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and extending conventional centralized water and sewage systems.  

While the resource intense nature of centralized water-based sanitation 
systems will struggle to adapt to these future uncertainties, there is a growing 
recognition within the water sector that an environmentally, economically 
and socially sustainable sanitation system requires sewage to be viewed 
as a set of resources to be recovered, recycled and reused (water, energy, 
nutrients) rather than a waste product to be treated to successively higher 
standards before release to the environment. Whilst such concepts have been 
core to the ecosanitation part of the sector for many years, what is different 
now is that the concepts are gaining traction in the mainstream, large-scale 
end of the industry. For example, this year’s International Water Association 
Leading Edge Technology conference, held as part of Singapore International 
Water Week that attracted up to 10,000 delegates from across the globe, 
opened with a workshop explicitly focused on carbon and nutrient recovery 
(see www.siww.com.sg). The impact of these realizations on the form, scale 
and operation of the sewage sector could be enormous (see Figure 1).To 
date, resource recovery from sewage has largely focused on water due 
to increasing concerns of water scarcity, exacerbated by climate change 
impacts, urbanization and population growth. The national water industry 
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Abstract

The water and sewage industry globally is at a transformation point.  Whilst 
infrastructure is ageing, pressures are increasing and expectations are 
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conventional approaches will struggle to deliver these kinds of outcomes, so 
new approaches are necessary.  The emerging field of transition management 
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phosphorus recovery from sewage makes a particularly interesting case study 
for applying transition thinking. 
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Introduction
The water and sewage industry is at a transformation point.  Climate change 
impacts, changing hydrological conditions, population growth, resource 
scarcity, aging infrastructure, economic constraints in financing large scale 
systems, and changing expectations for water quality (e.g. European Union 
water directives) all challenge existing planning parameters for developing 

Figure 1.  Graphic representation of the scale of change in the sewage sector 
in coming decades (After Rodgers, E.M. 2003, Diffusion of Innovations, 5th 
edn, Free Press, New York) 
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association in Australia recognizes this and the implications for infrastructure 
in its vision for a sustainable urban water future: ‘Given the need to maximize 
the efficient use of recycled water, it is highly likely that the days of extending 
sewage collection systems over ever- increasing distances to be connected 
to coastal sewage treatment plants are coming to an end.’ (WSAA 2009, p7).  
Elsewhere, nutrient recovery has emerged in areas (such as The Netherlands, 
Germany, Sweden) where changes in sewage management practices 
are being driven by concerns about contributions to nutrient imbalances, 
eutrophication, discharge of pharmaceuticals and a loss of biodiversity in 
receiving water bodies.

By shifting the paradigm from ‘removal’ to ‘recovery and reuse’ there is the 
potential to move beyond ‘sustainability’ toward developing ‘restorative’ 
systems (McGee et al., 2008) of water and sewage management. Restorative 
systems aim to have positive economic, social and ecological impacts, and 
are necessary for remediating historical effects of conventional sewage 
systems and in making up for areas that will not reach the baseline goal of 
sustainability (Mitchell, 2008).

Innovative thinking across various dimensions is required to move toward 
restorative systems and is occurring globally with emergence of four 
significant themes:

1. New costing perspectives 

There is an increasing interest in costing approaches that expand beyond a 
narrow focus on least financial cost to a single stakeholder, and encompass 
broader costs and benefits and broader stakeholders. One such approach 
is integrated resource planning (Swisher 1997, Vickers 2001), which seeks 
the lowest cost to society across the life of the infrastructure whilst providing 
socially and environmentally preferable outcomes (Mitchell et al., 2007).  
Since water and sewage management are generally provided by public funds, 
least cost investment in water and sewage infrastructure and its operation 
frees up funds for investing in other public infrastructure, like schools and 
hospitals. Another emerging approach is ‘value based’ evaluation to design 
and implement systems that have the most value.  This shift in perspective 

in valuation processes is occurring globally (e.g., The Vancouver Valuation 
Accord). Another is the increasing interest in bringing externalities inside 
the decision-making process, through sustainability accounting (see Yarra 
Valley Water, 2009, p12), assigning value to externalities or deliberative 
engagement (see below). All of these economic evaluation approaches have 
the potential to radically change what decisions are made by water authorities 
in developing water and sewage management systems.

