a 
concentrated and not diluted state. Years and decades ago several countries have implemented 
separate collection systems for solid (household) waste. Different fractions like paper, ti ns, 
(coloured) glass, plastics and others are collected separately in different bins, bags, containers 
and other collectors. The aim is not the collection itself but the subsequent separate treatment 
of the different fractions. The same should be possible and feasible with different waste water 
fractions. 

The first and most important step is to separate waste waters from households and rain (storm) 
water. Still today in all countries of the world sewerage systems are installed which do not 
separate between surface waters and household waters. The consequence is a significant 
increase of the waste water quantity and a significant dilution of the pollutants. Thus the 
adjacent STP has to bee designed according to the demands which are higher waste water 
quantities and lower pollutant concentrations. Otherwise the efficiency of the STP gets higher 
the more concentrated the waste water flows are. 

In addition a constant waste water stream from households without any additional surface 
waters causes a more substantial and reliable layout of the subsequent STP. Finally the STP 
may not be charged with overflows caused by heavy rainfall thus implying open bypasses and 
the transport of untreated waste waters into nature. 

Vacuum sewers 

The solution are separate sewers for domestic waste waters and for storm waters. And the 
solution may be even more easy using Vacuum Sewer Systems for the domestic waste water 
fraction. 

Vacuum Sewer Systems have many decisive advantages: 

• Closed system – no leakage, no odour 

• No ground water pollution – no exfiltratrion 

• Only one central vacuum station – no further pumping stations required 

• No blockage – no flushing 

• Flexible system 

• No electrical connection except at the vacuum station 

• Small diameter plastic pipes (dn 80 to dn 200); hdpe or pvc 

• No clogging due to high velocity in the sewer pipes 



2nd international symposium on ecological sanitation, april 2003 

 480 Behnke 

 

S
essio

n
 E

 

• No flushing tanks required – significant water saving 

• No storm water infiltration 

• Smaller sewage treatment plant required 

It should be mentioned that Vacuum Sewerage Systems (VSS) are not the appropriate solution 
for every problem. Applications for VSS are such:  

• Flat terrain – no natural slope 

• Municipalities, residential and commercial areas 

• High ground water tables 

• Trenching in rocky and sandy environment  

• Ecologically sensitive areas – ground water 

• Rural and town-near regions 

• Where conventional sewage systems become very expensive 

Vss are: 

• An alternative to gravity sewer 

• Ideal for municipal and industrial waste waters 

• Less costly than conventional systems (wherever roediger has installed such plants)  

• A standardized technology, as per norm en 1091  

• Recommended by many authorities and institutions  

 

Figure 1: The vacuum system 

“Vacuum” is not the correct word, it should be called “Underpressure” Sewerage System as the 
underpressure in the system is about -0.5 to -0.6 bar to ambient pressure. 



2nd international symposium on ecological sanitation, april 2003 

Behnke 481 

S
es

si
o

n
 E

 

The heart of the System is the central Vacuum Station. Two or more Vacuum Pumps will 
generate the necessary underpressure in the Vacuum Tank as well as the complete 
Reticulation Network. Air is evacuated from the system by these pumps. This air enters the 
system via the Collection Chambers which are located nearby the houses in the ground. Waste 
waters flow via gravity pipe from the houses to the Collection Chamber. They will be collected in 
the Sump. After a certain quantity of WW is collected (about 30 litres) the blue Interface Valve 
opens and the WW will be evacuated into the Vacuum Pipe. Together with the quantity of water 
about 4 times more air will be sucked into the system. This amount of air is needed as transport 
medium for the water. Thus the transport velocity in the system is about 4 m/s.  

Figure 2: Saw-tooth-profile 

Table 1: Comparison of gravity and vacuum system 

The water together with the air are sucked into the Vacuum Tank. The Vacuum Pumps 
evacuate the air from the Tank through a Biofilter into the atmosphere. Discharge Pumps 
transport the waste water from the Tank to the next STP or local sewer.  

 Gravity System Vacuum System 

Pipe Diameters  Large (> 200 ) Small (80 – 200) 

Pipe Material PE or stoneware or concrete PE or PVC 

Trenches Deep (up to 8 m and more) 

Wide  

Shallow (1 – 1.4 m) 

narrow 

Excavation Complicated and long term Simple and fast 

Machinery required Heavy machinery Simple or even no machinery 

Lifting Stations Required as pipe is too low Not required 

Leakage possible Impossible 

Traffic High impact on local traffic Low impact on local traffic 

Pipelines for fresh water and waste 
water in the same trench 

Not allowed Possible and allowed 

System open Closed 

Manholes required No manholes, only inspection pipes 

Dry Sewers possible Not possible 

Fouling of waste water Possible Not possible 

Flushing of pipelines  Sometimes required Not required 
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The pipeline network consists for flexible small diameter Pipes made of PVC or PE. They 
should be located in small trenches into the frost free zone (about 1.2 m deep). They follow the 
design of the Saw-Tooth-Profile. Thus even small lifts are possible. 

Some more advantages compared to the conventional gravity system are evident which make 
the system easier, faster to install, cheaper and more flexible: 

Ecosan 

ECOSAN Projects take advantage of the a.m. criteria. Rain and Storm Water do not have to be 
treated in a STP. They may ooze away into the ground and fill up the ground water level. 
Domestic Waste Waters have to be treated in individually designed STPs. Even more steps are 
possible: the separation between black and grey water. The Lübeck-Flintenbreite Project 
demonstrated this in a very effective way what OtterWasser and Roediger have installed jointly.  

Figure 3: Ecosan project Lübeck Flintenbreite  

Storm water shall infiltrate into the ground in swales. Grey water is treated in wetlands/reed bed 
filters and may be reused for toilet flushing, irrigation or infiltrate into the ground, too. Using a 
ROEVAC® Vacuum Toilet reduces the water consumption significantly as only 1 litre is used per 
flush. This avoids any further dilution of the faeces and urine. Black water finally is treated in 
anaerobic digesters together with kitchen waste and other organic (biologically degradable) 
wastes. The Black Water fraction is transported to the digesters via a Vacuum Sewer System.  

Further Projects in Arab Countries and China follow the same concept of the collection of 
separated waste fractions. A project in China includes a market place with considerable 
amounts of bio waste from fruits and vegetables. Other projects prefer reusing significant 
quantities of pre-treated grey water for irrigation. Vacuum Sewerage is a main component of all 
these combined systems which makes construction, installation, operation and maintenance 
more easy. 
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for closed loop sanitation, waste stabilisation and nutrient 
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Abstract 

The technology of „dry fermentation“ can generate energy with communal and agr icultural 
organic waste and biomass. Mixed with substrates from human origin such as yellow water 
(urine), brown water (faeces, night soil) and to a lesser extent grey water, the aim of a hygienic 
treatment and additional fertilizer recovery can be rea lized. Up until now biogas technology 
mainly concentrated on „wet fermentation“ of agricultural and communal biowaste as well as 
sewage sludge, the dry fermentation process can produce methane from biomass, which is not 
liquid, and in a mixture night soil collected from dry toilette systems. The one staged batch 
process needs no mixing of biomass during fermentation and no adding of water or liquid 
compounds, as it is necessary in conventional wet fermentation systems. The usual sti rring and 
pumping falls away completely in batch dry fermentation systems. It is especially suited for 
application in semiarid climates as the water consumption in the process is very low compared 
to conventional anaerobic digestion systems and can be recovered from the ecological 
sanitation system.  

Introduction 

The technology of „dry fermentation“ can generate energy with communal and agr icultural 
organic waste and biomass. Mixed with substrates from human origin such as yellow water 
(urine), brown water (faeces, night soil) and to a lesser extent grey water, the aim of a hygienic 
treatment and additional fertilizer recovery can be realized. The dry fermentation process is an 
anaerobic digestion technology for solid, stackable biomass and organic waste, which cannot 
be pumped. It is mainly based on a batch wise operation with a high dry matter content ranging 
from 20 to 50 % at mesophilic temperatures. There are different systems in operation 
throughout Europe and Africa. Amongst those four systems seem to be the most promising for 
widespread future application as they are in the starting phase of commercialisation or already 
in practical use. 

Technology description 

There are different systems in operation throughout Europe and Africa. Amongst those four 
systems seem to be the most promising for widespread future application as they are in the 
starting phase of commercialisation or already in practical use. The four systems can be 



2nd international symposium on ecological sanitation, april 2003 

 484 Köttner 

 

S
essio

n
 E

 

described as the “garage type” digester with or without percolation, the “bag type” digester in 
airtight plastic sheeting, the “immersion liquid storage vat” type digester and the “wet – dry 
combination” digester. The substrates treated in these systems can be solid animal manure with 
straw, household and communal bio waste, green cuttings and grass from landscape 
maintenance, energy crops from the field (fresh or ensiled) They are very well suited for 
application in ecological sanitation systems treating brown water residues (faeces, night soil, 
residues from compost toilets) in combination with animal waste, biomass or biowastes from 
households. 

Figure 1: General description of an ecological sanitation system (ecosan, GTZ 2002) 

Dry fermentation systems in batch wise operation have been in operation in Algeria, France and 
Germany since the 1940ies. Especially the French system, which was manually operated with 
self-heated manure, spread further a field into Algeria. Further tests of the batch wise 
fermentation of horse manure were undertaken in the former Czechoslovakia and Hungary. 
Recently further developments took place in Germany, the Netherlands (BioCel), Switzerland 
(Lully) and West-Africa (Burkina Faso, Niger and Mali by GTZ GmbH and by Mali Folkecenter). 

Treatment and collection of the incoming substrates 

The substrates are collected from the sources either manually or with special equi pment for 
manure, bio waste or faces collection or machinery for harvesting energy crops from the field. 
The substrates are dumped in a special storage section next to the digester and inspected 
visually. Large contaminants such as wood or non organic of the incoming bio waste from 
households or landscape maintenance which are a nuisance for the smooth operation of the 
digester are removed and put aside. 

For further pre-treatment the “acidic” and “alkaline” substrates are mixed in equal ratios, e.g. 
inoculants and fresh material. This is important for digesters, which solely work on the dry 
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system with very little or no additional liquid. In these systems, for the optimal performance of 
the digester, specific bacteria have to be cultured for the substrates and have to be mixed in 
before hand. The optimal ratio between inoculants and fresh material has to be found and kept 
up in each batch mixture. In order to keep up a loose consistence in the digestion heap 
structure material like straw, bark, or wood chips are mixed in.  

Biological process management 

Through the pre-treatment of mixing and storing of the substrates for one to three days a first 
aerobic biological conversion in the material is provoked. This is counteracting to an 
acidification at the beginning of the anaerobic phase. The temperature increase in this aerobic 
phase is catalysing the start of the anaerobic mesophilic or thermophilic operation. The initial 
self-heating reduces the heat requirements during the process.The biomass is digested under 
airtight conditions after inoculation or flooding with digested substrate. The further inoculation 
with bacterial matter is taking place through recycling of a bacteria rich percolation liquid, which 
is sprayed over the biomass. When necessary, through a built in floor heating system in the 
digester and an installed heat exchanger in the tank of the percolation liquid the temperature of 
the process can be regulated. The different degrading reactions (hydrolysis, acid and methane 
formation) take place in one digester. After a retention time of around 30 to 40 days biogas 
production is almost zero and the digesters are unloaded.  

In dry–wet fermentation systems the substrates don’t need to be mixed or inoculated as the 
flooding or percolation liquid (yellow water, if this is not separately used,  or if it is mixed  already 
with water from wet fermentation; grey water; nightsoil or slurry) takes over the role of the 
bacterial inoculation and process starting.  

Figure 2: Aerial view of a wet-dry combination biogas - plant 

Practical operation and energy output 

The following figures of biogas yields were obtained partly in pilot plants and are partly taken 
from wet fermentation as their gas yield are similar to dry fermentation.  
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 DS (in %) ODS 

(% of DS) 

C / N 

ratio 

m³ Biogas 
per kg ods 

Gas yields (rel. to fresh 
substance and cult area). 

     m³ / t FS m³ / ha 

Bio waste 40 - 75 45 - 70 25 – 80 0,45 120 -- 

Gras silage 40 83 12 - 27 0,455 220 5720 

Poultry manure 50 - 70 60 - 70  0,55 – 0,65 300 - 490 -- 

Vegetable waste 5 - 20 60 - 90 15 0,45 80 -- 

Canteen waste 9 - 18 90 - 95 15 -20 0,55 – 0,78 80 - 170 -- 

Chicken manure 21 75 10 0,5 160 -- 

Potato waste 20 0,94 25 0,55 120 -- 

Horse manure 28 75 18 - 25 0,45 82 -- 

Cattle manure 12 - 25 65 - 85 14 - 25 0,2 – 0,3   

Table 1: Parameters of substrates 
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Figure 3: Biogas production in dry fermentation of cattle manure with 50 % inoculate at 35°C, 
continuous production through delayed operation of two more batches (Linke, 2002) 

The biological process is becoming stable after 2 to 5 days after the start of the anaerobic 
phase and reaches optimal methane concentrations of 60 to 65 %. For the operation of a 
cogeneration plant for heat and power production an even gas production has to be achieved 
like in a continuous wet fermentation. In order to secure a continuous gas production in batch 
dry fermentation systems several digesters have to be run in different time intervals. In an 
experiment (Linke 2002) with cattle manure, biogas production is at its maximum between day 
10 and 28 and is decreasing due to general substrate degassing. The decrease of biogas 
production can however be compensated, if a new batch is taken into production after 4 weeks.  
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Hygiene and substrate quality 

Especially for sanitation purposes the quality of the co mpost in terms of heavy metals and 
hygiene has to be taken to closer consideration. One important criterion for the compost quality 
is the absence of pathogenic micro organisms. It is known that during aerobic composting an 
inactivation of most animal and plant pathogens is obtained under long period thermophillic 
conditions (>50°C for several weeks). Also in anaerobic batch reactors Dutch as well as the 
German studies have proven a complete inactivation of the pathogenic test organisms through 
the dry fermentation process. A subsequent venting period is designed to condition (reduction of 
odours and drying) and hygenize the fermentation residues. 

Inactivation of pathogenic micro organisms are not only due to the influence of temperature, but 
especially the occurrence of volatile fatty acids and acetate in the anaerobic process. Also 
metabolic products of the anaerobic process can be toxic to certain groups of bacteria and 
fungi. Inactivation rates in batch systems proceed at a higher rate than in co ntinuous systems, 
as there is no inflow of new material, even volatile fatty acid concentrations are much lower.  

 

Pathogen Type 

 

Inoculum 
 ( cfu / g ) 

In compost 
after 21 days  
(cfu days /g) 

% 
reduction 

Enterobacteriaceae Human and animal 
pathogenic bacteria 
(faecal contamination) 

1.6 X 107 1.2 X 103 >99.99 

Salmonella typhimurium Human and animal 
pathogenic bacterium 
(intestine infections) 

1.4 X 107 <3 >99.99 

Pseudomonas 
solanacearum 

Plant pathogenic 
bacterium  
(potato brown rot) 

Infected potatoes 
tissue 

(+/- 50 units total ) 

<1 >99.99 

Fusarium oxysporum 

 

Plant pathogenic 
fungus  
(root disease) 

8.4 X 104 biowaste <1 >99.99 

Table 2: Inactivation of several pathogens during anaerobic digestion of biowaste with the Biocel 
process (ten Brummeler, 2000) 

In tests for airborne fungal emissions it was found, that actinomycetes concentration had on 
average a very low content, which were equivalent to a residential area with no pollution. With 
normal composting plants more than 200 times higher actinomycetes concentrations are 
encountered. 

Water consumption 

During a one and a half year operation of a test dry fermentation facility in Germany (Loock, 
1999) the treatment of the substrate as a solid matter proved that the water consumption is 
comparatively low at around 200 l/t. On the other hand surplus water of up to 200 l/t during the 
process were recovered, depending on the substrate and its the dry substance content. 
However a slight overall water consumption of 15 l/t could be observed in the first operating 
phase of dry fermentation without further dewatering in the test plant.  
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Practical example of an ecological sanitation system with dry fermentation  

Waterless toilets with urine separation are installed in households and for the public. The faeces 
are preferably powdered with ash after defecation and collected in co ntainers or digestible bags. 
In an intermediate storage, which is incorporated in the dry fermentation plant, also biowaste, 
manure and other digestible biomass from the community and agriculture are stored, a 
preliminary hygienisation through a pH increase and drying takes place. Urine is collected 
separately in containers and stored. Urban households have very little garden and the need for 
fertiliser is minimal, therefore it is feasible to incorporate farms, flower producers or urban 
landscapers for biomass delivery. These enterprises need fertilizer and organic compounds for 
soil improvement and plant growth.  

The collected and partly dried and hygienised faeces are mixed with other organic substrates 
suitable for dry digestion (grass cuttings, plant waste, manure, straw, bio waste, food waste). 
The substrates complement each other in their qualities. Through digesting all the subs trates 
together, an optimal fermentation is taking place. Important parameters for dry fermentation are: 
organic dry substance, pH value, C/N ratio, Redox potential, volatile fatty acids, moisture 
content, „acidity and alkalinity“, substrate structure. Dry fermentation, as the core part of the 
system is hygienising, homogenising and producing compost, which is used in the fields, and 
gardens in a small closed loop for nutrients and organic matter. The biogas can be used directly 
for burning (cooking, lighting, heating cooling) or in a cogeneration plant for power and heat 
production. 

Figure 5: Decentralised off site option, several households: or settlements ~100-500/2000 inhabitants 
with dry fermentation biogas plant (ecosan, GTZ 2002, altered) 

The additional liquid phase of urine is collected and stored for 6 months for sanitation and can 
be used as additional fertiliser high in nitrogen. If needed, the urine, locally collected grey water 
and rainwater have to serve as process water for flooding or percola tion. 
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Conclusions 

There is a renewed interest in dry fermentation for the digestion of solid wastes and biomass. 
The digestion of stackable substrates from ecosan systems can be an option for the widespread 
application in semiarid climates for waste treatment, energy and fertilizer production. Compared 
to wet fermentation, which has already a widespread application in China, India and Germany 
dry fermentation is scarcely used so far. Demonstration projects throughout Europe and Africa 
show similar performance data than conventional wet digestion systems. The difficult handling 
process of stackable products might have been an obstacle for a wider use in the past.  
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Abstract 

Modern EcoSan concepts require operationally stable and controllable technical processes for 
treatment and recycling of water and nutrient flows. For evaluation of the acceptance, 
applicability and benefit of the most promising concepts, an office building for 200 employees 
will be equipped with a sanitary technology that separates the yellow, brown and grey water 
flows. 

The essential elements of EcoSan concepts are mechanical and biological treatment of the 
individual flows. Tests were therefore made with a fine -screen for mechanical separation of 
solid and liquid wastewater phases. A membrane bioreactor was tested for utilisation of the 
liquid flow. 

Although the results showed that the tested elements are well suitable for application in many 
possible EcoSan concepts, a lot of questions have remained unanswered concerning 
dimensioning, operation, acceptance and costs of the concept s. But these answers will be 
found after inhabitation of the office building which is planned for mid 2003.  

Introduction 

In contrast to conventional wastewater treatment systems, the focus of EcoSan (Ecological 
Sanitation) or DeSaR (Decentralzided Sanitation and Reuse) systems is the utilization of 
nutrients contained in wastewater and the intermediate multiple usage of water. The purpose of 
treatment is no longer elimination of nutrients but concentration and disinfection of wastewater. 

Two innovative concepts are especially suitable to concentrate and disinfect wastewater:  

• Separation of faeces, urine and grey water directly at source and 

• increase of nutrient concentrations in black water by means of toilet flushing water 
circulation. 

Both concepts can furthermore do without water supply conduits through application of a 
reverse osmosis plant for production of tapwater. The low additional water demand can be 
covered from other sources like cisterns, surface or ground water.  

Figure 1 presents the wastewater separation concept that will initially be implemented in an 
office building project for 200 employees. Figure 2 shows the principle of black water circulation 
that will be realized later as an option by combining the brown and yellow water flow.  
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Figure 1: Separation of individual wastewater flows (test objectives in spotted fields) 
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Figure 2: Circulation of black water (test objectives in spotted fields) 
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Separation of individual wastewater flows  

The advantage of yellow water separation as shown in fig.  1 is on the one hand recovery of a 
highly concentrated N-P-K fertilizer as a great part of these elements is found in urine. On the 
other hand, the nitrogen content in the remainder of the wastewater flow is significantly r educed. 
The dimensions of the membrane bioreactors can therefore be by around 50 % smaller as 
nitrogen elimination facilities are unnecessary. 

The carbon compounds and germs contained in grey water are removed in a membrane -
activated sludge process and the remainder of the flow used as flus hing water for separation 
toilets. Optional reverse osmosis treatment allows for even more extensive use of the flow as 
tapwater. 

Brown water, consisting of approx. 0.5 l faeces and 10 l flush water per resident, is separated 
into thickened solids and soli ds-poor wastewater by means of a fine screen. While the solids are 
composted or treated in a biogas plant to obtain humus fertilizer, the liquid phase is passed into 
another membrane bioreactor for biological elimination of carbon co mpounds. As an alternative, 
the liquid flow can be treated together with grey water, which however limits its usability to 
irrigation only, as colouration of the water is inevitable and will lead to non-acceptance as flush 
water. 

Black water circulation 

The concept shown in fig.  2 allows for application of conventional flush toilets. Again, the 
nutrient concentration in the black water is increased through circulation of toilet flush water so 
that the nutrients can be reused. Nitrogen, however, cannot be used in the form of ammonium, 
since nitrogen oxidation is necessarily required to obtain a water quality that allows use as flush 
water. Consequently, this concept produces nitrate fertilizers.  

What is still unclear are concentration effects with regard to undesired substances contained in 
wastewater, such as salts and endocrinic substances or medicine residues. These questions 
will be investigated within the scope of other current research projects.  

Ecosan demo project 

To show the feasibility of the presented concepts, but also po ssible problems and solutions, the 
new Huber office building in Berching, Germany will be equipped with the following sanitation 
facilities: 

• No-mix toilets with closing valve, separating faeces from flushwater-free yellow water  

• Waterless urinals 

• Grey water lines 

Around 200 employees will produce 200 l yellow water, 1200 l brown water and the same 
amount of grey water. These flows will be treated with the technology as presented in figure 1 
and 2. 

Figure 3 shows the building shell of the new Huber office which is anticipated to be ready for 
occupancy next August and will be equipped with the necessary treatment plants.  
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Figure 3: Building shell of the new HUBER office which will be equipped with EcoSan/DeSaR 

technology 

Solids-liquid separation and membrane bioreactor are in the foreground as essential elements 
of EcoSan/DeSaR concepts. Investigations were therefore made to find the individ ually optimal 
systems. 

Solids-liquid separation 

To determine the efficiency of the solids-liquid separation unit, a test screen (fig. 4 and 5) was 
developed. The screen efficiency was tested with di fferent sieves, such as for example 1 mm 
wedge wire or 0.75 and 0.2 mm mesh sieve. The tests included fractionation of the inlet and 
outlet COD into dissolved and solid material. Different coagulants were added to the influent to 
allow evaluation of the efficiency of COD retention. The tests took place on WWTP Mühlhausen, 
Bavaria, which is connected to a separated sewerage system with a maximum sewer length of 
3 km. The screen drum diameter used was 780 mm, the test flow rate 10 l/s. 

The tests (fig. 6 and 7) showed that the solids retention – measured in this case as solid and 
total COD – can vary greatly dependent on the greatly varying wastewater quality on a 
municipal sewage treatment plant. Far more constant results are however expected with the 
application for decentralized concepts. As the produced brown or black water is screened 
directly at source, possible effects of hydrolysis processes are significantly reduced. To clarify  
these questions, additional tests are outstanding for investigation of particle size distribution in 
the wastewater dependent on flow time and method of pre-treatment (pumps, drop structures), 
although previous tests showed that it is possible to retain a great part of the particular material 
contained in the wastewater, so that carbon is preserved as humus former. The treatment and 
energy costs for carbon oxidation of the water phase are reduced significantly.  

