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Sanitation and wastewater management are highly relevant for reaching a number of interconnected
sustainable development goals (SDGs), especially SDG 6, the provision of safe drinking water and adequate
sanitation for all as well as protection of water resources against pollution, and SDG 14.1, reducing nutrient
emissions to the marine environment. Recent evidence increasingly shows that conventional sewer-based
wastewater management will not be able to reach these targets. Rather than further optimizing and
diffusing this ageing infrastructure paradigm, radical innovations like urine source separation technologies
could help to leapfrog towards faster achievement of the SDGs. The technology would simplify on-site
sanitation and develop a closed-loop nutrient cycle, thereby allowing for exceptionally high nutrient
removal from wastewater and direct reuse in agriculture from the first day of implementation. Radical
innovations, however, need decades to materialize. Based on a review of relevant academic and grey
literature, we show how the past three decades of development of urine source separation have brought
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breakthroughs in toilet design and treatment processes, enabling the technology's value chain to reach the
brink of maturity. In a short outlook, we discuss how the technology may reach global diffusion over the
DOI: 10.1039/d0ew01064b next decade, with the main remaining challenges relating to the creation of mass-markets for urine-
diverting toilets, automation and mass-production of treatment systems, and the legitimation of fertilizer

rsc.li/es-water produced from urine in the agricultural sector.

Water impact

Transforming sanitation has the potential to contribute to achieving several water-related SDGs. We review how the radical innovation of urine separation
can help achieve key goals, and how local and global actors supported implementation in different cultural contexts. By embedding the case of urine
separation in a suitable innovation framework, we stimulate the transfer to other SDG-related radical innovations.

1. Introduction

Reaching the sustainable development goals (SDGs) is
presently one of the most challenging goals of humanity.
Innovation in the water and sanitation sector has a major
role to play, but in order to realize this potential, the
solutions offered by the scientific community have to
integrate environmental, social and economic perspectives.'
For achieving sustainable urban wastewater management on
a global scale, Hoffmann et al® suggest that non-grid
alternatives and source separation of wastewater fractions
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will play a major role. In this frontier review, we will focus on
urine source separation, which is one specific eco-innovation
in this broad field. We will show how the interplay between
researchers of different disciplines and practice partners have
driven this radical innovation from a “hopeful monstrosity”*
in the 1990s towards a plausible alternative for actual
implementation in the 2020s.

The review has three main parts. In section 2, we will
review the role of urban water management for the SDGs. In
section 3, we will sketch out why urine source separation - if
applied at scale - could make a real change to the
environment and help reach some of the SDGs on water and
sustainable cities. In section 4, we will review the past
evolution of this radical innovation, based on academic and
grey literature. In the forward-looking section 5, we discuss
key bottlenecks for further diffusion and provide an outlook
on where this approach might scale up and thereby start to
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unfold its full contribution to an imminent sustainability
transition in the water and sanitation field.

2. Urban water management and the
SDGs

The SDGs for 2030 were adopted in 2015 in order to
approach the grand challenges of the 21st century, including
a number of goals to end the inequality between countries
with respect to urban water management.* SDG 6 requires
safe drinking water and adequate sanitation for all as well as
protection of water resources against pollution. This goal
includes halving the proportion of untreated wastewater and
substantially increasing recycling and safe reuse globally.
SDG 14.1 demands reduction of marine pollution, explicitly
mentioning nutrient pollution. SDG 2 demands zero hunger,
and more recycling of water and nutrients from wastewater
may have a part to play in fulfilling this goal. Many other
SDGs depend on improvements in the water and sanitation
sector, especially SDG 3 to ensure healthy lives, SDG 5 on
gender equality, and SDG 11 on sustainable cities. During the
last 40 years, the international community has set up a
number of plans to improve world-wide sanitation, but none
of them reached their own targets.> The present SDG 6 has
the most ambitious goals ever, presenting an enormous
challenge: By 2030, 1.3 billion people should abandon open
defecation and 5.6 billion people should reach adequate
sanitation including safely managed excreta, securing
hygiene as well as treatment either on-site or off-site.”

We will not speculate on the possible achievement of the
specific SDGs until 2030, but rather review the general
development of urban wastewater management in the light
of the SDGs. Some of the papers cited in this review base
their prognoses on scenarios, building on the shared
socioeconomic pathways (SSPs). Originally introduced for the
development of climate scenarios, SSP1-SSP5 describe five
different plausible directions of global socio-economic
development, with different degrees of challenges for
mitigation of and adaptation to climate change.®” SSP1 is the
most optimistic scenario with low population growth, low
energy intensity, and low carbon intensity, whereas SSP3
generally describes the opposite situation and the three other
SSPs provide some intermediate pathways.® In a rare analysis
of the relevance of these pathways for the SDGs, Liu et al.’
conclude that a development corresponding to SSP1 will also
lead to improvements on all SDGs, independently of the
climate actions taken.

Urban water management at the global scale

In 2007, readers of the British Medical Journal voted the
“sanitary revolution to be the greatest medical advance since
1840”, in front of antibiotics and anesthesia.'® Indeed, the
provision of piped water to households, the introduction of the
flush toilet, and the construction of sewers to carry away the
combined wastewater led to the separation of drinking water

162 | Environ. Sci.: Water Res. Technol., 2021, 7, 161-1176

View Article Online

Environmental Science: Water Research & Technology

and sewage, an issue which is thought to be important for
increasing life expectancy in cities of the late 19th century."* In
England, for instance, life expectancy increased from an average
of 41 years in 1870 to 50 years around 1910, and although there
were many reasons for this, public hygiene most probably
played a large role."* The flush toilet is the visible symbol of the
sanitary revolution, but also led to a loss of fertilizer and severe
pollution of surface waters."® It is common knowledge that the
20th century brought fossil and synthetic fertilizers to replace
the missing nutrients from the human metabolism in
agriculture and that wastewater treatment plants (WWTPs) can
reduce the pollution of surface waters that naturally follows
water-borne  sanitation.  Historically, cities introduced
wastewater treatment stepwise,'® starting with primary
treatment, ie. sedimentation to remove particulate matter,
followed by secondary treatment consisting of biological
treatment to remove most of the remaining organic matter and
oxidize ammonia to nitrate, and finally introducing tertiary
treatment to remove nitrogen and phosphorus, the first one
biologically and the latter either chemically or biologically.