2. Participatory, deliberative decision making in developing water 
systems

As the adoption of distributed systems and nutrient recovery presents 
a paradigm shift in wastewater management, community engagement 
is essential for the introduction of alternative socio-technical systems. 
By adopting ‘representative and deliberative’ processes of engagement 
in decision making, the aim is not only to select participants who are 
representative of the society of concern but also provide outcomes from 
the process that will impact the decisions of authorities. Not only does this 
approach provide the potential for delivering ‘well-informed, fair and equitable 
decisions’ (Fung & Wright 2003)(p.x) in the water sector but also of providing 
much needed public support for new approaches to water and sewage 
management and the associated institutional arrangements needed to support 
their introduction.  These approaches are closely linked to those that expand 
notions of costing.

3. Shifting from a resource focus to service focus

While conventional business thinking takes an output focus and is concerned 
with supplying a commodity, a shift in the sustainable business arena is 
occurring toward being outcome focus and supplying a service rather than 
supplying a resource (Dunphy, Griffiths & Benn, 2003). This conceptual shift in 
thinking is providing significant gains in economic, environmental and social 
outcomes while improving financial performance (See Mitchell et al., 2007 for 
further examples).

4. Systemic thinking & synergies between energy, water reuse and 
nutrient recovery 
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Systemic thinking is increasingly  being acknowledged as critical for 
sustainable management of our natural resources on a local, regional or 
global scale (e.g. ESSP, online; Urban Water, 2006; SLIM, 2006). However the 
institutional and physical structures created to manage natural resources over 
the last decades do not reflect a translation of systems thinking into practice. 
A good example of this is the nature of most centralized water and sanitation 
systems through to the global food production and consumption system. 
While both the sanitation and agricultural systems have the potential to take 
advantage of synergies between material flows, such as reuse of wastewater 
fractions in food production, rarely does either system integrate and make use 
of the potential resources available. Instead in an energy and resource intense 
way, the sanitation and agricultural sectors are continually sourcing new 
resources of water and nutrients. (Cordell, 2008) 

A restorative future for the sanitation and water sector would encompass 
all these shifts, and provide a starting point for backcasting (Dreborg 
1996, Mitchell and White 2003) to the present to identify alternative paths 
for infrastructure planning and investment, in developed and developing 
countries alike.

There is little doubt that the embedded nature of the sanitation system, with 
intertwined components of physical assets, organizations, institutions and 
social habits of practice, create significant barriers to system innovation 
(Fam et al. 2009) and integrating material flows across the sanitation and 
agricultural sector. But the critical nature of resource depletion (nutrients) and 
scarcity (water, energy, nutrients) means there is greater acknowledgement 
by the water sector (e.g., the Victorian Water Industry Association’s annual 
sustainability seminar this year had the title: ‘Responding to a water, carbon 
and nutrient constrained future’) of the need for sustainable resource recovery 
from sewage. Today the question is therefore not whether technological 
change should occur but how to strategically manage a transition toward 
sustainable means of resource recovery. The water sector has the opportunity 
and is in the position to facilitate such a shift toward technological change and 
sustainable reuse of constituents in sewage. 