The solids concentration of the sieve refuse conveyed by a screw lies at around 20 % without 
an integrated compaction zone, but is technically easy to increase to around 30  % by 
installation of the compaction zone, so that the material will be well compostable after addition 
of structural material. Owing to the improved conveyor technique, this type of screening 
technology allows to thicken even the structureless excess sludge produced in the bio -reactors. 
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Figure 4: Scheme of the screen Figure 5: View of the sieve unit 
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Figure 6: WWTP Mühlhausen (6,200 p.e.), COD reduction without coagulant using a 780 mm dia. 
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Figure 7: WWTP Mühlhausen (6,200 p.e): initial and final total COD -concentration, and COD reduction 

achieved with the identical amount but different type of organic coagulant (A, B, C, D) using 
a 780 mm dia. screen with 0.2 mm mesh 
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UF-membrane bioreactor 

Since introduction of membrane technology in the field of wastewater treatment it has for the 
first time become possible to produce hygienic service water at acceptable and reasonable 
operating costs. The higher costs for the membrane can to a great extent be compensated by 
the smaller reactor volume, unnecessary secondary clarification and high quality of the clarified 
water. All these criteria are particularly advantageous for decentralized applications, provided 
that plant operation is possible with minimized maintenance and energy demand.  

These requirements are especially met by the Vacuum Rotation Membrane (VRM) technology 
(fig. 8). Membrane plates are arranged in a circle around a rotating central pipe, on both sides 
of which medium bubble air tubes are situated for directed introduction of air into the gaps 
between the plates to clean the membrane surfaces (fig. 9). Rotation of the plates  ensures 
sequential cleaning of the membrane surface under very intensive aeration.  

This type of plate configuration allows to limit the air introduction depth to half the plate height. 
The air and thus also energy demand is relatively low, lying at around 250 to 350 l⋅m-2⋅h-1. 

An ultrafiltration membrane with 0.038 microns (150 kDa) was selected to ensure that even the 
smallest of bacteria can be retained. Alternatively applicable micro filtration membranes with 
between 0.1 and 1.0 microns separation size are unable to achieve this. 

 

  
Figure 8: Membrane container installation            Figure 9: Container installation of a Vacuum     

Rotation UF-Membrane unit 

To verify the efficiency of VRM systems, intensive and long-term measurements were made on 
a plant installed in a concrete tank (table  1). This plant clarifies the wastewater of an alpine 
hotel in Switzerland. 

Fig. 10 shows the specific flow through the membrane and respective permeability. Although 
this decrease initially as expected, it then levels off at constantly around 250 l·m-2·bar-1·h-1. This 
level can at any time be re-established through occasional chemical in-situ purification, as 
proved by long-term investigations from April 2002 to February 2003. The average results of 
analysis obtained during the intensive measurement phase are presented in table 2.  
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Figure 10: Flux and permeability during the intensive measurement phase 

 
Parameter Abbrev. Unit Maximum 

Aeration tank-volume VBB m³ 160 

Membrane area AMem m² 270 

Population equivalent p.e. - 780 

Max. flow rate Qmax m³/h 6.5 

Molecular weight cut off MWCO kDa 150 

Pressure-height scouring air hsa m 1.3 m 

Table 1: Data of tested VRM plant designed without N and P elimination 

 
Parameter Unit Inlet Outlet 

COD mg/l 230 8 

NH4-N mg/l 45 0.01 

NO3-N mg/l 1.2 29.5 

Ptotal mg/l 18 7.6 

E. coli KBE/100 ml unknown 0 

Table 2: Results of analysis of the VRM system influent and effluent  
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Conclusions and outlook 

The purpose of the described preliminary tests was to select a suitable technology for the  
treatment plant in the EcoSan/DeSaR office building. It could be proved for the essential 
treatment steps in EcoSan/DeSaR concepts that the methods applied for solids -liquid 
separation and biological treatment are suitable to concentrate nutrients and provide for reuse 
of the treated water. 

The fine screen for solids-liquid separation is able to achieve a COD retention of 20 to 30 % for 
municipal wastewater without (fig. 6) and up to 80 % (fig. 7) with adding coagulants. Since the 
way of brown water in the office building project is only 50 m from its source to the screen, it is 
assumed that the results will still improve, so that the recovered sludge will be very rich in 
carbon and suitable for composting or for anaerobic treatment and use as humus fertili zer. 

Compared with simple filter bag or sedimentation systems, the solids residence time in a screen 
is limited to a few minutes. Any appreciable dislocation of solids into the liquid phase caused by 
washout or hydrolysis processes is consequently not expe cted. As a result, the maximum 
carbon freight is available for reuse. 

The carbon and solids-poor filtrate as a product of brown water screening is treated in the VRM 
system to obtain germ-free irrigation water. Tests related to this aspect could prove that  the 
operation of the membrane system is very stable and therefore suitable for decentralized 
applications. 

In particular the very low membrane separation size contributes to the fact that the recovered 
service water is absolutely hygienic. Grey water treated in a separate membrane plant can 
therefore be used also directly in households as wash water, for washing machines or for 
cleaning purposes. 

The new Huber office building is at present the only full-scale project worldwide that will 
implement the trendsetting and sustainable concept of yellow/brown/black water separation. 
Such systems have previously been investigated only in a few research and demo projects, 
which are however unable to give any proof of their feasibility on a full-scale level due to the 
small connection size and limited circle of users that frequently comprises the participants in the 
project. After investigation of the efficiency and performance of the essential parts of the system 
in preliminary tests, the following questions have to be answered now: 

• Will such a system be accepted by all users, irrespective of their social, ethnic and religious 
background? 

• What is the quality and amount of the individual wastewater flows? 

• Which treatment options are optimal for individual types of wastewater, in particular for 
yellow water? 

• What fertilizing effect can be achieved? Which transport problems may arise?  

• How can such systems be supervised and controlled?  

It is expected that the experience and results that will be obtained from the demo proje ct, will 
significantly contribute to a wide acceptance of such concepts. Let us hope that these new 
findings and insights will finally be realized and implemented on a global scale.  
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Abstract 

Within a long-term Dutch governmental project, a wide array of aspects associated with the 
applicability of a Decentralised Sanitation and Reuse (DESAR) concept is being studied. 
Anaerobic digestion of concentrated black water and kitchen refuse is chosen in this concept as 
the core-technology. An accumulation (AC) digester was selected as a simple reactor to test the 
feasibility of on-site digestion. Two 1.2 m3 reactors were operated, AC1 fed with mixture of 
faeces (F), urine (U) and kitchen residue (K) as produced by one individual and AC2 fed 
principally with a mixture of F and K in amounts as produced by two individuals. Two research 
runs were conducted: main of 150 days and verifying for 105 days. The methanisation rates 
attained for both reactors and in both runs were respectively ca. 30 and 50%. The theoretical 
biodegradability of the influent mixtures is 81 and 90% respectively. Proper inoculation as well 
as good buffering capacity ensured stable process. The effluent is rich in nutrients, ammonium 
of 1300-1700 mgN/L and phosphate of 100 mgP/L, what makes it attractive as a product for 
reuse in agriculture. Some potential obstacles in the acceptance of the use of treated human 
manure, like the fate of pathogens and natural and synthetic hormones, are briefly discussed.  

Introduction 

An important aspect of ecological sanitation concepts is the separation of wastewater streams 
based on characteristics, suitable treatment technology and existing potential of resource 
recovery. A variety of reasons can be listed when attempting to introduce such alternative 
concepts. Major reason is the prevention of pollution of diluted and avoidance of dilution of 
concentrated wastewater streams as produced by humans. Moreover simplicity of the system 
regarding construction and operation and low maintena nce and energy use are important  
criteria for sustainable sanitation. An accumulation digester (AC) has been chosen for the 
purpose of this study because it fulfils these criteria. An accumulation system can be 
economically feasible when high concentrated waste has to be digested and long term storage 
of the digested slurry is needed during the non-growing season, before being used in 
agriculture. Production of high concentrated waste becomes possible by application of low (or 

                                                
*This paper has been peer reviewed by the symposium scientific committee 
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zero) flush toilets (Petersens et al., 2001). Two concentrated streams, mixtures of faeces, urine  
and kitchen refuse are transported with a relatively small amount of water and subsequently 
subjected to anaerobic digestion. During a long digestion period, the process performance has 
been evaluated. In addition the effect of additional storage on stability and pathogen removal 
was examined. This paper describes results of the first and second feeding period at a process 
temperature of 20°C and results of preceding studies on wastewater  characterisation. 

Material and methods 

Reactors: Two identical polyethylene (PE) 1.2 m3 accumulation digesters (AC1 and AC2) were 
used connected to a vacuum collection-transport system (Figure 1). The vacuum toilets (VT, 
Roediger, D) use 1 L water per flush. After each flush, wastewater was transported to the 
equalisation tank (ET) with a working volume of 10L. When the ET is filled up to 10L the sensor 
gives a signal to start the pump-shredder (WWT) to transport the collected wastewater to the 
accumulation digester. The vacuum pump (VP) situated on the top of the ET created vacuum in 
that tank. The head space of the AC reactor was connected to a gas meter (GM) situated on the 
top of each AC. To monitor the process performance by controlling the quality of the reactor 
content in time, six taps in line were mounted on the reactor wall in equal distances of 20 cm 
from each other (tap 1 0.2 m and tap 6 1.2 m above the bottom respectively). Both reactors 
were placed in a room were the temperature is controlled at 20°C. 

 

AC2

AC1

T=20oC
F+U+K

F+K

VT1

VP1

ET1

WWP1

VT2

VP2

ET2

WWP2

toilet roomreactors’ room

 

 

Figure 1:  Pilot AC system for digestion of concentrated black water and kitchen refuse and single AC -
system; abbreviations: AC – accumulation digester, WWP – wastewater pump, VP – vacuum 
pump, ET – equalisation tank, VT – vacuum toilet, F - faeces, U – urine, K – kitchen refuse. 

Reactor feeding: In attempt to reflect a real situation, a feeding quota was defined for both 
reactors. The difference between both reactors was the composition of influent, namely the 
presence or absence of urine. AC1 received a mixture of faeces (F), urine (U) and kitchen 
refuse (K) as produced normally by one individual (Table 1), while AC2 obtained a mixture of 
faeces and kitchen refuse in an amount as produced by two individuals. In the latter case no 
urine was provided separately but only during defecation. The reason for this distinction was to 
simulate DESAR concept with urine separation, where only faeces and kitchen refuse have to 
be co-digested. To know the real influent composition and revise the assumed quota, ‘providers’ 
filled in on a special form the type of wastewater that was provided (F, U or F+U). A portion of 
kitchen refuse was added separately, usually in relation to the produced faeces and flushed with 
water via the vacuum toilet. 

Reactor start-up/process conditions: Both reactors were started-up with inoculum sludge to 
enhance directly anaerobic conversions and to prevent inhibition of the process (mainly volatile 
fatty acids, VFA). Inoculum sludge was taken from the WWTP Ede from primary sludge 
digesters (T=30-35 oC). Respectively 10 and 15% of the volume of AC1 and AC2 were filled 
with inoculum. The digestion temperature in was set at 20oC because of the assumption that 
such conditions can be relatively easily provided in practice (digester situated in the cellar of a 
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house or in a separated operation building for residential estates). The choice of an 
accumulation period of 150 days was dictated by a possible reuse option in agriculture in a 
colder climate (Dutch situation) where soil fertilisation is not possible during winter months (5 
months). The second run with accumulation period of 105 days aimed to verify the results and 
evaluate the effect of adapted inoculum on process efficiency.  

Sampling and analysis: Before added to the reactor, the inoculum sludge was analysed on the 
content of total and volatile solids and its methanogenic activity to calculate the required 
volume. The influent samples were taken as grab samples from the ET and collected to form a 
semi-composite sample. Before sample collection, one made sure that influent components 
were present in more or less appropriate relation to each other. Before reactor start -up, an 
extended characterisation of separate influent components was performed (Kujawa -Roeleveld 
et al., 2002). Since a AC-reactor does not produce an effluent, process performance was 
assessed by taking samples from different reactor heights and mixing them in the same ratio. 
To judge on process stratification (no mechanical mixing was provide d) the profiles were made 
in certain time intervals. When the accumulation period was terminated part of the reactor 
content remained in the AC and some additional analysis reflecting the effect of additional 
storage period on effluent quality were performed. Biogas production was monitored throughout 
the whole period (including the additional storage period). Gas composition was periodically 
controlled. All analysis were performed according to Standard Methods. In addition batch tests 
were performed using the AC-reactor content and influent to assess the biodegradability of the 
substrate mixture. 

Results and discussion 

Composition of raw wastewater streams: Available information on the composition of separated 
concentrated domestic (waste)water streams is s ince recently quite extended. Some 
parameters as obtained within this study are listed in Table 1 and compared with literature 
ranges. 

Parameter Feaces Urine Kitchen residue 
Volume 70-170 138 g  1-1.51) L 1.25 L 0.24) kg 0.2 kg 
COD g/p/d (g/kg or L) 46.21)  78 (567g/kg) 2-122) 15.3 (12.8)  240 59.0 (294 g/kg) 
NKJ (NH4-N)  1.42) 2.5 (0.37) 7-131)(0.752)) 6.4 (0.49) 0.9 1.9 (0.09) 
Ptot (PO4-P) 0.692) 0.95 (0.33) 12) 0.4 (0.24) 0.17 0.13 (0.05) 
pH  6.9  5-72) 7.08 4.43) 4.1 

1) van der Wijst and Groot-Marcus (1998), 2) STOWA (2003), 3) Duynhoven (1994), 4) AAO-IPA (2001) 

Table 1: Composition of waste(water), comparison between literature (range) and measured (in bold). 

Characteristics of raw influent streams, information on daily production by one individu al and 
known characteristics of the collection (water consumption) system, enabled to predict the 
characteristics of the total influent stream (Table 2). During reactor performance, the influent 
was characterised as described before. Any additional flushing (for instance cleaning) was then 
also taken into account. 

Predicted* Measured (1st run) Measured (2nd run) Parameter 
AC1 AC2 AC1 AC2 AC1 AC2 

CODtotal 14.5 65.3 13.3 66.0 18.6 53.6 
CODparticulate 9.8 47.9 10.3 62.0 15.7 43.4 
TKN (NH4-N) 1.61(0.38) 2.61(0.33) n.m.(1.3) n.m.(1.2) 1.3 (0.58) 1.9 (0.78) 
TP (PO4-P) 0.19(0.083) 0.54(0.27) n.m.(0.08) n.m.(0.21) 0.11 (0.06) 0.35 (0.31) 

  * based on subsequent wastewater component as presented in Table 1  

Table 2: Characteristics of AC influent – predicted based on results from Table 1 and measured from 
two research series    
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Reactor performance 

Biogas production: The cumulated biogas production was 2.4 and 9.4 m3 for AC1 and AC2 
respectively for a period of 143 days. The average measured methane fraction was 68 and 66% 
respectively. Based on biogas production and accumulated COD total loading, the total treatment 
efficiency in terms of bio-methanisation was attained. A surprisingly low methanisation of 31% 
was attained for AC1 while AC2 was characterised by a higher value of 51%. These values 
were confirmed by the second run (28 and 51% respectively).  
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Figure 2: Cumulative biogas production in relation to cumulative influent (total COD) loading  

Organics:  The VFA-content defines the stability of the process with respect to availability of 
sufficient methanogenic actitivity. Both reactors were characterised in the beginning of the 
accumulation period (day 40) by a relatively high VFA-content of 2 and 3 g/L for AC1 and AC2 
respectively. After approximately 45 days the VFA concentration started to decline gradually 
and after approximately 80 days of operation a level of less than 100 mg/L was obtained (40 
and 83 mg/L for AC1 and AC2 respectively, Figure 3A) and stayed low throughout the 
remaining accumulation period. In the second run low VFA content (< 100 mgCOD/L) was 
measured already from day 40 th. The pH in both reactors was similar with an average value of 
7.4 during both research periods. 
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Figure 3: Average concentration of COD (soluble VFA and total) in AC’s contents. 

Total COD: The CODtotal content for both reactors is presented in Figure 3B throughout the 
accumulation period. The average COD total including the sludge layer was 21000 and 5400 mg/L 
(factor 4) for AC2 than AC1, respectively, while the inf luent strength differed with a factor 5. This 
suggests a better performance of AC2 than AC1. Assuming that the composite sample 
represents a well mixed reactor content, the process efficiency in term of total COD removal can 
be roughly estimated. The reactor efficiency calculated in this way attained 59 and 68 % for 
AC1 and AC2 respectively. Similar results were obtained in the 2nd run (24000 vs. 4000 mg/L) 

Stratification: Periodically, samples were taken from different reactor heights to judge on 
stratification, mainly related to particulate fractions. The results in Figure 4, clearly show that for 
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AC1 the most concentrated fraction fills the bottom of the reactor. A high COD total of 16200 mg/L 
was measured for the first tap, while for the second tap and hi gher, a relatively low and rather 
constant CODtotal , between1370 – 2780 mg/L, was measured (approximately 2000 mg/L in the 
2nd run). The settling of sludge on the bottom of the reactor is relevant as it can be retained in 
the reactor for the following accumulation run. The high concentrated inoculum will provide a 
faster start up of the second as compared to the first run. The latter is confirmed by the results. 
The supernatant can be used as a liquid fertiliser. 

In the 1st run AC2 was only filled up to the 4th tap instead of the 6th as for AC1. In AC2 a gradual 
declining CODtotal was measured starting from 32060 mg/L near the bottom (> 40000 mg/L 2nd 
run) to 5870 mg/L at the 4 th tap. Assuming that 15% of the reactor content remains in the 
reactor, the CODtotal content of the decanted volume amounts on an average 17600 mg/L. The 
remaining concentrated inoculum will also here provide an improved second run. The average 
soluble COD was in both cases higher for AC2 (1440 mg/L versus 825 mg/L – 1st run; 1200 
vs.1600 mg/L 2nd period) than for AC1. 
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Figure 4:  COD (total and soluble COD) profile at the end of the 1 st accumulation period (day 121  and 
142 for AC1 and AC2 respectively). 

Biodegradability: In additional batch tests, a maximum biodegradability was assessed for both 
influent mixtures. High values of 81 and 90% were determined for influent mixtures of AC1 and 
AC2 at a temperature of 20oC. These values were attained after approximately 55 days of 
digestion in batch tests. Also after termination of the accumulation period in AC1 and AC2, 
samples were taken at different heights to determine the biodegradability of the reactor mixture. 
For a batch test with the content of AC1, biogas production stopped after 10 days while for AC2 
it took as long as 150 days. The measured gas productions correspond with an additional 
biodegradation of respectively 5.8 and 8.3%. 

Nutrients: The reuse in agriculture is an important objective of digestion of a nutrient rich 
concentrated mixture. The fate of nitrogen and phosphate was followed in both reactors and 
measured concentrations were compared with those in the influent. Although for AC2, 
minimisation or even exclusion of urine was aimed at, this was not completely fulfilled. In most 
of the cases (75%) there is provision of urine during defecation. The estimated urine 
contribution in the influent mixture (F+U+K) was finally higher than primarily planned: 0.14 
versus 0.10 for AC1 and AC2 respectively (high dilution is AC1 by flush water). The ammonium 
concentration was however higher in AC2 than in AC1, 1733±142 and 1483±135 mgN/L 
respectively (in the 2nd run 1650 and 1300 mg/L respectively). This shows that except for 
decomposition of urea, also a significant fraction of particulate nitrogen from the influent is being 
hydrolysed and ammonified. The expected ammonium concentration in a pure faeces mixture 
originating from a urine separation toilet mixed with kitchen waste, would be lower than in case 
of AC2. 

Rather low and comparable ortho-phosphate concentrations were measured in both AC’s, viz. 
96 and 112 mgP/L, respectively. In the second run the ortho -phosphate concentration in both 
reactors approximates 80 mgP/L. The measured total phosphate concentrations during the 
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second rum were 550 and 1350 mg P/L in the sludge zone (ta p 1 AC1 and AC2 respectively). 
This value tend further to increase in the continuing currently research in AC2 (already 3 rd run). 
The first measured Ptotal values in sludge layer were approximately 3 g/L. This suggests that 
except of the fact that a fraction of influent phosphorus is already precipitated (Vinnerås, 2002), 
the conditions in the reactor itself enhance its further precipitation.  

Risks in relation to reuse options and evaluation of agricultural value  

E. coli removal (decay): In the second research run, AC1 and AC2 were operated for a period 
of 150 and 90 days respectively. After filling the AC content remained in the reactor for a period 
of 120 days, for investigating the pathogen removal during storage. E. coli was used as an 
indicator and analysed through the reactor profile after 84 and 120 days of extra storage. . As 
shown in Table 34 the residual value of E. coli from tap 1 decreases from 3.6 x 10 5 at a storage 
period of 84 days to 3.3 x 103 /100ml at the longer storage period of 120 days, corresponding to 
a removal value of 93.8% and 99.999% respectively.  Apparently, increasing the storage period 
leads to a decrease in the E. coli concentration but the remaining residual part of E. coli at a 
storage period of 120 days is still higher than the standards for unrestricted agricultural reuse 
(WHO, 1989). The results for AC2 (Table 4) reveal that a significant reduction in E. coli 
concentration was obtained after a storage period of 120 days. The overall E. coli reduction in 
the system amounted to approximately 1.8 log10 and 5 log10 at a storage period of 84 and 120 
days, respectively. The effluent quality of AC2 after a storage period of 120 days complies for 
instance with the standards for unrestricted irrigation, where the E. coli concentration amounts 
to less than 1000 E. coli/100ml (WHO, 1989). 

 infl. effluent after storage of 84 days effluent after storage of 120 days 

tap no   1 2 3 4 5 1 2 3 4 5 

E.coli/100
ml 

5.8x 
106 

3.6x 
105 

- 0.1x 
105 

- 0.2x 
104 

3.3x 103 2.3 x103 4.1 
x103 

2.1x 
103 

4.1x 
103 

Reduction 
% (log10) 

 93.82
.76 

 99.82
.76 

 99.96 
3.45 

99.94 
3.24 

99.999 
3.39 

99.99
92.14 

99.999
3.43 

99.99
93.14 

Table 3: The average E. coli removal (decay) in an AC1 after different storage periods. 

sample/parameter influent effluent after storage of 84 d effluent after storage of 120 d 

Tap no.  1 2 1 2 

E. coli/100ml 6.8 x 107 1.5 x 106 7.4 x 105 0.4  x 103 0.8 x 103 

% R               (log10)  97.8          1.6 98.9           1.93 99.9999       5.2 99.9988         4.9 

Table 4: The average E. coli removal (decay) in an AC2 after different storage periods. 

Possible consequences due to presence of estrogens: theoretical considerations  

Currently there is a growing concern of the prevalence and bioaccumulation of estrogens in the 
environment.  Accumulation can be a problem when waste streams are more concentrated like 
in the presented concept. Since there is hardly any information on the removal of these 
compounds in treatment systems, this topic is currently investigated at WUR. Three sterols were 
isolated in the effluent of domestic sewage treatment plants and identified as the prime 
contributor to estrogenic character, comprising of the natural hormones 17β-estradiol and 
estrone and the synthetic hormone 17α-ethynylestradiol (Desbrow et al., 1998, Onda et al., 
2002). Natural hormones are primarily excreted in urine, in a conjugated form, which do not 
exhibit estrogenic characteristics.  Unconjugated hormones do exhibit estrogenic characteristics 
and are mainly excreted in faeces.  Intestinal bacteria, such as Faecal Coliforms, produce an 
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enzyme that can hydrolyse conjugates to their original unconjugated form, a process that  also 
occurs during wastewater treatment (Ternes et al., 1999, Baronti et al., 2000). Of the synthetic 
hormone 17α-ethynylestradiol, 35 % of the daily dose is excreted in urine and a relatively large 
amount of 30% in faeces due to oral administration (Reed et al., 1972).  Estimations for the 
maximum concentration of natural estrogens present in wastewater is about 1 µg/l and for the 
synthetic 17α-ethynylestradiol about 13.4 ng/l (Blok, 2000), based on a wastewater production 
of about 200 L per person per day. An estimation was made for different black water collection 
concepts, using water saving toilets (2 and 4 L flush water for urine and feaces respectively) 
and vacuum toilets (0.5 and 1 L for urine and faeces respectively).  The calculation is done for 
different collection systems, blackwater collection and separate urine and faeces collection. 
Estimated concentrations, shown in Figure 6, reveal that in some situations the concentrations 
are significantly higher than in current centralised situations.  
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Figure 6:  Estimated estrogen concentrations in physiological residues in ave rage produced amounts 
(Table 1) diluted with flush water for total population of the Netherlands. Total daily -excreted 
amount of estrogens by humans and cattle in the Netherlands, 81000g (excl. horse, sheep, 
and goats)(Blok, 2000). 