The centralized, grid-based wastewater management
system has become the aspirational model for societies
worldwide, although it still serves a minority of the global
population. Merely around a third of the global population
has access to sewers, and in Sub-Saharan Africa, the
connection rate is only about 5%.'* Non-grid wastewater
management exists, but grid-based centralized system are
generally considered the natural endpoint of infrastructure
development at least for cities."® The historic concept of
stepwise improvement is still applied: of those with access to
sewers, Le. one third of the world population, 21% have no
wastewater treatment at all, 35% primary, 23% secondary,
and only 21% tertiary treatment.'® Modern WWTPs with
tertiary treatment, i.e. nutrient removal, thus serve less than
10% of the total world population, primarily in North
America, Western Europe, Japan and Oceania.'®

Environmental concerns of conventional urban wastewater
management

Historically, centralized urban wastewater management
always resulted in an initial conflict between human welfare
- piped water and sanitation based on the flush toilet - and
the aquatic that received the resulting
wastewater.'® Solving this conflict was possible, but with time
lags between the single steps of wastewater management,
from the initial introduction of sewers only, followed
eventually by simple treatment technologies before finally
reaching tertiary treatment,"® and always based on tax money
for water-related infrastructure.'” In the slowly growing cities
of Europe, this seemed acceptable at the time, although in
reality, eutrophication may have led to irreversible loss of
biodiversity in some aquatic ecosystems.'® Today, the
situation is very different. With unprecedented population
growth and urbanization on a global scale, environmental
concerns have become global as well. About a decade ago,

environment
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Rockstrom et al.'® drew attention to the global negative
effects of nutrient emissions, arguing that the
biogeochemical flows of nitrogen and phosphorus may
already have transgressed the planetary boundaries for a safe
operating space for humanity, primarily due to
eutrophication of coastal areas and the atmospheric nitrogen
pollution. For nitrogen, the major threat to coastal areas, the
authors set up tentative boundaries of 35 Tg per year for
industrial and intentional biological fixation of nitrogen from
dinitrogen gas, as compared to today's 130 Tg per year. For
simplicity, we will omit a discussion on phosphorus, where
the main effects are on local freshwater bodies.>

With the inherent inefficiency of nitrogen uptake in
agriculture and the inevitable losses in the food chain,”" there
is an obvious conflict between this tight boundary for nitrogen
fixation and SDG 2, demanding zero hunger. Just to feed the
present global population of close to 8 billion people, we need
around 30 Tg per year of nitrogen in the form of protein, with
about the same amount being excreted from the human
metabolism.*” Based on a detailed study by De Vries et al.** that
took into account the environmental concerns as well as the
requirement for global food security, Steffen et al.>* adopted a
new boundary for intentional nitrogen fixation of 62 Tg per year.
Building on three of the shared socioeconomic pathways (SSP1-
SSP3), Bodirsky et al® set up global scenarios to evaluate
realistic mitigation actions to reach the new, more realistic
nitrogen boundary. Based on the “middle of the road” pathway
SSP2, the authors concluded that even with ambitious global
mitigation actions for all main sectors (including agriculture,
responsible for the largest emissions, and waste management),
it is unclear whether these actions can reduce the water and
atmospheric N pollution below the critical thresholds
formulated for 2050. An important mitigation measure
suggested by these authors is to recycle 40-60% of the nitrogen
from the human metabolism to agriculture by 2050, as
compared to an assumed 0% recycling today. Equally, the
United Nations Environment Program (UNEP) recently adopted
a declaration on sustainable nitrogen management, with “an
ambition to halve nitrogen waste by 2030” and an urge to
“promote innovation on anthropogenic nitrogen use and
recycling”.*® In this paper, we review one possibility of
promoting radical innovation on anthropogenic recycling of
wastewater nitrogen. In agriculture, equally radical measures
have been suggested, e.g. by Pikaar et al,”” who advocate
reactor-based protein production as an alternative to
conventional agriculture.

The limits of conventional urban water management in
reaching the SDGs

On a global scale, it is an open question whether conventional
urban water management can at the same time solve the
SDGs' welfare challenge of urban hygiene, i.e. safely managed
excreta as required by SDG6, and the environmental challenge
of reducing water pollution, especially nutrient pollution as
required by SDG14.1.

This journal is © The Royal Society of Chemistry 2021
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Based on the SSPs, Van Puijenbroek et al.'® set up prognoses
for the global development of conventional urban wastewater
infrastructure and nutrient emissions to the aquatic
environment. Depending on the actual pathway, the authors
predict that nitrogen emissions from wastewater will increase
by 29-71% from 2010 to 2050, and not decrease as suggested by
Bodirsky et al®® The best results are obtained for SSP5, a
pathway with a focus on high economic growth, new
technology, high energy-demand and a continued dependence
on fossil fuels.>'® The technical assumptions for this urban
wastewater management scenario are optimistic, especially for
nitrogen elimination. Nearly a third of all treatment plants
would achieve quaternary treatment, defined as 95% nitrogen
elimination, as compared to the 50-75% nitrogen elimination
obtained in tertiary treatment”® At present, quaternary
treatment is hardly implemented because it relies on an
external carbon source like methanol leading to high costs and
high energy demand.”® In absolute numbers, this would
correspond to seven times more people with advanced nutrient
elimination, ie. tertiary or quaternary treatment, than the
number with tertiary treatment today. For the overall more
desirable SSP1, the authors predict a 50% increase in nitrogen
emissions, partially due to the lower percentage of quaternary
treatment. Even with highly optimistic technical scenarios
under the assumption that the world will continue to rely
heavily on fossil fuels until 2050, Van Puijenbroek et al.'®
not able to model any net contribution of conventional
wastewater management to reaching SDG 14.1 with respect to
nitrogen.

