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Abstract: Changing circumstances and the availability of new technologies are causing urban water systems to transition from managing
system components in a separate and linear fashion to an integrated “One Water” approach that focuses much more on recovering resources,
including water, energy, nutrients, and other materials. These systems often include both distributed and centralized components and are
referred to as hybrid systems. The components of these integrated One Water and resource recovery systems are described, along with the
benefits that they provide. Enabling factors, along with impediments, are described, including new technologies, the need to balance human
services and environmental needs, the continuing evolution of optimal system configurations, concerns created by new and emerging
issues, and the need to adapt existing institutions and practices. The literature reviewed illustrates the growing research interest in these
topics, along with progress translating these approaches into practice. DOI: 10.1061/(ASCE)EE.1943-7870.0001552. © 2019 American
Society of Civil Engineers.
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Introduction

After more than a century of water management in an urban
context in a separate and linear fashion, a transition to a much
more integrated approach is occurring. This approach is
based on the concepts of “One Water” and resource recovery
and based on the use of hybrid distributed and centralized sys-
tem components. This transition responds to changing circum-
stances and anticipates not only current but future needs and
realities as well. This paper addresses the changing context
for urban water management and the key elements of the evolv-
ing One Water and resource recovery approaches. The integrated
hybrid distributed and centralized systems required to fully
implement these new systems are then described. Numerous
factors must be successfully addressed to implement these
new systems, and they are addressed under the heading of
enablers and impediments. The body of literature reviewed illus-
trates the growing research interest in these topics and the tran-
sitions in professional practice that are enabling their practical
implementation.

Historical Perspective on Urban Water Management
Development

The historical approach to urban water management (drinking
water, rainwater, used water) has been “reinvented” many times
over human history, most recently beginning in the industrialized
cities of Europe and the United States in the 19th and early 20th
centuries (Sedlak 2014; Schneider 2011). The spread of waterborne
diseases (e.g., cholera, typhoid) in urban areas caused by pollution
of local water supplies led to the importation of uncontaminated
water from remote sources. While this largely addressed drinking
water–related public health issues, it created the “problem” of
sewage resulting from significantly increased volumes of contami-
nated (used) water. The issue of sewage was addressed, along with
drainage and flooding issues, by transporting the contaminated
water out of the urban area for remote discharge. Pollution prob-
lems caused by these discharges compromised the quality of some
drinking water sources, leading to the development of drinking
water treatment, and environmental degradation caused by pollu-
tion discharges led to the development of used water (often called
wastewater) treatment.

Due to economies of scale for the construction of these large-
scale conveyance systems and the limited treatment technologies
available at the time, these systems were implemented as large-
scale centralized systems, consisting of extensive piping networks
and a small number of relatively large treatment facilities. While
this general approach remained the norm throughout the 20th cen-
tury, changes have been occurring in the 21st century, as described
in what follows. The large-scale and centralized nature of current
urban water management systems generally minimizes capital in-
vestment for the supporting infrastructure through economies of
scale for facility construction, but often at the expense of efficient
resource use. For example, transport of water (e.g., drinking, used,
reclaimed fit-for-purpose water) is energy-intensive, and these en-
ergy costs can be minimized if water supplies are produced locally
and used water is treated for reuse locally (Kavvada et al. 2018;
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Bradshaw and Luthy 2017). Even while economies of scale exist
for treatment systems, the energy requirements for treatment can
be outweighed by energy savings from the conveyance of treated
water (Kavvada et al. 2018). Further, combining various compo-
nents of the used water stream for joint transport reduces resource
recovery opportunities, as discussed in what follows.

While many factors were responsible for the adoption of the
centralized approach to urban water systems during the 19th
and early 20th centuries, two of the most important were the gen-
eral availability of water and other resources, relative to demand,
and the general lack of treatment technologies and monitoring
and autonomous control capabilities. The human global population
grew from one billion at the beginning of the 19th century to two
billion in the first quarter of the 20th century (Wikipedia 2018),
compared to the current global population of over seven billion
(UN 2017). Economic growth, which is the true determinant of
water demand, has grown much faster. Moreover, urban popula-
tions have grown from around 20% to more than 50% of the total
(UN 2018). Thus, while water and other resources were generally
available in the 19th and early 20th centuries, this is no longer the
case (Hoekstra and Wiedmann 2014; Hoekstra and Mekonnen
2012). Today, available sustainable water resources are generally
fully allocated, and in many regions of the world they are overal-
located (UN 2012). The general lack of technologies in the 19th
and early 20th centuries for reliably and cost-effectively treating
contaminated water led to the need to source relatively uncontami-
nated water supplies remotely and to convey contaminated water
for remote disposal. In contrast, treatment technologies are now
available to convert relatively contaminated water to potable, and
even higher, quality standards, and continuous monitoring technol-
ogy coupled with autonomous control ensures the consistent
delivery of safe water. Thus, the main factors that resulted in the
development of the current urban water management system no
longer exist.