The natural estrogens are mainly present in urine. For synthetic estrogens it is opposite, a 
significant fraction is found in faeces. Still, the contribution to the total excretion of estrogens by 
humans is very low, compared with the amount excreted by cattle (Figure 6). The no-effect 
concentrations for ethynylestradiol for humans is said to be 1/100 below the active dose in the 
contraceptive pill (0.35 µg/day), which is 350 ng/day. Men produce around 40-130 µg of natural 
estrogens per day. Looking at the estimated concentration (Figure 6a), the separate collection 
of urine will result in the highest concentration of estrogens, of around 55 µg/l. 

Conclusions/ evaluation 

Digestion of physiological waste and kitchen refuse as appropriate technology for a DESAR 
concept was studied. Two accumulation digesters (AC1 and AC2) were fed with faeces, urine 
and kitchen refuse in different ratio’s and operated for approximately 150 and 105 days at a 
temperature of 20°C (two runs). AC2 was characterised by a ca. fourfold higher wastewater 
strength in term of CODtotal. This wastewater strength for AC2 was attained by a restricted use 
of the ‘associated’ vacuum toilet for faeces and kitchen waste. However, it turned out that in 
75% of the cases also urine was provided during defecation.  

No inhibition of the process was observed, neither by an unbeneficial pH (remained around 7.4), 
VFA nor ammonia. Based on methane production, a digestion efficiency of ca. 30 and 50% was 
attained for AC1 and AC2 respectively in both research periods. Batch tests showed that 
additional storage resulted in an improvement of digestion of 5.8% (in 10 days) and 8.3% 
(longer period, up to 150 days) for AC1 and AC2 respectively. Roughly estimated total process 
efficiency (biological and physical processes) for AC1 was 59% and for AC2 this was 68%. On 
the other hand very high maximum biodegradability was obtained in batch tests at 20 oC: 81 and 
above 90% for AC1 and AC2 influent mixtures. 
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Organic particulate nitrogen is converted to ammonium during long reaction period. The 
average ammonium concentrations were 1483 (AC1) and 1733 (AC2) mgN/L in the 1 st run. 
Further concentration of ammonium is possible by implementation of ‘extremely low flush toilets’ 
(e.g. 0.5 L/faeces; 0.2 L for urine) but then the precaution needs to be taken for process 
inhibition due to high ammonia concentrations. Soluble ortho -phosphate in both digested 
mixtures are relatively low (range of 100 mg/L). The total phosphate in the sludge volume, 
especially for AC2 is consequently increasing (beginning of the 3rd run – 3 g/L) indicating on 
strong immobilisation mechanisms (phosphate precipitation). (problem further investigated).  

It is signalised that additional storage of digested mixture inactivate E.coli in such a rate that it 
can be accepted by the standards. Research on other indicators continues.  

Fundamental research on fate and effect of synthetic hormones during anaerobic digestion of 
concentrated black water is carried out. 

The research focuses now on further intensification of the processes and fate of any health risks 
on reuse potential. Development of design/optimisation procedure for digestion in accumulation 
system is undergoing. 
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Abstract 

The black water cycle (figure 1) is based on the idea to treat the toilet waste water in a way, 
which renders its reuse as toilet flushing water possible. Additionally the cycle will result in an 
enrichment of the nutrients. The technique for purification consists of a riddle screen, an 
activated sludge tank with submerged ultrafiltration membranes and a unit for decolourisation 
and disinfection. The pre tests have shown, that the main tasks of the de velopment of the black 
water cycle are solvable. 

The semi technical scale black water cycle which at the moment is under construction in the 
Technical University Hamburg-Harburg (TUHH) will lead to further findings. 

Basics of the technical concept 

The black water cycle (figure 1) based on the idea to treat toilet waste water in a way, which 
makes it possible to use it as flush water again. The water demand for flushing toilets is huge. 
Especially in hotels it is a reasonable part of the total water demand. With the technique of the 
black water cycle it would be possible to reduce the demand for this use to nearly zero. At the 
same time nutrients are collected with high concentrations thus allowing their reuse.  

The first step of the purification is solid separation by a sieve. In the test plant a riddle screen 
with a mesh size of 128 µm is in use. After sieving the water flows into a tank. A split flow of this 
water is mixed with a base. In consequence of the pH adjustment some salts will precipitate. 
After their settling, these will be removed at the bottom of the tank. Besides of the addition of 
the base, the second benefit of this tank is a volume regulation. Subsequently, the water is 
pumped into an activated sludge tank with submerged ultra filtration membranes. This biological 
treatment is for degradation of organics and conversion of nitrogenous compounds to nitrate. 
After passing the membranes the water reaches a reactor where it is discoloured and sanitised 
by ozone or UV-light. Finally the water flows into a storage tank and can be used as flush water 
again After composting and disinfection the solids separated by the sieve can be sold as soil 
conditioner or used on site (for example in the garden). If there is enough solid material, the use 
of a fermenter might be reasonable. 
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Figure 1: System sketch of the black water cycle  

The separated salts can be dried and used as a solid fertiliser. Possible excesses of liquid in the 
system can directly be used as liquid fertiliser, because concentrations of the nutrients are 
increasing as consequence of the closed loop system.  

Problems solved in pre-tests 

A very important point for the purification of black water is the decolourisation. The user will 
accept the flushing water only, if it is clear and colourless. Experiments with untreated yellow 
water have shown, that it is possible to reach this goal by using ozone. But these tests also 
have revealed that recolourisation is possible. By addition of hydrogen peroxide this could be 
avoided. Other tests have shown that yellow water becomes brown over storage time. 
Biologically pre-treated yellow water does not react in this way (figure 2). At the moment it is 
under investigation by some lab tests with UVC-light and ozone, whether the recolourisation 
also occurs with biologically pre-treated yellow water. 

A second important point is the odour. The flush water must be odourless. The main part of the 
malodorous materials is separated with the solids in the first step of the purification. But since 
dissolved ammonium is still present in the liquid, odour nuisance can still occur because of 
outgassing of ammonia. This could be prevented by oxidation of the nitrogenous compounds up 
to nitrate. In pre-tests (figure 3) yellow water was biologically oxidised. Thereby the product was 
nearly odourless at the end of the treatment as well as after a longer storage time.  
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Figure 2: After 8 weeks of storage the biologically pre -treated yellow water is still clear and yellow 

For a carrier of such a system it is important that no persistent deposits appear. Especially in 
hotels it is possible that some of the rooms are not in use over a long period of time. For this 
reason six tests with fresh and biologically pre-treated yellow water were conducted. In every 
test yellow water was stored in a simple standard toilet for 8 weeks. At the end of the tests the 
yellow water was removed and the toilet was gently rinsed by 1.0 litre of water. This was 
sufficient to remove the main part of the deposits in all cases. The remaining deposits could be 
eliminated by a wet paper cloth. No toilet brushes or chemical cleaners were necessary. Even 
after six tests on one toilet no persistent deposits appeared.  

The last main issue is the disinfection of the water. It is an extremely important point for the 
acceptance of the system. But from the technical point of view this problem is already solved by 
the purification step of decolourisation, since a very high dose of ozone and / or UV -light is 
necessary for this. So, disinfection of the water is a byproduct of this step. Deeper investigations 
on this point will follow after the start of the semi -commercial black water cycle. 

Figure 3: Test unit for biological treatment of yellow water 
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Further investigations and perspective 

At the moment additional sanitary facilities and a semi -commercial treatment plant are 
constructed at Technical University Hamburg-Harburg. At the end of February the sanitary 
facilities will be ready for use. The treatment plant will be finished till the end of March. 
Thereafter a research and development period of approximately one or one and a half years is 
projected. During this time possible technical problems should be detected and solved. 
Additionally, knowingly produced failures (power blackout, interfering substances and similar 
ones) will be simulated. Simultaneous, tests dealing with the fermentation of solids from the test 
plant and lab tests with addition of other bases will be carried out.  

After these works are finished, preparations for an application of this technology will start. A 
combination of a grey water reuse system and this technique could render it possible to 
engineer apartment, office or hotel buildings without any connection to a sewer. In this way the 
water demand could be reduced to an absolute minimum.  

Conclusions 

In approximately two years for buildings with at least 20 occupants the black water cycle will be 
a good possibility to reduce the water demand to a minimum. In combination with a grey water 
reuse system this technique will provide the possibility to build houses without wastewater 
release and a far-reaching independence from external water resources. As direct result of this 
the expensive connection to a sewer system will not be necessary anymore.  

Especially in arid regions with only little settlement this will be an ecologically and economically 
important step to the future 



2nd international symposium on ecological sanitation, april 2003 

Gajurel 511 

S
es

si
o

n
 E

 

Investigation on effectiveness of Rottebehaelter for pre -
treatment of brown water in source control sanitation 

Deepak Raj Gajurel, 
Joachim Behrendt, 
Zifu Li, 
Ralf Otterpohl 

Technical University Hamburg-Harburg 
Institute for Wastewater Management 
Eissendorfer Str. 42, 21073 Hamburg, Germany 
e-mail: gajurel@tuhh.de 
e-mail: dgajurel@yahoo.com 

Keywords 

Brown water, source control sanitation, Rottebehaelter 

Abstract 

According to their character household wastewater can be divided into three components 
namely grey, yellow and brown water. The grey water has very low loads of nitrogen and can be 
treated in different combinations of biological and physical treatment and reused whereas 
yellow water can be used in agriculture with some crop restrictions as a fertiliser after about 6 
months of storage. Brown water can be discharged into Rottebehaelter (an underground pre-
composting tank) that retains solid material and drains liquid to a certain extent. Investigation of 
Rottebehaelter showed that retained faecal material still contained a high percentage of water.  
However, odour was not noticed in the Rottebehaelter that has been examined. One of the 
major advantages of this system over other forms of pre-treatment as the septic tanks is that it 
does not deprive agriculture of the valuable nutrients and soil condit ioner from human excreta. It 
has to be stated that maintenance is a crucial factor. As an intermediate result of the intensive 
research of Rottebehaelter it seems that these systems are rather a way of solids retaining, de -
watering and long-term storage before the contents are further treated.  

Introduction 

Household wastewater is generated as a result of household activities. Each activity produces 
wastewater of different characteristics. Wastewater from washing, cooking, bathing/showering, 
cleaning dishes, preparation of food- called grey water- contains low nutrients, but has very 
large volume compared to wastewater from defecation and urination. Wastewater from 
urination-called yellow water- contains most of nutrients whereas brown water- wastewater from 
defecation- contains most of the pathogens causing disease as well as nutrients and organic 
matter (Otterpohl, 2001). Separation of  grey, yellow and brown water at source is a primary 
step for efficient and safe reuse of resources. Comparing to total dome stic wastewater grey 
water reuse has been increasingly practised in many parts of the world because of very low 
pollution load (Del Porto and Steinfeld, 1999; Li et al., 2001). Treatment of grey water with 
combination of biological treatment (constructed wetlands or SBR) and membrane technology 
(Ultra filtration or micro filtration) can produce high quality water.  

Since the practising of separated collection of yellow water with using separation toilet, farmers 
in Sweden have been collecting it in the underground storage tank for applying to their 
agricultural land (Esrey et al., 1998). Due to pathogen contamination, but in  low concentration  
it is stored at least for 6 months before being used in agriculture (Jönsson et al., 1999; 
Hellström and Johansson, 1999). Unlike yellow water, brown water contains pathogen in high 
concentration. Therefore, it must be sanitised prior to its reuse as fertiliser and soil conditioner 
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in garden or agriculture. Pre-composting of brown water in Rottebehaelter and post-composting 
of it with household organic wastes can produce pathogens free soil conditioner. 
Rottebehaelter, which consists of an underground concrete tank having two filter bags that are 
hung side by side and used alternately in an interval of 6-12 months (Figure 1), has been 
increasingly used in rural areas of Austria, Switzerland  and Germany for domestic wastewater 
treatment. Those which have been investigated have showed its potential for separation and 
pre-treatment (dewatering to a certain extent) and collection/storage of solid stuff in household 
wastewater (Gajurel et al. 2001). Combination of source separation concept with Rottebehaelter 
can be effective to recover nutrients and soil conditioner because most of the soluble nutrients 
are in urine which is separated at source. 

 

 
Figure 1: Rottebehaelter 

The retained materials that have already been de -watered and pre-composted in the 
Rottebehaelter for 8-12 months can be further composted with biological kitchen and/or garden 
waste in a local composter at least for a year and used in agriculture. It avoids expensive 
tanker-trucks which is extensively used in the conventional sanitation systems to transport 
sludge. Moreover, comparing to septic tanks methane emission can be very low as outer parts 
of retained material maintains aerobic condition. However, handling of the bags or the material 
is not a simple task and should be improved for the future. There are concepts in Austria in 
areas with strong gradients in the ground where the tanks are accessible with agricultural fork-
lifters and can be removed and emptied in a simple way. This paper does show the 
effectiveness and limitations of Rottebehaelter to recover the particulate fraction of nutrients and 
soil conditioner from brown water. 

Investigation of existing Rottebehaelter in Lambertsmuehle pilot project  

Background 

The source control sanitation system has been installed in the pilot project in Lambertsmuehle 
near Cologne city in Germany since the summer of 2000. Detail can be found in Otterpohl et al. 
2001a. The yellow water, with the means of separating toilet, is collected separately in an 
underground tank, where it is kept till it is ready for use in the agriculture. The brown water is 
discharged into the Rottebehaelter, which is made up of concrete monolithically and constructed 
underground outside the building (Figure 2). It is covered with a prefabricated concrete slab and 
provided with ventilation. A shutter of a concrete slab for changing filter bag, inspection and 
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cleaning has been provided on the covering of the Rottebehaelter. Inside the Rottebehaelter, 
two filter bags are hung side by side in such a way that when one is full, the influent is manually 
diverted with the help of diversion pipe into the next empty bag. The f iltrate, due to urine 
separation, is nutrient poor, and is mixed with grey water and treated in constructed wetland.  

Faeces

Urine

Diversion pipe    Influent      Inactive filter bag     

Active filter bag     Hanger for filter bag
 

Figure 2: Lambertsmuehle project: Rottebehaelter with filter bag and separation toilet 

Performance of the Rottebehaelter 

In September 2001 and April 2002, samples from both active and inactive filter bags were 
analysed. The results are shown in table 2. In both filter bags - active as well as inactive-
moisture content was higher than optimal range 40-60% for composting. Moisture content 
above 70% leads to anaerobic condition (Bidlingmaier, 1983). However, no odour was noticed 
during the sampling. Also people living in the house have not complained about odour problem 
so far. Low temperature and low reduction of volatile solids suggest that slow decomposition 
process took place in both filter bags. It  caused slow and low emission of odour, which was not 
detected with human nose in the open air. 

 

Sample  

Water 
Content 

%  FM 

Loss on 
Ignition 

% DM 

C 

% DM 

N 

% DM 

C/N P 

% DM 

K 

% DM 

S 

% DM 

pH Temp 
0C 

Active filter bag           

Sept. 2001 87.72 95.48 46.60 6.74 6.91 0.69 1.07 1.29 7.21 18 

April 2002 84.23 92.95 42 2.45 17.14 0.58 0.17 0.20 7.08 n.a. 

Inactive filter bag           

Sept. 2001 83.14 93.26 50.30 7.16 7.03 0.61 1.61 1.30 6.30 20 

April 2002 82.63 91.41 44 2.96 14.86 0.69 0.17 0.40 6.31 n.a. 

Table 1: Characteristics of retained materials (FM: Fresh matter, DM: Dry matter)  

Total nitrogen fraction in sample from September was in the same range as in faeces. It showed 
that structural bulking agent was not added in order to maintain C:N ratio of composting material 
between 20:1 and 30:1 that is optimal for composting. Later the ration was increased to 17.14 
for active filter bag and 14.86 for inactive filter bag by adding carbonaceous struct ural materials- 
straw and wood chips, but still not sufficiently added. The structure materials also help to reduce 
water content and increase air circulation inside the material. pH was in the range of 6.5 – 7.5, 
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which is favourable for composting.  Role of sulphur, Phosphor and Potassium in composting is 
less known, but they are important nutrients. 

Conclusions 

One of the major advantages of this system is that it does not deprive agriculture of the valuable 
nutrients and soil conditioner from human excreta. However, maintenance is a crucial factor. 
Sufficient  amount of carbonaceous structural materials such as straw and wood chips must be 
added regularly in order to maintain favourable condition for composting. It has also to be stated 
that reasonably dry product, one that can be easily removed and handle, has not been achieved 
in Rottebehaelter so far. Therefore, post-composting is necessary before reuse. Compared to 
septic tanks, there are a couple of advantages that make further development worthwhile.  

Research in Australia has shown that vermicomposting is effective methods for the treatment of 
household organic waste and human excreta . Most of the worm species are able to work when 
the organic material has moisture content of 70–80%, Temperature below 35 0C and pH in the 
range of 6.5 –7.5. Therefore, Rottebehaelter offers favourable condition for worms to thrive and 
convert organic materials into soil conditioner.  Research has been recently started with the 
worms Eisenia Foetida and Eisenia Andrei at the technical university Hamburg-Harburg. 
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Abstract 

Laboratory experiments for the decentralized waste- and wastewater treatment had been 
executed and on the base of the results a treatment concept has been developed. As the result 
of co-treatment of domestic wastewater and separately collected organic kitchen waste 
(biowaste) the production of biogas can be increased significantly. Additionally the load of the 
fermentation can be significantly higher due to the concentration of the organic compounds of 
the wastewater by means of ultrafiltration. The treatment of the grey water can be achieved 
among others using nanofiltration, treatment in rotating biological disk reactors or constructed 
wet lands. 

Introduction 

A concept of a combined treatment of solid and liquid household waste has been developed by 
the Institute of Waste Management, Technical University of Hamburg-Harburg (TUHH) and is 
based on extensive investigations and studies. 

Concept for decentralised waste and wastewater treatment 

Figure 1 shows a concept developed by the authors. In our proposal the grey water is treated by 
means of membrane filtration (nano-filtration). The concentrate is further treated together with 
the black water and the kitchen waste in an anaerobic treatment system consisting of a high 
temperature hydrolysis (hygienization step) and a methanogenic reactor. The residues may be 
directly applied to land or dewatered where the water phase is treated by means of ultra -
filtration. The solid phase can either be post-composted and reused on land or pellitized and 
stored for future land application or incineration.  

The biowaste (kitchen waste) has to be shredded before it is applied to the hydrolysis reactor. 
Hygienization of the black water and the biowaste should be achieved separately when no high 
temperature hydrolysis steps is introduced.  
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Figure 1:  Integrated concept for common decentrali zed wastewater- and waste treatment with widely 

utilization of recycling material 

Results of investigations 

In order to investigate treatment options for the different substrates, facilities for the separate 
collection of black, brown and yellow water have been installed at the Institute of Waste 
Management (TUHH). Two separation toilets for yellow and brown water (Fa. Roediger Vakuum 
und Haustechnik GmbH, Germany) as well as a garbage grinder for kitchen waste are available. 
The yellow respectively brown water is transported by means of separate pipes into collection 
vessels that are placed in a refrigerator. 

Treatment of grey- and black water by means of membrane technology 

For the determination of the grey water quality and for the assessment of the purif ication 
capacity in applying the membrane technology, investigations were carried out with separately 
collected grey water (Hesemann et al, 1999). The chemical analysis of the investigated 
substrates shows that the grey water had a BOD-concentration similar to sewage with lower 
contents of nutrients and salt and a slightly alkaline pH value. After the separation of solid 
substances by means of a screen, the grey water was applied to nano -filtration via a storage 
tank and the concentrate was led back to the storage tank where it was upgraded. The use of a 
nano filtration membrane results in a high retention of organic molecules and colloids. In 
addition bacteria and viruses are retained by the membrane to a high degree. It could be shown 
that, in general, the feed stream can be divided into approx. 1% concentrate and approx. 99% 
permeate. For the TOC, the chemical analysis of the concentrate showed retention values of 
45-87%, where the TOC of the permeate showed relatively constant values around 60 mg/l. The 
COD concentrations varied between 700 mg/l and 1150 mg/l in the concentrate and150 mg/l 
and 350 mg/l in the permeate. The obtained concentrate may be fed directly into the hydrolysis 
reactor for further anaerobic treatment, while the permeate can be used di rectly or with further 
treatment for watering the garden, flushing the toilets, cleaning etc.  
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Unlike the filtration of grey water, the membrane filtration of black water primarily serves to 
concentrate the dissolved (organic) components for further treatme nt. Using an ultra- filtration 
membrane a significant increase of the COD, TOC and BOD5 concentrations can be achieved 
when the process stability is sufficient. This concentration step may be necessary when a 
flushing toilet system is used in order to supply the anaerobic reactor with a higher concentrated 
substrate. 

The possibilities of ultra-filtration for the concentration of black water from households were 
investigated by the Institute of Apparatus Construction of the TU Hamburg-Harburg. Two 
different membranes of 5 and 30 kDa were used and in both cases a concentration of. approx. 
3:1 for TOC could be achieved. For a further reduction of the dissolved organic compounds the 
permeate flow may be further treated by means of nano -filtration. Table 1 shows as results the 
quality of the concentrate and of the permeate after the ultra filtration of black water.  

Parameter Concentrate  Permeate  
pH [-] 8,66 8,80 
LF (χ) [mS/cm] 12,42 11,22 
DOC [mg/l] 7594 1799 
TN [mg/l] 3040 1780 
Pges [mg/l] 365 83,4 

Table 1:  Composition of the concentrate and permeate after a multistage ultra-filtration (membrane 
5kDA) of black water (see table 1) 

Investigations of the co-fermentation of black water and biowaste 

The investigations for the determination of the biogas potent ial of different substrates were 
performed in anaerobic test systems (V=500ml, Heerenklage et al, 2001). The to be 
investigated substrate were inoculated and incubated over a period of 21 days. The gas 
production was measured manually every working day. For analysing the gas quality samples 
were taken by a syringe and injected into a gas chromatograph.  

As an example the substrates black water and a mixture of black water and biowaste have been 
investigated in order to determine gas production rates with time. As biowaste a model waste 
has been used as to allow for high reproducibility. The composition of the model bio -waste 
consisted of equal amounts (based on wet weight) of potatoes, white cabbage, apples, wheat 
grain and dried pees. The black water used was produced by a flushing volume of 2l water per 
toilet utilization. As an inoculum anaerobic treated waste water from the waste water treatment 
plant Köhlbrandhöft in Hamburg, Germany, was used. The black water - biowaste mixture was 
produced by the addition of 40g of biowaste (wet weight) into 1l of black water. This accounts by 
using vacuum toilets for a realistic relation of 0.025 (black water to biowaste).  

If only black water is anaerobically fermented over a period of 21 days a total gas production of 
510 Nml (5. l gas/ l black water) was measured. The biowaste/black water mixture (100ml of 
blackwater + 4 g of biowaste (wet weight)) produced due to a higher organic total solids content 
(oDMmixture =1,88g compared to oDMblack water =0.75g) 1050 Nml of biogas. The specific gas 
production rates based on the organic solid content are comparable for the two substrates (596 
l/kg oDM black water and 525 l/kg oDM mixture). 