Managing A Transition Toward Restorative Futures
In considering the potential for system change, the weight of the past creates 
significant barriers to transformation of the water sector and transitioning 
toward a restorative future. System innovation or transition is generally 
defined as fundamental transformations in the way societal functions (such 
as transportation, communication, housing, waste management) are fulfilled 
(Elzen and Wieczorek, 2005).  The emphasis is on the co-evolution of 
technical and societal change as opposed to incremental change which is 
characterized primarily by changes in technology.  Many of the barriers to 
radical change and system innovation in sewage management relate to the 
embedded nature of the centralized sanitation system which has co-evolved 
over the last century to become a highly interdependent, complex system of 
institutions, organizations, material infrastructures, technologies and social 
habits of practice (Hughes 1987) that make it challenging to introduce radical 
alternatives to the mainstream even if those alternatives may provide more 
sustainable outcomes. 

As with many other large-scale infrastructural systems, such as energy 
supply and transportation systems, the sanitation system is weighed down by 
enormous sunk infrastructural costs, embedded institutional and regulatory 
structures and a life span of physical assets that last between 80-100 years. 
Shifting the trajectory of sanitation systems toward sustainability is therefore 
complicated, the investments and decisions made in the past create a 
tendency to incrementally add to and extend the existing system rather than 
invest in innovations with radically different sustainability potentials. Although 
understanding of sustainability is constantly evolving, wastewater design and 
management processes are aligned to 20th century engineering traditions 
(Guest et al. 2009) and characterized by incremental change along existing 
paths and trajectories rather than radical innovation.

While many authors have discussed the difficulties of changing socio-
technical systems (Dosi, 1982; Metcalfe, 1997; Rip & Kemp, 1998; Rotmans, 
Kemp & Asselt, 2001) there is increasing interest from policy makers, NGO’s 
and industrial firms in system innovation and the sustainability benefits the 
transition may offer. This growing interest in system innovation is reflected in a 
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shift in research of technology and sustainable development, from the level of 
single technologies to socio-technological regimes (Kemp, Schot & Hoogma 
1998; Rip & Kemp, 1998; Smith, 2003). In the 1980’s, effort was focused on 
solving environmental problems with cleaner product and process innovations 
and were developed in conjunction with end-of-pipe solutions (Geels, 2006; 
Smith, 2003). Although this incremental step to technological change has, in 
cases, led to significant improvements in environmental efficiency, substantial 
leaps in efficiency required to reach the demanding goals of restorative 
systems and long term sustainability in the water sector may only be possible 
through system innovation or the large scale transformation of how societal 
functions such as sewage management are fulfilled (Elzen & Wieczorek, 
2005).

Introducing system innovation and cost effective resource recovery requires 
understanding socio-technical change, how it has occurred in the past and 
how we may potentially manage a transition toward sustainability in the 
future. Historically, socio-technical systems have involved multiple actors, 
factors and levels in system change. For example, the transformation of the 
sanitation system in many industrialized countries from the use of cesspools 
to sewer systems was a co-evolutionary process. The transition was not 
caused by a single factor or the introduction of a technological breakthrough 
but rather interplay of factors that influenced each other at varying levels. 
The co-evolution of technology and society in the development of centralised 
sanitation was a relationship between multiple factors (technical, regulatory, 
societal and behavioural), actors (users/consumers, government & private 
enterprise) and levels (macro, meso and micro) (Geels, 2005).  

Transition theorists argue that technological transitions and radical shifts in 
established socio-technical regimes such as wastewater management occur 
with interactions and alignment between processes at different levels – a multi-
level perspective (Geels, 2002; Geels & Schot, 2007; Rip & Kemp, 1998). For 
example, socio-technical landscape factors such as water scarcity coupled 
with urban growth have the potential to destabilize established socio-technical 
regimes (configurations of technologies, institutional structures, rules and 
norms) providing opportunity for new socio-technical configurations to occur 
at the level of the technological niche (radical technologies and practices). 

At the same time the path dependent characteristics of established socio-
technical regimes may limit the emergence of radically different technologies 
and user practices (Geels, 2002; Rip & Kemp, 1998; Walker, 2000).

