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Abstract

Actual sewage treatment relies on conventional activated sludge (CAS), which reaches sufficiently low
carbon, nitrogen and phosphorus effluent levels, but is not cost-effective, hardly achieves recovery,
requires electricity equivalent to a fossil fuel consumption of 85 kWh per inhabitant equivalent (IE) per
year and has an operational CO, footprint of 80 kg CO, IE™' year . Projected water and phosphorus
shortages and the need to lower greenhouse gas emissions force us to rethink wastewater treatment for
sustainable cities of the future. ZeroWasteWater offers an approach to short-cycle water, energy and
valuable materials while adequately abating pathogens, heavy metals and trace organics. A less diluted
waste stream will be obtained from sewerage improvements, a more rational use of potable water and the
addition of ground kitchen waste, complemented by an advanced physicochemical or/and biological
concentration step at the entry of the sewage treatment plant. Anaerobic digestion will recover electricity
from the concentrated stream and further treatment will render a value of 6.2 EUR IE ' year ' under the
form of the nutrients nitrogen and phosphorus, and the carbon-sequestrating biochar. In the water stream,
residual nitrogen will be removed through partial nitritation and anammox, followed by heat recovery and
add-on membrane technologies yielding potable water (> 65 m’ IE™" year '). Overall, compared to a CAS
system without sludge digestion, the recovery of energy and nutrient in ZeroWasteWater avoids a fossil
fuel use of 439 kWh IE ' year ' and an operational emission of 88 kg CO, IE "' year '. Interestingly, such
approach is expected to be economically viable. The key challenges remain to incorporate water chain
management in holistic urban planning and to render a cradle to cradle approach which society will find
acceptable.
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1. Conventional activated sludge (CAS): the wrong road

Over the last decades, water technology has globally propagated the current concept of the human water
cycle (Fig. 1.A). Water is harvested from a natural system, conditioned in a drinking water facility,
transported to a buffer tank and then to the user where it is loaded with low levels of pollutants and heat
energy. Subsequently, it is transported to a wastewater facility, treated in an energy-demanding dissipative
way (total decomposition of all molecules) and returned to a natural system. Besides significant water
losses along the way (up to 30-50% in Europe), this safe and precious drinking water is mainly used as a
transport vector and only a minor part (3% in Europe) for nutritional purposes (UNEP, 2004).
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Figure 1. Major pathways in the cities of the present (A), wasting a lot of depletable resources, and in the cities of the future
(B), rationally and sustainably recovering resources

The historical choice for bio-processes to deal with the clean-up of wastewater was based on the fact that
microorganisms can bring about the ‘insolubilization’ of various pollutants which are dissolved in the
water. A simple aeration permits bacterial cells to grow on the chemical oxygen demand (COD) present in
excreted carbohydrates, lipids and proteins forming so-called sludge. In conventional activated sludge
(CAS) systems, a low sludge-specific loading rate is applied, converting roughly half of the COD to
sludge and half to CO,. The cleared water can be decanted from the sludge and is discharged to the
environment, and the sludge is dewatered and disposed off. Although this concept for organic carbon
removal was quite logical, it has evolved during the last decades to become increasingly complex,
incorporating biological nutrient removal through nitrification/denitrification and enhanced biological
phosphorus removal (Fig. 2).
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Figure 2. Major pathways for water, energy and materials in an advanced conventional activated sludge (CAS) sewage
treatment plant with biological nutrient removal, sludge digestion and disinfection. Subscripts ‘el’, ‘th’ and ‘foss’ refer to
electrical, thermal and fossil fuel, respectively.

A recent screening of 9 European countries along the Danube showed that CAS encompasses an overall
cost (capital and operational expenditure) of about 17-30 EUR per inhabitant equivalent (IE) per year for
large plants (> 100000 IE) and 30-40 EUR IE ' year ' for smaller plants (10000-50000 IE) (Zessner et al.,
2010). Of this budget, 30-38% was for operational costs, of which sludge treatment and disposal
accounted for up to 40%. The latter is high since a lot of sludge is produced. In the EU27 for instance,
around 10" kg of sludge dry matter is produced yearly, representing around 20 kg IE™" year ' (Milieu et
al., 2008). An economic life cycle analysis showed that the CAS approach is, for most common plant sizes
not the most cost-effective solution, mainly due to the high energy consumption and the high costs of
qualified personnel (Tsagarakis et al., 2003).

In the context of energy efficiency, carbon footprint and recycling, the CAS approach is not sustainable. A
screening of 343 treatment plants covering 30 x 10° IE in Nordrhein-Westfalen (G) showed an overall
electricity consumption of 33 kWh IE™' year ', of which 20% was recovered from anaerobic sludge
digestion (Miiller and Kobel, 2004). Note that the net amount of electricity consumed corresponds to an
equivalent fossil fuel demand of 85 kWh IE™" year ', given an average conversion of 0.31 kWh electricity
(kWhg)) produced kWh! fossil fuel (kWhgoss) consumed (Maurer et al., 2003). Some very energy-efficient
plants only require in the order of 20 kWhe IE™' year ', of which around 50% is recovered by anaerobic
sludge digestion (LFUW, 2001), but such plants are rather exceptional. In plants with and without
anaerobic digestion, aeration constitutes over 60% and 70% of the energy consumption, respectively
(Zessner et al., 2010). Although anaerobic digestion is the most sustainable approach for sludge
stabilization (e.g. Suh and Rousseaux, 2002), the majority of the CAS sludge in Europe is not treated in
this way, with some exceptions such as that of Sweden, where 83% of the sludge is digested (Lantz et al.,
2007). With a CO, emission of around 0.6 kg kWhe ' in the EU25 (Fruergaard et al., 2009), the CAS CO,
footprint related only to net electricity consumption is 16 kg CO, IE™ year ' in the example of the
Nordrhein-Westfalen region. It should be noted that the electricity consumption from water and sludge
treatment only represents 13% of the overall CO, footprint, as additional direct emissions are generated
from sewerage, water and sludge treatment, as well as indirect emissions from plant construction,
production and transport of the used chemicals along with transport and disposal of the produced sludge
(Clauwaert et al., 2010). As such, an overall sewage treatment CO, footprint of 125 kg CO, IE" year_1
was calculated, with 64% or 80 kg CO, IE™! year ' represented by operational emissions. Besides the high
environmental footprint of CAS, recovery of mineral nutrients is generally not considered. In the EU27 for
example, the majority of the nitrogen is returned to the atmosphere and although most phosphorus is
retained in the sludge, currently only 38% is recycled through landspreading (Milieu et al., 2008).
Moreover, the COD/N/P ratio is often not high enough to bring about biological nutrient removal,



requiring the addition of external COD, as exemplified by Isaacs & Henze (1995), Dailey et al. (2010) and
Fongsatitkul et al. (2008). This entails additional costs while simultaneously increasing the carbon
footprint of wastewater treatment.