As discussed above, achieving SDG6 is most challenging
in low and middle-income countries, where we also see the
most rapid population growth. Due to the long planning and
construction periods of large centralized infrastructures, such
rapid population growth is not favorable for conventional
grid-based wastewater management.’® Based on an analysis
of the 60 fastest growing cities in the world, Oberg et al*'
calculated that the implementation rate of sewers and basic
WWTPs should proceed at a rate 10-50 times faster than the
typical rate for World Bank projects in order to keep up with
population growth. The same authors found that Lagos,
Nigeria, would have to invest 14-37% of the state budget
every year in order to provide the growing population with
such an infrastructure. For the costs of wastewater treatment,
anaerobic lagoons served as model.*"** Oberg et al®'
concluded that due to high costs and long planning periods,
conventional grid-based wastewater management is presently
not able to secure adequate sanitation including safe
disposal of excreta as required by SDG 6.

were

3. Urine source-separation as an
enabling technology to reach the
water-related SDGs

In the previous section, we have identified two major SDG-
related challenges for conventional grid-based wastewater

Environ. Sci.: Water Res. Technol., 2021, 7, 1161-1176 | 1163


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ew01064b

Open Access Article. Published on 06 May 2021. Downloaded on 1/19/2026 4:09:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Frontier

management. First, even with highly optimistic assumptions,
there is a high probability that further development of sewers
and wastewater treatment will not result in a reduction of
aquatic nitrogen pollution as required by SDG14.1."® Second,
in the large, rapidly growing cities of low and middle-income
countries, it is not plausible that conventional grid-based
wastewater management will be able to reach the goal of
adequate sanitation, including safe disposal of excreta as
required by SDG6.*"

A number of authors have argued that urine source
separation can generally act as an enabling technology to
improve the performance of existing sanitation options. This
role is based on the high nutrient content of urine: 80% of
the nitrogen and 50% of the phosphorus ending up in
domestic wastewater stem from this single source.*®
Separating most of the urine in the toilet thus strongly
reduces the nutrient pollution potential of wastewater and at
the same time gives rise to new recycling options, supporting
the circular economy.® In this section, we will review the
case for urine source separation as an enabling technology to
reach the SDGs.

According to Van Puijenbroek et al.,'® the number of people
with access to sewers will be a factor of 1.9-2.7 higher in 2050
than in 2010, resulting in an increase in nitrogen emissions
because it is not plausible that the construction of tertiary and
quaternary wastewater treatment plants will keep up with this
development. Wilsenach and van Loosdrecht®® showed that
combining very simple wastewater treatment with urine source
separation would in fact reach the same effluent nitrogen
concentration as quaternary treatment. Where suitable, it would
be highly beneficial to introduce urine source separation as a
complement to simple wastewater treatment.

For the many areas where conventional grid-based
wastewater management is not possible, on-site technologies
are an alternative, e.g., in India, where around 60% of the
urban population rely on onsite sanitation, e.g. septic tanks.*®
However, in urban areas with a high population density,
these conventional on-site technologies do not produce an
effluent with sufficiently high quality to protect the receiving
waters, oftentimes groundwater.>>*"*® For the urban on-site
systems in India, Dasgupta et al®® suggest replacing the
prevailing septic tanks with small-scale packet plants.
Nitrogen removal in addition to removal of organic matter is
certainly possible in such plants. Mazeikiené and
Grubliauskas®” showed that in a lab setting, a packet plant
can remove about 60% of the total nitrogen, albeit at the cost
of larger and more complex plants. In an LCA, Kulak et al.*®
compared four different technologies for the Indian
situation: centralized wastewater treatment, twin-pit latrines,
and latrines with urine source separation, with and without
biogas production from feces. The combination of urine
source separation and biogas was the most favorable
combination, with high recycling of nitrogen from urine to
combat the fertilizer deficit in India and a positive effect on
greenhouse gas emissions. The latter is due to the pour flush
latrines typical for an Indian context, leading to anaerobic pit
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latrines with high production of the potent greenhouse gas
methane. Likewise, Yiougo et al.>° did a mass flux analysis
for different sanitation solutions for Pouytenga, a city in
Burkina Faso, with 72 000 inhabitants. At present, more than
300 tons of nitrogen annually pollutes the drinking water
reservoir and the groundwater. With the introduction of
urine source separation combined with composting of solid
waste, the city could redirect around 200 tons of nitrogen to
beneficial use in agriculture.

For urban slums, presently inhabited by more than a
billion people, nearly one quarter of the world's urban
population,’® the social enterprise Sanergy has developed
container-based sanitation (CBS) as a sustainable alternative,
with the double purpose of providing safe sanitation and
valuable nutrients for local farmers.*" The CBS toilets collect
excreta on-site, followed by frequent transport to a semi-
centralized facility for fertilizer production. Recently,
Sanergy>** proposed to upgrade the system with urine
source separation, in order to facilitate treatment and
recycling of organic matter (from feces) and nutrients (from
urine). Schmitt et al** set up a method for organizing
collection and transport of the separate fractions, a crucial
service provision to ensure customer's satisfaction with the
sanitation solution.*'

From the examples in the previous paragraphs, we observe
that resource recovery is a strong driver for the introduction
of urine source separation. This also makes sense from an
environmental point of view. Whereas a number of life cycle
assessments have consistently shown that urine source
separation is environmentally beneficial,* *° this is strongly
dependent on the ability to off-set synthetic fertilizer*> and
the ability to produce a fertilizer product with low nitrogen
emissions during spreading.”®

We thus observe three positive aspects of urine source
separation with respect to the SDGs. Reducing nitrogen
pollution from on-site and centralized wastewater treatment
plants strongly supports SDG 14.1, nutrient recycling in areas
with a lack of fertilizers supports SDG 2, and improving on-
site sanitation in urban slums helps achieve SDG 6 and 11.

