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Abstract Resource efficiency of wastewater management is a question of optimizing at the same
time the management of resources in wastewater (e.g. water), the resources spent on treatment and
transport (e.g. energy), the natural resources to protect (e.g. the receiving waters), and the
anthropogenic resources (e.g. capital). For instance, wastewater can be treated to any given quality,
but only at the expense of energy and investment costs. Today, many up-coming problems are solved
incrementally, leading to resource consuming solutions optimized for water pollution control in well
off countries, whereas large parts of the world have at the best very simple wastewater treatment.
From a global point of view, a system change is necessary in order to solve the immense problems
arising from global population growth, urban development and climate change. Source separation is
a promising concept for resource efficient wastewater management, but a more concerted effort is
necessary from the international community in order to develop competitive technologies and
overcome the inflexibility of the present end-of-pipe technology. Much more research and
development are necessary, not only in the area of engineering, but also with respect to the socio
economic dimensions, especially in the area of regulation, suitable governance and management
models, and concerning the involvement of industrial partners.
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INTRODUCTION

Worldwide, there is increasing concern about inadequate access to clean water and sanitation ser-
vices. These concerns attracted international attention with the famous ‘Dublin Statements’ (UN
Documents, 1992), and even more with the water and sanitation relevant issues contained in the
Millennium Development Goals, adopted by the United Nations in the year 2000 (http://www.un.
org/millenniumgoals/). Obviously, the main problems are found in the developing world, where
even basic drinking water and sanitation services are not available. However, the environmental
degradation caused by untreated wastewater from a growing (urbanized) world population is also an
issue. Despite these pressing global problems, the gap between research on water and wastewater
relevant technologies for the ‘first’ and ‘third” world has remained. Generally speaking, the former
concentrates on ever increasing sophistication of existing centralized systems, whereas the latter is
mainly concerned with simple technology for water provision and basic sanitation requirements of a
poor, predominantly rural population.

With rapid population growth and climate change, it is becoming clearer that it will be difficult to
solve global problems of water availability, sanitation and water pollution control with the existing
model of centralized urban water management systems. Whereas some authors see the solutions in
more advanced science and technology for water and wastewater purification (e.g. Shannon et al.,
2008), a number of wastewater professionals have started questioning the ruling end-of-pipe
paradigm, even in western industrialized countries (e.g. Guest et al., 2009; Larsen et al., 2009).
Despite the very different approaches in these three papers, a common denominator is the concern
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about resource efficiency and effective solutions for the water crisis. This concern also has
consequences for rich industrialized countries and is reflected in the wastewater related part of the
2010 IWA Leading Edge Conference in Phoenix, where resource efficiency was a main topic. The
present paper is based on a broad resource understanding originally presented by Larsen and Gujer
(1997) and illustrated in Figure 1. It argues that measures taken early in the system (i.e. at or before
the generation point of an actual waste(water) stream), and at the same time minimizing mixing and
dilution of the different streams, will generally be more effective and resource efficient than end-of-
pipe measures. One may thus term this concept ‘source control and source separation’. It has been
investigated for diffuse sources as illustrated by heavy metals and biocides (e.g. Burkhardt et al.,
2007) as well as for point sources as illustrated by the technology of urine source separation (also
termed NoMix technology; Larsen and Gujer, 1996; Larsen et al., 2001; Larsen et al., 2009; see also
www.novaquatis.eawag.ch). For diffuse sources, some practical consequences like a change
towards less mobile biocides for facade protection can rapidly be implemented, but this is not the
case for the more systemic changes of source separation of wastewater streams. The inflexibility of
the present sewer-based wastewater treatment system (discussed in detail by Larsen and Gujer,
2001) prohibits rapid changes and such fundamental changes to the system demand profound
reflection within the community of wastewater professionals. For dry sanitation concepts, urine
source separation is already implemented in some full scale projects for better handling of feces
(e.g. in China and South Africa). However, this normally takes place without concomitant
installation of adequate process engineering technologies for nutrient removal or recycling
(Bhagwan et al., 2008). Due to the high pressure for finding practical solutions to this problem, the
developing world may well serve as the ‘frontier’, where advanced nutrient management
technologies for urine will be able to mature (see also http://www.eawag.ch/vuna).