In order to obtain process related prarameters investigations were performed by means of up to 
6 reactors with a volume of 6l each. The temperature in the reactor was controlled by operating 
the reactor in a water bath (35°C, resp. 55°C). The substrate in the test reactor can be 
homogenized by using a small pump. The pH-value was monitored online. The gas production 
was continuously measured and recorded using a gas meter. The gas quality was determined 
by taking samples from the gas bags which were analysed in a gas chromatograph.  
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For the optimisation of the adaptation phase of the anaerobic reactor where biowaste and black 
water were co-fermented, four reactors were operated over a period of 23 days. The single 
reactors were discontinuously fed with varying amounts of substrates as black water and 
biowaste. As a basis for the operation an amount of black water of 8 l per inhabitant/day and 
0.17 kg DM of biowaste per inhabitant/day were chosen. During these investigations the 
acceptable loading rate for the anaerobic reactor could be determined and optimised. A stable 
anaerobic fermentation process could be achieved f.e. by the addition of the equivalent of 80 kg 
(wet weight) of biowaste to 1m³ of black water where the total amount of biowaste was added in 
two equal parts per week. After the adaptation phase the addition of biowaste could be 
increased to three times per week (total amount is equivalent to 120 kg of biowaste per week 
(wet weight). A daily dosage of the equivalent of 120 kg (wet weight) of biowaste to 1m³ of black 
water resulted in an unstable process. The operational parameters were  determined and 
characterized in order to achieve a stable operation resp. indicate the beginning of acidification. 
At a concentration of volatile fatty acids (VFA) of 600-1400 mg/l a stable fermentation process 
could be achieved where the pH-value should not decrease below pH=6.7. If the VFA 
concentrations increase above 2500 mg/l the chance of an irreversible acidification occurs.  

Conclusion 

Concepts for the combined decentralized waste- and waste water treatment will become more 
and more relevant in the future. In order to be able to do more investigations in the future, the 
Institute of Waste Management (TUHH) develops together with the “Environmental Technology 
Centre of TUHH (etc) a new mobile decentralized waste- and waste water treatment plant 
based on the concept described in this paper. The plant will be built to be used in a flexible way. 
The different components will be placed in two containers, so that it is possible to go to the 
waste and waste water producers, in order to make investigations that allow an optimum design 
for the full scale plant. In addition since this is a new concept research activities will be 
performed using different treatment systems and using different substrates.  
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Abstract 

This work deals with evaporation as one possible process to concentrate urine and recover the 
contained nutrients. Under certain conditions, losses of ammonia are very low, thus evaporation 
seems to be an appropriate technique. More technical investigations are required to get further 
reliable results. 

Introduction 

Domestic wastewater consists of three fluxes of totally different quality. With respect to 
nutrients, urine (yellow water) is the most important one: About 87 % of nitrogen and still even 
50 % of phosphorus and potassium in domestic wastewater originate from that source. As urine 
separating wastewater systems are available the application of such systems could be a 
strategy to achieve a high degree of nutrient recycling from human waste to agriculture.  

The required removal of nutrients – which is regulated by law - causes high technical efforts in 
conventional wastewater treatment plants and moreover N, P and K are important fertilising 
substances, which are essential in agriculture. Thus the separation of yellow water is an 
important tool of integrated sanitation systems. Since the development of No -Mix-Toilets, the 
separate collection of urine is no longer a technical problem, but techniques for processing the 
collected urine will have to be developed. One important aspect is to increase the concentration 
of yellow water: On the one hand the decrease of volume is of interest in congested areas to 
save storage capacity, on the other hand a higher urea concentration is advantageous for 
definite utilisation of yellow water such as using urea from yellow water as a replacement for 
industrial produced urea (Haber-Bosch-Process). There are a couple of possible techniques, 
both low tech and high tech options, to be considered. In this work evaporation as one possible 
technique of enriching urine is investigated. Investigations on applications of membranes for 
concentrating urine are in progress. 

Evaporation 

In preliminary studies urine, stored under different conditions and stabilised in different ways, 
was evaporated by using a rotary evaporator. Distillate and concentrate were monitored on 
different parameters such as N, P, K and TOC. For the comparison of volume reduction and 
effective concentration of substances, Theoretical Concentration Factors (TCF = ratio of initial 
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volume to final volume) were calculated.  

TCFt = V0 / Vconc (t);  DCFt = Cconc (t) / C0 ;   
Where,  V0 is the initial volume 

Vconc (n) is the volume of the concentrate at time t 
C0 is the concentration of the first sample 
Cconc (n) is the concentration of the sample at time t 

In the evaporator in laboratory scale TCF between 8 and 14 were achieved.  

Determined Concentration Factors (DCF = ratio of final concentration to initial co ncentration) of 
different parameters were marginally lower, e.g. the DCF of ammonia concentration achieved 
about 90 % of the TCF, thus indicating that the losses by stripping ammonia are in an 
acceptable range (fig. 2).  

 

Figure 1: The determined concentration of 
 NH4-N in the concentrated urine, 
 depending on the increasing TCF 

 
Figure 2: Residuals of urine after evaporation 

The highly concentrated residuals (fig. 2) were of viscous consistency and can be described as 
a “pasty” mass. 

Based on these investigations an evaporation unit of larger scale was built to figure out whether 
the crystallisation by evaporating urine is possible in larger scale. A cycle system with heat 
exchanger, evaporator tube pump and crystal deduction unit was installed. The he at exchanger 
heats up the substrate to 90°C. The required heat is provided in the form of steam by a steam 

producer. Between the heat 
exchanger and the evaporator, 
there is a manual valve which 
controls the pressure inside the 
evaporator 

In the crystal deduction part, the 
velocity of the gaseous flux is 
decreased by the enlargement of 
the cross section and heavier 
solids (bigger crystals) can drop 
down. At the lower end of the 
crystal deduction unit a very short 
tube piece is connected with a 
single solenoid valve which opens 
in an adjustable interval and 
discharges a part of the existing 
material (crystals and concentrate) 
in the test-tubes of a tray collector. 
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Once a sample is filled into a tube, the rotator turns so that the next sample will enter the next 
tube. 

In the test tubes of the tray collector, collected material can be separated into the crystal phase 
and the liquid phase. In the evaporator, steam is produced and it is drawn off from the lid of the 
reactor and is conveyed to a condenser. The obtained distillate is collected in a reservoir which 
is set behind the heat exchanger. The experimental work was done under “low-tech-conditions” 
with a self-built-evaporator, to figure out whether evaporation is an appropriate technique or not. 
The main question was to find out if it is possible to evaporate urine without losing high amounts 
of ammonia. 

Results and discussion 

Each experiment was done for a duration of 24 hours. Due to problems with the set -up the 
maximum concentration was not reached.  

Evaporation of fresh urine 
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Figure 4: Comparison of TCF and DCF of urine with and without acetic acid. 

Observing the graphs obtained from processing acidified urine, a trend for N-NH4 can be 
noticed: Measured values are higher than the values of the ideal separation (equal to TCF) so 
that the recovery is higher than 100%. This unique trend could be explained by the 
decomposition of urea existing in the substrate. 

Possible explanations for the losses (measured as balance losses of TP, TN and TOC) could be 
due to two reasons: 

• Aerosol droplets containing these components carried to the distillate by the action of the 
vacuum. 

• Losses due to scales, which was observed on the walls of the plant and residues in the 
concentrate test tubes. 

As for the experiments performed with non-acidified urine this unique trend of N-NH4 was not 
observed in any of the graphs which support the assumption that this was due to dissociation of 
the urea into ammonium by the action of the acid. The losses of N-NH4 in these experiments 
could be attributed to the hydrolysis of urea, which causes a simultaneous increase in pH and 
ammonia concentration as described in the following reactions  
 

CO(NH2)2 + 3H2O    urease     2NH+
4 + HCO3

- + OH- 
NH+

4 + OH-     NH3 (aq) + H2O 
NH3 (aq)     NH3 (g) 

evaporation of fresh urine with acetic acid  4:1 (pH 3)
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Evaporation of fresh urine  
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Evaporation of fresh urine  with acetic acid
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Evaporation of stored urine 
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Evaporation of with acitic acid stored urine 
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Figure 5:  Comparison of evaporation of different 
 urine samples, fresh and stored urine, at 
 each case acidified and non-acidified 

Figure 5 shows the differences in evaporation of 
fresh and stored urine, both acidified and non-
acidified. The distillate in case of acidified urine 
is more or less free of nitrogen. Moreover the 
concentration efficiency is far higher in the 
acidified samples. The losses of ammonia can 
be minimised. It is obvious that the ammonium in 
urine is stabilised by acidification, ammoniac 
stripping does not occur so easily. Ammonia 
losses into distillate are shown in figure 6. 

Conclusion 

Evaporation of yellow water is an appropriate technique to concentrate urine. Ammonia losses 
can be minimised by stabilisation e.g. with acid. Further investigations are needed to find out 
about the effect of parameters such as temperature and pr essure conditions; these parameters 
could not be varied in the here used set-up. To get reliable results a technical plant should be 
used for the next steps of investigating urine evaporation. Moreover a theoretical energy -
balance of different techniques like freezing, membranes and evaporation is in progress. 
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Abstract 

The aim of this study was to optimise design and operation guidelines, and to assess the water 
treatment potential of stormwater pond systems. Performance data (15 months) for a 
stormwater pond pilot plant were collected. The system is based on a combined sedimentation 
tank, attenuation wetland and dry pond construction applied for drainage of roof water run-off 
from a single domestic property. British Building Research Establishment (BRE) and 
Construction Industry Research and Information Association (CIRIA), and German Association 
for Water, Wastewater and Waste (ATV-DVWK) design guidelines were tested. These design 
guidelines failed because they do not consider local hydrological and soil conditions. The 
infiltration function for the dry pond is logarithmic and depends on the season. Furthermore, 
water treatment of rainwater run-off was found to be unnecessary. However, seasonal 
variations of biochemical oxygen demand, dissolved oxygen and pH were recorded. 

Introduction 

A domestic property in Sandy Lane (Bradford, West Yorkshire, England, United Kingdom) was 
selected for this pilot plant case study  The surface water (subject to disposal) came from the 
house roofs and the roof of a tandem (double) garage. In April 2001, the original layout was 
changed in order to feed a semi -natural attenuation wetland structure with rainwater. The 
storage water was predominantly used for watering garden plants in summer. If the attenuation 
wetland structure overflows, the water is transferred to a dry pond structure designed to hold up 
to approximately 1.9 m3 water. The purpose of this study is 

• to identify technical constraints associated with the design and operation,  

• to suggest design calculation alterations and 

• to assess the water treatment potential of stormwater ponds for roof run-off water. 

Materials and methods 

The pilot plant was designed considering Building Research Establishment (BRE, 1991), 
Construction Industry Research and Information Association (CIRIA, 1996) and German 
Association for Water, Wastewater and Waste (ATV-DVWK, 2002) sustainable urban drainage 
system guidelines. 
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The surface areas of both house roofs are 29 m2 each. The angle between each roof and the 
ceiling of the house is 23°. The total theoretical horizontal area of the house roofs is 53 m2. The 
roof area of the tandem garage is 33 m2.  It follows that the total horizontal area to be drained is 
86 m2. 

The total length of the plastic pipework (mean angle of 2°) is 19.6 m.  The maximum horizontal 
average dimensions (length × width) of the sedimentation tank, attenuation wetland and dry 
pond are 0.7 × 0.4, 3.2 × 1.7 and 3.7 × 2.5 m, respectively. The maximum depths of the 
attenuation wetland (or wet pond) and the infiltration pond (or dry pond) are 39.5 and 40.0 cm, 
respectively. 

The semi-natural pond structure consists of three water bodies with a total effective volume of 
approximately 1.7 m3 during dry and 1.9 m3 during storm events. The rainwater drains in the 
sedimentation tank with a maximum capacity of 0.1 m3. Suspended solids (e.g., weathered 
building materials, decayed leaves, bird droppings and particles from atmospheric pollution) 
from the roofs settle down in this part of the structure that acts as a silt trap. Wate r from the 
sedimentation tank overflows into the bottom pond (mean volume of approximately 1.7 m3), 
which is designed as both an attenuation wetland and storage pond. The dry pond will take a 
maximum of approximately 1.8 m3 during very heavy storm events before it overflows. 

All analytical procedures to determine water quality were performed according to the American 
standard methods (Clesceri et al., 1989) that outline also the corresponding water quality 
criteria. Water samples were tested for temperature (air and water), five-day biochemical 
oxygen demand (BOD), suspended solids (SS), total solids (TS), conductivity, turbidity, 
dissolved oxygen (DO) and pH.  Considering Hanna instrumentation, HI 9033 conductivity, C 
102 turbidity, HI 9142 DO and HI 8519N pH meters were used throughout the study. 

Results and discussion 

The critical storm durations for the BRE, CIRIA and ATV-DVWK design calculations were 1.0, 
0.5 and 1.0 hour, respectively. The associated maximum dry pond height (and storage volume) 
requirements were 28 (1.41), 21 (1.04) and 26 (1.27) cm (m3), respectively. 

Water level fluctuations within the attenuation wetland and dry pond are indicated in Fig. 1.  
Maximum dry pond height requirements calculated according to BRE (1991), CIRIA (1996) and 
ATV-DVWK (2002) guidelines were not sufficient for the period of the experiment. Figure 1 
indicates when the system would have failed if the recommended design depths for the dry 
pond would have been applied. 

Equation (1) indicates the mathematical relationship between the dry pond design depth (D) in 
mm and the infiltration time (T) in hours. The corresponding mean product moment correlation 
coefficient (R) the function is 0.92. 

D = -a + ln(T) + b     (1) 

a = 2.54 × b0.51, R = 0.58 (in general) 

a = 0.59 × b0.83, R = 0.89 (for b < 190 mm) 

a = 0.015 × b1.51, R = 0.77 (for b ≥ 190 mm during spring, summer and autumn) 

a = 0.001 × b1.94, R = 0.75 (for b ≥ 190 mm during winter) 
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Figure 1:  Maximum daily water level fluctuations within the attenuation wetland (left vertical axis) and 
dry pond (right vertical axis) between 13 May 2001 and 12 August 2002. Maximum dry pond 
height requirements calculated according to Building Research Establishment (BRE, 1991), 
Construction Industry Research and Information Association (C IRIA, 1996) and German 
Association for Water, Wastewater and Waste (ATV-DVWK, 2002) guidelines are indicated by 
horizontal lines. 

The actual design for the dry pond (40 cm depth and 1.7 m3 volume) was acceptable when 
compared to BRE (1991), CIRIA (1996) and ATV-DVWK (2002) guidelines. Any signs of system 
failure (e.g., flooding of the nearby lawn and structural damage) have not yet been observed.  
However, strict application of all tested guidelines (without adding a higher safety factor than 
recommended) would have lead to system failures during the first year of operation.  

The period of study can be described as a particularly “wet time” (2,160 mm precipitation 
between summer 2001 and spring 2002). Moreover, the study site is located on a hill 
(approximately 240 m above sea level) and semi -exposed. 

The water quality of the attenuation wetland (Table 1) was acceptable for disposal (e.g., 
sustainable drainage) and recycling (e.g., irrigation, toilet flushing and washing cars).  

Conclusions 

1. The successful operation of a stormwater pond system (first 15 months) has been studied.  

2. International design guidelines are only acceptable if local environmental conditions 
(precipitation and infiltration patterns) are fully considered or very high safety factors are 
applied. 

3. Infiltration through the dry pond base is low and should be ignored during the design.  
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4. The infiltration function for the dry pond is logarithmic. 

5. The water quality of the attenuation wetland was acceptable according to standard practice 
for water disposal and recycling. 

6. Rainwater does not require treatment in terms of its soluble content.  

7. Seasonal variations in water quality were apparent. 

 

Variable Unit Count Mean 1st SR2 

mean 

AM3 

Mean 

WR4 

Mean 

SG5 2nd 
SR6 

Air temperature8 °C 345 12.2 16.9 8.9 6.5 13.2 17.1 

Water temperature8 °C 325 11.1 15.4 8.6 9.1 11.9 15.3 

BOD1,9 mg/l 57 4.3 4.2 3.1 5.6 6.7 2.5 

Suspended solids9 mg/l 40 46.8 132.5 51.3 3.8 54.8 3.4 

Total solids9 mg/l 40 193 239 294 105 152 92 

Conductivity8 µS 281 39.8 75.1 37.5 33.0 37.7 34.2 

Turbidity9 NTU7 39 2.8 4.3 2.7 2.2 2.0 1.5 

Dissolved oxygen8 mg/l 319 9.3 11.5 4.8 10.1 12.4 7.3 

pH8 - 263 7.77 8.36 7.27 7.86 8.69 6.84 

Algal cover8 % 306 44 61 50 36 39 38 
1BOD = five-day biochemical oxygen demand; 2SR = summer: 21/06-21/09/01; 3AM = autumn: 22/09-
20/12/01; 4WR = winter: 21/12/01-19/03/02; 5SG = spring: 20/03-20/06/02; 6SR = summer: 21/06-
12/08/02; 7NTU = nephelometric turbidity unit 8PM = afternoon measurement; 9AM = morning 
measurement. 

Table 1: Summary statistics: Water quality of the attenuation wetland (26 April 2001 to 12 August 2002) 
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Abstract 

Nowadays, the problems related to Water and, in particular the wastewater, are becoming more 
and more important. Northern countries are facing some serious problems with the  water 
streams pollution and water table contamination with nitrates and phosphates. Southern 
countries which are suffering from lack of water supply during at least one part of the year, as it 
is the case for the Mediterranean countries, have constantly increasing need of freshwater for 
human purpose (drinking water) and for their agriculture (irrigation). The Faculté Universitaire 
des Sciences Agronomiques of Gembloux (Belgium) have looked into this problem and has 
developed a simple and low cost technique named Epuvalisation (épuration (purification) and 
valorisation (valorisation)) which have shown a really good efficiency in wastewater treatment 
by using plants. This technique, used as a tertiary treatment, has the particularity to remove the 
nitrates and phosphates from the wastewater and reduce the indicators of faecal contamination 
such as faecal and total coliforms and faecal streptococci. The treated wastewater can then be 
used for irrigation without the risks of water table contamination or sanitary problem and can 
also be rejected in water streams without the risks of eutrophication.  

Principle of the purification technique 

Epuvalisation is a biological wastewater treatment technique based on the principle of 
hydroponic cultures. The wastewater flows thru channels in which the plants have been placed 
with bare roots. The system can be used as an opened (only 1 passage) or closed circuit 
(recirculation). The channels are 50 cm wide and their length is settled depending on the 
wastewater quality. Nitrates and phosphates are taken up by the plants for their growing 
process and the roots are acting as physical filter for the suspended matter and as a support for 
an abundant bacterial flora. Therefore, the system is also acting as a constantly growing 
trickling filter. 

This technique is used for the physico-chemical and microbiological purification of water 
polluted by organic matter of fecal origin (tertiary treatment of water treatment plants, small 
communities). It can also be applied to the treatment of urban wastewater, various agricultural 
wastewaters (pig slurry whether fermented in digesters or not) or industrial wastewaters 
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(removal by filtration, decantation and concentration of heavy metals). The characteristic of the 
technique is to considerably aerate the liquid. The liquid to be treated is used as exclusive 
nutritional source. A channel can be made up of NFT (Nutrient Film Technique) or PNF 
(Permanent Nutrient Flow) elements operating either in open or closed circuit. One can say that 
plants, devoid of any substrate, act via their roots, in three ways: 

• as a bacteria support in very aerated medium 

• as a natural filter retaining suspended matters 

• as an absorbent of fertilizing matters : especially nitrates and phosphates 

This purification technique differs completely from stabilisation ponds in 3 vital characteristics 
(Henrard, 1994). 

• a very short retention time of the liquid in the channels, which does not in general exceed 1 
to 2 hours 

• economic in space, making it feasible to set up the system under a greenhouse, kept above 
freezing by slight heating. The technique could therefore be used year round in temperate or 
cold climates 

• root growth and accumulation of suspended matter around roots leads to the silting up of 
channels and overflowing. Plants must therefore be replaced after 3 to 4 months of growth.  

Species are chosen according to various specific criteria : their adaptation to hydroponic 
growth ; rooting must be composed of fine rootlets with no tap root  ; their ready multiplication by 
sowing, propagation by cuttings, ratooning, in-vitro, ... in order to ensure plant replacement. The 
technique is used for the removal of nitrogen and phosphorus compounds and the reduction of 
pathogen bacteria and heavy metals. A standard channel (length:12 m (c l.circuit) to 50 m 
(opened circuit)) can treat, on average, 500 litres/hour of liquid which amounts to 12 m3 /day or 
70 to 80 equivalents-inhabitant using tertiary treatment of domestic effluents. The equipment 
used consists of easily transportable channel elements, which are light-weight and of 
convenient width for the operator’s arm. The most common types are made of metal sheets 
coated with a layer of epoxy which is particularly resistant to aggressive agents, shaped, 50 cm 
wide and 9 cm deep, with corrugated reinforcements along the lengths. The standard length of 
each element is 5 meters. Placed end to end, the channels of the desired length can be 
obtained. The liquid to be treated flows by gravity along the channels containing the plants. As a 
rule, the highest purification capacity occurs in the first 20 meters of the channel. Increasing the 
length to around 50 meters further reduces pollution. However, a greater length poses problems 
not only for the layout of the land which must necessarily be slopi ng to avoid raising the 
elements too high ; but also due to excessive evapotranspiration which can prevent a sufficient 
quantity of the liquid from reaching the end of the channel.  

Growth performances of species used 

The most efficient species are celery, cyperus, water cress and iris. These four species give 
excellent results but their capacity for retaining sludge varies : the iris readily accepts having its 
roots covered in sludge whereas water cress has a far better vegetation when the liquid does 
not contain excessive quantities of sludge. 
It could be useful, given these varied vegetation characteristics, to use sequences of different 
species to enhance global efficiency. One can therefore either use one single species or a 
sequence of species. 
It was clear from a species by species analysis that cyperus and celery clearly stood out on 
account of their better growth performances and higher purifying capacity.  
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Performances of the purification treatment system 

In general, the reductions obtained in closed circuit are better than those obtained in open 
circuit. The retention time of the liquid in the channels being longer in closed circuits, the longer 
contact time of the effluent with the plant roots enables the bacteria to carry out a more 
thorough nitrification and a resulting greater reduction in COD (Xanthoulis, 1997).  

Reduction of physico-chemical pollution 

In opened circuit 

Those results have been achieved with effluents coming from classical purification plants (tertiary 
treatment - Belgium and Senegal) and with effluents coming from an anaerobic lagoon (secondary 
treatment - Morocco). 

Parameters Belgium* Senegal Morocco * 
 in % g/m.d ** in % in % 

SM    > 60 %  
COD 48,2 10,31 20 - 60 % > 40 %  
BOD5 55,0  30 - 63 %  > 40 %  
NH4 36,6 1,27 25 - 40 %   > 60 %  
NO3 45,3 11,55 25 - 40 %  > 60 %  
PO4 30,9 1,71 50 - 85 %   

* mean 
** results in g. removed per channel meter and per day 

Those trials have also shown that the major part of the purification was achieved in the 20 to 30 
first meters of the channels. For example, these are the results achieved by the 20 first meters 
of a 40 meters long channel, in percentage of the global purification efficiency (after 40m).  

 NEP Channel NFT Channel 
COD 89% 83% 
NH4 79%  76% 
NO3 82% 78% 
PO4 72% 69% 

In closed circuit 

The next results have been achieved with the "epuvalisation" of bovine slurry (Belgium) and 
porcine slurry (Portugal). The retention times have varied (along with the different trials which 
have been made) between 1 and 7 days. 