The socio-technical challenges of urine source separation

Although the concept of urine source separation is simple
and the potential benefits obvious, implementation is
complex. Instead of simply connecting a conventional toilet
to the general building wastewater pipe infrastructure, it
takes a new type of toilet (at the “front-end”), separate piping
and storage for urine (at the “middle-end”), and a new type
of treatment technology (at the “back-end”). In order to
obtain nutrient recycling, farmers and consumers must
accept a new type of fertilizer.

At the front-end, urine-diverting dehydration toilets,
UDDTs, and urine-diverting flush toilets exist (see Fig. 1 for a
typical example of each type of toilet).

Urine-diverting flush toilets are employed in areas with
sewers, primarily in Europe,”* whereas UDDTs have gained

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 The Envirosan urine-diverting dehydration toilet (UDDT; left)
and the Roediger urine-diverting flush toilet (right). Copyright Eawag.

some popularity as an alternative to conventional dry toilets,
especially because they give rise to less odor.>”> In Durban,
South Africa, a new law obliged the municipality to provide
sanitation to all from 2001, resulting in the installation of
double vault UDDTs to serve the areas without sewers.”®> With
urine infiltrating the ground and alternate use of the feces-
containing vaults, it was possible to evacuate the vaults in a
relatively safe way to gain organic matter for soil
improvement. However, whereas Europeans are largely in
favor of urine-separating flush toilets, albeit quite critical
with respect to the toilet technology available,”® the UDDTs
are not at all popular in Durban.>® With the flush toilet being
the standard solution in the affluent parts of Durban, the
affected population considers dry sanitation an unattractive
and unjust solution for the poor.*’

At the middle-end, blockage of pipes due to precipitation
of phosphate compounds is the main plumbing problem.>®
In some full-scale installations, this problem was solved by
regular addition of 10% citric acid during toilet cleaning,
combined with large-diameter pipes installed with a slope
instead of the typical horizontal pipes.”” Boyer and Saetta®®
reviewed a number of methodologies for inhibiting urea
hydrolysis in the first place or, alternatively, inducing
precipitation close to the toilet in order to protect the pipes.
One of those technologies, real-time controlled continuous
addition of acetic acid to avoid urea hydrolysis, has been
successfully demonstrated at a university campus equipped
with waterless urinals.>

At the back-end, Maurer et al®® defined seven process-
engineering objectives for reaching the double goal of water
pollution control and safe nutrient recycling. Besides the
production of a safe fertilizer, ie without organic
micropollutants and pathogens, volume reduction for
facilitating transport of nutrients to agriculture or further
processing is of high practical importance for the
development of the field.”® A detailed review of the large
number of technologies presently under development for
urine treatment is found elsewhere.®’ At this place, we will
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only present two technologies for volume reduction at two
different scales, which have reached the stage of a pilot plant.
For the apartment building scale or above, Fumasoli et al.®®
described a biological nitrification pilot plant serving the
stabilization of volatile free ammonia as ammonium nitrate
followed by distillation. Introducing a treatment with
activated carbon between Dbiological treatment and
distillation resulted in a safe fertilizer product with a
sufficiently low content of organic micropollutants to obtain
an unlimited fertilizer allowance from the Swiss authorities,
without co-removal of beneficial nutrients.®> At the bathroom
scale, Simha et al.®* tested alkaline dehydration at pilot-scale
for the production of a volume-reduced dry, transportable
fertilizer. With this technology, fresh urine is dehydrated by a
forced air stream within an alkaline medium. The high
alkalinity prevents enzymatic hydrolysis of urea, which would
lead to loss of free ammonia. While a bathroom-scale
treatment unit provides the wunique advantage of
implementing urine treatment directly under the toilet,
omitting the complexity of additional plumbing at the mid-
end, until now we have seen no proposal of a mechanism for
removal of organic micropollutants in such a system.
Nutrient recycling, the last step of the complex chain of
urine source separation, depends on farmer's and consumer
acceptance of a urine-based fertilizer. In a large international
survey, Simha et al.®® showed that on average, 60% of the
population had a favorable attitude towards food fertilized by
urine. The authors draw up a number of aspects of
importance for acceptance, but generally, they conclude that
consumer acceptance will not be the key limitation for
nutrient recycling from urine. Similar results exist for farmer's
potential uptake of urine-based fertilizer in Switzerland.®®

4. The past innovation journey of
urine source separation technologies

Given the potential transformative effects of urine source
separation on the sanitation sector's environmental impacts,
the essential question is why this idea has so far not scaled
beyond niche applications. In the remainder, we will review
recent academic and grey literature that has analyzed the
evolution of this innovation from the early days until today
and identify key bottlenecks for its future development. We
follow other reviews in the field by conceptualizing urine
source separation as a systemic innovation challenge, where
successful diffusion depends on the creation of a supportive
innovation system that encourages innovation in all parts of a
complex value chain reaching from the toilet interface to
reuse in agriculture. We will argue that as in many other SDG-
related sustainability challenges, diffusing this innovation
needs a full systems view that many governments and other
key stakeholders in the sanitation field are still lacking.

A first key insight from academic literature on urine source
separation is that mainstreaming this innovation is of
formidable complexity, not only from a technical, but also from
a social point of view.®””® What is at stake here is not a
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conventional product innovation (as e.g a new smartphone
model that can be sold in global, pre-existing mass markets),
but a disruptive technical approach that contradicts the taken-
for-granted state of the art - or ‘socio-technical regime’ in its
field.>”® The creation of two waste streams (instead of one)
inside buildings, which need to be separately managed,
challenges taken-for-granted core technologies, regulations and
policies in the sanitation sector. This creates various frictions
with incumbent actors, professional standards and user
routines,”***¥7%”" and implies that urine source-separating
technologies cannot diffuse in a linear commercialization
pattern. Instead, development depends on repeated
experiments with social and technical elements before first
‘configurations that work’ emerge, which can fundamentally
challenge the existing regime.**’"”> Innovation on the
technology side thus have to closely co-evolve with social
innovations like changing effluent quality standards, adapting
the curricula for architects and plumbers, teaching users about
new ways of using and cleaning toilets, etc.