Development of One Water and Resource Recovery
Systems

Today the world faces increased resource scarcity (water and other
resources) compared to the 19th and early 20th centuries when the
current urban water management system evolved (Steffen et al.
2015; Rockström et al. 2009). Water resource scarcity is further
exacerbated by climate change, which is depleting renewable fresh-
water resources (Huang et al. 2016). Thus, it has become necessary
to implement systems that use available freshwater and other re-
sources more efficiently. Fortunately, such systems exist and are
being increasingly implemented (Wang et al. 2018; Larsen et al.
2016; Hering et al. 2013; Grant et al. 2012; Daigger 2012a, b,
2010, 2009, 2007). Table 1 contrasts some of the essential features

of the historical approach to urban water management with systems
evolving to meet current and future needs. The evolving systems
are integrated and multipurpose in nature and rely much more
heavily on local versus remote water supplies. These systems in-
corporate both centralized and distributed system components
(often referred to as hybrid systems) and optimize operational fea-
tures such as water use, energy, materials, and operational labor,
rather than simply minimizing infrastructure cost. These systems
are much more integrated into the urban systems of which they
are a major component and, hence, require significant institutional
and financial changes (IWA 2016a). They are also increasingly
integrated into the evolving circular economy (IWA 2016b). While
the future scenario described in Table 1 certainly does not yet re-
present the norm, leading cities around the world are increasingly
adopting these system components. As a result, important examples
exist internationally.

Important components of the emerging paradigm are referred
to as “One Water” and “resource recovery” and are deployed as
components of integrated urban water management systems.

One Water

The One Water approach to urban water management is based
on the premise that all forms of water in urban areas (rainwater,
groundwater, surface water, drinking water, used water, fit-for-
purpose reuse water) are linked and form a system that provides
the most effective service when managed in an integrated fashion
(Zodrow et al. 2017; Larsen et al. 2016; Hering et al. 2013;
Daigger 2012a, b, 2010, 2009). It further recognizes that the urban
water cycle is connected to the broader environment, especially the
watershed where the urban area is located. To provide effective
service, any water management system must address not only typ-
ical hydrologic conditions, but also extreme conditions of drought
and flooding. For conventional water management systems, this
range of conditions is addressed by single-purpose solutions, for
example, storage (dams), to address drought. This range of condi-
tions is addressed by the One Water approach using a portfolio ap-
proach consisting of a combination of options, each one performing
well in various scenarios so that the combined system is resilient
over a wide range of conditions. The portfolio components of water
supply include surface and ground water, conservation, roof runoff
and stormwater harvesting, water reclamation and reuse, and (as a
last resort) brackish and seawater desalination. Likewise, the port-
folio components relating to excessive water (storms, potentially
leading to flooding) consist of conventional stormwater systems
(including storage, piped conveyance, and physical flood protec-
tion, such as dikes), natural systems that capture and infiltrate
water (green infrastructure), and the design of the urban form to
accommodate facilities like parks, for example, which can flood
and be returned to service quickly and with minimal damage.

Table 1. Comparison of historic and future approach to urban water management

Item Historic (19th and early 20th centuries) Future (21st century)

Relationship to economy Provide cost-effective water service Integral part of circular economy
Functional objective Comply with regulations Produce useful products
Optimization function Infrastructure cost Water use, energy, materials, labor
Water supply Remote Local
System components Separate drinking water, rainwater, and used-water systems Integrated, multipurpose systems
System configuration Centralized treatment Hybrid (centralized and distributed) systems
Financing Volume based Service based
Institutions Single-purpose utilities Integrated, water cycle utilities
System planning “Plumb up” the planned city Integrated with city planning
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Specific system components and their relative sizes are determined
by local conditions.