RESOURCES IN URBAN WATER MANAGEMENT: A COMPREHENSIVE CONCEPT
There is a tendency that resources of urban water management are considered in isolation, as
illustrated by the different conference labels ‘energy’, ‘ecosan’ (for nutrient recycling), ‘REUSE’
(of water), etc. As a result of this fragmented focus, it is difficult to find solutions with optimal
efficiency. Figure 1 illustrates comprehensively the resources involved in urban water management
(for a more thorough discussion, see Larsen and Gujer, 1997). In a more comprehensive approach,
all types of resources will be taken into account. At our present level of understanding this would in
general terms mean that the technologies will be able to physically handle water scarcity and
recycle phosphorus, they will be energy efficient, and provide sufficient protection of receiving
waters and the atmosphere. Furthermore, the solutions shall fulfill the economic and financial
requirements of the community in question, and be accepted and implemented by the population.

Whereas receiving waters (3) and capital (4)
were considered the central resources in the
last century, we now see an increasing interest
in the resources of type (1) and (2). For the
natural resources (3), the atmosphere becomes
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Water Energy
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Receiving waters Capital more important, and for the anthropogenic
Agricultural soil Institutions (4), acceptance gains importance. Obviously,
Atmosphere, etc. Acceptance, etc. this shift is motivated by scarcity: Water
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scarcity, finite phosphorus resources, and the
overloading of the atmosphere with
greenhouse gases are severe problems, which
call for new concepts and perhaps even a new
paradigm, with implications for households.

Figure 1 A comprehensive overview of the
resources involved in urban water management.
Adapted from Larsen and Gujer (1997), where
resources are defined as the ‘means for action’.



LESSONS LEARNED FROM THE PRESENT SYSTEM

As discussed in detail by Borsuk et al. (2008), it is difficult to compare the resource efficiency of
different concepts, e.g with an LCA or MCDA approach — such comparisons can only be made for
specific technologies. It is thus hardly possible to know in advance whether a new paradigm — in
this case source control and source separation — will be more resource efficient than the existing
one. Even if we could account for all physical resources involved, there is always the open question
of costs and for technologies entering private households, the question of user acceptance and
compliance. One way of overcoming this problem is to look at important developments of the
existing system, which may help to understand whether and how such changes are necessary and
possible.

The never ending story of wastewater management. Despite a century of development, end-of-pipe
wastewater treatment seems to expand at an ever increasing pace. Starting with primary sedimen-
tation in the first half of the last century, secondary treatment came up prominently in the second
half, followed by tertiary treatment: phosphorus removal, nitrification and denitrification. In the
previous decades, micropollutants have taken over the role as ‘emerging problem’, but phosphorus
recovery, anaerobic sewers, and energy issues may soon prove even more prominent (see Cordell et
al., 2009 on ‘peak phosphorus’; Ablin and Kinshella, 2004 for an example of anaerobic sewers, and
Kenway et al. (subm.) for a review on energy in urban water management). With increasing
complexity, solutions to a newly recognized problem tend to lead to new difficulties, calling for
ever more advanced and resource consuming technology. In Table 1, a number of contemporary
problems are listed, with a typical solution and some follow-up problems arising from the solutions.

Table 1 Typical contemporary issues and their follow-up problems

Original Problem Solution Follow-up Problems
Water scarcity Water saving Anaerobic sewers
Decentralized wastewater recycling  Anaerobic sewers
Centralized wastewater recycling Problems of public acceptance and/or high
costs for second pipe system
P in receiving waters Chemical P-removal Rising costs of precipitation agents; sludge
handling; difficulties of P recycling
Biological P-removal High demand for readily degradable COD
Nitrogen in receiving Nitrification/Denitrification High demand for readily degradable COD
waters Large plants to prevent N2O emissions
Phosphorus depletion ~ Recovery from sludge Bio-P plants are of advantage
Anaerobic sewers Dosing of nitrate Energy consumption; removal of COD
Lack of COD — N20 Dosing of methanol Energy consumption; sludge production