To complicate matters further, the success of urine source
separation also depends on innovation in various
interconnected parts of a complex value chain.®®*®®” For the
whole system to achieve the environmental benefits
discussed in prior sections, innovation at the front-end (user
interface or toilet), has to be matched with innovation at the
mid-end (piping, storage, transport, logistics), and the back-
end (treatment systems creating marketable end-products).
Urine-based fertilizer products will then have to find broad
uptake in agriculture. Creating a complete value chain
furthermore depends on innovation in complementary
sectors like design, advertising, finance, or legal services.
Streamlining all these elements to each other takes a long-
term socio-technical experimentation process, which depends
on iterative cycles of learning from failures and typically
takes several decades to succeed.”"”*7?

We have found particularly well suited frameworks for
conceptualizing the past innovation journey of urine source
separation in the academic literature on technological
innovation systems and socio-technical transitions (e.g. ref.
68, 69 and 76). Bergek et al’’ suggest that a systemic
innovation like urine source separation depends on a
network of supportive actors and institutions - ie. a
‘technological innovation system’, TIS, which forms around
the core technology and helps develop and diffuse the new
approach.””””® TIS often start off in protected spaces and then
scale up and out into new contexts, becoming more and
more elaborate and powerful in challenging a sector's taken-
for-granted regime.””” Four key resources have to be created
in the system to enable successful diffusion: knowledge,
markets, financial investment, and legitimacy.”® If any of
these elements is missing, the technology will either not
diffuse or be confronted with major development barriers. In
such cases, entrepreneurs will have to find ways to overcome
the system weaknesses and adapt actor networks and
institutions in a way that they become supportive of the

innovation.®®#°
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In the remainder, we will review the history of urine
source-separating technologies in light of these four key
system resources and a full value chain perspective to assess
how the innovation has developed in the past, where current
bottlenecks for development are, and which next steps are
necessary to further scale up the idea. Several review articles
on local developments have recently been published.®” *° We
complement these excellent studies by applying a global
perspective on the evolution of the urine source separation
idea and explicitly relating it back to the UN's SDG agenda.

Phase 1: local innovation in eco-villages and research projects
(1990-2000)

The idea of source separation originates from local
experiments in Sweden, mostly based on small research
projects and early implementations in niche markets.®”*%%!
Knowledge on source separation started developing from the
early 90s on. At this most initial stage, conceptual work at
universities®® evolved in parallel with local bottom-up, low-
tech innovation processes in Sweden, with strong interactions
between academia and  practitioners.****  Swedish
entrepreneurs were the first to develop urine-separating toilet
designs and directly implement them in summerhouses and
eco-villages.®® The Swedish context constituted first niche
markets for experimenting with the technology. Especially
eco-villages provided protected (and subsidized) spaces to
test various toilet designs and to gain scientific knowledge on
user acceptability and market potentials.’™*® Before 2006,
more than 3000 urine-separating toilets had been installed in
these experimental settings and 135000 source-separating
toilets in Sweden as a whole.>"®® Some authors even estimate
that by 2009, 2% of all households in Sweden were using
source separation technologies, most of which were
composting or dry toilets.** This phase resulted in extensive
experience and user feedback,” but no scaling beyond early
niche contexts happened due to various unresolved technical
and institutional issues discussed below.*®®

Financial investment in the local innovation phase mostly
came from research projects, the Swedish government, local
municipalities the dwellers of eco-villages,
environmental idealists in green movements.®® Two small,
pioneering Swedish manufacturers that started investing in
the design and distribution of urine-separating toilets in
1991 are still active in relevant niche markets today.**®”
Legitimacy of the innovation in this local innovation phase
remained largely confined to specific rural communities. It
varied strongly between different communities and academic
expert circles and the broader public were not especially
affected by (or interested in) the innovation.®®® Initially,
supportive narratives built strongly on the opportunity to
close the nutrient cycle, especially for the limited resource
phosphorus.®*® The business model for reuse of urine in
agriculture was simple: urine was stored for long enough to
obtain a sanitized product, which was subsequently collected
by local farmers® and there were no attempts to produce a

as well as
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volume-reduced fertilizer suited for transport.®® Furthermore,
many of the toilets did not work properly, did not look nice,
and had problems with smell, urine precipitation, and
clogging of valves.®®®® Finally, a stable reuse market for the
stored urine was lacking in many communities.”"%®

The relevant TIS structures in this first phase thus
remained limited to small niches, where first knowledge
about the technology developed. Financial investment,
market formation and legitimacy remained limited and a
functional front-, mid- and backend was largely missing. It
took about ten years until some better designed and
functional systems appeared that moved the idea to a next
development stage.

Phase 2: local validation in demonstration projects in
different countries (2000-2010)

In the early 2000s, urine source separation reached a first
milestone with the setup of large research projects and pilot
and demonstration (PD) projects in various parts of the
world.”>*”°" In Europe alone, 38 PD projects with urine-
separating toilets were realized in that phase.’® Some projects
like the Eawag main building in Switzerland,*” the
headquarters of GIZ in Germany,’® or Solarcity, a settlement
in Linz, Austria,”® created first socio-technical configurations
that worked (at least for some time), thus promoting the
technology at the scale of an urban building. In this context,
the German company Roediger developed a first mass-
producible urine diverting flush toilet, which was applied in
the above PD projects.’” The toilet design however retained
some fundamental design problems related to urine
precipitation, clogging of valves and users complaining about
the need to sit on the toilet in order to make the separation
system work.”> The idea did consequently not scale beyond
local PD projects.