Parameters Belgium (in %) * Portugal (in %) 
DCO 64,8 from 35,9 to 95,3 
NH4 78,3 from 33,7 to 98,7 
NO3 88,7  
N total  from 33,9 to 92,1 
PO4 66,2  

* mean 

Other applications 

This technique has also been tested on municipal landfill leachates, on Olive Oil Mill's 
Wastewater, and enables the partial removal of heavy metals and the reduction in 
microbiological and helminth pollutions. 
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Valorization ways for the plants  

As its name says it, this technique is not only a good way to purify wastewater but can also 
produce interesting and valuable plants. Among the valorization ways we have : pellets 
production for animal feeding, seed production, biomass production and production of 
ornamental plants which have real economical potential. Those plants can also be composted 
or used to produce worm compost which has an high economical and agricultural value.  

Conclusion 

The purification technique has been refined over a number of years through numerous 
experiments both in closed and opened circuits, and has resulted in the selection of the best 
species for ensuring highest treatment rates. The results achieved during the trials clearly 
indicate the efficiency of the system which, applied as a tertiary treatment of wastewater, leads 
to substantial physico-chemical and microbiological reductions. With this technique, the treated 
effluents meet the standards set for discharging wastewater into surface waters and the quality 
standards for irrigation waters. 

The purification technique and the size of the system must however be adapted to the quality of 
the effluent and the space available. Indeed, trials conducted in open circuit have enabled the 
characterization of the purification in terms of reduction per meter of channel and per day, and 
in closed circuit trials, in terms of the required retention time of the liquid in the channels to 
achieve given reductions. These results can serve as a basis for reflection prior to setting up a 
purification system. The choice of this technique in opened or closed circuits depends of course 
on the space available, but also on the quality of the effluent to be treated. Although the use of a 
closed circuit constitutes a valid alternative when available space is fairly limited, it requires a 
technically heavier and more complex installation. Furthermore, this type of operation seems to 
be better suited to the treatment of smaller quantities of effluent presenting a higher load of 
polluting elements. In the current context of search for an improvement of the environment 
associated with the problems of the wastewater treatment costs and the availability of water in 
most of the Mediterranean countries, Epuvalisation can be considered as a good alternative for 
the small communities. Indeed, this technique is easy to use, low cost, flexible and have shown 
high efficiency in the purification process. 
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Abstract 

The decentralized approach is a new means of addressing wastewater management needs of 
sewered and unsewered areas in a comprehensive fashion. The basic idea of that is to treat the 
wastewater (possibly together with refuses) on-site by means of low-cost treatment systems, 
and make direct use the treatment products (water, compost and biogas). This alternative can 
meet a sustainable wastewater management requirement and has a promising future, 
especially for developing country of Vietnam, where the water and sanitation issues are 
becoming a more and more important issue and are under new period of infrastructure 
development. Further, the authors describe results from experiment on treatment of real 
domestic wastewater by baffled septic tank with anaerobic filter that could be a feasible option 
for on-site wastewater treatment in residential areas of Vietnam. The data show that baffled 
septic tank with anaerobic filter could effectively treat black wastewater from toilet in 
Vietnamese conditions, with removal efficiency by COD from 43.24 ~ 94.92 % (average 
73.62%), by BOD5 from 45.3 ~ 90.87 % (average 71.08%), by SS from 47.62 ~ 97.18 % 
(average 75.44%). Characteristics of influent wastewater, BASTAF performance, relationships 
between removal efficiency and organic loads, up -flow velocity, hydraulic retention time, 
ambient temperature, presence of anaerobic filter and number of baffled chambers were 
discussed. After that, the decentralized schemes of wastewater management are also proposed 
for medium and small cities of Vietnam.  

Introduction 

As a part of the Swiss Government funded project of Capacity building in environmental science 
and technology at Centre for Environmental Engineering of Towns and Industrial Areas 
(CEETIA), Hanoi University of Civil Engineering, in co-operation with Swiss Federal Institute for 
Environmental Science and Technology (EAWAG), the decentralization concepts and 
technologies in wastewater management are being systematically investigated, with focus on its 
development and practical implementation in Vietnam.  

Looking for appropriate technical solutions for improvement of septic tank performance in urban 
areas in Vietnam is one from major interests of CEETIA-EAWAG research team. Once the issue 
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Figure 1: Baffled septic tank with anaerobic filter (BASTAF) M1, M2, M3, M4, M5: Sampling points  

of simple and effective wastewater treatment facility could be solved at household or group of 
household level, then the decentralized sewerage system could be released significantly from 
suspended solids and organic loads as well as it could be operated at more stabilized flow 
conditions. 

Experiment on treatment of real domestic (black) wastewater by baffled septic tank with 
anaerobic filter (BASTAF) at CEETIA 

Material and methods 

CEETIA has installed two models of baffled septic tank, small and big, made from Plexiglas. 
The scheme of arrangement of models is shown in Figure 1. Operation of those two septic  tank 
models started since July 2001. Peristalic pumps were used to feed the reactors with a real 
wastewater from toilets in building of classes at the University’s campus near Laboratory.  

 

Period, days of 
operation 

Flow, l/h Up-flow 
velocity v, m/h 

HRT, h Influent SS, 
mg/l 

Influent 
COD, mg/l 

OLR, 
gCOD/l.d 

Stage 1. 2 models working in parallel, continued feeding, 339 days  

Stage 2. 2 models working in parallel, discontinued feeding, 54 days  

Stage 3. 2 models working in line, continued feeding, 167 days  

Small BASTAF 2.34 ~ 
4.74 

0.06 ~ 0.3 7.8 ~ 471.8 9 ~ 1065 79 ~ 971 0.006 ~ 3.04 

Big BASTAF 6 ~ 20 0.15 ~ 0.15 10.8 ~ 95.6 63 ~ 1065 121 ~ 1031 0.04 ~ 3.04 

Table 1: Operational conditions of BASTAF models  
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Results and discussion 

Small model Big model 
Stages 

SS COD BOD5 SS COD BOD5 

1 
16.67 ~ 
87.50 

(59.12) 

28.33 ~ 
90.17 

(50.11) 

23.45 ~ 
73.55 
(46.0) 

12.83 ~ 
83.29 

(50.99) 

2.04 ~ 
61.92 

(30.55) 

19.22 ~ 
61.54 

(37.61) 

2 
47.62 ~ 
97.18 

(75.44) 

43.24 ~ 
94.92 

(73.62) 

45.3 ~ 
90.87 

(71.08) 

35.86 ~ 
91.30 

(68.69) 

28.38 ~ 
83.83 

(59.85) 

36.36 ~ 
91.23 

(60.70) 

3 
50.74 ~ 
94.87 

(78.84) 

30.84 ~ 
81.75 

(64.71) 

24.52 ~ 
81.58 

(64.39) 
(2 models in series) 

(Note: figures given in table: minimum ~ maximum (average value)). 

Table 2: SS, COD, BOD5 removal efficiencies, % 

 

In:          Influent COD; E1:       COD removal efficiency from first BASTAF, %; 

Out-1:   COD in effluent from first BASTAF; E2:       COD removal efficiency from second BASTAF, %; 

Out-2:  COD in effluent from second (following)                                   
 BASTAF; 

E1+2:  Total removal efficiency of a system, %. 

q1:        Wastewater flow to first BASTAF, l/h  q2:     Wastewater flow to second BASTAF, l/h  

Figure 2: COD removal efficiency (stage 3, two BASTAFs in series, Sep. 2002  - Jan. 2003). 

Conclusions 

• Baffled septic tank with or without up-flow anaerobic filter has shown positive results for real 
domestic (black) wastewater treatment in Vietnamese condition. It could be developed 
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further for practical implementation. Results from this study could be adapted for revision of 
existing septic tank design standards in the country. 

• A combination of settling chamber with HRT 12 h, 4 up-flow baffled chambers with HRT 48 
h, anaerobic filter with HRT 24 h, in series, could provide the ef fluent from black wastewater 
treatment, with average inflow chaacteristics: SS 350 mg/l; COD 500 mg/l; BOD5 300 mg/l, 
at a range of SS 87.5 mg/l (75% removed), COD 180 mg/l (64% removed), and BOD5 110 
mg/l (64% removed) after three months of operation, in the climate similar to Hanoi 
conditions. System of a settling chamber, 3 ~ 4 baffled chambers followed by 2 ~ 3  filter 
chambers are suggested for on-site and/or decentralized wastewater treatment schemes for 
agourp of houses  where effluent from BASTAF goes to the stabilization ponds or infiltration 
facilities such as soak-away chamber, infiltration field, etc., after that the effluent could meet 
the requirement for secondary treatment before it is infiltrated into the soil or discharged to 
receiving water bodies. This effluent also can be reused in irrigation.  
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Abstract 

Removal of ammonia through ion exchange with clinoptilolite had bee n demonstrated to be an 
effective alternative in terms of domestic wastewater treatment. Effective desorption of 
ammonia from the surface of clinoptilolite had also been shown to be possible. As such, 
removal of ammonia  from wastewater, and possibly from human urine, followed by its elution 
from the ion exchanger  in a sequential process of ion exchange and desorption, seems to be a 
potential method of recovery of ammonia, and alternatively nitrogen, from liquid wastes 
originating from domestic use. 

Introduction 

Depending upon its strength, conventional domestic wastewater contains 20 - 85 mg/l of total 
nitrogen, the majority of which comes from ammonia. Ammonia content of different strengths of 
domestic wastewater is given in the range of 12 - 50  mg NH4/l, and the balance of the total 
nitrogen is typically attributed to organic nitrogen which is a potential source of ammonia itself.  
Over 80 % of nitrogen originating from domestic use is attributed to urine (Otterpohl, 2000). 
Human urine on the other hand, typically has about 600 mg/l of ammonia nitrogen in it. 
Additionally, it contains typically 10 g/l of urea which in turn is converted into ammonia.  

Ion exchange with clinoptilolite has been demonstrated to be an effective method of removal of 
ammonia from domestic wastewater. Not only can ion exchange with clinoptilolite remove 
ammonia at its original concentrations in the wastewater but also it can be used as a polishing 
step after the nitrogen removal unit to maintain the targeted removal level especially during 
peak and variable loads of ammonia. 
Previous work has indicated that except being very effective in terms of removing ammonia 
from domestic wastewater, effective desorption of the surface ammonium ions is also possible 
even if only water that is free of ammonia is used in the desoption process. Another effective 
way of removing the ammonia from the surface is the familiar method of regeneration with a 
sodium containing regenerant, preferably at high pH’s. 

An analysis of the previous investigations suggests that ion exchange with clinoptilolite followed 
by desorption may be a good alternative for the removal, recovery and reuse of ammonia not 
only for conventional domestic wastewater but also from separately collected, segregated 
domestic effluent like in the case of yellow water, where ammonia levels are substantially higher 
than the conventional domestic wastewater. Although it constitutes a minor portion of domestic 
wastewater, most of the nutrients therein are attributed to human urine and about 80 % of the 
total nitrogen in domestic wastewater is estimated to come from urine. Typical values of total 
nitrogen and ammonia nitrogen in urine are given as 12 and 0.6 g N/l, respectively. Typical 
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concentration of urea in urine, which is a potential source of ammonia, is given as 10 g N/l.  

This paper aims to present a brief overview of ammonia removal from domestic wastewater 
through ion exchange with clinoptilolite and a discussion of the potential of ammonia recovery 
from domestic wastewater, or alternatively human urine, using this method in combination with 
desorption. 

Ammonia removal through ion exchange with clinoptilolite 

Ion exchange with clinoptilolite has been demonstrated to be an effective method of removal of 
ammonia from domestic wastewater. Clinoptilolite is a natural zeolite which is highly selective 
for ammonia. References regarding this subject matter is abundant, and a recent review is 
published by Hedstrom (2001). 

Various researchers have published isotherm work pointing at the capacity of clinoptilolite to 
remove ammonia from a variety  of different feed streams including pure aqueous solutions of 
ammonia, synthetic feed solutions, domestic wastewater etc. (Beler Baykal, 1998, Nguyen, & 
Tanner, 1998, Gisvold et. al, 2000a) mostly in the range of 0-50 mg/l of ammonia concentration 
in solution. An example to those, produced by Beler Baykal et. al (1996a), is given in Figure 1, 
where isotherms for a Bulgarian clinoptilolite, Beli Plast, and a Turkish clinoptilolite, Bigadic, in 
contact with domestic wastewater are presented, with Fruendlich isotherm equations for that 
range given in the same work as 

 q e =  1.08 c 0.664  for Beli Plast, and 

 q e =  1.28 c 0.594   for Bigadic 

Work concerning higher concentrations of ammonia are rather limited. Nevertheless, the 
isotherm by Zwerger et. al (2000) shows that a surface capacity of about 18 mg/g is attained for 
700 mg/l of ammonia in solution at equilibrium. Recent on going isotherm work undertaken even 
at higher concentrations ran with the Bigadic clinoptilolite, has revealed that the capacity may 
go as high as about 30 mg NH4/g clinoptilolite at an equilibrium solution concentration of 800 mg 
NH4/l (Beler Baykal et. al., 2003). 

Moreover, not only can ion exchange with clinoptilolite remove ammonia at its original 
concentrations in the wastewater but also it can be used as a polishing step after some nitrogen 
removal unit. Furthermore, the system may be used for upgrading effluent quality from 
nitrification especially during peak and variable ammonia concentrations, as a result of which 
effluent peaks may also occur, to maintain a stable effluent quality (Beler Baykal et. al, 1996b, 
Beler Baykal & Akca Guven, 1997, Beler Baykal 1998, Gisvold et. al, 2000a, 2000b). Examples 
of a breakthrough analysis and dampening of peak ammonia concentrations with the Bigadic 
clinoptilolite are presented in Figure 2 (Beler Baykal & Akca Guven, 1997, Beler Baykal 1998).  

Figure 1: Isotherms for two different clinoptilolite samples at a particle size of 1 -2 mm in the range of 
0-35 mg/l of ammonia at 20 C (Beler Baykal et. al,1996a) 
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Potential as a nitrogen recovery alternative 

It is clear from the previous discussion that removal of ammonia from conventional domestic 
wastewater through ion exchange with clinoptilolite is a successful method. It has been further 
demonstrated by Beler Baykal et. al. (2003) that at elevated equilibrium concentrations of 800 
mg NH4/l in solution, the capacity of clinoptilolite may go up as high as 30 mg NH4/g 
clinoptilolite. This is a good indicator that for segregated collection of urine (Otterpohl, 2000), 
the system may also be a good alternative for the removal of ammonia from yellow water both 
as original ammonia and for ammonia generated in time due to the conversion of urea.  

Previous work had also indicated that except being very effective in terms of removing ammonia 
from domestic wastewater, effective desorption of the surface ammonium ions are also possible 
even if only water that is free of ammonia is used in the desoption process. Figure 3 shows 
desorption of ammonia from exhausted Beli Plast clinoptilolite using tap water only, indicating 
that desorption is fast in the first 30 minutes. Another effective way of removing the ammonia 
from the surface is the familiar method of regeneration at high pH’s with a sodium containing 
regenerant and efficiencies of up to about 100% had been reported (Hedstrom, 2001). Other 
previous work from literature has also shown that recovery of ammonia from exhausted 
clinoptilolite is possible and clinoptilolite exhausted with ammonia may also be used as a slow 
release fertilizer (Liberti, 1979, 1981). 

Conclusions 

Removal of ammonia from conventional domestic wastewater can be achieved successfully 
through ion exchange with clinoptilolite within an ammonia concentration of up to about 50 mg/l. 
It had also been demonstrated that ammonia removed may be recovered through desorption 
and/or regeneration. As such, a sequential process of ion exchange followed by desorption 
emerges a potential method of ammonia recovery from domestic wastewater.  

   a      b 
Figure 2: Behavior of clinoptilolite-ammonia ion exchange systems,  

Figure 3: Desorption of ammonia from exhausted clinoptilolite with tap water (Beler   Baykal, et. al., 
1996b) 
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Recent work under progress has also given indications that even higher capacities may be 
attained at elevated ammonia concentrations reaching 800 mg/l, meaning the method may also 
be a possible alternative for removal and recovery of ammonia from urine, which actually 
introduces about 80% of the nitrogen in domestic wastewater, if urine is separated from the 
main wastewater line. 
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Abstract 

The characteristics and biodegradability of grey water of ‘Polderdrift ’ community were 
determined in this paper. The results showed that the settled grey-water is a low strength 
wastewater (total COD = 322 mg/l) with low concentration of nutrients (average concentration of 
Kj-N and total PO4-P were 19.6 and 3.3 mg/l, respectively). Contrary to sewage, most of the 
nutrients in the settled grey-water were in particulate form. Particulate N and P represented 81 
and 79% of, respectively, Kj-N and total P. Moreover, the results indicated that the settled grey-
water had high aerobic and anaerobic biodegradability (88 and 86%, respectively). Accordingly, 
the treatment of grey water for the removal of COD and nutrients can be carried out in high-rate 
anaerobic systems, like upflow anaerobic sludge blanket (UASB) or anaerobic filter (AF). 

Introduction 

Grey water, which represents the major part of domestic sewage (60-75%), can be defined as a 
wastewater generated in the household, excluding toilet wastes, and includes wastewater from 
bathroom sinks, baths, showers, laundry facilities, dishwashers and kitchen sinks (Jefferson et 
al., 1999; Diaper et al., 2001; Eriksson et al., 2002). The characteristics of grey water depend 
firstly on the quality of the water supply, secondly on the type of distribution net for both drinking 
water and the grey water and thirdly from the activities in the household (Jeffrey and Jefferson, 
2001; Eriksson et al., 2002). Grey water reuse on-site and off-site is more feasible as compared 
to domestic sewage. Jeffrey and Jefferson (2001) carried out a survey in UK and they found 
that 89% of the public would accept grey water recycling. From a survey of 400 residents of 
Amsterdam, 97% can accept water recycling for toilet flushing (van der Hoek et al, 1999). The 
reuse of grey water not only represents a sustainable  solution, but also reduces the water bill 
with a reduction of water consumption by 30-35% (Diaper et al., 2001). 

Grey water is produced over short periods. This generally results in a deficit in water during the 
afternoon and the late evening (Jeferson et al., 1999). Imura et al. (1995) found that the peak 
coefficient for grey water reached up to 6.2, which can lead to a decline in treatment 
performance during the peak flow hours. Therefore, presence of a storage tank prior to the 
treatment system of grey water is needed (Jeferson et al., 1999). Most researches in the 
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treatment of grey water were sand filtration, natural, aerobic and membrane filtration systems 
(Jefferson et al., 1999). Although high-rate anaerobic system have both physical and biological 
removal, there is no research carried out on the anaerobic treatment of grey water.  

In The Netherlands, there are limited on-site treatment plants for grey water. These existing 
treatment plants are locally installed and mainly natural systems. In order to make a 
recommendation on the potential of the treatment and re-use of Dutch grey water, a thorough 
knowledge of the characteristics of grey water found in the Netherlands is necessary. Therefore, 
the aim of this paper is to characterise the grey water of Polderdrift community and to determine 
its anaerobic and aerobic biodegradability. 

Materials and methods  

In Arnhem, The Netherlands, grey water of about 40 houses (Polderdrift community) is treated 
using a wetland and reused for toilet flushing, and rainwater is used for washing machines. The 
main aspect of this system is decentralised treatment of grey water, reduction of net water use 
by reusing treated grey water for toilets flushing and rainwater for the washing machines and 
diminishing the amount of do mestic sewage, which has to be transported to and treated in 
centralised wastewater treatment plant. Grey water is transported to a storage tank and then 
flows to a wetland, which is a subsurface-flow constructed wetland planted with reed. The 
produced grey water contains all grey-water sources in the households, and it is representative 
of communal grey water in The Netherlands. 

For charactisation of the grey water of Poldrecht community, five grey-water samples were 
taken after the storage tank (HRT = 1.2 day) in a period of three months. COD was measured 
using the micro-method described by Jirka and Carter (1975). Raw samples were used for total 
COD, 4.4 µm folded paper-filtered samples for CODf and 0.45 µm membrane-filtered samples for 
dissolved COD. The suspended and colloidal COD were calculated by the differences between 
total COD and CODf, CODf and dissolved COD, respectively. Volatile fatty acids (VFA) were 
measured from membrane-filtered samples with a gas chromatograph. The Kjeldahl nitrogen (Kj-N) 
and E-coli were measured according to the Dutch Standard Normalized Methods, DSNM,  (1969). 
Total PO4–P was measured with an auto analyser (Skalar) after treatment according to DSNM 
(1969), while NH+

4-N and dissolved PO4
3--P were directly measured with the same auto analyser. 

Proteins and carbohydrates were analysed as described by Elmitwalli et al. (2002). The anaerobic 
and aerobic biodegradability of the grey water were determined using WTW OxiTop. The 
anaerobic and aerobic biodegradability were calculated based on, respectively, increase and 
decrease of the gas pressure in the head space of the Oxitop bottles due to, respectively, methane 
production and oxygen consumption. 

Results and discussion 

Table 1 presents the characteristics of the grey water of t he ‘Polderdrift’ community. The results 
showed that the grey water was a low strength wastewater, as the average concentration of the 
total COD was 322 mg/l. The characterised grey water can be considered as a settled grey 
water, as the measured characteristics were determined based on samples taken after the 
storage tank with a HRT of 1.2 days. Table 2 presents a comparison between black water and 
grey water, based on the characteristics of black water mentioned by Kujawa-Roeleveld (2002) 
and van der Hoek et al. (1999) and the measured characteristics of the settled grey water in this 
study. The major part of the COD and nutrients (N and P) in domestic sewage are mainly 
originated from the black water (Table 2). As the dissolved COD and ortho-P of the settled grey 
water is almost similar to that of raw grey-water, based on the data in Table 2, only 34 and 14% 
of, respectively, dissolved COD and ortho-P in the domestic sewage of the ‘Polderdrift’ 
community are originated from grey water. 
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Parameter Unit Concentration  Dutch Domestic 
  Average Max. Min.  St. dev.* Wastewater** 
PH - 7.12 7.5 6.8 0.27 - 
Total COD mg/l 322 342 296 24 425 (143) 
Suspended COD mg/l 54 75 33 21 201 (118) 
Colloidal COD mg/l 109 137 82 27 99 (9) 
Dissolved COD mg/l 159 185 139 23 125 (30) 
VFA mg/l 40 54 27.7 12.7 38 (25) 
Kj-N mg/l 19.6 28.3 11.1 7.7   62 (13) 
NH4-N mg/l 3.7 5.9 1.4 2 52 (18) 
Particulate-N mg/l 15.9 26.8 9.5 7.6 10 
Total-P mg/l 3.3 5.6 2.5 1.3 8.6 (2.5) 
Ortho-P mg/l 0.6 1.9 0.2 0.8 5.4 (1) 
Particulate-P mg/l 2.6 3.7 2.3 0.6 3.2 (1.6) 
TSS mg/l 75.8 155 34 42.6 - 
VSS mg/l 53.3 125 16 37.9 - 
Protein mg/l 38.8 47 35 5.1  125 (31) 
Polysaccharides mg/l 11.6 14.9 6.9 2 69 (38) 
Monosaccharides mg/l 8.1 15.6 4.9 3.3 19 (3) 
E-Coli /100ml 7.7x105 2.2x10

6 
1x105 5.9x105 5.6x106 (1.5x106) 

Anaerobic 
biodegradability# 

mg/l 276 296 255 29 - 

Aerobic 
biodegradability## 

mg/l 283 - - - - 

Table 1: Characteristics of the grey water of Poldrecht community. *: standard deviation. **: from 
Elmitwalli et al. (2002). #: after 15  d ays with inoculum at 30oC. ##: after 20 days at 30oC. 