Besides the poor cost-effectiveness and the unsustainability of the current dissipative CAS approach,
important societal problems force us to rethink and redesign the way we deal with water resources in the
future. Strong contrasting changes in water availability and demand are expected for the upcoming
decades, including predictions that by 2050 about half of the global population will face severe water
shortage (Alcamo et al., 2007). On the one hand, the demand for water is rising due to an increase in
population size (times 1.4: around 9.3 billion people by 2050), urbanization degree (times 1.9: around 70%
by 2050), life standard and irrigation needs for food and fuel crops (UNEP and UN-HABITAT, 2010). On
the other hand, the water availability may strongly decrease in some regions, whereas the rain pattern may
show major shifts elsewhere, with subsequent periods of dramatic droughts and floods. By far the most
unpredictable factor at present is the effect of future climate change. Anyhow, we must be vigilant of the
upcoming changes and start planning to adapt to these in a sustainable way, thereby completely
transversing the current lines of development in water technology. Although this might require major
infrastructural works and management schemes, technological positivism should allow us to provide better
sanitation to more people while consuming less energy and imposing a lower burden to the planet. The
fact that sewage treatment still has to start from scratch in cities of the future, and also in many developing
countries, offers an exquisite opportunity to directly choose for a more sustainable approach, not burdened
with the historical installation of a rather linear water chain based on massive flushing and dissipative
treatment.

2. Sewage as a resource: why not?

In earlier times, recovery from faecal matter and urine used to be practiced, be it not in a safe way. In the
medieval time, cities were overridden with faecal matter and the inhabitants of the cities of the past were
keen on re-utilising whatever was possible: faecal organics and mineral nutrients were used to grow
vegetables in the local gardens and urine was used as a source of concentrated ammonia to treat textile
fibres. What was not foreseen at that time was that each gram of faecal matter of a diseased person can
contain several thousands of infectious propagules from viruses, bacteria, protozoa and helminths, of
which contact with a few can already hamper human health. In the second half of the 19™ century, one
realized about these concepts, and it was gradually introduced to flush excreta outside of the city without
any short-cycling of its constituents. Additionally, more recent developments introduced trace organics
(pharmaceuticals, personal care products and pesticides) and heavy metals in sewage water. However,
wastewater remains plenty of valuable resources. In terms of sustainable development, these resources
have to be short-cycled in a safe way in what we call the ZeroWasteWater approach (Fig. 1.B),
minimizing waste from wastewater treatment. The pathways of the current water cycle will have to be
downscaled significantly and ‘wastewater’ should be considered as ‘used water’, i.e. a resource to mine for
energy, mineral plant nutrients (nitrogen and phosphorus), organic fertilizer and particularly water. Table 1
indicates the potential resources in used water representing a total value of about 80-85 EUR IE™' year '
under EU conditions, or about 1 EUR m° of treated water and hence, a considerable amount of money
which is not recovered.

Table 1. Potential resource recovery from sewage and ground kitchen waste (KW) under European conditions in the
ZeroWasteWater concept. Excreted loads of chemical oxygen demand (COD), N and P were taken from Henze (1997). Energy
values refer either to electrical (el) or thermal (th) energy. IE: inhabitant equivalent; CHP: combined heat and power generation.
Production IE ' year ' . Value (EUR IE ' year )

Sewage KW Market price Sewage  Sewage + KW
Water™: sewage + storm/infiltration ~ 64 + 151 m’
Potable water” 54 m’ 1.2EURm 65.4 65.4

Resources in sewage and KW




Heat recovery (5°C cooling)* 6.9 6.9

e Electricity consumption =179 kWhy, —0.10 EUR kWh !¢
* Heat recovered 496 kWhy, 0.05 EUR kWh "¢
Overall COD® 47 kg 33kg
COD converted to biogas’ 27 kg 18 kg
e Electricity from biogas CHP 23 kWhy 16 kWhy 0.10 EUR kWh'¢ 2.3 3.9
e Heat from biogas CHP 24 kWhy 17 kWhy,  0.05 EUR kWh™'¢ 12 2.0
COD in sludge from digestor® 11 kg 7.9 kg
¢ COD converted to biochar” 5.7kg 39kg 0.14 EUR kg ' COD 0.8 1.3
Nitrogen 4.7 kg 0.4 kg
Recovered nitrogen' 2.4 kg 0.2 kg 1.15EUR kg 'N 2.7 2.9
Phosphorus 0.91 kg 0.73 kg
Recovered phosphorus’ 0.82 kg 0.66 kg 135EUR kg 'P 1.1 2.0
Overall 80.4 84.5

* Since European household water consumption ranges from 85 to 265 LIE 'd ™', 175 L IE "d ' (64 m’ IE ' year ') was chosen
as a representative value (UNEP, 2004). Additionally, per 1 L of sewage, 1.18 L of storm water and 1.18 L of infiltration water
rea(l:h the 1sewage treatment plant, under average German conditions (Brombach et al., 2005), yielding 587 L IE"'d™" (215 m’
IE " year ).

® A projected future water load of 234 L IE™' d ™' (85 m® IE ' year ') was used, i.e. 25% less sewage water without storm water
and with 50% decreased infiltration. Assuming a recovery of 85% with microfiltration/ultrafiltration and 75% with reverse
osmosis. Prices for drinking water vary from 0.2 to 2.1 EUR m (UNEP, 2004), so an intermediate value of 1.2 EUR m™ was
chosen.

¢ Two sequential heat pumps were used with a coefficient of performance (COP) of 5 kWhy, produced kWh,, ' consumed, hence
recovering overall 64% of the energy. A projected future water load was used as mentioned footnote ‘b’.

4 European feed-in-tariffs for electricity from biomass range from 0.038 to 0.224 EUR kWh,, ' (Europe's Energy Portal, 2010),
so a value of 0.10 EUR kWh,, ' was chosen, and also used as electricity price. Heat was assumed to be half as valuable as
electricity.