In this second phase, knowledge development intensified
in dedicated research projects,” which increasingly profited
from practical knowledge accumulating in Sweden and from
the field applications of the new toilet in PD projects. A key
result from these initiatives was the high acceptance of the
concept by end users, but the slow uptake of the actual
urine-separating toilets on the market.”"*' Additional issues
arose, especially with the servicing of the toilets in large
office buildings,”®*®”°® and the lack of volume-reduced
fertilizer production, which would enable transport from
dense cities to agricultural areas.®®

Markets in this phase further differentiated, with
challenges arising both around introducing urine diverting
toilets and treatment systems in buildings, as well as creating
marketable fertilizer products for agriculture. The application
of urine diverting systems remained largely restricted to PD
and niche projects, which now however expanded beyond the
Swedish context, to other European countries,”" Africa,*” and
Asia,>>?9479¢ albeit with different toilet technologies in the
different socio-economic and cultural contexts. As mentioned
before, the municipality of Durban in South Africa was the
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first to implement urine source separation at scale, yet, with
rather mixed results.”®> Regarding agricultural markets, a
survey conducted by Pahl-Wostl et al®® amongst Swiss
farmers showed that acceptance of a urine-based fertilizer
would be high, if the fertilizer was easy to apply, hygienically
safe and devoid of pharmaceuticals excreted in urine, thus
pointing to a large future market potential.

Financial investment was mostly mobilized by research
projects, but also increasingly through third-party
contributions to PD projects, R&D departments in large firms
and some additional small donors and SMEs.”® Roediger
invested substantial resources into developing the new toilet
design, but eventually abandoned the project, because sales
volumes remained below expectations. Legitimacy for urine
source separation remained mixed in this phase. The
technology had been successfully demonstrated in some local
PD projects, but it also remained strongly challenged by
many experts in the sanitation sector.®”®® Key problems
persisted with the user interface, ie. existing toilet designs
were not suitable for children using the toilet, men standing,
women not sitting etc.®”*®°>%” Combined with failures in
some high-profile demonstration projects (e.g. in Ordos City,
China®’), urine source separation approaches kept struggling
with persistent legitimacy issues. In particular, it became
obvious that the front-end (toilet interface) and back-end
(treatment technologies), as well as the interface with
agricultural reuse needed further refinement.

Phase 3: global diffusion is taking off (2010-today)

Due to the mixed experiences from many PD projects in
developed economies, urine source separation from 2010 on
started diffusing mostly into emerging and developing
countries, where needs for novel sanitation approaches were
most pressing and opportunities for further innovation
high.”**”°® In parallel, new actors like The Bill & Melinda
Gates Foundation (BMGF), designers (EOOS), and additional
toilet manufacturers entered the field and started supporting
the innovation system with new ideas, additional investment,
know-how and access to international networks and markets.

In terms of knowledge creation, innovative activities in the
front-end initially largely focused on a high-tech approach.®’
A new manufacturer developed pilot-type toilets including
complex sensors that could distinguish urine from water.”®
This toilet however never reached market maturity. In
parallel, major design improvements happened in the field of
container-based solutions. Especially a novel squatting urine-
diverting dry toilet by Sanergy enjoys high user acceptance.”
Research on various treatment processes and potential uses
in agriculture also intensified,"” and a large research
initiative was founded in France, which strategically
researched the potential for introducing a full urine source
separation full value chain (including agricultural reuse), in
the larger Paris metropolitan area.'®"'°*> Finally, also the
development of urine treatment technology for the back-end
considerably intensified in this phase, with more
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conventional treatment methods advancing towards the pilot
scale,®>®*19310%  and  with a boost of new high-tech
experimental electrochemical processes.’® In addition, a
large number of articles discussed the quality of a urine-
based fertilizer with respect to organic micropollutants, e.g.
ref. 106 and 107. For an overview of the general surge in
articles on urine treatment, see ref. 61.

The TIS also strongly profited from the Bill and Melinda
Gates Foundation's move into the sanitation field. In 2010-
11, the foundation first financed a large project on urine
source separation in Durban,'®® and then initiated a major
research program (Re-invent The Toilet Challenge, RTTC).
This challenge sponsored research teams for inventing high-
tech sanitation systems that could work in informal
settlements without any access to water networks and sewers
at a price of less than US$ 0.05 per person and day.'> Some
of those projects involved urine source separation (e.g. ref.
109 and 110), and in 2017, the development of alternative
source-separating toilet interfaces became an explicit strategy
of the foundation. A grant given to EOOS™'" spurred a major
breakthrough in toilet design, with the invention of the
‘urine trap’ in 2017. The urine trap is based on the teapot
effect, a well-known hydrological phenomenon,'*? illustrated
in Fig. 2. This new design enables the implementation of
urine source-separating technology without any needs for
behavior change and it allows manufacturers to produce
toilets without additional valves or sensors, which are
difficult to implement in conventional production schemes
for ceramic or plastic toilets."'

Markets. In this phase, the literature reports increasing
diffusion of the idea into growing niche markets around the
world. Promising market segments reported in the literature
comprise: (1) large events, sports campuses and mountain
huts;'”  (2) informal settlements in  low-income
countries;" '3 (3) new city districts, university campuses

and parks in South Africa, China and Paris;'**"'® or (4)

applications in cooperative and temporary housing projects
117,118

First business models now also

!

“Urine
trap

in Geneva or Paris.