Single-step optimization may lead to sub-optimal solutions from a resource point of view. Although
from a process engineering point of view, the problems in Table 1 seem manageable, this will
always be at a cost. One good example is the occurrence of anaerobic sewers due to climate change
and water scarcity. In a case study of Phoenix described by Ablin and Kinshella (2004), it is argued
that high temperatures, lack of metals in the wastewater (due to source control), long travel times,
and high organic concentrations favor hydrogen sulfide production in sewers — all conditions that
we expect will increase in the future. In Phoenix, the satellite water reclamation plants are blamed
for increasing organic concentration and reducing water velocity in the sewers. The addition of ni-
trate is an obvious measure for preventing sulfide production. However, the production of nitrate is
energy consuming and the dosing of nitrate will lead to more COD removal in the sewers (Mohana-
krishnan et al., 2009). Due to diurnal variation in COD loading, a complex dosing system is neces-
sary to avoid over dosage of nitrate (Mohanakrishnan et al., 2009). At treatment plants with tertiary
treatment, a lack of COD will lead to incomplete dentrification with a high probability of increased



N20 emissions, a greenhouse gas about 300 times more potent than CO2 (on a 100 year horizon; see
Kampschreur et al., 2009 for a discussion of denitrifying conditions leading to N>O emissions). In
order to prevent N2O emissions, methanol addition will probably be recommended, which again
leads to a high consumption of energy and increased sludge production (Purtschert et al., 1996). If
sewer and treatment plant are optimized independently, all these interventions may well be
justifiable: In the first step, saving expensive sewers will be a strong argument for increased
resource consumption, and in the second step, nitrate and especially N2O emissions from treatment
plants will easily justify the use of methanol. Only if the entire system is considered concomitantly,
it may be realized that the problems could be better solved at the source. One possibility would be
the local nitrate production from source separated urine (Jiang et al., 2010), but it would be prudent
to investigate first the possible N2O emissions from denitrification in sewers (although N>O
emissions are probably more prominent under nitrifyinig than under denitrifying conditions, at least
at high concentrations of readily available COD; Keller and Yang, 2010). Where anaerobic sewers
are caused primarily by sediments (due to water saving or reuse and high temperatures), it could be
worth while to reconsider the rationale of sewer transport of feces in warm, water scarce areas.
There are good chances that with modern technology, superior concepts for feces handling at the
source can be found (for a discussion, see Larsen and Maurer, in press).

From a global point of view, advanced wastewater treatment (nutrient elimination) has not been
successful. During the previous decades, much wastewater related research has been devoted to
nutrient elimination, with only a small global impact (Figure 2). See Galloway et al. (2008) for a
review of the compelling evidence of the detrimental global effects of nitrogen.
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Figure 2 Global wastewater nitrogen (a) and phosphorus (b) management. Based on Van Drecht et al., 2009.
Values for 2030 and 2050 are average forecasts for four global socio-economic scenarios.

From Figure 2 it is seen that even if the global removal of N and P in centralized wastewater
treatment plants is assumed (optimistically) to quadruple from year 2000 to year 2050, the total
emissions will still nearly double within the same period of time. The reason is a predicted drastic
increase in wastewater related N- and P- emissions due to population growth and better nutrition.
Nearly two thirds of the N and P emissions in 2050 are predicted to stem from people not served by
any treatment plant at all (Figure 2). It is thus not surprising that the authors (Van Drecht et al.,
2009) discuss the potential of these emissions being returned to agriculture as fertilizers, as an
alternative to diffuse emissions of nitrogen and phosphorus with unknown fate in the environment.

Measures at the source were efficient in the past. Today, there is a general understanding in the
community of wastewater professionals that non-degradable detergents and heavy metals are better
eliminated at the source than in a treatment plant. This was not always so: the first ideas were based
on end-of-pipe measures (e.g. destroying foam in the treatment plants). A better documented
example is the phosphate ban in detergents, implemented in Switzerland as early as 1986, which led
to lower P loads in wastewater treatment plants. This measure was only accepted and implemented
after a tedious debate, but it proved even more efficient than anticipated (for a discussion, see
Siegrist and Boller, 1999). These examples show that the acceptance of new ideas may take time.