¢ In sewage without kitchen waste, 130 g COD IE™" d' is excreted and it is assumed that around 80% of the COD ends up in the
concentrated line for anaerobic digestion, mainly by the advanced concentration step and with a minor sludge contribution from
subsequent biological treatment.

f Anaerobic digestion of primary and secondary sludge at 35°C converts around 50% of the COD into biogas (Wett et al., 2007;
Siegrist et al., 2008), whereas digestion of black water and kitchen waste can remove up to 70-80% of the COD, even at 25°C
(Kujawa-Roeleveld et al., 2005; Meulman et al., 2010), which is in the same order as the digestability of (flocculated) grey
water (Elmitwalli and Otterpohl, 2007; Hernandez Leal et al., 2010). A 70% COD conversion from mixed sources was therefore
assumed to be feasible at 35°C. Further, biogas is produced at 0.5 m’ kg ' COD removed, contains 65% CH, at an energetic
value of 10 kWh m ™ CH, and its burning in a combined heat and power unit has thermal and electrical efficiencies of 40 and
38%, respectively (Murphy et al., 2004; Wett et al., 2007).

¢ Around 30% of the organic matter fed to the digestor is expected to remain in the sludge fraction.

" Following pyrolysis at around 600°C, about 50% of the organic carbon is expected to remain present in the biochar (Lua et al.,
2004). The value for this carbon was deduced from the price for actions to decrease CO, emissions, which amount to 100 EUR
ton ' CO, for a 80% decrease in greenhouse gas emissions by 2050 (IPCC, 2007). With CsH,O,N as biomass formula, the
sludge leaving the digester contains 2.67 g COD g ' C, yielding an approximate biochar market value of 0.14 EUR kg ' COD
processed.

' Assuming an overall N recovery of 50%. Fertilizer prices for urea, ammonium nitrate and ammonium sulphate ranged up to
0.88 to 1.48 EUR kg™ N mid 2008 (Apodaca, 2010).

J Since about 90% of the P ends up in the sludge (Cornel and Schaum, 2009), this was assumed as recovery percentage.
Fertilizer prices for triple superphosphate and diammonium phosphate in 2010 were 1.1 and 1.6 EUR kg' P, respectively (The
World Bank, 2010).

The major value of used water is contained in the transport vector itself, even in the assumption of a 25%
decrease water consumption per capita per day, the exclusion of storm water and a 50% decrease of water
infiltration in the sewers (Table 1). The second highest market value of wastewater is its temperature.
Indeed, households do not only load water with pollutants but also with heat energy. In the Flemish region
(B) for instance, on average 3000 kWhggs house ™! year_1 is consumed for water heating (Eandis, 2007).
This represents about 10% of the energy consumed, since an average household energy budget is 15000
kWhg,ss and 5000 kWhe house ' year_l, jointly representing about 31000 kWhgss house ! year_l. At the
average Flemish household composition of 2.46 IE house ' (Belgian Science Policy, 2009), 1220 kWhyys



IE"' year ' is spent to warm water. Several options with a heat exchanger and/or heat pump exist to
recover this energy either at the household level, in the sewer, or from the effluent of a wastewater
treatment plant (Wanner, 2009). To minimize fouling in the heat recovery equipment, to maintain high
performance of rather temperature-sensitive biological processes and to harvest an additional temperature
increase of about 1°C due to sewage treatment (Wanner et al., 2005), heat recovery from the effluent
seems most attractive. In Breda (NL), daily measurements of the sewage temperature over the period
1998-2010 yielded 17°C as average and median, and 8 and 25°C as minimum and maximum temperatures,
respectively (Mollen, oral communication). Similarly, the average sewage temperature at an Austrian
wastewater treatment plant was 17°C (Wett et al., 2007). From such temperatures, traditional water-water
heat pumps cannot deliver water of more than 60°C, but the sequential use of two heat pumps could yield
hot water at 90°C (Thornberg and Johansen, 2010). Harvesting 5°C with this sequential approach
consumes 179 kWhe IE™! year ' for the heat pump while producing 496 kWh of thermal energy (kWhy,)
IE"" year' (Table 1). If this energy is used to heat the buildings of the treatment plant and its
surroundings, this considerably lowers the CO, footprint. In the EU25, about 0.6 and 0.3 kg CO, kWh™" is
emitted to produce electricity and heat, respectively (Fruergaard et al., 2009). Hence, an equivalent
emission of 42 kg CO, IE™' year ' would be saved.

The organic matter of sewage contains energy which can be recovered through anaerobic digestion with a
combined heat and power (CHP) unit. The potential energy recovery can even be increased by 70% when
adding ground kitchen waste, by using a grinder or disposer installed under the kitchen sink (Table 1). At
an average family of 2.46 IE house ', such device consumes about 1.4 kWhe and 0.67 m® IE™' year '
(Karlberg and Norm, 1999). The thermal energy recovered from the biogas (41 kWhy, IE™! year ') will be
(partly) needed in practice to heat the digestor. However, the possible electricity recovery is a net gain and
amounts to 39 kWhe IE™' year ', which is a factor 4 higher than the electricity recovery of the current
advanced CAS plants equipped with anaerobic digestion (LFUW, 2001; Siegrist et al., 2008). This
recovery prevents an additional avoided emission of 23 kg CO, IE" year ' to produce electricity from the
regular sources.

The CO, footprint can additionally be decreased by sequestering part of the residual organic carbon. It
should be noted that direct CO, emissions from the biological oxidation of sewage COD, burning of
biogas and incineration of sludge are not taken into account when calculating the CO, equivalent footprint
of sewage treatment, since this carbon is of ‘young’ biogenic origin (IPCC, 2007). In contrast, the
sequestration of sewage carbon has a net negative CO, footprint. This can be achieved with the production
of biochar, a kind of charcoal obtained from pyrolysing biomass (Lehmann, 2007). In the ZeroWasteWater
concept, biochar gives rise to a sequestration potential of 13 kg CO, IE™' year ' for sewage with added
kitchen waste, as calculated from the solids production after anaerobic digestion (Table 1) with the generic
biomass formula CsH;0,N, yielding 2.67 g COD g™' C.