Broad landscape drivers such as water scarcity and nutrient and energy 
constraints have triggered a number of water authorities and research 
institutes (e.g. the Melbourne water authorities (such as Yarra Valley Water), 
German Technical Corporation (GTZ), UNESCO-IHE, Dutch Foundation of 
Applied Water Research (STOWA)) to seriously consider adopting resource 
recovery systems such as urine diversion, a radical innovation in sewage 
management. 

Although urine diversion is seen as radical today, it has been practiced since 
ancient times in cultures spanning from Greece to Asia. The modern water-
based version of the urine diversion (UD) system was invented and emerged 
during the early 1990s, where waste streams are separated at the source at 
the household level with a urine diversion toilet. Due to the nutrient rich nature 
of urine which consists of phosphorus, nitrogen and potassium, it is collected 
at the household level, stored, sanitised and reused on-site as a substitute 
for chemical fertilisers or centrally collected by the municipality in conjunction 
with a local farmer before being transported for storage, sanitization and reuse 
in agricultural applications (see Johansson, M., H. Jonsson, et al., 2000) for 
further details of Swedish experiences). 

To practically implement resource recovery systems at any significant scale 
and deliberately manage a transition toward a sustainable or restorative future 
in the water sector, will undoubtedly involve a co-evolution of technological 
and mutually reinforcing institutional and socio-cultural transformation. For 
example, for the introduction and development of small scale systems of 
nutrient recovery such as urine diversion systems (UD): 

new regulations need to be developed (e.g. akin to the World Health ��

Organisation guidelines for wastewater reuse (WHO, 2006), 
risks and responses considered (e.g. in the development of decentralised ��

or distributed systems), 
institutional arrangements managed (e.g. service teams constructed), ��
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innovative decision-making processes implemented (e.g. deliberative, ��

participatory processes), 
interpretations of personal responsibility articulated (e.g. behavioural ��

change, socio-cultural habits and practices), 
pricing and payment structures constructed (e.g. feed-in tariffs, tax ��

incentives) and 
markets stimulated (e.g. for nutrients and new technologies).��

In practical terms experimentation means piloting, demonstrating, monitoring, 
evaluating and providing opportunity for learning across these multiple 
dimensions and within different application domains. 

Technological niche experiments act as domains temporarily protected from 
harsh selection environments through mechanisms such as tax exemptions, 
investment grants and other forms of ‘protection’. The niche environment 
is therefore fundamental in transitioning toward a more sustainable state 
of resource recovery and can be used as a strategic location for learning, 
building new social networks, improving the innovation and broader diffusion 
of the concept. 

Adopting Strategic Niche Management To 
Implement Radical Innovation In Resource Recovery 
And Reuse
The introduction of sustainable technologies is challenging in the face of 
existing systems characterized by lock-in and resistance to change (Unruh 
2000), such as those represented by the global water and sanitation sector. 
SNM therefore emerged as an area of research through the observation 
that many sustainable innovations fail to ‘take off’ in spite of their significant 
environmental potential. The framework of Strategic Niche Management 
(SNM) is a rapidly growing area of research revolving around experimental-
based learning of the technological, social and environmental possibilities and 
constraints of innovation (Caniels & Romijin, 2008). ‘Niche’ is defined here 
as a protective space or ‘incubation’ area where actors can experiment with 
an innovation and learn about the potential barriers and benefits of system 
change (Raven, 2005; Rip & Kemp, 1998). 

The SNM framework has been applied to various case studies in the area 
of sustainable innovation such as biogas plants and biomass firing (Raven 
2005), electric (Truffer, Metzner & Hoogma 2002) and sustainable transport 
(Hoogma et al. 2002) and organic food (Smith 2006) to name a few. The 
analysis of case studies tends to be of experiments, demonstration projects 
and pilot plants with scholars exploring the challenges, opportunities and 
the lessons learned.  As Smith this suggests this is a very different approach 
to researching transitions toward sustainability, the conventional approach 
being to study unsustainability and recommend reforms for mitigating 
these problems. The more novel approach of SNM explores ‘…innovative 
experiments in alternative, sustainable technological niches, drawing lessons 
from the challenges they face in the context of a dominant unsustainable 
technological regime.’ (Smith 2003, p. 128).