Resource Recovery

Application of the One Water approach is leading to urban water
management systems that use existing water supplies much more
efficiently. Other resources present in the urban water cycle can
also be harvested, including energy, nutrients, and other materials
(IWA 2016c; Wang et al. 2015; Grant et al. 2012; Daigger 2012a,
2009; Trimmer et al. 2017). Forms of energy include kinetic (the
energy of flowing water), thermal, and chemical (such as the or-
ganic matter present in used water). The use of flowing water to
generate electricity through hydropower systems is a familiar prac-
tice. Thermal energy can be recovered from or discharged to water
using heat exchangers and heat pumps. This practice can be par-
ticularly advantageous when wastewater is collected on the build-
ing scale, where less heat is lost compared to centralized collection
systems (McNabola and Shields 2013; Meggers and Leibundgut
2011). Organic matter can be captured from used water in the form
of sludge produced through used water treatment and converted
into biogas through anaerobic processes (Schopf et al. 2018).
The biogas can be used subsequently for a variety of purposes, such
as in combined heat and power (CHP) systems, or upgraded to
natural gas quality. Nutrients are recovered when biosolid products
are produced for agricultural use, and phosphorus is already being
recovered as the slow-release fertilizer product struvite (magnesium
ammonium phosphate). Approaches to harvesting other forms of
carbon, nitrogen, and rare earth metals are also being investigated
(IWA 2016c). Recovery and use of these resources can provide fi-
nancial and strategic advantages to urban water utilities, along with
broader life cycle advantages owing to a reduced need to extract
these resources from the environment (Xue et al. 2016; Fang
et al. 2016). Financial advantages result, both from the revenue
generated by the recovered resources and also because of the costs
avoided in used-water processing (such as reduced scaling in
anaerobic digestion systems when struvite is recovered). Strategic
advantages arise when desirable products are produced rather than
residuals (sludge), which are not perceived as being useful to soci-
ety. The production of usable products can increase public support
for these necessary activities, in contrast to the disposal of materi-
als, which is often thought to be wasteful and undesirable.

Integrated Systems

The individual components of One Water and resource recovery
systems are then combined into an integrated system that meets
the needs of individual urban areas. Compared to the historic ap-
proach, forward-looking systems increasingly incorporate distrib-
uted components (Siegrist 2016), along with traditional centralized
systems. This arises because more recently developed treatment
and monitoring and control technologies (addressed in what fol-
lows) allow source waters of various qualities (surface, ground,
rain, and used) to be treated to meet the fit-for-purpose quality re-
quirements associated with various uses. While the fit-for-purpose
concept is compatible with a fully centralized system, it becomes
even more economical with a hybrid centralized and distributed
system. Water production facilities can be located close to local
water sources and areas of demand. For example, used water
can be diverted out of the collection system and treated to a quality
level appropriate for particular uses, such as irrigation, cooling, and
domestic nonpotable use. Residuals from treatment can be returned
to the collection system and conveyed to a larger, centralized
treatment facility where recovery of energy and nutrients can be

accomplished economically at the larger scale of such facilities.
Source separation (separately collecting gray, black, and yellow
water) is also an emerging trend that can provide benefits from
the perspective of both resource efficiency and recovery (Daigger
2012b).

Fig. 1 provides an illustration of such an integrated system
incorporating many of the centralized and distributed components
described previously. Both potable and nonpotable water supplies
are provided to municipal, commercial, and industrial customers.
This example illustrates these water supplies being provided by
local nonpotable and potable water aquifers. Water supplies are
supplemented, either directly or by supplementing the nonpotable
aquifer with runoff harvesting, stormwater infiltration, and waste-
water reclamation (largely from graywater). Blackwater and yellow
water are collected separately for resource recovery. Heat is recov-
ered from the used water stream and the nonpotable aquifer. Salts
added through water use are concentrated in a saline water stream
that is exported to a saline water aquifer. While not all components
in this illustration will be included in all systems, the concept is
demonstrated.

Impacts of Implementing One Water/Resource
Recovery Approaches

While the One Water/resource recovery approach to urban water
management offers an array of advantages compared to the histori-
cal approach, many approaches can be summarized under the
category of significantly improved system resilience. The distrib-
uted nature of such systems reduces reliance on single, large system
components that can fail for a variety of reasons and replaces some
of them with more distributed components, backed up by a central-
ized backbone. Thus, a failure of one system component still leaves
a functioning system in place, even though the level of service may
be temporarily diminished. Environmental resilience is increased
both through improved system performance resilience and because
the potential for reducing net resource consumption is achieved by
enabling greater resource recovery. Greater financial resilience re-
sults because the large number of small system components affords
more flexibility in system implementation. Greater economic resil-
ience results because the urban water system can become a more
integral component of the developing circular economy. These sys-
tems can also accelerate achievement of sustainable development
goals for water (UN 2015) by providing the means to accelerate the
extension of improved water service.