Biological nitrogen removal represents a major part of the overall electrical energy demand. Excreted
nitrogen in sewage is around 4.7 kg N IE ' year ' (Table 1) and if 65% of this nitrogen is oxidized through
nitrification/denitrification in the biological CAS unit (Siegrist et al., 2008) requiring 2.3 kWhe kg ' N for
aeration (Mulder, 2003) and roughly 25% of the overall pumping requirements for recirculation to
denitrify (Kartal et al., 2010), an overall 8.9 kWh IE™ year ' is consumed. Since the latter only covers
electricity, it hence requires more than 1 EUR IE ' year ' to remove this nitrogen. In contrast, if only 50%
could be recovered, a market value of about 3 EUR IE™' year ' could be obtained (Table 1). Recovery
options for ammonium from water include instance ion exchange, struvite precipitation or stripping. A
rough estimation shows that nitrogen recovery can present a significant resource at a global level.
Recovery of 50% of the nitrogen in sewage and kitchen waste equals 2.6 kg N IE™' year ' (Table 1) or 18
million ton N year ' at a global scale (6.9 billion IE). Current global fertilizer production occurs through
the Haber-Bosch process and is in the order of 121 million ton N year ' (Galloway et al., 2008), hence in



this best-case scenario, recovery could cover about 15% of the current nitrogen demand. Although
synthetic nitrogen fertilizer is made from a non-depletable source, i.e. atmospheric nitrogen gas (N;), a
future cyclical and hence more sustainable approach might be in favour of nitrogen recovery.

The amount of phosphorus excreted in sewage and kitchen waste is 0.9 and 0.7 kg P IE ' year ',
respectively (Table 1), which is in most cases precipitated or incorporated into sludge through biological
and/or chemical reactions, and subsequently dumped in landfills either directly or after incineration
(Cornel and Schaum, 2009). In contrast to the main resource for nitrogen fertilizer production, the resource
for phosphorus fertilizer production, i.e. mineral phosphate rock, is expected to be depleted in the coming
50-100 years (Cordell et al., 2009). Hence, phosphorus fertilizer prices are strongly rising, and recovery
will be a necessity, and can be achieved through land spreading of sludge or biochar from sludge, struvite
precipitation (after P release) or recovery from sludge ashes (in case no iron salts were used for
precipitation). A rough best-case estimation shows that phosphorus recovery can present a significant
fertilizer source at a global level. Global phosphorus fertilizer production is about 14 million ton P year '
and a 90% recovery of the phosphorus in sewage and kitchen waste from the global population (6.9 billion
IE) would yield 7.6 million ton P year ', which represents 55% of the current phosphorus demand.

3. Safety first: no short-cycling of faecal pathogens, heavy metals and trace organics

Until the 19" century, European cities regularly suffered from major outbreaks of waterborne diseases
such as typhoid fever (Salmonella typhi) and cholera (Vibrio cholerae). These outbreaks were decreased
with the implementation of sewerage systems in these cities as exemplified by the inverse correlation in
the period 1870-1915 between the number of houses connected to public sewers and typhoid fever
mortality in Berlin (Kruse, 1962). Notwithstanding sewerage and basic sanitation, the provision of safe
drinking water is also of predominant importance for human health, as demonstrated by the very high child
mortality in countries lacking these provisions (Fig. 3). Currently, still 13% of the global population or
884 million people have no access to safe sources of drinking water and even 39% of the population or 2.6
billion people are not connected to improved sanitation (WHO-UNICEF, 2010). Poor hygiene and unsafe
water are responsible for around 88% of all diarrheal incidents. The latter diseases are one of the main
contributors to child mortality including 15% of child deaths under the age of five, killing 1.3 million
children in 2008 (UN, 2010). Given these high numbers, the United Nations have put forward Millennium
Development Goals to improve the 1990 ‘reference situation’ by 2015. These goals aim at halving the
amount of people without sustainable access to safe water and basic sanitation (Target 7.C) and decreasing
the under-five mortality by two thirds (Target 4.A). Although it is realistic to achieve the drinking water
target, the progression towards the sanitation and child health targets is not happening fast enough (UN,
2010; WHO-UNICEF, 2010).
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Figure 3. Inverse correlation between the mortality of young children (2003) and access to water and sanitation (2002), as
shown tentatively with a linear regression. Data points represent 153 countries as obtained from WHO (2007).

Another risk when considering recovery is the short-cycling of bio-active trace organic compounds such as
pharmaceuticals, personal care products and pesticides, which can be dealt with in an advanced treatment
step (Bolong et al., 2009). Also the re-entry of heavy metals in the environment, food production or city
has to be avoided. In Sweden for instance, the sources emitting or releasing these metals could be
identified to a great extent for Cu, Zn, Ni and Hg, whereas the origin of Pb, Cr and Cd was less clear
(Sorme and Lagerkvist, 2002). Hence, the entrance of some metals in the wastewater could partly be
prevented, but care will have to be taken to remove other metals, for which various techniques are
available (Kurniawan et al., 2006).

4. Potable water recovery from sewage: feasibility proven

In the city of Windhoek (Namibia), the conversion of wastewater to drinking water has been in place for
40 years (Haarhoff and Van der Merwe, 1996). Currently, the reclamation plant has a capacity of 7.5 Mm’
year ' and its water constitutes about 25% of the city’s potable water supply, in which CAS is followed by
a multiple barrier series of reclamation processes: pre-ozonation, coagulation/flocculation, dissolved air
flotation, dual media filtration, main ozonation, activated carbon filtration, ultrafiltration and chlorination
(Lahnsteiner and Lempert, 2007). Reclamation costs in 2002 constituted of 0.25 and 0.38 EUR m " for
investments and operation, respectively, yielding an overall cost of 0.63 EUR m °, which was only 3%
more expensive than water production from surface water (du Pisani, 2006). California experienced a
closure of the water cycle with the ‘Water Factory-21" concept, which has been functional from 1975 to
2004 and was succeeded by the ‘Groundwater Replenishment System’ from 2008 onwards (OCWD,
2009). This plant involves sequential microfiltration (MF), reverse osmosis (RO), and ultraviolet (UV) and
H,0, treatment and can produce up to 89 Mm’ year ', which is used to recharge a groundwater reservoir
and prevent the intrusion of seawater therein. In this region, energy demand to reclaim wastewater is at
least 50% lower than import or other treatment options (Durham et al., 2001). Another example is the



‘NEWater’ technology in Singapore, which treats secondary CAS effluent with MF/ultrafiltration (UF),
RO and UV since 2003 (PUB, 2010). Currently, five facilities jointly produce around 138 Mm® year ',
meeting 30% of Singapore’s overall water needs, mostly directly used for non-potable industrial
applications and only partly (7.5% by 2011) for indirect potable reuse through blending in a reservoir and
subsequent drinking water treatment, constituting 2.5% of the city’s potable water requirements.