Until now SNM has been a tool for analyzing past experiences: constructive 
applications of SNM are rare and limited. Raven (Raven, 2005) notes that 
SNM has primarily been used for improving the design of experiments, 
evaluating policies in the past, using SNM as a scenario development tool 
and to design future policies on niche management. In practical terms, the 
SNM framework offers insight into how radical niche based technologies such 
as resource recovery and reuse systems might be designed and introduced 
to contribute to shifting practices away from resource intense infrastructures 
such as the dominant regime of centralized sanitation. Although we don’t 
presume to present a comprehensive account of transition theory or the 
intricacies involved in operationalizing alternative technological experiments 
using the SNM framework, in practice decentralized and distributive systems 
will undoubtedly play a key role in transitioning toward a restorative futures 
of resource recovery as they provide a viable means for experimentation and 
learning by doing at a relatively low risk and low cost (Mitchell 2008). 

Phosphorus Security: A Case For Transition 
A New Global Challenge: From Phosphorus Pollution to Phosphorus 
Scarcity 

Whilst it is widely acknowledged that addressing future availability of energy 
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and water resources will be critical for meeting future demands of a growing 
global population, the need to address the issue of limited phosphorus 
availability is at least as serious, and not yet widely recognized. Awareness 
and management of environmental challenges related to phosphorus have 
typically been associated with water pollution and eutrophication. Today we 
are on the brink of a new global understanding: global phosphorus scarcity 
and the serious threat it poses to future food production (Cordell, Drangert & 
White, 2009).

Phosphorus (P), together with Nitrogen (N) and Potassium (K), is a critical 
element for plant and animal growth, and therefore food production. 
There is no substitute for phosphorus in food production and it cannot be 
manufactured, hence its significance to humanity (Cordell et al, 2009a). 

Historically, crop production relied on natural levels of soil phosphorus with 
the addition of organic matter like manure and in parts of Asia, human excreta 
(‘night soil’) (Mårald, 1998). To keep up with rapid population growth and 
food demand in the 20th century, concentrated mineral sources of phosphorus 
were discovered in guano and phosphate rock and applied extensively (Brink 
1977; Smil 2000). Chemical fertilizers (containing N,P,K) contributed to feeding 
billions by boosting crop yields between 1950-2000 (IFPRI, 2002). Additions 
of phosphorus fertilizer are essential for maintaining high crop yields and 
replenishing soil with what is taken away by harvested crops, especially 
in agricultural systems with naturally phosphorus deficient soils. Modern 
agriculture today is dependent on fertilizers derived from phosphate rock: 
around 170 million tonnes of phosphate rock are mined and traded each year 
(containing around 23 million tonnes elemental P), 90% of which is used for 
the production of phosphate fertilizers (and to a lesser extent animal feed and 
food additives). 

Yet phosphate rock, like oil, is a non-renewable resource and approximately 
50-100 years remain of current known reserves. Further, a peak in global 
production – peak phosphorus – is estimated to occur by 2035 (Cordell, 
Drangert & White, 2009). After the peak, supply will decrease year upon year, 
constrained by economic and energy costs, despite rising demand. While the 
exact timing of the peak may be disputed, there is general consensus among 

industry and scientists that the quality of remaining reserves is declining and 
that cheap fertilizers will become a thing of the past in the long term (IFA, 
2006; Smil, 2002; Stewart, Hammond & Kauwenbergh, 2005). Increasing 
energy and other resources are required to mine, process and extract the 
same nutrient value from phosphate rock.