Parameter Faeces# Urine# Black water# Settled grey 
water## 

 gr/(person*day) Gr/(person*day) gr/(person*day) gr/(person*day) 
Total COD 78.3 15.3 93.7 27.3 
Dissolved COD 12.3 13.6 25.9 13.6 
Particulate COD 62.8 1.8 64.5 13.9 
Kj-N 2.5 6.3 8.8 1.7 
Ortho-P 0.3 0.2 0.6 0.1 
Total-P 1.0 0.4 1.4 0.3 
Particulate-P 0.6 0.2 0.8 0.2 
Protein 6.0 0.3 6.3 3.3 
Polysaccharides 6.1 0.8 6.9 1.0 
Monosaccharide
s 

1.6 0.1 1.7 0.7 

Table 2: Characteristics of faeces, urine, black water and settled grey water. #: Derived from Kujawa-
Roeleveld (2002) and van der Hoek et al. (1999), ##: Derived from Table 1 assuming the 
volume of grey water is 86 litres/person/day, van der Hoek et al. (1999) 

Contrary to the Dutch domestic-wastewater (Table 1), most of the nutrients (N and P) in the 
settled grey water were in particulate form. Particulate N and P represented 81 and 79% of, 
respectively, Kj-N and total P. Therefore, applying an efficient system for the removal of 
particulate matter (like a physical-chemical treatment, UASB, AF system) will likely result in a 
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high removal of nutrients.  However, biological treatment is needed for the removal of the 
dissolved COD, as the average concentration of the dissolved COD was 159 mg/l. The results 
of anaerobic and aerobic biodegradability showed the potential of applying both systems for the 
treatment of grey water. Therefore, in applying anaerobic systems, like UASB and AF reactor, 
for the treatment of grey water, both COD and nutrients can be efficiently removed. As the grey 
water has a higher temperature as compared to sewage (Eriksson et al., 2002), high-rate 
anaerobic treatment of grey water can have a high potential, even at a moderate climate. 
However, the removal of pathogens (which has a slightly lower concentration in grey water than 
domestic wastewater) in the anaerobic treatment of grey water will be limited, as found by 
Elmitwalli et al. (2002) in the anaerobic treatment of domestic wastewater. Therefore, 
disinfection of treated grey-water is needed, like the treated domestic-wastewater in high-rate 
biological systems. Finally, one of the main benefits of grey water separation from sewage can 
be considered that the treatment of grey water for the removal of COD and nutrients (P  and N) 
can be carried out easily by a low-cost technology in high-rate anaerobic systems. 

Conclusions 

• The settled grey-water of Poldrecht community is a low strength wastewater (total COD = 
322 mg/l) with low concentration of nutrients (average concentrat ion of Kj-N and total PO4-P 
were 19.6 and 3.3 mg/l, respectively). Contrary to sewage, most of the nutrients (N and P) in 
settled grey-water was in particulate form. Particulate N and P represented 81 and 79% of, 
respectively, Kj-N and total P. 

• The settled grey-water had high aerobic and anaerobic biodegradability (88 and 86%, 
respectively). Accordingly, the treatment of grey water for removal of COD and nutrients can 
be carried out by a low-cost technology in high-rate anaerobic systems, like UASB or AF. 
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Closed-loop toilet separation technology, reduces water 
consumption by 40 to 95% and pollution by 100% 
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Introduction 

Nationally and internationally, pressure is increasing to introduce nutrient reducing, water 
conserving and recycling measures for sustainable residential and small community 
water/wastewater treatment systems. Newspaper, magazine and television reports of 
inadequate water quality and quantity are being reported daily. Since 9/11 community water 
supplies and reserves have become potential targets for bio-terrorism. Systems utilizing 
rainwater catchment, cisterns for storage, blackwater separation, greywater treatment, filtration 
and disinfection technologies for partial or total reuse represent a logical and economical option 
for reducing and eliminating these pressures. 

Methods 

One-pint-of-water-per-flush gravity or vacuum porcelain toilet fixtures are plumbed to the Bio-
Matter Resequencing Converter (BMRC). The toilets utilize a hand or foot pedal operating 
flushing mechanism that rotates a ball/ trap device, which also controls and adjusts the water 
level in the toilet bowl to prevent staining or streaking.  

Utilizing the vacuum flushing toilet model allows flexibility in locating the BMRC instead of 
having to design the house or facility around the system. For existing homes that do not have 
basements or for homeowners who do not want or do not have a location where an above 
ground building can be located, an underground concrete vault is recommended. The structure 
can be insulated and heated for cold climate installations and maintenance personnel can easily 
service the Systems without having to enter the home. 

Utilizing Mother Nature's principles of aerobic decomposition (composting), the automated 
BMRC biologically converts 90 to 95 percent of all toilet and kitchen garbage disposal organic 
wastes into odorless carbon dioxide and water vapor. The BMRC can handle up to 12 adults 
full-time and can accommodate larger numbers for brief periods of time.  

Greywater is plumbed to a series of separate polyethylene settling and treatment tanks. This 
System consists of a Surge Tank for flow control, an Aeration Tank to produce aerobic 
conditions and a Clarification Tank to return the settled solids back to the Surge Tank. An 
extremely energy-efficient (67 watt) air compressor provides an abundant amount of air to 
continuously provide oxygen and circulate the greywater. By separating the toilet flow from the 
greywater, the estimate for water consumption and greywater treatment is reduced from 75 gals 
of co-mingled wastewater to 40 gals of “Seperated“ greywater per person per day. The 
estimated treatment capacity of each greywater treatment system is 400 gals per day. 
Additional systems can be installed in parallel for greater flows. The Greywater Treatment 
System (GTS) process aerates and biologically treats the organics in the greywater. The 
Filtration and Disinfection System (FDS) mechanically treats and produces an effluent that can 
be safely discharged to reduced in size subsurface absorption beds or it can be reused for 
landscaping or irrigation purposes. 

If the greywater is to be totally recycled, it flows into a storage tank that is aerated with ozone to 
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kill bacteria. High and low level float switches control the operation of the Household Water 
Filtration and Recycling System (HFRS) to make potable water utilizing a high-pressure pump, 
which directs the ozonated water through filters, ultraviolet light, ultra and carbon filtration, 
another ultraviolet light and reverse osmosis. The processed water is then stored in the potable 
water storage tank, which supplies water to the entire household utlizing another pump, 
ultraviolet light and a .2 micron filter. Because water used for toilet flushing is evaporated in the 
BMRC and not connected in any way to the greywater treatment system, makeup water is re-
supplied from a rainwater cistern, well or city water supply. An installed monitoring/control panel 
is programmed to activate pumps and valves for maintenance. The panel reports to the central 
monitoring facility if any alarms are activated or any of the components are in need of service or 
replacement. 

Treated greywater effluent and HFRS results 

Testing by Olmsted County, Rochester MN of the treated greywater effluent documented that 
separation and greywater treatment reduced water consumption by 40%, achieved greater than 
a 94% reduction for TSS and BOD5, greater than 83% reduction in total organics, over 90% 
reduction of total-N and a 1000 fold reduction in Faecal Coliform. (grams/capita/day)  

Parameter Olmsted County 
Effluent 

Typical Raw 
Greywater 

Typical Raw 
Blackwater 

Typical Raw 
Combined 

Calculated 
Reduction 

TSS 3.3 17.2 53.5 70.7 95 % 
TKN 1.0 1.9 9.3 11.2 91 % 

BOD5 3.7 28.5 34.7 63.2 94 % 
COD 18.9   120 84 % 
TOC 4.7   28 83 % 

 Olmsted County Effluent Septic Tank Effluent Reduction 
Fecal Coliform 1,893 10 (3) – 10 (6) 0 – 1000 fold 

Further testing by Olmsted County of the HFRS finished water averages from September 2001 
to June 2002 documented consistent safe “Bottled” drinking water qualities.  

Coliform 
Bacteria 

E.Coli 
Bacteria 

Nitrate-
Nitrogen 

Nitrite-
Nitrogen Chloride Sulfate Fluoride 

Health Impacts Can Occur At These Levels  
Present Present 10 mg/l 1.0 mg/l 250 mg/l 250 mg/l 4.0 mg/l 

HFRS Averages 
None 

Present None Present 2.9 mg/l <0.3 mg/l 24.9 mg/l 13.9 mg/l 0.2 mg/l 

Conclusions 

Psychologically, people may not think that they would like to reuse their own greywater for 
bathing and especially for drinking. Considering that all water has been wastewater at some 
point in time, Separation Technology combined with the described tested water treatment 
technologies provides for the total treatment of the greywater and produces safe water quality 
for recycle in landscaping/irrigation or ”Bottled“ water quality for total household reuse.  Pricing 
ranges from $8,000 to separate the toilet wastes and reduce water consumption by 40% to 
$25,000 for the complete technology, which will treat, filter, disinfect the greywater and reduce 
water consumption by 60 to 95%. Considering the complete technology eliminates  the need to 
drill an expensive well, which may have no or low flow or bad water quality, design and 
construct large soil treatment areas for septic systems or expensive collection, distribution and 
treatment facilities for piped water and sewer systems, this technology is less expensive, safer 
and healthier for the homeowner and the environment. 
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Abstract 

In the onsite differentiable wastewater treatment system, higher-loaded grey water should be 
treated biologically and then discharged to the soil system. In designing the grey water 
treatment system, the information regarding the bio-degradability of the constituents and their 
reaction rate is essential. In this paper, results from characterization of organic matter in grey 
wastewater are presented. We adopted the procedure proposed in the Activated Sludge Model 
No.2 and classified organic matter into six categories, that is, fermentation products; readily 
biodegradable organic material; slowly biodegradable; inert soluble; inert particulate organic 
materials; and heterotrophic biomass. Characterization results showed that about 40% of 
organic materials in grey water were inert, slowly biodegradable part occupied 30-40%, and 
readily biodegradable organic matter was 20 – 40 %. These characterization results coupled 
with the Activated Sludge Model were used for the simulation of membrane bio -reactor system 
for treating higher-loaded grey water, and it was calculated that the required detention time of 
the membrane bio-reactor was about 5 hours. 

Introduction 

The wastewater from a household or group of houses is made up of contributions from various 
appliances, such as toilet, kitchen sink, wash basin, bath, shower, and washing machine. We 
have proposed the Onsite Wastewater Differentiable Treatment System (OWDTS)  (Lopez, et al. 
2002) based on the concept of a differentiable management and treatment of household 
wastewater effluents. Figure 1 shows a hypothetical model for onsite wastewater differentiable 
treatment system. In this system, the separation of household wastewater into three types is 
essential. Elimination of toilet waste (black-water) from the residential wastewater stream by 
using bio-toilet system will reduce the mass of organic matters; pathogenic micro-organisms; 
nitrogen and phosphorous in the remaining waste stream (grey water). Lower -load grey-water 
could be treated by utilizing the natural capacity of soil microorganisms; and higher-load grey 
water needs any conventional treatment process for reaching acceptable quality. 

Eriksson et al. (2002) reviewed literatures on constituents of grey water from view point of the 
grey wastewater reuse, and they made the tables for describing the characteristics of grey 
water from bathroom, laundries, kitchen sinks, and mixed sources. These tables list physical 
and chemical parameters including heavy metals and xenobiotic organice compunds. They also 
reported traditional wastewater parameters such as BOD and COD, but the information 
regarding the biological reaction rate of organic matter is not enough.  

In designing the higher-load grey water treatment system, simulation of the performance based 
on the mathematical model is required. Determining composition of influent is a fundamental 
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step for mathematical simulation.  The objectives of this paper are 1) reporting the data on 
organic fractions in higher-load grey water and 2) estimating effluent quality of higher load 
treatment system by mathematical simulation.  

House

compost
Agriculture

Bio-Toilet

Reduced Vol.
Black water

Treatment Soil system

Groundwater

Higher-load
Gray water

Lower-load
Gray water

House

compost
Agriculture

Bio-Toilet

Reduced Vol.
Black water

Treatment Soil system

Groundwater

Higher-load
Gray water

Lower-load
Gray water

 
Figure 1: Hypothetical model for onsite wastewater differentiable treatment system. 

Methods 

Characterization of organic matter in Higher-load grey water. We chose the wastewater 
from kitchen sink (KS) and washing machine (WM) as a higer-load grey water based on data of 
the strengh of wastewater from various appliances (Funamizu et.al. 2001). The respiration test 
(Gujer and Kappeler, 1992), effluent COD analysis as well as total COD and volatile acids 
measurement were employed to classify organic matters into readily biodegradable substrate 
SF, volatile acid SA, slowly biodegradable substrate XS, inert soluble matter S I, and heterotrophic 
bacteria XH in the samples. The activated sludge for the respiration test was prepared by one 
month operation of a fill and draw system in order to obtain the sludge acclimatized by KS and 
WM wastewater. 

 

Simulation We developed a mathematical model for simulating performance of higher -load 
grey water treatment system. The system considered here is a membrane bioreactor with a flow 
equalization tank. The Activated Sludge Model No.2 (Henze et.al. 1995) was used to express 
the biological reactions in the reactor. We set the model variation pattern of flow from each 
appliance with reference to several reported data (Funamizu et.al. 2001). We calculated the fate 
of organic matter in the flow equalization tank first, and then this results were used for input data 
for simulation of the membrane bio-reactor. In the simulation of membrane bio-reactor, we 
changed reaction time, membrane performance and sludge withdrawal rate, and compared the 
effluent quality. 

Results and discussion 

Organic fractions in higher-load grey water 

Total COD values of the wastewater from washing machine (W M) and kitchen sink (KS) are 
about 950mg/L and 1,300mg/L, respectively. Figure 2 gives the results of characterization of 
organic matter in WM and KS, showing that 1) the main part of organic matter in WM is slowly 
biodegradable organic matter, XS, 2) only  60% of the organic matter in WM and KS is bio-
degradable (SA+SF+XS), 3) the wastewater from KS contains more readily bio -degradable 
organic matter than WM. Since inert soluble organic matter, S I, in the wastewater will not 
change in biological treatment process, it is easy to understand that about 20% of organic 
matter in wastewater from WM remains in the effluent. Table 1 is showing the typical range of 
organic fractions of municipal wastewater after primary settling reported by Henze et al. (1995). 
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Comparison data in Fig.2 and Table 1 shows that grey water from WM and KS contain more 
inert organic matter than primary effluent of a municipal wastewater treatment plant.  

SA
6%

SF
26%

XS
28%

XH
0%

SI
12%

XI
28%

(a) WM: Total COD=950mg/ L (b) KS: Total COD=1300mg/ L

 
Figure 2: Organic fractions in the wastewater from washing machine (WM) and kitchen sink (KS) 

SF SA SI XI XS XH 

10 - 20 2 -10 5 – 10 10 - 15 30 – 60 5 – 15 

Table 1: Typical range for the organic fractions of municipal waswater, primary effluent (Henze et al. 
1995) 

Simulation of the higer-load grey water treatment system 

Figure 3 is a mode l variation pattern of flow rate used in the simulation. Figure 4 shows 
estimated results of the effluent from the flow equalization tank. The minimum concentration 
appears early in the morning, but during 8am to 22pm, the variation of inert and dissolved COD, 
SI,  concentration is not significant.  
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Figure 3: Model variation pattern of flow rate                   Figure 4: Estimated result of effluent  from flow           

equalization tank 

Figure 5 gives the simulated COD values in the effluent of bioreactor, showing that the required 
reaction time is about 5 hours. In the figure, Re shows the excess sludge withdrawal rate.  Low 
Re value leads to the high suspended solid concentration in the reactor and then this gives 
higher total COD in the effluent when the reaction time is greater than 10 hours because we 
assumed a fixed performance in solid-liquid separation of the membrane. 
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Figure 5: Calculation results of effluent of membrane  bio-reactor 

Conclusions 

In designing the grey water treatment system, the information regarding the bio-degradability of 
the constituents and their reaction rate is essential. Characterization results showed that about 
40% of organic materials in grey water were inert, slowly biodegradable part occupied 30 -40%, 
and readily biodegradable organic matter was 20 – 40 %. The mathematical model was 
developed for simulation of grey water treatment system with flow equalization tank. The 
simulated results showed that the minimum reaction time required to treat slowly bio-degradable 
organic materials was about 5 hours in a membrane bio-reactor. 
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Abstract 

This paper investigates the effect of hydraulic loading rate (HLR), aspe ct ratio, size of granular 
medium and water depth on the performance of horizontal subsurface flow constructed 
wetlands (SSFCWs) treating urban wastewater. Experiments were carried out in a pilot plant 
made up of eight parallel horizontal SSFCWs, each one with a surface area of 54-56 m2. The 
system was sampled weekly from May 2001 to January 2003. The results indicate that HLR and 
water depth are two determining factors of the performance of the horizontal SSFCWs for most 
of the contaminants studied. Higher efficiency observed in shallower beds was related to the 
biochemical processes involved in the degradation of the organic matter, because it was 
observed that in shallower beds it was promoted more energetically favorable reactions.  

Introduction 

Horizontal subsurface flow constructed wetlands (SSFCWs) are natural ecologically -engineered 
wastewater treatment systems. They are easy to operate, have low maintenance costs and do 
not produce large amounts of sludge in the secondary step. Moreover, they require less energy 
to operate than conventional mechanical systems, although they need more specific surface 
area. All these characteristics make horizontal SSFCWs especially suitable for the sanitation of 
small communities, ranging from single households to villages with few thousands of 
inhabitants. During the design of horizontal SSFCWs for secondary treatment, the most relevant 
parameters that need to be defined are: hydraulic loading rate (HLR), aspect ratio, size of the 
granular medium and water depth (Kadlec and Knight, 1996). Research into the effect of HLR 
on contaminant removal indicates that lowering HLR improves treatment efficiency (Maehlum 
and Stålnacke, 1999). Most of the HLRs used are within the range 10 to 100 mm/d. Studies of 
the influence of aspect ratio have demonstrated that system efficiency does not significantly 
depend on the shape of the system. For example, Bounds et al. (1998) found that there was no 
significant difference in TSS and COD removal in three parallel horizontal SSFCWs with aspect 
ratios of 4:1, 10:1 and 30:1. Different sized media within the range 10 to 60 mm (US EPA, 2000) 
do not appear to provide a clear advantage in pollutant removal, although the use of smaller 
media is normally recommended because the specific surface avai lable for the biofilm per unit 
volume increases when the size of the particles decreases (Kadlec and Knight, 1996). There 
are no reports which clearly delineate the effect of water depth on the treatment efficiency of 

                                                
*This paper has been peer reviewed by the symposium scientific committee 
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horizontal SSFCWs, so from practical experience, the depth is normally set at around 0.6 m in 
full scale projects (Cooper et al., 1996). The objective of this study is to evaluate the effect of 
HLR, aspect ratio, size of the granular medium and water depth on the efficiency removal of 
organic matter, ammonium and ortophosphate in horizontal SSFCWs treating urban 
wastewater. 

Materials and methods 

The pilot plant used in this study treats part of the urban wastewater generated by the Can 
Suquet housing development in the municipality of Les Franqueses del Vallés (Barcelona, 
north-east Spain). The pilot plant consists of eight parallel horizontal SSFCWs (Figure 1) each 
one with a surface area of 54-56 m2. The aspect ratio of the beds varies in pairs; for pair A, 1:1, 
for pair B, 1.5:1, for pair C, 2:1 and for pair D, 2.5:1. Furthermore, the size of the granular 
medium within each pair also varies. Type 1 beds contain a coarse granitic gravel (D 60=10 mm, 
Cu=1.6) while type 2 beds contain fine granitic gravel (D60=3.5 mm, Cu=1.7). Average water 
depth for types A, B and C is 0.5 m, and 0.27 m for type D. Perforated manifolds running the 
entire bed width are used for the inlet (located on the top of the beds) and outlet (on the other 
side, located on the bottom and connected to a level control device). The pilot plant started 
operation in March 2001, when the beds were planted with common reeds.  

Figure 1: Diagram of the pilot plant at the Can Suquet housing development 

The primary effluent is divided by means of a weir, and flows to the beds. In this stu dy three 
HLRs were used: 20, 36 and 45 mm/d. Grab samples of the primary effluent (influent) and the 
effluents of all the beds were taken on a weekly basis from May 2001 to January 2003. COD, 
BOD5, ammonium and ortophosphate were analysed immediately using conventional methods 
(APHA-AWWA-WPCF, 1995). Two additional sampling campaigns were carried out in summer 
2001 to qualitatively evaluate the relative contribution of the different respiration pathways to the 
degradation of organic matter. In these campaigns electron acceptors (nitrate and sulphate) and 
organic matter were measured in the same manner used by Burgoon et al. (1991). Methane 
emissions were also estimated three times from type A and D beds during summer 2002 using 
funnels inserted into the gravel. A head-space method similar to that of Brix (1990) was used 
and methane was quantified using gas chromatography. 

Results and discussion 

The average (∀standard deviation) bed influent COD, BOD5, ammonium and ortophosphate 
concentrations was 239 (∀87) mg/l, 143 (∀48) mg/l, 55 (∀12) mg N/l and 9.5 (∀3.0) mg P/l 
respectively. Figure 2 shows the average and standard deviation of the effluent’s COD, BOD 5, 
ammonium and ortophosphate concentrations grouped according to the parameters tested.  
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This is because the HLRs used were 
not low enough to reduce these two 
latter chemical species to a extent to 
put statistical differences into 
evidence. The beds with finer media 
have slightly lower effluent 

concentrations for all the contaminants tested. However, the differences are in general small 
and not significant (on average 83 and 71 mg/l for COD, 56 and 50 mg/l for BOD5, 38 and 33 
mg N/l for ammonium, and 8.4 and 7.9 mg P/l of ortophosphate for the coarse and the fine 
media respectively). 

The results of this study indicate that water depth is a very important factor for contaminant 
removal in horizontal SSFCWs. As can be seen in Figure 2, for all contaminants tested the 
shallower beds (type D) produced systematically significant lower effluent concentrations. To 
our knowledge, this is the first time that a result like that is reported in the technical literature. In 
these beds it was found in the two additional sampling campaigns that denitrification was 
responsible for 20 to 30% of organic matter removal, but this process was not apparently 
present in the other beds because there was not ammonium removal during the trials (and 
therefore nitrate available for denitrification). Note that nitrate was not detected in the influent 
and the effluent of all beds, indicating that nitrate produced by nitrificaction was quickly 
consumed by the denitrification reaction (in special in beds D where there was evidence of 
ammonium removal). In fact, the importance of denitrification in beds D was evaluated by 
means of ammonium removal assuming that it was transformed to nitrate. The amount of 
organic matter removed by sulfate reduction was estimated to be higher in beds of types A, B 
and C (10-40% of the total organic matter) than in beds of type  D (10-20%). Methane emissions 
were clearly higher in beds of type A (15, 17, 21, 27, 32 and 47 mg/m2.d -three measurements 
for each bed-) than in beds of type D (1, 4, 6, 6, 6 and 11 mg/m2.d -three measurements for 
each bed-). These results indicate that in shallower beds more energetically favorable reactions 
such as denitrification are important. In contrast, in deeper beds where these reactions are not 
significant. 

HLR and water depth are both key factors in the performance of horizontal SSFCWs. From our 
data it can be seen that to obtain a BOD5 removal of 90% and comply with the standards of the 
European Union Directive on wastewater treatment (Council of the European Communities, 
1991), one must avoid exceeding an organic surface loading of approximate ly 6 g BOD/m2.day 

Figure 2:  Average and standard deviation of the effluent’s 
COD, BOD5, ammonium and ortophosphate 
concentrations grouped according to the 
parameters tested. 

As can be observed in Figure 2, of the 
four factors studied (HLR, aspect 
ratio, size of the granular medium and 
depth), only the first and the last yield 
clear differences in effluent 
concentrations of the contaminants 
measured. This finding is in 
agreement with previous works listed 
in the introduction with respect to 
HLR. HLR has an statistical significant 
effect on effluent COD (on average 
67% removal for 20 mm/d, 62% for 36 
mm/d and 57% for 45 mm/d) and 
BOD5 (on average 64% removal for 
20 mm/d, 58% for 36 mm/d and 54% 
for 45 mm/d), but not (significant) on 
ammonium and ortophosphate.  
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(for example, 20 mm/d HLR with an influent BOD5 concentration of 300 mg/l) when using depths 
of 0.27 m, and 2 g BOD/m2.day (20 mm/d HLR with an influent BOD5 concentration of 100 mg/l) 
when using 0.5 m depths. With these loads ammonium and ortophosphate will not be 
adequately removed; the removal of these compunds requires more treatment units than a 
simple horizontal SSFCW, or operation at an impractical HLR. 