In Koksijde (Belgium), a relatively small water cycle has been established since 2002 (Dewettinck et al.,
2001; Van Houtte and Verbauwhede, 2008), but the high degree of water short-cycling in a non-arid
climate renders this project unique from a sustainable point of view. In the period 2005-2009, 40% of the
secondary CAS effluent was further treated and the resultant water constituted 27% of the drinking water
(Fig. 4). The tertiary treatment is based on UF (88% recovery) and RO (76% recovery), but also includes
dune infiltration to enable sustainable groundwater management of the dune aquifer. Energy consumption
over the period 2005-2009 was on average 0.15 and 0.60 kWh, m > for UF and RO, respectively, and the
overall from CAS effluent to drinking water was 0.54 EUR m >, which was 25% cheaper than the
additionally purchased potable water (IWVA, 2005, 2006, 2007, 2008, 2009; Van Houtte and
Verbauwhede, 2010). The Hazard Analysis and Critical Control Points (HACCP) approach resulted in a
stringent physicochemical monitoring strategy to guarantee the hygienic safety of the produced water
(Dewettinck et al., 2001). The water complies with the microbiological standards for drinking water, i.e.
the absence of the bacterial indicators Escherichia coli and enterococci, and furthermore contains none of
the tested bacterial, protozoal and helminthic pathogens (Levantesi et al., 2010). Furthermore, none of the
96 tested pharmaceuticals and over 40 tested pesticides could be detected in a 2010 drinking water sample
(Van Houtte, oral communication).
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Figure 4. Scheme of wastewater reuse as practised in Koksijde (Belgium), with IWVA (Intercommunale
Waterleidingsmaatschappij van Veurne-Ambacht) responsible for drinking water production and distribution and Aquafin for
sewerage and wastewater treatment (Dewettinck et al., 2001; IWVA, 2005, 2006, 2007, 2008, 2009; Van Houtte and
Verbauwhede, 2010; Clauwaert, oral communication; Van Houtte, oral communication). The CAS plant ‘Wulpen’ (1978) was
designed to treat a biochemical oxygen demand (BOD) inhabitant equivalent of 74700. Depicted flowrates represent the
rounded yearly average over the period 2005-2009 in Mm® year ' (mmy). Subscripts ‘el” and ‘foss’ refer to electrical and fossil
fuel, respectively; UV: ultraviolet.

The four presented examples show that safe potable water reuse from a CAS effluent is technologically
and economically feasible through a multiple barrier approach. Social acceptance can be obtained by good
documentation, communication and interaction, although direct reuse could pose some psychological



difficulties, especially in regions that are not under heavy water stress. Although the CAS approach with
additional membrane technologies does not represent an optimal way to recover the other resources in the
used water (Table 1), the add-on of MF/UF and RO in novel treatment schemes appears to pose no
problems.

5. ZeroWasteWater technologies for source-separated treatment

Several options have been proposed for source separation at the household level of either yellow water
(urine), brown water (faeces), black water (urine and faeces) and/or grey water (washing water from
laundry, kitchen, shower and bath) (Otterpohl et al., 1999). An example of a yellow water separation
device is the so-called No-Mix toilet, for which clever and safe urine treatment technologies have been
conceived, which can also be applied in developing countries, involving sand-bed nitrification and solar
evaporation, recovering substantial N and P amounts as fertilizer (Pronk and Koné, 2009).

Currently few source-separated schemes have a complete treatment train in operation. Yet, this approach
can be feasible and profitable, as for instance shown in a pioneering project in Sneek (NL), where grey and
concentrated black water is collected from 32 houses (Zeeman et al., 2008; Meulman et al., 2010). The
integrated treatment approach allows maximum recovery of the resources in both water streams (Fig. 5).
The black water vacuum collection system consumes 25 kWhe IE™! year ' (Otterpohl et al., 1997), but it
uses about seven times less water (only 1 L per flush). Additionally per flush some 100 L of air is
consumed per flush, which is deodorized in a biofilter filled with wooden chips. The vacuum system hence
gives a very concentrated black water stream which is directly suitable for anaerobic digestion in an
upflow anaerobic sludge blanket (UASB), which is additionally fed with ground kitchen waste and sludge
from the grey water treatment line, produced in a highly loaded activated sludge process concentrating the
organics in the sludge. In the case of Sneek, a co-combustion unit is used which switches between biogas
and natural gas to heat the connected houses. Following digestion, the majority of the nitrogen (and some
residual carbon) is removed with minimal energy consumption by oxygen-limited autotrophic
nitrification/denitrification (OLAND), which is a one-stage process combining partial nitritation and
anammox (Vlaeminck et al., 2009b). Although OLAND is already 60% more energy-efficient than
nitrification/denitrification (Mulder, 2003), the energy-efficiency is further improved by applying passive
aeration in a rotating biological contactor, instead of using direct bubble aeration. Subsequently,
phosphorus is recovered with some residual ammonium as struvite (MgNH4PO4.6H,0), a slow release
fertilizer which also contains some nitrogen (0.45 g N g ' P). Through the capturing of phosphorus in the
sludge of the grey water line with a biological phosphorus removal step, a significant part of the excreted
phosphorus can be recovered. The effluent of the black water line is returned to the grey water line for
final polishing. After this, significant amounts of energy can be recovered from the effluent, given the
year-average effluent temperature of 17.5°C (Meulman, oral communication).
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Figure 5. Scheme of source-separated sanitation implementing energy and nutrient recovery as practised for 32 houses in Sneek
(the Netherlands), updated from Zeeman et al. (2008), Vlaeminck et al. (2009b), Meulman et al. (2010) and Meulman (oral
communication). UASB: upflow anaerobic sludge blanket; OLAND: oxygen-limited autotrophic nitrification/denitrification;
RBC: rotating biological contactor; Subscripts ‘el’, ‘th’ and ‘foss’ refer to electrical, thermal and fossil fuel, respectively