While all farmers need access to phosphorus fertilizers, just five countries 
control around 90% of the world’s remaining reserves, including China, the US 
and Morocco (Jasinski, 2009). The period 2007-2008 saw an unprecedented 
800% spike in the price of phosphate rock (Minemakers Limited 2008; World 
Bank 2009) that was unforeseen by most of the world’s farmers and policy-
makers. China has the largest reported reserves, yet in 2008 it imposed a 
135% export tariff on phosphate, effectively banning any exports in order to 
secure domestic supply for food production (Fertilizer Week 2008). The US 
is running out of its domestic high-grade reserves and increasingly importing 
rock from Morocco to process into high analysis fertilizer for sale on the 
world market. This is geopolitically sensitive as Morocco currently occupies 
Western Sahara and controls its vast phosphate rock reserves. Trading with 
Moroccan authorities for Western Sahara’s phosphate rock is condemned 
by the UN, and importing phosphate rock via Morocco has been boycotted 
by several Scandinavian firms (Corell, 2002; WSRW, 2007). Further, in a 
carbon-constrained future, shipping millions of tonnes of phosphate rock and 
fertilizers around the globe may no longer be either appropriate or feasible.

The demand for phosphorus is expected to increase over the long-term due 
to increasing world population, preferences towards more meat- and dairy-
based diets (which demand more phosphorus) in emerging economies, and 
increasing demand for non-food crops such as biofuel crops. Further, current 
market demand for phosphorus fertilizers only represents those farmers with 
sufficient purchasing power. An additional ‘silent’ demand is also present from 
poor farmers with phosphorus-deficient soils, particularly in Sub-Saharan 
Africa (Cordell et al. 2009).

Despite this growing demand coupled with increasing phosphorus scarcity, 
there are no alternatives to phosphate rock on the market today that 
could replace it on any significant scale. While small scale operations and 
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phosphorus future. More fundamental changes will be required that seek to 
incorporate a range of supply- and demand-side measures, as depicted in 
Figure 3 (Cordell et al., 2009). 

For example, business-as-usual global demand for phosphorus can be 
substantially reduced through measures that seek to change diets to less 
meat and dairy (which require more fertilizer per unit of food nutrition), 
reduce losses in the food chain, and increase efficient use in agricultural 
and livestock sectors. On the supply side, the water sector is likely to play a 
critical role, together with the food and other sectors in recovering and reusing 
phosphorus from the entire food production and consumption system: from 
excreta to food waste to crop residues. 

There are several socio-technical sanitation systems today that support the 
recovery and re-use of nutrients, from small-scale greywater systems for 
example, source-separating composting toilets, wetlands for recovering 
nutrients, to more large-scale high-tech recovery from mixed wastewater 
streams. If a key objective of nutrient recovery is to reuse the nutrients 
in food production (which is indeed argued in this chapter), then health, 
environmental and economic costs of the entire system from toilet to field 
become paramount. Reuse is often safer if sanitation service providers and 
urban planners avoid infrastructure that mixes human excreta with other 
wastewater streams such as industrial wastewater which often contain 
heavy metals and other toxic contaminants (for example through the use of 
decentralized and distributed sanitation systems). Further, if urine is separated 
from faecal matter in the toilet, the urine can be safely used through simple 
storage (WHO, 2006). Urine has the potential to provide half the phosphorus 
required to fertilize cereal crops (Drangert, 1998; WHO, 2006). While reusing 
human excreta has been practiced in parts of the world for over 5000 years, 
Drangert (1998) suggests a ‘urine-blindness’ has prevented modern societies 
from tapping into this bountiful source of plant nutrients and thus there is still a 
need to legitimize the use of human excreta among water authorities in many 
parts of the world.

In addition to reuse of source-separated urine and faeces, examples of other 
nutrient recovery and reuse systems ranging from commercial operations 

trials of phosphorus recovery from excreta and other waste streams exist, 
commercialization and implementation on a global scale could take decades 
to develop and significant adjustments to institutional arrangements will be 
required to support these infrastructural changes (Cordell, Drangert & White, 
2009).