B
e

Fig. 2 Basic principle of urine-separating flush toilets using the teapot
effect. Copyright EOOS.
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emerged around the production and distribution of urine-
based fertilizer, which got an allowance also for all edible
crops from the Swiss authorities in 2018,

Financial investment also started to flow from a broader
variety of sources, including BMGF, a number of national
research funders (i.e. in Sweden, the USA, China, etc.) and
some development NGOs or social enterprises like Sanergy in
Kenya.*>®® In combination with the increase in knowledge
and the invention of the urine trap (Fig. 2), it became
possible to convince a multinational toilet manufacturer
(Laufen) to enter the innovation system and invest in
developing an aesthetically pleasing toilet design, which
targeted a high-end, environmentally-friendly customer
segment (Fig. 3). At a high-profile toilet fair in 2018, the
World Bank and BMGF committed themselves to unlock at
least 1bn. US$ of investment for innovative sanitation
technologies, including urine source separation.'>*'*' At
about the same time, the greater Paris region, L'Agence de I'
Eau Seine-Normandie instituted the first large-scale subsidy
for installation of urine source-separating technologies in
new residential districts.'*>

For the innovation system as a whole, especially the
engagement of BMGF was an additional boost in legitimacy.
BMGF supported the idea both directly through Bill Gate's
own media appearances and indirectly by pulling new actors
like design firms (EOOS), toilet manufacturers (Laufen,
various firms in emerging economies) or large investors (the
World Bank) into the field."*"'** In parallel, actors in the
expanding innovation system jointly worked on re-instating
legitimacy by developing narratives that connected urine
source separation to popular cultural frames like the circular
economy, sustainability, but also to design, beauty and
poetry.">*"*” In Europe and the USA, supportive stories were
framed around baking bread or brewing beer from crops
fertilized with urine and widely taken up in public media.'**"
39 In addition, NGOs like the Rich Earth Institute and
research programs like OCAPI have recently invested heavily
into creating research, public outreach and education

E )J

Fig. 3 The urine-separating toilet safe! from LAUFEN, implementing
the urine trap. The special structures at the front-end of the toilet
direct the urine towards the (nearly invisible) urine trap.> Copyright
LAUFEN.*#
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campaigns, as well as establishing a regulatory pathway for
agricultural urine reuse in the US and France.'®>"*° Last but
not least, a number of prestigious prizes, e.g. the wallpaper
‘life enhancer of the year’ award'®” and “black bee” for an
installation on urine source separation at the 2019 Triennale
“Broken Nature” in Milano,"*" helped reframe the concept as
a beautiful idea to pursue for creating a more sustainable
world.

5. Outlook: current state of the art,
key bottlenecks and potential
application contexts for the scaling
up of urine source separation
technologies

The past innovation journey summarized above exemplifies
how long it may take until a systemic innovation like urine
source separation is taken up in practice, even if it promises
clear benefits in achieving environmental and social benefits
as outlined in the SDGs. In 2021, after a 30 year long
journey, urine source separation is still not a taken-for-
granted alternative to the conventional regime solution in
the water sector. This notwithstanding, some key innovation
bottlenecks have been successfully mitigated in the process.
Especially knowledge development and financial investment
have seen considerable progress over the past three decades
and the actor structure has diversified both in breadth and
scope. Large donors and multinational firms, plus various
startups and research institutes have improved the overall
innovation system structure, which has now entered a phase
of international diffusion, even though the technology is
still struggling with pushback from incumbents in most
contexts.

Our review has shown that one key breakthrough arguably
happened at the front end. Until the mid-2010s, an important
obstacle for successful technology diffusion was the lack of
attractive urine-separating toilets. This caused a hen-and-egg
problem that is typical for systemic innovation: without
suitable toilets for pilot projects, no market and legitimacy
could arise; and without market and legitimacy, no producer
had an interest in investing in developing toilets or suitable
mid- and back-end solutions. The new toilet design in
combination with innovative treatment technologies
constitute a potential milestone in further diffusing the idea,
because they enable the planning of new major
demonstration and lighthouse projects, and eventually the
implementation at the level of whole city districts. Table S1}
outlines some demonstration projects that are currently
under development. We expect that a further surge of
development in the TIS for urine source separating
technologies will result from these projects.

A second key breakthrough is required for the back-end.
While piloting has already been successful for several
treatment technologies, only industrialization, automation
and mass production will lead to low-cost competitive
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solutions. At present, two spin-off companies pursue the
commercialization of urine treatment technology. Sanitation
360, a spin-off from the Agricultural University in Uppsala,
Sweden, recently won the Skapa prize, the largest Swedish
innovation prize in memory of Alfred Nobel, for the alkaline
dehydration technology suited for bathroom installation.'**
Vuna, a spin-off of Eawag, Switzerland, offers solutions for
larger buildings to produce the concentrated fertilizer
Aurin."”® Both firms have not yet reached full automation
and mass-manufacturing capacities, which we consider
crucial for the further diffusion of urine source-separating
technologies.

Industrializing small-scale urine treatment technology is a
different task from involving the sanitary industry in
producing a new toilet. When we build conventional WWTPs,
we do this according to what we may call the “civil
engineering logic”. Every treatment plant is a prototype, built
for purpose and cast in concrete like any other building, with
a number of specialized industries providing the
standardized electro-mechanical parts like pumps, aeration,
and process control systems. For small-scale urine treatment
systems, an “industrial logic” applies, where one company
mass-produces standardized treatment units."***** Such
companies exist for the production of simple small-scale
treatment systems treating combined wastewater, e.g. in rural
areas, but until now, no large industrial actor exists, which
can drive the mass production of the urine treatment
technologies discussed above.''® Treatment technologies,
however, do not have the same cultural interpretation as
toilets, so the chances may be larger that markets for
treatment technology grow faster and more globally than for
toilets.

Another key bottleneck for future diffusion is the lack of
streamlined norms and standards for urine source separating
technologies. At the front-end, more design norms exist
globally for toilets than for electricity plugs, and no norms at
all exist for source-separating toilets. Many toilet
manufacturers have thus shied away from investing in novel,
non-standard toilet designs. In view of this situation, BMGF,
EOOS NEXT and various non-profit actors currently pursue a
strategy to provide open design templates and technical
support for urine-separating toilets based on the urine trap
for fast commercialization in low and middle-income
countries (Table S21 and Fig. 4). In addition, a new global
industry standard for ‘non-sewered sanitation systems’ (ISO
30500) has recently been developed,'*” with the intention to
smoothen the playing field for commercial actors. The
practical impacts of this highly aspirational standard are still
somewhat hard to predict.**®

A number of challenges also remain at the mid-end,
mostly relating to a lack of knowledge and capacity among
architects and plumbers on the potential benefits and
concrete implementation of urine source-separating
technologies in buildings. Several of the studies reviewed
above cite persistent problems with the planning, installation
and proper maintenance of urine source-separating systems
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»better design” squat pan
Bangalore, IN

Open Design UDDT
Chitwan, NP

Fig. 4 Examples of the urine trap integration for low-income countries, developed by EOOS NEXT in cooperation with local and global partners.