As a new source-separated concept, we propose to integrate the use of grey water and sunlight to establish
a ‘productive algal roof’, exploiting already existing surface on houses. The roof can be used as a kind of
flat panel photobioreactor to grow microalgae on the nutrients present in pre-treated grey water and CO,
from the atmosphere. Similar to the weekly collection of garbage, the algae can be harvested with a mobile
centrifuge and subsequently transported to a centralized anaerobic digestion plant for energy recovery, as
proposed by Zamalloa et al. (in press). In a rough approximation, assuming a 100 m®roof and a
productivity of 20 g dry matter m > d”' (Eriksen, 2008), one family would produce around 810 kg COD
year ', given an operational period of 300 d year ', an organic content of 90% and 1.5 g COD g ' organics
(Sialve et al., 2009). This biomass can be anaerobically fermented, converting 75% of the COD to biogas
containing 75% CH,, would yield a gross energy recovery of 866 kWh,, house™' year ', as obtained using
the energy conversion factors of Table 1. For comparison, photovoltaic panels on roof tops produce in the
order of 100 kWhy m 2 year ', rendering a panel surface of 35-40 m” sufficient to cover the average
electricity consumption of Flemish family (VREG, 2010). Although the electricity production per roof
surface is roughly one order of magnitude higher for photovoltaic panels compared to algal roofs, the latter
might present a ‘greener’ overall approach of joint energy production and water treatment since it
additionally allows to recycle grey water nutrients, take up atmospheric CO,, manage storm water, cool
the house by heat transfer through the roof and recover energy relatively easy from the parallel black water
line.

6. ZeroWasteWater technologies for end-of-pipe treatment

At the centralized level (order 100000 IE and higher), we propose an updated version of the out-of-the-box
biorefinery design proposed by Verstraete et al. (2009). Firstly, a less diluted waste stream is prerequisite
for energy and material recovery. A typical COD level of around 750 mg COD L' could be expected
based on the average household water consumption and COD load (Table 1). However, because of dilution
with storm and infiltration water, this concentration is, in practice, much lower. In average German
conditions for instance, the sewage is diluted with a factor 3.4 (Brombach et al., 2005), giving rise to about
225 mg COD L™'. For energy recovery from anaerobic digestion, considerably higher COD levels are
desirable. In case the anaerobic digestor is heated only with the recovered thermal energy from a CHP
unit, 5.4 g COD L™ is required to heat sewage from 17 to 34°C, as calculated from the energetic figures in



Table 1. However, a significant part of the heat present in the digestate can be recovered and used to heat
the influent of the digestor. To obtain higher COD levels, dilution and microbial activity in the sewer
should be prevented, in addition to the use of an advanced concentrator upon entry at the new treatment
facility (Fig. 6).

Sewage dilution can be prevented by a number of measures. Firstly, a separate sewer system with a
sanitary and a storm sewer can increase pollutant concentrations by around 85%, as calculated from
typical German flow rates (Brombach et al., 2005). Secondly, infiltration in the sewer systems could be
significantly decreased by improved maintenance. With 50% less infiltration, the concentrations will
increase with only around 20% in combined sewer systems, but with around 140% in a separate sewer
system (Brombach et al., 2005). Thirdly, in the latter system, water conservation of 25% could lead to a
concentration increase of around 190%. Such a decrease of the water use should be possible with relatively
simple measures and ever increasing efficient water use of domestic applications. Finally, addition of
ground kitchen waste can increase the COD concentration by around 70% (Table 1). Overall, these four
abovementioned improvements could roughly increase the COD levels by a factor of 5. An additional
concentration possibility is the harvesting of irrigation water from the sewer, as proposed by Diamantis et
al. (2010). In this concept, sewage is abstracted from the sewer, treated with primary membrane filtration
(PMF) and the concentrated stream is returned to the sewer.

Microbial activity in the current sewer systems is not desirable since it leads to the formation of the
greenhouse gas methane (Foley et al., 2009) and to hydrogen sulphide formation and the subsequent
corrosion of sewers (Zhang et al., 2008). Furthermore, in the ZeroWasteWater concept, hydrolysis of
particulate COD and consumption of dissolved COD should be minimal to obtain a maximum COD load
to the treatment plant and a performant solid/liquid separation at the income of the plant. It takes hours to
days for the sewerage microorganisms to bring all particulate components in the water into solution, the
so-called liquefaction or hydrolysis. In ‘fresh’ black water for instance, only about 15% of the COD is
soluble (Zeeman et al., 2008), whereas this is around 40-45% when sewage reaches the CAS plant
(Metcalf and Eddy, 2003; Henze, 2008). Furthermore, for long sewerage retention times, oxidation of 30%
of the dissolved COD was observed prior to arrival at the treatment plant (Huisman et al., 2004). Activated
sludge models (ASM) can simulate COD fractionation and consumption in sewers (Zhou et al., 2008), and
should be used to minimize these processes when (re)designing sewerage systems. In case around 50% of
the hydrolysis and consumption can be prevented in the sewer, around 20% more of the COD will reach
the treatment plant, and about 15% more of the COD can be easily separated from the liquid. Additionally,
this will lead to lower methane emissions and reduce the corrosion rate of the sewer. Faster transport can
be achieved through the use of a vacuum or pressure system, rather than gravity, and through
transportation over smaller distances (decentralizing and/or increase urbanization).

Clearly, upgrading existing sewage collection systems will be a very gradual process which can take
several decades. However, the application of an advanced concentration step upon arrival of the sewage in
the treatment plant can already be applied on the existing, diluted streams with levels of 225-750 mg COD
L. At the entrance of the ZeroWasteWater plant, an advanced physicochemical or biological
concentration step should divert 80% of the COD in less than 8% of the water, hence rendering a COD
concentration of at least 10 times (Verstraete et al., 2009). Hence, even without prevention of dilution and
microbial activity in the sewer, physicochemical techniques on current sewage should be able to obtain a
digestible COD concentration. Appropriate concentration techniques include primary membrane filtration,
dynamic sand filtration, dissolved air flotation, chemically enhanced primary sedimentation, biological
sorption, poly-electrolyte dosage or a combination thereof. Of particular interest is biological sorption, or
step A of the ‘Adsorptions-Belebungsverfahren’ or A/B process, in which a high sludge-specific loading
rate is applied, yielding mainly conversion of organic carbon into microbial biomass (Boehnke et al.,
1997). Anaerobic digestion of sludge produced with such high-rate activated sludge process, in



combination with energy-friendly side stream nitrogen treatment has been shown to render energy self-
sufficiency feasible at an Austrian wastewater treatment plant (Wett et al., 2007). Following the
concentrator in the ZeroWasteWater scheme, biogas production can further be boosted by the addition of
various organic waste streams, including algae and ground road clippings, expired food and restaurant
waste (Fig. 6).
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Figure 6. The centralized ZeroWasteWater approach, updated from Verstraete et al. (2009). Subscripts ‘el’, ‘th’ and ‘foss’ refer
to electrical, thermal and fossil fuel, respectively; OLAND: oxygen-limited autotrophic nitrification/denitrification; UV:
ultraviolet