SOURCE SEPARATION AND RESOURCE EFFICIENCY

Several authors have shown that for implementation of wastewater related source separation, opti-
mal resource allocation depends on the specific technology choice (e.g. Lundin et al., 2000; Remy
and Jekel, 2008). Energy consumption, for example, does not only depend on the concept, but also
on the specifications of the actual technology. This was also illustrated by a multi criteria decision
analysis (MCDA) of different urine source separation technologies for a specific Swiss setting
(Borsuk et al., 2008): Large uncertainties with respect to energy efficiency and costs considerably
blurred the results, and the lack of acceptable toilet technology stopped the implementation of a
NoMix full scale project. I will thus argue with specific examples, and in this section, at least one
example from each type of resources is discussed.

Example from Resource Type 1: Nutrient recovery. Nutrients from wastewater can be recovered for
use in agriculture or in industry. Today, two thirds of the wastewater related nutrients originate
from areas without wastewater treatment plants, whereas this number is predicted to shrink to about
50 % in 2050 (Figure 2). Most of the nutrients in wastewater are found in toilet waste (about 80 %
of N and 50 % of P; Larsen et al., 2009). For direct recycling of nutrients via wastewater, treatment
is required for hygienic reasons (WHO, 2006), whereas recycling of properly treated wastewater
depends more on the proximity of sufficient agricultural land to take up the nutrients. From the
point of view of nutrient recovery, it would be an advantage to separate the concentrated toilet
waste from the bulk amount of water, especially in areas without treatment plants and in urban areas
where long transport distances prohibit direct use of wastewater in agriculture. Today, it is possible
to treat urine and feces sufficiently in order to use both items directly in agriculture (see e.g. Nordin
et al., 2009), and a large number of processes are in development for reducing the volume of urine
(Maurer et al., 2006; Udert and Wéchter, 2010). For phosphorus, spreading of sewage sludge is
possible, but only the organic bound phosphorus in sludge is available for plant growth (Romer,
2006). In some European countries, sludge is not well accepted in agriculture, most notable in
Switzerland, where its use is prohibited (Lienert and Larsen, 2007).

Example from Resource Type 2: Energy. A large part of the energy used in a treatment plant is due
to nitrification (mainly increased aeration for oxidation of ammonia). Furthermore, for
denitrification, pumping energy is required, and with a high SRT, less energy is generated from
anerobic treatment of sewage sludge. In a modeling study, Wilsenach and van Loosedrecht (2006)
showed that replacing conventional nitrification /denitrification of wastewater by partial
nitrification and autotrophic denitrification of nitrogen in urine could save a considerable amount of
energy. In the case of anaerobic sewers, local nitrification of urine would be an energy-efficient
alternative to the dosing of external nitrate. Whether it will be energy efficient to recycle nitrogen
from urine remains to be seen in practice, but the chances are good. Maurer et al. (2003) showed
that it is possible, but still takes some technical optimization. One interesting aspect of nitrogen
recycling would be the general reduction in nitrogen production, proposed by many authors, e.g.
Galloway et al. (2008). Less nitrogen production in the first place would prevent unintended
environmental side effects from the nitrogen cascade.

Example from Resource Type 3: Water pollution control. In Table 2, the effectiveness of nutrient
elimination of different technologies is compared. The source separating example chosen is NoMix
technology (urine source separation). It is easily seen that urine source separation compares well
with modern tertiary wastewater treatment with respect to nitrogen management, and that in
combination with a phosphate ban in detergents, it is also very effective with respect to phosphorus
management. Since the major strength of urine source separation is nitrogen removal, it combines



well with simple wastewater treatment technologies, which are much more prevalent than tertiary
treatment (nearly four times more people have access to secondary treatment than to tertiary
treatment; Green et al., 2004). Even as ‘stand-alone-technology’ or combined with simple feces
management, NoMix technology is quite effective for water pollution control in areas where
nutrients are of major concern.

Table 2 Comparison of estimated elimination efficiencies [%] of wastewater treatment plants (WWTP)
versus NoMix technology. We only consider domestic wastewater and assume 5 % loss of raw wastewater in
combined sewers overflow, 100 % connection, and European standards. Adapted from Larsen et al., 2007.