Conclusions 

The results of this study indicate that HLR and water depth are impo rtant factors controlling the 
efficiency removal of organic matter in horizontal SSFCWs. More efficient removal in beds with 
a lower water depth is related to the biochemical processes involved in the degradation of the 
organic matter, promoting more energetically favorable reactions in shallower beds. The use of 
shallower beds reduces methane emissions to the atmosphere. Note that methane has a higher 
global warming potential at an horizon time of 100 years (21) than carbon dioxide (1), and 
therefore shallower beds consequently have a lower impact on climate change.  
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Introduction 

Domestic sewage, for many years treated as waste, at present often are examined as potential 
source of nutrients. It is very important especially in case of phosphorus, which natural 
resources are limited, and its outflow to receivers causes eutrophisation and lowering their  
qualities. Commonly used methods of phosphorus removal from sewages do not give possibility 
of P-recovery and recycling. That is the reason why in local wastewater treatment systems 
some tests of filtration materials which could be implemented as a phosphorus trap are 
performing. Such media not only avoid P-migration to environment but also, P-saturated, are 
possible to be used as a fertilizer in agricultural production. The objective of this study was to 
determine P-sorption potential of preheated calciferous bedrock - Opoka (batch experiment) 
and fractionation of phosphorus trapped during percolation test.  

Methods 

Batch experiments were performed to obtain P-sorption capacity of tested material. Duplicate 1 
g samples of opoka were continually mixed for 15 minutes with phosphate solution (5 - 1000 mg 
PO4/l) prepared from KH2PO4 at room temperature. The remaining phosphate concentration 
was measured in the filtrate spectrophometically using ammonium molybdate method. 
Phosphorus sorption was calculated from the difference between initial and remaining value of 
phosphate concentration in solution. Apparent sorption capacity was estimated by fitting 
obtained data (treble repeated) to linear form of the Langmuir equation.  

Short-term small column experiment. As a material used in study was powdered it was 
characterized by very low filtration ability. To perform percolation test it was mixed with peat 
(weigh relation 1:1). Domestic sewage (with average concentration 14.2 mg P-PO4/l) were 
filtered through small column filled with mixture for 30 days. Sewage load averaged 40 mm per 
day. 

To obtain total and plant available P content in filter selective extraction with 20% HCl and 0.05 
M HCl was used respectively. Phosphate concentration was measured in the extracts 
spectrophometically using ammonium molybdate method.  

Results 

Sorption experiments based on short-time contacting do not accurately mirror the real sorption 
characteristic of material, however can be useful in comparing alternative materials as filtration 
media. P-sorption capacity obtained for opoka from batch experiment averaged 18 mg P per 1g 
of substrate. 

Results obtained from column experiment showed that more than 90 % of discharged 
phosphorus was trapped in the filter, and the effluent concentrations did not exceed 1 mg P-
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PO4/l. Filtration media analyses showed that over 40 % of stopped phosphorus was in 
potentially plant available form. 

Conclusions 

High P sorption obtained in batch experiment could qualify substrate as an effective filter media 
for phosphorus removal from wastewater. It was preliminary confirmed by short -term column 
experiment. However, long-term test of material as a filter media for wastewater is necessarily 
needed. Low filtration ability of powdered substrate calls for use of other filtration material 
together. The use of peat treble increased filtration ability of substrate, however, increased also 
colour of effluent. Tests of other organic and inorganic filtration materials together with opoka 
are also needed. 
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Introduction 

Because of water shortage, it has been considered that treated wastewater can be used as a 
source of water (Asano 1998). By separating the flows of greywater and blackwater at source in 
households, it is expected that greywater treatment processes can be implemented with low 
operating costs and relatively simple technology since greywater contains very low nitrogen 
concentration (table 1). Therefore, greywater as a potentially reliable resource for water 
recycling is receiving more attention now. In this study, greywater treatment combing a 
biological SBR (Sequencing Batch Reactor), microfiltration and reverse osmosis have been 
investigated for reuse as tap water excluding direct human consumption. Separate systems for 
blackwater are needed in order to install integrated solutions. 

Table 1: Typical characteristics of greywater and blackwater (Otterpohl, 2002) 
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Methods 

Greywater treatment experiments have been conducted on laboratory scale (Figure 1). In the 
experiments, greywater was biologically treated in a SBR, microfiltration (MF) and reverse 
osmosis (RO) subsequently. SBR plus MF could also be realised as membrane -bioreactors. 
Greywater collected from the settlement Flintenbreite, Lubeck (Germany), which includes 
wastewater from kitchen sink, showers, laundry and personal hygi ene etc. In the houses of this 
settlement, greywater and blackwater are separated at the source.  
For elimination of organic substances and suspended solids, the SBR was operated by 3 
cycles/day, exchange volume was equal to 50% of total SBR volume. Microf iltration (nominal 
pore size 0,1 µm) was applied in order to remove residual turbidity and pathogens, while RO 
was investigated for removal of residual dissolved organic and inorganic substances.  
 

Figure 1: Scheme of greywater treatment experiment 

Results 

Results showed that the SBR process achieved consistent removals of about 85% of total 
organic carbon (TOC) and a final turbidity of less than 2 NTU. Greywater treated in the SBR 
was subsequently processed by microfiltration. E-coli and total coliforms have been eliminated 
totally and could not be detected in the effluent of microfiltration. Turbidity was less than 1 NTU. 
The typical parameters of greywater at the different stages of the treatment sequence are given 
in Table 2. After microfiltration, the quality of the effluent meets the requirements of EU Bathing 
Water Quality Guideline as well as the Guideline on the use of recycled greywater in buildings 
of the Berlin Senate Department for building and housing (SENBAUWOHN, 1995) . However, 
the effluent of MF still contains relatively high concentrations of organic and inorganic 
substances. Therefore, it should be treated further in order to reach the high water quality for 
tap water. 
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Parameter Unit Influent SBR Effluent from SBR Effluent from MF Effluent from RO 

turbidity NTU 119 ~ 164 < 2 < 1 < 1 

TOC mg/l 73 ~ 142 7.86 ~ 13.2 6 ~ 11 < 1 

total-N mg/l 8.73 ~ 13,1 < 5 < 5 - 

NH4-N mg/l 2,5 < 0,16 < 0,16 - 
NO2-N mg/l < 0,15 < 0,15 < 0,15 - 
NO3-N mg/l < 0,5 < 0,5 < 0,5 - 

total-P mg/l 6,8 ~ 9.2 2.66 ~ 4.95 - n.d. 

E-Coli 1/100ml 6.7*104~2.6*105 100 ~ 2*104 n.d. n.d. 

Table 2: Concentration in SBR influent and effluent and in MF effluent  

In further studies concerning household reuse of greywater it was investigated whether low 
pressure RO (WEIL Industrieanlagen GmbH, Germany) could be operated technically and 
economically. The ratio of permeate to concentrate (Water Conversion Factor, WCF) was about 
1/5. The preliminary results showed that the TOC of permeate can be reduced to be lower than 
1 mg/l and the conductivity of permeate to be lower than 100 µS/cm by RO. Because the WCF 
is very low, the conductivity of concentrate increased not too much, only to about 1000 µS/cm. 
It´s salt content is not harmful for some irrigation.  

Conclusions 

The final effluent of the multistage process (RO permeate) meets the requirements of drinking 
water guideline of WHO. The RO concentrate showed similar characteristics as the MF effluent. 
RO permeate und concentrate can be reused separately for different purposes in household. 
The concentrate can be used e.g. for car washing, toilet flushing and garden irrigation. The 
permeate can be used for washing, shower and food preparation etc. With this concept tap 
water can be supplied locally, reducing freshwater demand by about 80%. Direct drinking water 
is not recommended and would require addition of salts. Drinking water could be supplied from 
excellent sources from bottles as it is practised around the world.  
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Abstract 

Temperature is indubitably one of the most important factors affecting microbial growth and 
biological reactions. In this study, the effect of temperature on aerobic biodegradation of feces is 
described covering a wide range of temperatures that characterized mainly mesophilic and 
thermophilic processes. Results show that mesophilic microorganisms dominated the 
biodegradation of feces up to 40oC and thermophilic organisms were responsible of 
biodegradation of feces at higher temperatures; however, at 70oC the activity of them was 
remarkable diminished. The pattern of oxygen utilization rate (OUR) profiles was 
characteristically associated with the enzymatic activity of each group of microorganisms. 
Temperatures nearly to 60oC seem to be the optimum since the OUR was maximized at this 
temperature. Two fractions of slowly biodegradable organic matter were identified, easily 
hydrolysable organic matter (XSe) and slowly hydrolysable organic matter (XSs). 

Introduction 

Temperature can exert an effect on biological reactions in two ways: by influencing the rates of 
enzymatically-catalyzed reactions and by affecting the rate of diffusion of substrate to the cells 
(Grady et al., 1999). There are three techniques commonly used to quantify the effects of 
temperature on biological processes. All of them are different ways of expressing the Arrhenius 
equation, which is only applicable over the range where the reaction rate coefficient increases 
with increasing temperature (Grady et al., 1999). For modeling and design of biological 
processes, the impact of temperature on the maximum growth rate is often described by an 
Arrhenius type function. Different type of expression to quantify the temperature dependence of 
microbial growth in composting systems was introduced by Kaiser (1996).  Aerobic 
biodegradation of toilet wastes using sawdust as a matrix is an essential process on the Onsite 
Wastewater Differentiable Treatment System (Lopez et al., 2002a). An approach for modeling 
the aerobic biodegradation of feces was introduced by Lopez et al. (2002b); however in their 
model, temperature effect on kinetics of biodegradation process was not included. So that, in 
this study, the effect of temperature on aerobic biodegradation of feces is described covering a 
wide range of temperatures that characterized mainly mesophilic and thermophilic processes.  

Method 

Experimental device. Figure 1 shows the experimental device employed for performing batch 
tests. Four bioreactors, constructed of glass and steel, and provided with steel porous plate in 
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Figure 2:  OUR and CO2 production profiles for 
temperatures 50 and 40oC. 
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Oxygen sensor
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Figure 1:  Schematic representation of 
the experimental device. 

the bottom for ensuring well distribution of air supply, were placed into water baths; sensors for 
oxygen, temperature and pressure were set before and after of each bioreactor, and an 
additional temperature sensor was also placed inside of it; all sensors were properly connected 
to a computer for monitoring. Air was supplied into the bioreactor continuously and air flow rate 
and pressure were controlled and kept constant by using a flow meter. Air was dried before 
measuring oxygen concentration by using silica gel. Bioreactors were submerged into water 
whose temperature was kept constant by using a temperature controller. Oxygen utilization 
rates were computed based on measurements of oxygen concentrations of air before and after 
the bioreactor. 

Batch tests. Batch tests for seven different 
temperatures (from 20 to 70oC, two repetitions per 
temperature) were conducted. 20g-feces (dry basis) 
were properly mixed into the 100g-sawdust (dry basis) 
for ensuring uniform and completely mixed conditions. 
All mixtures were set up at 60% of initial moisture 
content by adding distilled water. Air at a rate of 100 
ml/min was supplied in each trial for keeping perfect 
aerobic conditions; air flow rates and pressure were 
kept constant during the tests performance. Input and 
output oxygen and carbon dioxide (in some trials) 
concentrations were monitored every 20 minutes. 
Oxygen utilization rate and CO2 production rate (CPR) 
in each trial were computed based on input and output 
oxygen and carbon dioxide concentrations. Batch tests 
were stopped approximately 1 week after starting them.  

Results and discussion 

OUR and CDP profiles. For easer 
interpretation, figure 2 shows only the OUR 
and CPR profiles obtained for temperatures 50 
and 40oC; however, for all temperatures three 
stages were distinguished: a) rapid increase 
stage from the origin up to reach the peak 
(from point A to B), b) rapid decrease stage 
from the peak down to the beginning of 
stabilization of the profile (from point B to C), 
and c) steady stage, between points C and D. 
Higher OUR was observed at higher 
temperatures, up to 60oC. 

Analysis of all OUR profiles led to the following 
statements: at 70oC the enzymatic activity of 
microorganisms diminished remarkable, even, 12 hours after the beginning of the batch test the 
oxygen consumption was negligible. Regarding the rapid increase stage of OUR profiles within 
the range 20 to 60oC, it was found that oxygen utilization rate increased as the temperature 
increased. These results suggest that a) 60oC was the optimum temperature for degrading 
feces and b) Arrhenius equation is applicable to describe the effect of temperature on reaction 
rates due to OUR increased as the temperature increased.  

The OUR peak reaching time decreased as temperature increased, especially from 20 to 40 oC. 
Two different patterns were observed in the rapid increase stage of OUR profiles, one 
associated with temperatures up to 40oC where the peak reaching time decreased rapidly as 
the temperature increased, and the other characterizing temperatures higher than 40oC where 

A 

C D 
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the peak reaching time was almost the same.  

Simulation of OUR profiles. By using the mathematical model introduced by Lopez et al. 
(2002b), OUR profiles for every temperature were simulated. Regarding the uncertainty 
associated with the impact of temperature on yield coefficient, most engineers assume it to be 
independent of temperature (Grady et al., 1999); thus, stoichiometric parameters, YH and fXI 
were fixed as 0.63 and 0.1, respectively, and maximum growth rate of biomass ( µ H) was 
estimated for each temperature by using the Arrhenius equation. The Arrhenius equation 
commonly used in environmental engineering literature (Grady et al., 1999) is expressed as 
follows 

 )20(
20

−= T
HHT θµµ  (1) 

where 20Hµ and HTµ  are the maximum growth rates of biomass at 20oC and at temperature T, 
respectively, and θ  is the temperature coefficient. 

From the analysis of OUR profiles in the rapid increase stage, θ  was estimated as 1.05; this 
value is similar to that (1.07) used by several researchers (Henze et al. 1987,1995, 1999; Gujer 
et al., 1999) for activated sludge treatment systems; then a Hµ  value of 6 d-1 for 20oC and a 
temperature coefficient (θ ) of 1.07 were adopted base on average values of kinetic parameters 
reported by them and regarding that the values of Hµ  reported in composting systems are not 
well supported. 

Simulation results for temperatures 50 and 30oC are depicted in figure 3. It was found that 
model predictions fixed much more properly to the experimental data as temperature increased, 
especially, for temperatures higher than 40oC. These simulation results are congruent if we 
consider that Lopez et al. (2002b) calibrated their mathematical model at 55oC, hence, 
acceptable quality of model predictions are expected in the thermophilic range of temperatures; 
however, for simulating experimental OUR profiles at temperatures lower than or equal to 40 oC, 
model modifications were performed.  

Figure 3: Simulation of OUR profiles for temperatures 50 and 30oC. 

Improvement of model predictions in the mesophilic range. For this purpose, an analysis 
was made regarding that slowly biodegradable organic matter is constituted by  two  fractions, 
easily hydrolysable (XSe) and slowly hydrolysable (XSs). To include these two fractions in the 
mathematical model, hydrolysis process, associated components and rate equations were 
modified. To apply the improved model, the fractions XSe and XSs were estimated assuming that 
XSe is associated with the rapid increase and rapid decrease stages and XSs is linked to the 
steady stage of experimental OUR profiles; therefore, the area under such stages of the 
experimental OUR profiles were determined and divided by the total slowly biodegradable 
organic matter (80% of the total COD of feces, reported by Lopez et al., 2002c). 

Kinetic parameters were determined by using sensitivity analysis and curve -fitting techniques, 
as described by Lopez et al. (2002b). Thus, simulation of experimental OUR profiles in the 
mesophilic range of temperatures was performed. Simulation results for the temperature 30oC 
are plotted in figure 4. It was found that the model predictions fitted successfully to the 
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Figure 4: Improved simulation of experimental OUR 
profiles in the mesophilic range. 

experimental data in all the mesophilic range making evident the importance of fractioning the 
slowly biodegradable organic matter into two fractions. 

Conclusions 

Three stages were characteristically 
observed in the experimental OUR 
profiles obtained from the batch test 
performance, rapid increase, rapid 
decrease and steady stage. Mesophilic 
microorganisms dominated the 
biodegradation of feces up to 40oC, 
whereas thermophilic organisms were 
responsible of feces biodegradation at 
higher temperatures. At 70oC the 
enzymatic activity of microorganisms 
diminished remarkable; even, 12 hours 
after the beginning of the batch test the 
oxygen consumption was negligible. 
Effect of temperature on aerobic 
biodegradation of feces was acceptably described by using the Arrhenius equation within the 
range 20 to 60oC. In the mesophilic range, the slowly biodegradable organic matter, which 
constitutes the feces, has been fractionated into two fractions for higher quality bio -kinetic 
model predictions, easily hydrolysable organic matter (XSe) and slowly hydrolysable organic 
matter (XSs). Bio-kinetic model introduced by Lopez et al. (2002b) was improved by 
incorporating the effect of temperature and fractioning of slowly biodegradable organic matter; 
model predictions fitted properly to the experimental data. 
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Abstract 

Successful implementation of the UASB (Anaerobic upflow sludge blanket) at pilot and full scale 
has produced very encouraging results that  show its feasibility as a pre-treatment for black and 
domestic wastewaters. The economic advantages it offers, further encourages developing 
countries to become self-sufficient in this respect. In this contribution, the start-up of the UASB-
septic tank system and its monitoring during this period was the main objective. A pilot scale 
UASB reactor with a liquid volume of about 400 L (h= 1.88m and φ =0.265m) was fed with the 
black wastewater collected from the Faculty of Commerce at Birzeit University. During the start-
up phase, the reactor was operated in a batch mode for six months and only shortly operated in 
a continuous flow node. The results obtained demonstrated that the system is quite effective in 
removing organic pollutants. The removal rate of the organic pollutants was mainly due to bio-
physical process, which is sedimentation of the particles and its microbial degradation. 
Although, the microbial activity was yet slow it contributed to the total COD removal efficiency. 
The CODtotal removal attained was approximately 80% in which the removal of CODss, CODcol, 
and CODdis was 68%, 23% and 52% respectively. The UASB effluent has a good transparency 
with an elimination rate of 80% and 85% for TSS,and VSS respectively. This would facilitates a 
natural post- treatment (waste stabilization ponds), where photosynthesis and pH might 
increase. Based on the results obtained from this research study, the UASB-septic tank system 
offered practical advantages compared to conventional septic tanks through its small size , 
biogas collection and utilization, and elimination of odour problems. Furthermore, its ease of 
operation encourages its application in poor rural areas of Palestine.  

Introduction 

Conventional septic tank systems are world wide used for the house on site treatment of 
domestic sewage. The removal efficiency of these systems is however limited, morever have 
large volumes are generally applied. As the flow through systems is mainly horizontal, the 
purification is mainly due to settling of solids. The UASB- septic-tank is a promising alternative 
for the conventional septic-tank (Bogte et al., 1993 and Lettinga et al., 1993). The most 
important difference with the traditional UASB system is that the UASB-septic-tank system is 
also designed for the accumulation and stabilization of sludge. It differs from the conventional 
septic tank system by the upflow mode in which the system is operated, resulting in both 
improved physical removal of suspended solids and improved biological conversion. So UASB-
septic-tank is a continuous system with respect to the liquid, but a fed-batch or accumulation 
system, with respect to the solids. Application of these modified septic tank systems, was 
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studied under Dutch (low) and Indonesian (high) ambient temperatures. Zeeman and Letti nga 
(1999) recommend the use of modified UASB septic tanks for the improvement of the removal 
efficiencies especially for low temperature regions or regions with a period of short winter 
period, like Middle East. Therefore, this study will investigate the performance of UASB septic 
tank system. The black wastewater discharged from the Faculty of Commerce at Birzeit 
University will be tested. 

The realization of the necessity to reconsider seriously the management of the existing water 
resources, either due to its scarcity or the concern of its pollution has motivated expertise in the 
water sector to search for alternatives. Consequently, the reuse of the domestic wastewater is a 
potential alternative for the semi arid country of Palestine, as well as many sur rounding 
countries in the Middle East. The increasing urbanization and industrialization in Palestine have 
dramatically increased the amount of generated wastewater. With the very limited existing 
disposal systems throughout the country, Palestine is now threatened by this waste which my 
infiltrate and pollute its underground water resources unless measures are taken to alleviate this 
dilemma. Thus the new treatment process that offers a substantial promise is the Upflow 
Anaerobic Sludge Blanket (UASB) technology. 

Complex wastewaters containing a high amount of suspended solids will limit the performance 
of a one phase anaerobic UASB system (Zeeman, 1999). The accumulation of these 
compounds in the sludge bed will reduce the sludge retention time (SRT) and the methanogenic 
activity of the sludge. This problem was perceived by Hulshoff Pol and Lettinga (1991) when 
they stated, ‘For the treatment of partially soluble complex wastewater the required removal 
efficiency of the SS should be given attention’. Thus with the implementation of this pre-
treatment method, it is necessary to consider the strength of the wastewater. The wastewater in 
the West Bank is classified as a strong domestic wastewater due to the high concentration of 
pollutants such as COD, TKN, phosphorous, sulphate, ammonia, SS and VSS. 

Materials and methods  

Experimental set-up (UASB-septic tank) 

The set-up of the UASB reactor is shown in Figure 1. A holding tank, preceding the UASB 
reactor, will serve as a balance tank and as a primary sedimentat ion tank. The incorporation of 
the holding tank will provide a partial removal of the solids, which will be accumulated and 
experience further stabilization. The reactor was inoculated with 200 litres of anaerobic sewage 
sludge from pilot anaerobic ponds treating wastewater from Birzeit University. The specific 
methanogenic activity was 0.07 g COD/g VSS.d. The inoculums characteristics and the 
operational conditions are shown in Table 1. 
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Figure 1: UASB septic tanks and holding tanks                  Figure 2: A schematic diagram of the 0.4 m3 
UASB-pilot plant 

 
Parameter Unit UASB septic tank-BZU 

Hydraulic retention time hr 16 

Sludge concentration kg VSS/m3 13.9 

Methanogenic activity g COD/g VSS.d 0.07 

Upward velocity m/h 0.12 

Table 1: Start-up conditions of the UASB septic tank at BZU 

Results and discussion 

Inoculation 

According to the measured wastewater quality, the reactor needs to be started with a 1kg of 
inoculum. When inoculum of sludge of about 0.1-0.08 g COD/g VSS methanogenic activity is 
used (Lettinga et al., 1991). Although the seeding of the reactor was during the second week of 
April till the end of May, the actual monitoring period was during June and July were the 
ambient temperature range was from 22°C - 28°C. The influent sewage temperature was 
24.54°C which was almost similar to the effluent temperature. The influent’s pH was in the 
range of 8.0-8.3, and the effluent pH was about 7.5. 

The CODtot removal efficiency attained an average value of 76% considering the entire period of 
operation. The major contributor to the CODtot was the removal of suspended solids. The 
average removal efficiencies for CODss  was 91%, the CODcol  was 71% and CODdis was 43%. 