The treatment train of the concentrate is primarily aimed at energy and materials recovery (Fig. 6). The
electrical recovery from anaerobic digestion at mesophilic temperatures (35°C) will be the second largest
saving on the energy and CO; balances (Table 2). For nitrogen stripping, aeration is required next to the
addition of a base such as CaO to raise the pH and an acid such as H,SO,4 to capture the ammonia in the
stripped gas. In this way, a 40% (NH4),SO4 solution can be obtained at pH < 3.5 (Siegrist, 1996).
Although stripping imposes a higher electricity consumption, the fossil-fuel equivalent energy demand
presents a decrease, since a considerable amount of heat is recovered from the production of CaO (Table
2). Furthermore, the increased use of electricity for stripping is compensated by the avoided energy for
nitrogen removal through CAS and the lower energy demand to remove the residual nitrogen through
OLAND (Table 2). Under realistic conditions, the remainder solid fraction might be enriched with
undesirable trace organics. In order to prevent their re-entry into the environment, one can dewater and dry
these solids, and finally pyrolyse them to biochar. Concerning heavy metals, careful origin tracing,
monitoring and treatment if required should prevent their short-cycling in sewage sludge and hence
biochar. Integration of biochar in the soil (up to 100 ton C ha™") not only represents an excellent and safe
way to improve soil fertility, but also is one of the superior routes to sequester carbon and decrease carbon
emission to the atmosphere (Lehmann, 2007). For ZeroWasteWater, biochar production reperesents the
third largest source for avoided CO; emissions (Table 2). Future experimental results should demonstrate
that the phosphorus in the biochar is rendered bio-available under field conditions. If this is not the case,
another phosphorus recovery pathway should be considered.

Following the concentrator, the water line will represent 90-95% of the volumetric flow, and will be
subject to an aerobic polishing of residual C and N, heat recovery and an upgrade to potable water (Fig. 6).



Since COD/N ratios will be relatively low (<2), the OLAND process can be used to oxidize the residual
carbon and nitrogen. Indeed, OLAND has a low energy consumption and sludge production and does not
require the addition of organic carbon, rendering the overall outcome not only 30-40% less expensive than
nitrification/denitrification (Fux and Siegrist, 2004), but also more sustainable. Although the OLAND
technology has been mainly used for treatment of highly nitrogenous waste streams so far, this technology
can also treat low nitrogen concentrations (30-60 mg N L") at low hydraulic retention time (1-2 h) and
high rates (400 mg N L' d™") (De Clippeleir et al., in press). Besides high removal efficiencies, a high
solids retention time and easy biomass retention are needed, rendering well-settling granular biomass as an
appealing option (De Clippeleir et al., 2009; Vlaeminck et al., 2009a; Vlaeminck et al., 2010). Following
OLAND, usable heat will be recovered with two sequential heat pumps, and this recovered energy
represents about half of the fossil-fuel equivalent energy and of the CO, footprint advantages of
ZeroWasteWater compared to CAS (Table 2). The final upgrade to drinking water quality can be similar to
the existing schemes as discussed above in Section 4: MF/UF (>85% recovery), RO (>75% recovery) and
UV, yielding overall around 60% of the original sewage flow.

In an overall estimation, the ZeroWasteWater approach allows to save 439 kWh IE™' year ' from fossil
fuels compared to a CAS system without sludge digestion, and furthermore avoids an equivalent emission
of 88 kg CO, IE' year ' (Table 2). Since the add-on of membrane technologies to recover potable water
would have comparable effects on the energy and CO, balances of the CAS and ZeroWasteWater
approach, this was not included in the calculations. With current operational emissions of CAS amount to
an equivalent footprint of 80 kg CO, IE™' year ', as mentioned above, this would render ZeroWasteWater
carbon-neutral in its operation. Globally, 13.7 x 10> kg CO, year ' is emitted from fossil fuel combustion
(UNFCCC, 2008), or 1990 kg CO, IE ' year ' (6.9 billion IE). As such, ZeroWasteWater could prevent
4.4% of the global CO, emissions. If we take the issue of decarbonising the global economy seriously and
indeed strive for an 80% decrease in greenhouse gas emissions by 2050, we will have to implement
measures that will cost more than 100 EUR ton ' CO, (IPCC, 2007). If such prices would effectively be
payed for, ZeroWasteWater would present an additional economic gain of about 8.8 EUR IE™ year .
Future analyses should confirm the figures of Table 2 experimentally, and further include figures from
improved sewerage, separate storm water treatment, avoided costs for drinking water production from
conventional natural water resources and life cycle analysis of all chemicals and materials involved. An
economic estimation showed that the ZeroWasteWater concept is reasonable with a cost in the order of 1.0
EUR m® of water treated (Verstraete et al., 2009), which is in the same order of magnitude as CAS with
the add-on technologies for potable water recovery. Both approaches share the recovery of potable water,
valued at 1.2 EUR m° produced, so 0.8 EUR m~ of wastewater treated (Table 1), but the
ZeroWasteWater approach additionally recovers nutrients and biochar at an approximate market value of
6.3 EUR IE™' year ' or 0.07 EUR m° of wastewater treated (Table 1). Future economic estimations
should also include a cost/benefit analysis of sewerage improvements.

Table 2. Estimated potential energy gain and avoided CO, emissions from the centralized ZeroWasteWater approach, compared
to a conventional activated sludge (CAS) process without anaerobic sludge digestion. Fossil fuel equivalents were calculated at
0.31 kWh electrical (kWh,) produced per kWh fossil fuel (kWhyg,) burned (Maurer et al., 2003) and 0.62 kWh thermal (kWhy,)
produced per kWhg, burned. Avoided CO, emission from fossil fuels was calculated at 0.6 kg CO, kWh, !, 0.3 kg CO,
kWhy, ! and 0.25 kg CO, kWhy,, ' of natural gas (Fruergaard et al., 2009). OLAND: oxygen-limited autotrophic
nitrification/denitrification.