Typical removal efficiencies (%)

NHa4* effluent
coD N ) concentration
WWTP, primary treatment 30 5 5-15 High
WWTP, chemical precipitation 60-75 15-30 85-95 High
WWTP, SRT 2 days 75 25 15-85 High
WWTP, SRT 8-10 days 90 25 15-85 Low
WWTP SRT > 12 days 90 50-75 15-85 Low
WWTP, SRT / 12 days + external carbon 90 85 15-85 Low
WWTP + P-filter(") >85
NoMix technology (90 % separation efficiency) 15 70-80 15-50 Low

) only information of P in effluent is given; SRT = Solids Retention Time

Example from Resource Type 4: Public acceptance and cost. Traditionally, costs have been the only
anthropogenic resource considered of importance. Today, it is increasingly recognized that also
‘softer’ issues like acceptance and compliance will play a role. For all practical purposes it is thus
productive to consider these ‘softer’ issues at the same level as the more conventional resources.
For sanitation technologies entering households, acceptance and compliance are necessary
‘resources’ that need to be considered in order to reap the environmental gains potentially offered
by these technologies. As an example, the best water saving shower will not show any
environmental effect if the water saving is fully compensated by longer showers (for differentiated
discussion of the relationship between technology and society, see e.g. Paradis, in press). For the
practical purpose discussed in this paper, the main questions to ask are thus (1) ‘do people accept
the concept of source separation?’ and (2) ‘under which circumstances do people accept actual
source separating technology?’ For the simplified discussion in this paper, we assume that
acceptance and compliance are positively correlated (see Lienert and Larsen, 2010 for a discussion
of the data on this issue). Due to space limitations, only the acceptance of urine source separation in
flush toilets will be presented here (for an overview of the available literature on acceptance of
different source separating measures, see Larsen and Maurer, in press). Considerable efforts have
been devoted to this issue, but most of the literature is only available in Swedish and the studies are
of varying quality. However, there are clear trends. These are reported in a review of acceptance
surveys from 38 projects on urine source separation (in flush toilets) in 7 European countries with a
total of 2700 respondents (Lienert and Larsen, 2010). All persons questioned had access to urine
source separating flush toilets. Around 80% of users liked the idea generally and were satisfied with
the level of bathroom comfort in the projects where they were exposed to the technology. 85%
considered urine-fertilizers a good idea, and 70% would purchase food fertilized with a urine based
product. Despite the high level of general acceptance, 60% of users had problems with the practical



use of the toilet, and in the review it is concluded that urine source separation toilet technology
needs improvement. There was little difference between countries, but in private settings people
were considerably more critical than in public settings. Where farmers are concerned, one of the
most critical issue is the fear of organic micropollutants, which could lead to the agricultural
products being rejected by the public (see also Lienert et al., 2003).

Although public acceptance is central for any wastewater related technology affecting people
directly, e.g. in their own household, only economically competitive source separating technologies
will have a chance in practice. Prototypes applied today are mostly too expensive to compete with
existing end-of-pipe technology, and only mass production will be able to reduce prices (Stormer et
al., 2010). Maurer et al. (2005) estimated at which investment source separating technologies would
achieve a break-even with conventional technology. For urine source separation, this break-even
was at that time found to be at around 260-440 USS$ per person, assuming a 15 years lifetime of
NoMix technology and similar costs of maintenance as today. The costs were considered realistic
under the condition of mass production, but minimizing maintenance efforts will be challenging.

DISCUSSION AND CONCLUSION

In rich countries with high water consumption, centralized end-of-pipe wastewater treatment has
been very successful in providing the local services of urban water management. Based on this
experience, there is a general expectation that this same technology will be able to solve the severe
global water problems. This is not plausible. On a global scale, the environmental effects of
wastewater treatment, especially tertiary treatment, has been small and even with optimistic
assumptions, they will stay small in the future. With increasing pressure on water and other
resources, centralized end-of-pipe wastewater treatment becomes more and more complex, and
different measures start to counteract each other. There is ample evidence that source separating
technologies hold a large potential for resource efficiency, but this potential will not materialize
without a much greater effort on research and development - not only in the area of engineering, but
also with respect to the socio economic dimensions. As discussed by Stormer et al., 2010, further
critical areas that need considering are regulation, suitable governance and management models,
and the involvement of industrial partners. High uncertainty is a major obstacle for innovations, but
should not be an argument for not pursuing developments with a high potential benefit for the
global environment.
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