With respect in the removal of the TSS and VSS efficiencies,  the average removal effi ciency 
was 58% and 53% for the TSS and VSS removal efficiency , respectively. Tap 5 contents a high 
concentration in Tss and Vss due to settling of suspended solids.  
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Black Wastewater Characteristics Parameters+
 

Sample no. Average STD 

COD                 Total 20 1013 262 

                         
Suspended 

5 784 162 

                         Colloidal 5 162 50 

                      Dissolved 5 155 143 

BOD 6 458 109 

NH +
4  as N 10 21 2 

Total P as P 6 11 3 

PO −3
4  as P 8 10 3 

TSS 11 715 285 

VSS 11 401 212 

TKN 3 41 3 

pH 19 8.02 0.37 

Tww 19 28.8 2.2 

Colour Grey (fresh) – Black (old) 
+All unit in mg/l 

Table 2:  Characteristics of wastewater generated from the faculty of Commerce/ Birzeit university  

 

Conclusions and Recommendations 

The UASB-septic tank system can efficiently perform as a pre-treatment unit during summer 
period. The average removal efficiencies for suspended COD (COD ss), Colloidal the CODcol) 
and dissolved COD (CODdis) were respectively 91%, 71% and  43%. 
More research is required to monitor the reactor performance over the whole year especially 
during the winter period; and consequently the system should be optimised, e.g. amount of 
inoculums, desludging period, etc. 
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Abstract 

Pathogenic (micro)organisms present in environmental samples can be quantified by cultivation 
techniques. However, techniques of molecular biology may be applicable more efficiently. Cattle 
manure and digester samples were analyzed for pathogens and indicator organisms by 
Quantitative Real-Time Polymerase Chain Reaction (qPCR). Similar quantities were obtained in 
comparison to cultivation techniques. However, analysis by qPCR required less time and in 
some cases indicated higher values for distinct organisms. This might be due to the presence of 
cells that can not be cultivated but detected with qPCR, or to different specificities.  

Introduction 

Anaerobic digestion of solid waste is considered as a profitable reuse technology that allows the 
recycling of end products. Biogas is produced and the digest may be used as fertilizer e.g. in 
agriculture. However an efficient hygienization step should be include d in the process to prevent 
sanitary risks before applying the product as soil conditioner.  

Pathogens and indicator microorganisms can be quantified by conventional cultivation 
techniques, but these exhibit serious disadvantages: they are frequently time a nd material 
consuming, cannot detect active but non-cultivable (ABNC) germs, and frequently lack 
adequate specificity. If indicator organisms are analyzed, results may not allow extrapolation for 
the behavior of recalcitrant pathogens. 

Pathogenic (micro)organisms can be quantified by qPCR. This molecular technique offers a 
convenient rapid and specific alternative to conventional cultivation in various application areas, 
e.g. for hygiene monitoring of environmental samples, such as organic waste or wastewat er. 

The scope of a joint project of Bavarian research institutions and local water suppliers is to 
evaluate the potential of a three-stage anaerobic digestion process for the environmentally 
sustainable and economical control of pathogens. In the frame of this project, we develop and 
evaluate qPCR systems for the specific quantification of hygienically relevant microorganisms 
and viruses in cattle manure, digest, soil, and water samples.  

Here we present selected preliminary results obtained from qPCR and pa rallel cultivation 
techniques. 
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Methods 

Cattle manure and samples from anaerobic digesters connected in series (mesophilic, 
thermophilic, mesophilic) were analyzed and quantified for pathogens and indicator 
microorganisms using qPCR on DNA-extracts. An optimized protocol for nucleic acid extraction 
from reactor samples was applied using a standard spiking technique and modified kit -based 
protocols (Lebuhn et al., 2003). This protocol greatly reduces coextraction of PCR inhibitors, 
such as humic acids and allows to asses the method detection limit. Cultivation based analyses 
(selective plating, MPN-analyses) were performed in parallel.  

Results and discussions 

According to Table 1, the development of bacterial numbers from manure and digester samples 
assessed by qPCR is consistent with results from cultivation. For fecal enterococci, qPCR 
results exceeded those from cultivation by a factor of 10 to 100. This may be due to the 
presence of ABNC cells that cannot be cultivated, or to dead cells, or to different spe cificities of 
the systems used. As expected, bacteria with relatively low tenacity (E. coli, enterococci) 
efficiently decreased in the fermenter cascade, whereas the spore formers and thermophiles 
remained constant (Tab. 1). Quantities of Campylobacter jejuni were at or below the detection 
limit of the system. In comparison to cultivation techniques, detection by qPCR can be 
performed in a short time (only 6 hrs) and it is cost effective. It also provides high sample 
throughput (96 measurements simultaneous ly), high specificity and sensitivity; and it allows the 
determination and quantification of ABNC cells. Our results suggest, that qPCR may substitute 
conventional cultivation routines. 

Bacterium Cattle manure Mesophilic digester 1 Thermophilic digester Mesophilic digester 2 

Bacterial 
group 

QPCR (DNA 
equivalents 

per ml 
sample) 

Cultivation 
(CFU or 

MPN per ml 
sample) 

qPCR (DNA 
equivalents 

per ml 
sample) 

Cultivation 
(CFU or 

MPN per ml 
sample) 

qPCR (DNA 
equivalents 

per ml 
sample) 

Cultivation 
(CFU or 

MPN per ml 
sample) 

qPCR (DNA 
equivalents 

per ml 
sample) 

Cultivation 
(CFU or 

MPN per ml 
sample) 

E. coli 1.0 - 1.3*105 3.0 - 4.6*105 3.19*103  <1.0*102 - 
1.96*103 

 1.11*102  

Fecal 
coliforms 

4.0*105 n.d.  1.1*103  2.3*101  <3.0 

Enterococcus 
faecalis, 

E. faecium 

8.95*104 
1.37*106  1.4*103  

< 1.0*102 
5.8 - 

15.4*102 
 5.9*102 

1.17*103  

Intestinal 
enterococci 

3.5*106 2.9*105  1.3*103  4.0*102  1.0*102 

Clostridium 
perfringes 

n.d.  <1.0*102 - 
1.1*103 

 <1.0*102 – 
6.4*102 

 1.42*103  

Clostridium 
perfringes 

 5.5*102  n.d.  n.d.  n.d. 

Bacillus 
cereus group 

7.0*103  n.d.  5.1*103  4.6*102  

Bacillus 
cereus 

 2.0*105  2.0*103  <1  1.15*103 

Campylobacte
r jejuni 

0.8 - 2.6*101  n.d.  < 1.0*102  n.d.  

n.d.: not determined  CFU: colony forming units  MPN: most probably number 

Table 1: Preliminary selected results from qPCR and cultivation analyses of different digestion stages 
of cattle manure 
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Abstract 

A pilot facility has been constructed at the University of Padua to investigate the scientific and 
technical aspects of a new approach to integrate wastewater and solid waste management. 
This paper presents the first results from a system that treats separated wastewater flows by the 
phytotreatment of greywater and the anaerobic co-digestion of food waste and faecal matter. 

Introduction 

The current discussion regarding the sustainable management of domestic wastewater and 
solid waste is based on concepts such as avoidance, source separation, recycling and reuse. 
On the one hand, a clear trend has been taken towards a systematic look at the different 
domestic wastewater fractions, foreseeing new strategies and potentialities for treatment and 
management of these fractions, and on the other hand, it is also recognised that there i s a need 
to integrate the treatment of these fractions with the management of domestic solid waste, in 
the search for integrated sustainable solutions (Cossu et al, 2001). A pilot facility has been 
constructed in the IMAGE Department at the University of Padua with the purpose of studying 
the scientific and technical aspects of this approach. This paper looks at the first experimental 
results obtained and the further steps that are being taken in this direction.  

Facilities description 

The pilot facility consists of an experimental WC with a special source control device for the 
separation of urine (yellow water) and faecal matter (brown water), including individual flushing 
systems and a separate collection pipe for each fraction. Greywater (from the washbas in) is 
also kept separate from the other fractions. These three fractions flow to individual tanks that 
are equipped with mixers, level detectors and electrical automatic valves for periodic discharge. 
At the entrance of the toilet, a photocell system is installed to count the number of users. Thus, 
while greywater is conducted to a constructed wetland for phytotreatment, brown water is mixed 
with food waste and then treated in an anaerobic reactor at lab scale. In Figure 1 an scheme of 
the facilities is presented. 
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Characterisation of wastewater fractions 

Source separation of wastewater fractions is a key element in this new approach which may 
contribute to a more efficient use of water, pollution control and nutrients recycling (Otterpohl et 
al, 1999). The results regarding quality and quantity of the separated wastewater fractions 
indicate that brown water has the highest contribution in terms of volume, solids, total 
phosphorus and organic matter; yellow water represents the main source of TKN, and in a less 
significant proportion, of alkalinity; finally greywater presents a high reuse potential given its low 
polluting loads. Figure 2 shows the contribution in percentage of each fraction for a range of 
water quality parameters. 

Figure 1: Plan view of the pilot facilities       Figure 2: Load distribution of wastewater fractions  

Phytotreatment of greywater 

 COD S.D. NH3 S.D. TKN S.D. TN S.D. TP S.D. 

Alisma  69.2 18.2 87.4 9.5 76.0 11.3 -47.8 19.1 82.5 12.0 

Calla 65.4 8.6 -306.5 212.1 -133.7 97.9 -141.2 90.7 -71.5 162.2 

Iris 72.0 8.9 77.1 8.9 74.8 14.1 -43.9 46.4 73.9 19.9 

Lobelia 74.5 7.5 -186.8 132.5 -71.6 65.2 -75.1 62.5 56.5 26.5 

Lytrum 54.3 17.9 -375.0 375.0 -178.6 173.1 -182.7 169.8 -28.4 68.3 

Mentha 68.9 6.9 -150.7 119.5 -142.2 95.1 -141.9 93.3 72.7 9.8 

Thalia 82.1 3.0 83.0 3.6 84.4 5.6 72.2 10.5 94.3 3.0 

Typha 75.8 4.1 48.4 23.4 47.0 24.6 41.0 27.1 65.9 17.0 

Acorus 62.8 11.4 57.0 15.2 64.9 13.1 57.5 17.0 63.8 20.6 

Canna 69.0 16.3 86.9 7.8 85.4 6.0 69.0 16.3 85.1 12.7 

Lysimachia 63.0 9.5 -293.8 177.8 -36.6 67.2 -40.5 68.9 57.8 24.8 

Eichornia 92.8 4.1 99.9 0.1 75.9 11.2 73.1 17.4 37.5 35.3 

Lemna 89.3 13.3 99.9 0.2 99.1 1.1 72.0 40.6 53.5 33.6 

Table 1: Removal efficiency of the individual species (%) and standard deviation 

In a first phase of the survey dealing with the phytotreatment of greywater, 13 vegetal species 
were tested in pots. According to the data reported in Table 2 Alisma and Iris presented 
negative nitrogen removal, due to high nitrification and negligible denitrification. On the other 
hand during the research period the nitrate concentration decreased. Thalia, Canna, Eichornia, 
Lemna showed a total nitrogen removal efficiency of about 70%. Generally for the vegetated 
pots nitrogen removal was higher than for the unvegetated blank pot. The phosphorous removal 
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efficiency was good for all plants, in particular for Alisma (82%), Thalia (94%) and Canna (85%). 
Considering the full set of contaminants, Alisma, Iris, Thalia Typha, Acorus were the species 
offering the best removal performance. Generally this was correlated with the higher 
evapotranspiration rates. Then, in a second phase of the survey, a horizontal subsurface 
constructed wetland (CW) was constructed. The CW is connected to the greywater collection 
tank and is composed of units, each 4.2m long, 1.0m wide, 0.9m depht and with a 1.5% slope. 
The same species tested in the pots were planted in the fist plot while Phragmites australis was 
planted in the second plot, with the intention of having a direct comparison this last well -known 
plant. The starting up phase was conducted from November 2002 to March 2003. Figure 3 and 
4 show COD and MBAS removal performance respectively. These two parameters are of 
primary importance taking into account the characteristics of the greywater pr oduced in the 
washbasin of the experimental toilet. The outflow of both units meets the quality standards 
imposed by national Italian regulation and the WHO guidelines for wastewater reuse.  
 

Figure 4: COD removal performance                      Figure 5:  MBAS removal performance 

Anaerobic co-digestion of food waste and wastewater fractions 

Lab-scale test experiment has been carried out on the anaerobic co-digestion of food waste 
with different sewage fractions. The purpose of these tests is to investigate the technical and 
economical feasibility of a new integrated wastewater and solid waste management system in 
order to achieve the following strategic aims: a) reduction of putrescible organics in solid waste 
to be disposed off in landfills with a consequent reduction of landfill emissions; b) reduction of 
the problems related to large centralised wastewater treatment facilities; c) production of 
methane from anaerobic digestion as an alternative energy source. While food waste is home 
collected and shredded in a kitchen mill, brown and yellow wastewater fractions are separated 
and collected using the facility above mentioned. The reactors were monitored to measure 
organic solids degradation, gas production and bacteria growth under different ammonia 
concentrations and different temperatures. Ammonia concentrations were manipulated by 
varying the yellow water feed to the digesters. In a first run the temperature was set at 35°C, 
while in a second run the temperature was increased weekly by 2 °C reaching stab le 
thermophilic conditions at 70°C. The results show good gas production (350-550 Nm3/t TS) with 
methane concentrations in the range 50-78%. Current tests are examining the performance of 
the digesters under various loading regimes. 

Conclusions 

In the light of an innovative approach to deal with wastewater and solid waste management that 
is based on separately treating the diverse fractions, a pilot facility has been constructed at the 
University of Padua, to study the scientific and technical connotations of this concept. In terms 
of the production of the diverse wastewater fractions, the results obtained in the experimental 
toilet show that while brown water contributes the highest proportion of volume, solids, total  
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phosphorous and organic matter, the main nitrogen contribution comes from yellow water. The 
initial survey on the capacity of some ornamental vegetal species to phytotreat greywater, has 
shown that Iris, Thalia Typh and Acorus were the species with the be st removal efficiencies. 
The starting up phase of a constructed wetland for the phytotreatment of greywater was 
conducted. Ornamental vegetal species were used in one bed, while a second bed contained 
Phragmites australis only. The outflow quality of both units meets the national regulation 
standards for discharging to water bodies. The first outcomes dealing with the anaerobic co-
digestion of brown water and food waste seem to be encouraging, with an acceptable removal 
of BOD5 and COD and an elevated level of gas production.  

References 

Cossu R., Borin M., Lavagnolo M.C., Bigon E. and Spinato P. (2001) A new approach to integrated 
wastewater and solid waste management. Proceedings Sardinia 2001, 8th International Waste 
Management and Landfill Symposium, S.Margherita di Pula, Cagliari, Italy, 1-5 Oct 2001, CISA 
publisher, vol V, pp. 237-246 

Otterpohl, R., Albold, A., and Oldenburg. M. (1999). Source control in urban sanitation and waste 
management: 10 options with resource management for different social and geographical conditions, 
Wat.Sci.Tec 39 (5) 135-169 

Phase 1 Phase 2  
 
 

Food 
waste + 
Faeces  

Food waste + 
Faeces + 

Urine 

Food 
waste +  
Faeces 

Food waste + 
Faeces + 

Urine 

Parameters Unite Range Range Range Range 

N-NH3 (mg/l) 657-117 1089-603 351-97 824-549 

TKN (mg/l) 1638-469 2079-1162 1232-245 1169-574 

P (mg/l) 70,8-9,8 118,4-9,9 37,4-8,2 25-13,3 
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VS (mg/l) 61105-
10765 63505-14385 13895-
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Alkalinity (mg/l) 820-400 2900-960 1380-320 1900-860 
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Table2: Characteristics of feeding in laboratory test Figure 6: Schematic layout of reactor  

Figure 7: The total biogas production and composition during the test 
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Abstract 

Correctly designed infiltration beds or phosphorus traps are advantageous for the treatment of 
wastewater in areas with a low population density. The efficiency can be increased by replacing 
the commonly used sand with  materials that have  a higher sorption capacity. Some of these 
materials are capable of delivering the sorbed phosphorus (P) to plants if subsequently used in 
agriculture, thereby recycling P in crop production in a sustainable way.  A long-term column 
study was performed using municipal wastewater. Columns were filled with seven different filter 
media. Polonite, a product from the bedrock opoka, had the largest sorption capacity for P of 
the studied materials and its high pH resulted in a filtrate of good hygienic quality. No coliform 
bacteria was found in the effluent from four selected columns and the removal efficiency 
approached 99.5 %. 

Introduction 

The phosphorus (P) sorption capacity is one of the most important properties of a filter media 
for use in on-site wastewater systems. This is advantageous since the P-saturated material is 
proposed to be transferred back to agriculture as fertiliser, thereby closing the P cycle (Hylander 
et al., 1999; Hylander & Simán, 2001). However,  the recycled material can only be used after 
taking into consideration the possible content of pathogens, toxic compounds and heavy metals. 
The lack of proper wastewater treatment in rural areas contributes largely to P pollution of 
surface waters. Since conventional methods of biological and physico-chemical P removal is not 
suitable for small-scale wastewater treatment plants, because they require skilled operators and 
are also  complicated, alternative removal methods  that are inexpensive and simple, are 
required and have been imple mented in recent years. Ecologically based, on-site treatment 
systems, such as constructed wetlands and soil infiltration systems, have attracted attention as 
favourable methods for the removal of P (e.g. Vymazal et al., 1998).  The efficiency of reducing 
the P content of wastewater is often increased by incorporating a suitable P-sorbing material in 
the soil profile, generally an Al, Fe or Ca compound (Mann & Bavor, 1993; Drizo et al., 1997). 
Trapping P in infiltration beds represents  another valid strategy by substituting commonly used 
sand for a material with a large P-sorption capacity. Recent studies have been focused on 
reactive materials among which emerge Blast Furnace Slags, Ex-clay Filtralite, and others 
(Sakadevan & Bavor, 1998; Kløve & Mæhlum, 2000). Both in wetlands and in infiltration beds, 
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the sorbing material has to be replaced when few unoccupied P sorption sites remain and its 
sorption efficiency decreases. In Sweden, most users of treatment systems are obligated to 
keep the P-concentration in the effluent below 0.5 mg/l. In this paper, results are presented from 
a large-scale column experiment where the phosphate sorption capacities of five different 
materials were tested. The research aims to develop high-efficient sorbents, which originate 
from natural material, e.g. bedrock, or from industrial by -products of no harm for the 
environment. The technical solution, i.e. the nutrient trap, is developed as well.  

Methods 

Nine columns (diam. 0.3 m, length 0.7 m) were fi lled to 0.5 m with five different media, two of 
them in duplicate. The media used were; sand, opoka, Polonite® , limestone, and two kinds of 
blast furnace slag, crystalline (C-slag) and amorphous (A-slag). The grain size was 
approximately the same for all of them ( 2-5.6 mm), except for sand (‹ 2 mm), limestone (2 mm) 
and one coarse fraction of slag (2-7 mm). Physical parameters of the materials are given in tab. 
1. The phosphate attenuation capacities of the selected filter materials were studied under 
conditions of unsaturated intermittent flow of wastewater during 58 weeks at the Loudden 
wastewater treatment plant in Stockholm. The average load was 85 l/m2/d, i.e. corresponding to 
the load recommended by the Environmental Protection Agency for soil infiltration systems in 
Sweden. The wastewater, pre-treated in a septic tank, was discharged to each column every 
second hour throughout the day. Samples were taken weekly from the influent (after pre -
treatment) and effluent water and were analysed on the content of orthophosphate using Flow 
Injection Analyser (Aquatec-Tecator Autoanalyser). The total P content of all filter materials was 
analysed at the end of the experiment from samples taken at each 5 cm level. Bacteria were 
analysed by standard methods on influent and effluent water among four of the columns when 
the experiment had lasted for 32 weeks. Samples were also taken from the superficial layer (0 -5 
cm) of the same columns for the analyses of bacteria content. 

 Hydraulic Surface  Particle Column 
Sorption 
material a 

conductivity 
(m/day) 

area  

(m2 g-1) 

size 
(mm) 

porosity (%) 

A-slag 40.6 0.43  0.25-4 46.7 
C-slag 15.9 0.50  0.25-4 45.5 
C-slag1  1950 0.37  2-7 50.9 
Limestone 238.5 0.57  1-2 46.4 
Polonite 800 0.70  2-5.6 47.7 
Opoka 1481 50.85  2-5.6 50.2 
Sand 200 0.09 0-2 43.7 

a A-slag = amorphous slag, C-slag = crystalline slag, thin;  
  C-slag1 = crystalline slag, coarse.  

Table 1: Physical parameters of sorption materials and column porosity at start of experiment.  

Results 

The incoming wastewater showed a large variation in the content of P (fig. 1) . This is attributed 
to dilution caused by in-leakage of groundwater and stormwater to the sewer system. The 
column filled with sand did not remove P as expected. It followed well the variation in P-
concentration of the incoming wastewater. The P removal capacity decreased successively in 
most of the filter media studied and passed the critical limit of 0.5 mg/l after a few weeks. One 
clear exception was Polonite®, which did not show any tendency for breakthrough. Total P 
content was largest in 0-5 cm layer of Polonite, where the content had increased from originally 
0.2 mg g-1 to 1.3 mg g-1. The bottom layer (40-50 cm) had the same content as the virgin 
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material. It was unexpectedly followed by sand, which had a higher P content in its surface layer 
than revealed by its capacity to reduce orthophosphate from percolating wastewater. However, 
the underlying horizons had very low P content. Among the bacteria in incoming  wastewater, 30 
% were found to be coliforms and roughly 45 % were grouped as aerobic gram negative rods, 
from where some isolated colonies where identified as the genus Acinetobacter. The bacteria 
content was reduced efficiently in three of the materials studied, up to 99.5 % in the effluent of 
K3 and K7, columns containing silica-calcium material of very high pH (11.2-12.5). Opoka 
reduced the bacteria content with only 66 %. However, no coliform bacteria was identified in the 
effluent from the four columns (tab. 2). 

Most of the bacteria content in the superficial layers of the materials were mainly soil bacteria. 
The content of Bacillus spp. was high. Species of the genus Acinetobacter were found in opoka, 
Polonite and sand. A group of red colored colonies were found in the Polonite and comprised 30 
% of the total bacteria content there. The identification gave a  99 % reliability for Serratia 
marcescens, an enteric bacteria and normal inhabitant in natural environments. 

Bacteria  (cfu/ml)  
Material Gram-  aerobic 

rods 
Gram+ facul-

tative anae-robic 
rods 

Other Enterics Others 

 
Removal (%) 

Polonite 408 292 0 0 99.5 
Sand      1748        184         92        276       98.3 
C-slag (thin)      3236      2091           0        523       95.6 
Opoka    35217            0     7826      1956       65.9 

Table 2: Groups of bacteria and reduction in wastewater after treatment in four filter materials. 

Discussion 

The Polonite material was found to reduce efficiently the phosphorus content from the influent 
wastewater that was studied. In this product, prepared from opoka, the calcium carbonate is 
transformed to calcium oxide, which has a lager solubility product than calcium carbonate, 
leaving more Ca ions to react with P.   Laboratory investigations show that the maximum 
sorption capacity of Polonite is 119 g PO4

3- /kg material (Brogowski & Renman, unpubl. data). 
The high total P content in the surface horizon of sand originates from organic P. Part of this 
has been retained from the wastewater by the sand since it acts as a filter due to the fine 
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Figure 1:  Influent and effluent concentrations of phosphorus during column experiment performed 
from w. 10 (2000) to w. 25 (2001). K1-K9; columns with different filter media. 
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texture. Another part originates from bacteria preferably living in the surface horizon of the 
column instead of in lower horizons. Several investigations done recently  on different materials, 
by-products or natural, show that P is possible to trap efficiently (Johansson, 1999; Roseth, 
2000; Agyei et al., 2002). High removal efficiency of bacteria was found in this study. Bacteria 
are more efficiently killed at high pH values. This could explain the highest reduction in the 
Polonite material. This is supported by the fact that a high percentage of the out coming 
bacteria from that material was spore forming bacteria, mostly belonging to Bacillus spp. By 
including more P reactive media in constructed wetlands and  infiltration beds, the leakage from 
such systems can be significantly minimized. If the option is to recover the P resource as fast as 
possible, special traps must be designed where it is easy to manage the P saturated filter media 
for further use. Some of the materials are capable to deliver the sorbed P in crop production in a 
sustainable way (Hylander & Simán, 2001). 

Conclusion 

Using filter substrates is a possible technology for small-scale wastewater treatment. It  can be 
applied for treatment of different kinds of wastewater, e.g. grey water. A high P sorption 
capacity and an efficient removal of bacteria was demonstrated for Polonite.  
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