However the current use of phosphorus is extremely inefficient: approximately 
80% of the phosphorus mined in phosphate rock for food production never 
actually reaches the food on our forks (Cordell, Drangert & White, 2009). 
Phosphorus is lost at all key stages of the food production and consumption 
chain: from mining to fertilizer application, crop uptake and harvest, food 
processing distribution and consumption by humans and animals.  Close to 
100% of phosphorus consumed in food is excreted (Jonsson et al., 2004). 
Human excreta (urine and faeces) are renewable and readily available 
sources of phosphorus. Urine is essentially sterile and contains plant available 
nutrients (P,N,K) in the correct ratio. Indeed, the global population generates 
around 3 million tones of elemental phosphorus in urine and faeces each year 
which typically ends up in waterways if not intentionally recovered (Cordell, 
Drangert & White, 2009). Given half the world’s population lives in urban 
centres and urbanization is set to increase, cities are becoming phosphorus 
‘hotspots’. This means there is a substantial opportunity to consider localized 
phosphorus recovery. Urine alone represents the largest single source of 
phosphorus emerging from cities. Recirculating urban nutrients such as urine 
back to agriculture therefore presents an enormous opportunity for the future 
(see Figure 2). Further, sourcing phosphorus from more local, renewable 
sources (such as excreta or food waste) rather than depending on access 
to an increasingly scarce global commodity can increase communities’ 
phosphorus security and potentially reduce wastage and energy consumption 
in the food system. 

The Role of Niche Based Approaches to Resource Recovery in a 
Sustainable Phosphorus Future 

While incremental system change, such as increasing the efficient use of 
phosphorus in agriculture is likely to be an important measure, optimizing 
current practices will alone not be sufficient to secure a sustainable 
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to R&D phase include struvite recovery from wastewater treatment plants 
(Ostara, 2009; Rahamana et al., 2009), use of ash from incinerated sludge 
(Schipper & Korving 2009), or a combination such as struvite precipitation 
from source-separated urine (Ganrot, Broberg & Byden, 2009; Tilley et al., 
2009). Indeed, Schenk et al. (2009) suggest there are over 30 processes 
for the recovery of phosphorus from wastewater. While such emerging 
initiatives are certainly on the increase around the world, they are far from the 
mainstream and are generally not operating within an overarching coordinated 
framework or strategy at a broader scale linked specifically to sustainable 
nutrient recovery, sanitation and food production (Cordell forthcoming). Hence 
there is still a need to investigate the most appropriate ways of recovering 
phosphorus in a given context (within a region, country, city) as it is likely 
that no one social-technical solution will meet all needs. Important criteria for 
consideration might include life-cycle energy costs, other resource inputs, 
spatial distribution between nutrient recovery system and end users, farmer’s 
views and preferences regarding the product, effectiveness of the product as 
a fertilizer and so on. 

Implementing (or even trialing in some instances) such demand and supply-
side measures are severely hindered by a fragmented institutional setting. For 
example, there are no policies, regimes or institutions explicitly ensuring long-
term accessibility and availability of phosphorus resources for global food 
security (Cordell forthcoming). Global phosphorus resources are by default 
governed by the market system, which alone is not sufficient to ensure all 
farmers have access to sufficient phosphorus resources for food production 
and ensure environmental protection in both the short and long-term (Cordell 
forthcoming). 

There is a ‘lack of fit’ (Young, 2002) or mismatch between the phosphorus 
cycle and the institutional arrangements governing phosphorus resources. 
There is a noticeable fragmentation between the different sectors that 
phosphorus flows through in the global food production and consumption 
system.  For example, there is a mismatch between the agricultural sector 
where phosphorus is typically perceived as a fertilizer commodity and the 
water and sanitation sector where phosphorus is typically perceived as a 
pollutant in wastewater (Cordell forthcoming; Cordell, Drangert & White, 

2009). Phosphorus scarcity is currently not a priority within any sector and 
has no institutional home. It is only when the phosphorus cycle is perceived 
as a whole system which includes connections between entities, that its 
importance becomes obvious (Cordell, 2008). Similarly, and partly as a 
consequence of this institutional fragmentation between the sanitation and 
food sector, urine diversion and reuse systems have no institutional home 
(Cordell, 2006). 