Energy gain (kWh IE™ year ') Avoided CO, emission
Electricity  Heat Fossil fuel Fossil fuel equivalents (kg CO, IE™' year™")

Kitchen grinder” -1.4 —4.6 -0.9
Advanced concentrator”® —6.0 -19.4 -3.6
OLAND® 12.8 355 6.6

Heat recovery” =179 496 222.6 41.7
Anaerobic digestion® 389 1254 23.3

Sludge dewatering® 1.8 5.8 1.1

N recovery® -9.6 40.8 22.5 57.5 123 -8.8"




P recovery’ 1.2 5.0 8.7 2.0

Biochar® 13.3

Sum —141 537 27 439 88
* See text or Table 1
® Estimated for a chemically enhanced biosorption step, separating the particulate chemical oxygen demand (COD), which
constitutes 70% of the overall COD, and 50% of the dissolved COD as activated sludge produced at high rate. The latter
represents a stream of 12 kg COD IE ™' year ' with the values of Table 1. High-rate activated sludge consumes 0.11 kWh,, kg™’
COD total removed (DBW/RIZA and Stora, 1991), which at the particulate COD content of regular sewage (57.5%)
approximates 0.25 kWh, kg™' COD dissolved.

¢ This stage receives 15% of the COD load and 50% of the N load, and is assumed to remove 95 and 80% of the COD and N,
respectively, hence converting 11 and 2.0 kg IE ' year ' of COD and N, respectively (Table 1). At the same sewage load as in
Table 1, a regular CAS oxidizes around 19 and 4 kg IE ' year ' of COD and N, respectively, biologically (Siegrist et al., 2008).
At an aeration efficiency of 2 kg O, kWh,, !, COD oxidation requires 0.5 kWh, kg ' COD, assuming an oxygen requirement of
1 kg O, kg”' COD removed, and nitrogen oxidation requires 2.3 or 0.9 kWhy kg™' N, for nitrification/denitrification or
OLAND, respectively (Mulder, 2003). Furthermore, a decrease of 25% of the pumping energy is assumed since the
recirculation streams for denitrification are not necessary (Kartal et al., 2010). As such, compared to CAS, ZeroWasteWater
saves 3.8, 7.2 and 1.8 kWh IE ! yearf1 for C aeration, N aeration and pumping, respectively.

4 Dewatering requires 0.16 kWh kg ' dry matter (Zessner et al., 2010), which is around 0.15 kWh kg' COD assuming 70%
volatile solids (VS) in the sludge dry matter and 1.5 g COD g ' VS. At the same sewage load of Table 1, a CAS plant would
produce sludge at 31 kg COD IE ' year ' (Siegrist et al., 2008), whereas this is 19 kg COD IE ' year ' in the ZeroWasteWater
concept (Table 1).

¢ Recovery of half of the nitrogen load represents 2.55 kg N IE' year ' (Table 1). Although the current nitrogen content in
sludge reject water is up to 0.8-1.2 g N L ™" (Johansson et al., 1998; Nyhuis et al., 2006; Jeanningros et al., 2010), the digestion
of more concentrated streams should lead to 2.0 g N L™' in the reject water, requiring an aeration at 7 kWhy m™ (Siegrist,
1996), and addition of 9.6 kg H,SO, kg ' N and 2.4 kg CaO kg ' N (Siegrist, 1996). Per kg of CaO produced from CaCO3, 1.18
kWhyyss and 0.03 kWh,, are required (IPPC, 2001). Per kg of H,SO, produced, 0.04 kWh,, is consumed but also 1.67 kWhy, is
recovered (IPPC, 2007). By recovering nitrogen, less has to be produced through the Haber-Bosch process. Under European
conditions, the production of ammonia requires 9.5 kWhy,, of natural gas kg N and further conversion to urea requires an
additional 2.2 kWh kg ' N of natural gas and 0.24 kWh,, kg™' N (IPPC, 2007).

" Per kg of CaO produced from CaCOs, 0.78 kg CO, is released (IPPC, 2001) and the partly avoided production of urea
sequesters 1.57 kg CO, kg™' N less (IPPC, 2007).

€ Energy saved from avoided P fertilizer production, using average European data (Maurer et al., 2003) and the recovery of 0.92
kg P IE™" year ' (Table 1).

7. Sustainable cities of the future: the barrier is all in the mind

Although CAS succeeds in reaching sufficiently low COD, N and P effluent levels, it is costly, and
requires a high fossil fuel consumption and CO, footprint. Projected water and phosphorus shortages and
the need to lower greenhouse gas emissions force us to rethink wastewater treatment for sustainable cities
of the future. ZeroWasteWater offers an approach to short-cycle water, energy and valuable materials
while adequately abating pathogens, heavy metals and trace organics. A less diluted waste stream will be
obtained from sewerage improvements, a more rational use of potable water and the addition of ground
kitchen waste, complemented by an advanced physicochemical or/and biological concentration step at the
entry of the sewage treatment plant. Further key technologies include anaerobic digestion, air stripping and
pyrolysis for the concentrated stream and OLAND, heat pumps and membrane technologies for the water
stream. Interestingly, ZeroWasteWater is expected to recover significant amounts of products while being
economically viable and presenting a lower fossil fuel demand and CO; emission.

Public acceptance is pivotal when designing the cities of the future according to the ZeroWasteWater
concept. Sanitation remains taboo for many cultures, religions and in some cases even science... We
should not underestimate the force of particular views which are non-compatible with the paradigm of
sanitation by implementing the cradle to cradle concept, especially for potable purposes. It will take
decades of education and demonstration to convince people that recycling and health can go together as
part of a sustainable bioeconomy. In this respect, there might be a need to give thorough consideration to
the question of whether or not a novel technology or scheme can be acceptable, taking into account not



only our western lines of thinking, but the global cultural boundaries in terms of sanitation. The source
separation approach of a No-Mix toilet was for instance found to be acceptable to all cultures and religions
(Lienert and Larsen, 2010). Besides the public acceptance, research incentives are crucial to move towards
a sustainable and safe future, and to interest scientists in designing conceptually sound sanitation to make
the world much more safe and sustainable for the future. Overall, there is an urgent need for a genuine
interest in a new, cradle to cradle approach for the urban water chain. We must all convince the coming
generation of urban planners of the value of culturally acceptable and sound sanitation by means of new
integrated technologies.
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