Copyright EOOS NEXT. More information in ESI,7 Table S2.

in buildings.””*®*""* Introducing urine source-separating

technologies into the standard curriculum of architects,
plumbers and environmental engineers, as well as developing
solid O&M models for on-site urine treatment system should
thus be a future focus of development. Increased cooperation
between firms, research institutes, authorities and artisans
will be needed to develop and quickly diffuse this type of
supporting social innovation in the TIS.

A final key bottleneck is the lacking market for urine-
based fertilizer products in agriculture. As discussed above,
this is the crucial step for realizing the technology's full
contribution to the SDG agenda, which rests on the idea of a
circular economy model for the nutrients available in urine.
One problem is the lack of government certification for
urine-based fertilizer in many countries, combined with
farmer's and consumer's possible skepticism toward this new
type of fertilizer.®®'*” "% A second barrier is that nutrients
derived from urine still have a relatively low economic value,
especially when compared with conventional, synthetic
fertilizers.®® Potential ways to overcome these bottlenecks
would be pushing for certification of urine-based fertilizer
products with national and supra-national authorities (i.e.
the EU), as well as incentivizing the uptake of urine-based
fertilizers through climate legislation that applies tariffs and
taxes to more polluting, conventional fertilizer products (i.e.
taxes on energy-intensive processes like N-fixation).®’

Last, but not least, we would like to shortly discuss three
ideal-type application contexts, in which urine source
separation could arguably most directly reap the SDG-related
benefits brought up in prior sections. A first promising
context are informal settlements in developing countries,
which combine strong sanitation problems with a lack of
conventional, centralized infrastructure. In some cases, these
are currently served by social enterprises like Sanergy, which
supply bottom of the pyramid markets with container-based
sanitation solutions."'®''* Sanergy already successfully
applies urine-separating toilets, but still searches for the

1170 | Environ. Sci.: Water Res. Technol,, 2021, 7, 161-1176

technology to produce a urine-based fertilizer instead of
infiltrating urine.”® Adding urine source separation to their
activities while scaling up their business model would not
only protect the environment against nitrogen and slum
dwellers against water-borne diseases, but also provide a
much-needed additional income to expand the social
enterprise's operation and help overcome local fertilizer
shortages. In this extremely resource-limited environment,
urine source separation can thus concomitantly help achieve
SDGs 2, 6, 11 and 14.1.

Second, the Rich Earth Institute, based in Vermont, US, is
an example of a non-profit organization running a urine
source-separation program that targets communities with
pre-existing on-site sanitation systems (mostly septic
tanks).'%®"*%14% 1n this case, the main driver is the double
benefit of local water pollution control and resource recovery
outlined in section 3, thus targeting SDGs 2, 6 and 14.1.
While this program is close to the early programs in Sweden,
it goes much further by taking up regulatory aspects like
fertilizer permits, and addresses a number of important
stakeholders like plumbers in the innovation activities. Rich
Earth Institute also produces a fertilizer based on
acidification, pasteurization and membrane filtration."*° It is
interesting to observe that the demand for this group's urine-
based fertilizer currently exceeds local supplies.'*°

Finally, in Europe, a movement for urine source
separation has built up in the greater Paris area in France
around the university-based program OCAPL'*"''® In this
case, urine source separation is envisioned as an add-on to
existing centralized sewer systems in the high-density urban
environment of high-income countries. Similar to the cases
above, SDG-related benefits revolve around protecting aquatic
ecosystems (SDG 14.1), while promoting sustainable
agriculture (SDG 2) and creating more resilient cities (SDG
11). The main narratives accordingly emphasize circular
economy thinking'®® and the protection of the river Seine
that leads into a highly eutrophic coastal area.'*' Noticeable,
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important stakeholders in the region are increasingly
interested in urine source separation, e.g. the water utility
SIAPP, responsible for wastewater treatment in the greater
Paris area,'**> and I'Agence de l'eau Seine-Normandie,"** a
French authority recently implementing high subsidies for
the installation of urine-separating technology in this part of

France.

6. Conclusions

With the example of urine diversion, we have shown how
long it may take before a systemic and radical innovation
reaches the point where global implementation becomes a
plausible option. This is critical for the SDGs, where in many
cases existing mainstream technologies prevail even though
they have clearly shown their inability to solve essential social
and environmental problems. Urban water management is
one of those hugely important fields, where most people
assume that suitable technologies exist and just need
implementation. Drawing on the literature from a diversity of
fields, we have shown that this is not the case. For instance,
the sanitation problem of rapidly growing cities in low-
income countries (SDG 6) cannot be solved with highly
planning and capital-intensive centralized technologies. The
typical stepwise implementation of treatment technology in
the centralized sanitation regime will furthermore fail to
reduce nutrient emissions as required by SDG 14.1, even if
we extend the time line to 2050.

Further developing and diffusing urine source separation
technologies is thus arguably one of the scarce leverage
points that help addressing several SDGs in parallel and (re-)
establishing a circular economy model around urban
sanitation and food production. Our review has shown that
this systemic innovation has come a long way in developing a
full value chain and supportive innovation system. Public
perception is increasingly favorable and the technology has
made important steps toward wider legitimation. The
innovation now stands in the midst of a (global) diffusion
phase, with key bottlenecks revolving around the
standardization of key components, challenges in the mid-
end, as well as mass-production of treatment technologies
and lacking reuse markets in agriculture. We encourage
future work to focus on these issues, in order to enable urine
source separation to fulfill its role in achieving the SDGs.
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