There have already been significant R&D and piloting of UD systems to 
recover, recycle and reuse nutrients in urine to land applications. For example 
twenty years of experiential learning and applied research in Sweden have 
provided insights into multidimensional challenges and opportunities of 
transitioning toward small scale nutrient recovery (Johansson et al., 2006). 

Figure 2: Spatial profile of an urban-rural landscape – indicating that while 
agricultural and horticultural fields demand continual phosphorus fertilizers, 
cities are ‘phosphorus hotspots’ of food waste and human excreta that could 
be productively utilized to meet some of the fertilizer demand. Source: Cordell, 
forthcoming.
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Figure 3: Closing the gap: meeting future global phosphorus demand for food security 
through a range of ambitious demand and supply-side measures (adapted from 
Cordell et al, 2009b).
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The variable success of UD systems in Sweden highlights the fact that 
radical innovation cannot be attempted by a simple technological fix but 
rather requires a radical change in the institutional, technological and social 
foundations of these systems (Fam et al., 2009; Cordell, 2006), in other words 
a change in the wider socio-technical setting that structures the behavior and 
decisions of a broad range of actors involved (Raven, 2007) 

In an unprecedented era of global environmental change, it is no longer 
sufficient or appropriate to take a single-sector approach to complex 
sustainability challenges. Achieving a sustainable phosphorus situation 
will require an integrated and collaborative approach to developing new 
policies, actors and partnerships to support the trialing and implementation 
of novel socio-technical systems. Proposed sustainability criteria for 
the goal of phosphorus security addresses social dimensions (such as 
farmer livelihoods), ecological dimensions (such as soil fertility), economic 
dimensions (such as cost-effectiveness of recovery systems), environmental 
dimensions (such as minimizing waste and pollution) (Expanded in (Cordell 
forthcoming).

Despite the presence of uncertainty and some degree of lack of consensus 
about the probable future of phosphorus, what is clear is that unless we 
intentionally change the way we source and use phosphorus, we will end 
up in a ‘hard-landing’ situation with increased phosphorus scarcity and 
phosphorus pollution, further fertilizer price fluctuations and increasing energy 
consumption. In order to achieve a preferred ‘soft-landing’ outcome, an 
integrated and globally coordinated approach to managing phosphorus is 
required. This is likely to require substantial change in both the physical and 
institutional infrastructure surrounding the sourcing and supply of phosphorus 
for food production. Such change cannot be achieved without the involvement 
of and innovation within the water and sanitation sector. 

Conclusion
The water industry is at the start of a period of transformational change.  In the 
coming decades, at least some of our water and sewage infrastructure needs 
to be restorative, operating in ways that do better no net negative impact. The 

fundamental characteristics of sewage’s key constituents (i.e., water, which is 
heavy; carbon, which is useful; and nutrients, particularly phosphorus, which 
is essential) mean that distributed systems, i.e., local scale infrastructure 
managed centrally, present particular opportunities for transitioning to 
restorative futures.  

While there is no quick fix solution for current dependence on phosphorus 
fertilisers, there are a number of technologies and policy options that exist 
at various stages of development – from research to demonstration to 
implementation, and the water sector has the potential to play an important 
role in recovering phosphorus from urban wastewater streams. 

Meeting these and other pressing challenges in the sector requires 
significant systemic innovation. Understanding and taking action for systemic 
innovation requires viewing the issue from multiple perspectives and taking 
a transdisciplinary approach in creating change.  Adopting approaches that 
are inclusive of stakeholders (broad collaboration), are context dependent 
(situation/problem based), and support flexible and reflexive approaches to 
systems change (evolving methodology). Transition management offers some 
useful insights on how to create such system-wide change. 
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