Enablers and Impediments

While the benefits of integrated One Water/resource recovery
systems are apparent, several factors can serve to enable their
implementation and can also be impediments.

New Technologies

New technologies are certainly enablers of integrated One Water/
resource recovery systems. New treatment technologies, such
as advanced oxidation, membrane systems, membrane bioreactors
(MBRs), and ultraviolet (UV) technology have been instrumental
in the implementation of integrated One Water/resource recovery
systems to date (Mathon et al. 2017; Sun et al. 2017; Zodrow
et al. 2017; Knopp et al. 2016; Moreira et al. 2016; Zietschmann
et al. 2016; Logan and Elimelech 2012; Logan and Rabaey 2012;
Judd and Judd 2011). These technologies achieve highly effective
and reliable treatment, and, because unit treatment costs decrease
rapidly with capacity and plateau at lower capacities than more

© ASCE 04019061-3 J. Environ. Eng.
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conventional technologies, they allow cost-efficient application
in the smaller installations required for distributed systems (Liang
et al. 2018; Gassie and Engelhardt 2017). Anaerobic treatment
technologies are already widely used in the treatment of high-
strength industrial wastes and organic sludges resulting from
used-water treatment, thereby resulting in the conversion of biode-
gradable organic matter into biogas. Research is ongoing on the
development of technologies, such as anaerobic MBRs (AnMBR)
for the treatment of low-strength wastewater (Chen et al. 2017; Bair
et al. 2015). Thermal hydrolysis (THP) has emerged as an enabling
technology to significantly enhance the performance of down-
stream anaerobic treatment technologies for municipal used-water
organic sludge treatment and other organic materials, leading to
increased conversion of organic matter into biogas for energy
recovery and production (Yousefifar et al. 2017; Barber 2016).
The recovery of phosphorus from the used-water cycle through
struvite (magnesium ammonium phosphate) precipitation is an
emerging technology, already with a significant number of techni-
cally and commercially successful applications (Ward et al. 2018;
Nättorp et al. 2017). Other nutrient removal technologies are also
developing (Brewster et al. 2016). Rapid advances are occurring in
biological treatment technologies, partially enabled by the rapid
deployment of molecular biology. Nanotechnology and the devel-
opment of new materials offer further and as yet untapped possibil-
ities (Zodrow 2017).

Technologies used for continuous monitoring of water quality
coupled with autonomous control of treatment system operations
have served as important enablers for decentralized systems that

supply nonpotable water locally. Such technology has increased
in reliability while also decreasing in price as it has gained popular-
ity (Qin et al. 2016; Bonastre et al. 2005). Guidance for decentral-
ized systems for nonpotable water supply recommends that grab
sampling for fecal indicator organism be replaced by continuous
monitoring of surrogate parameters that correlate with pathogen re-
duction in unit processes (Sharvelle et al. 2017). Inline monitors
should be linked with autonomous control systems. This approach
offers the capability to ensure that safe water is reliably supplied to
end users while also reducing the cost and time burden associated
with periodic sampling of fecal indicator organisms. Continued im-
provements in sensor technologies, the growing ubiquity of cyber
systems, advances in data mining and artificial intelligence, and
increased understanding and application of complex system theory
will all be important system-wide enablers of decentralized tech-
nologies and the One Water approach (Kerkez et al. 2016).

At the same time, advances are needed in the conveyance of
water and associated urban water cycle constituents. Increasing
water conservation can increase water age in water distribution sys-
tems, which adversely impacts water quality, and lower flows of
much more concentrated used water in collection systems is leading
to solids deposition and increased corrosion (Penn et al. 2017).
Source separation results in process streams with very different
characteristics compared with traditional sewage (Hodgson et al.
2018). The concentration of solids in blackwater significantly ex-
ceeds levels traditionally experienced in domestic sewage, compro-
mising the use of conventional sewer design criteria for systems to
convey it. There are also potential impacts to treatment process

Fig. 1. (Color) Example integrated One Water/resource recovery hybrid centralized and distributed urban water management system.
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efficiency (McKenna et al. 2018). Scaling is an important issue for
yellow water conveyance, along with provisions to either minimize
ammonia production through urea hydrolysis or minimize gaseous
emissions if significant urea hydrolysis for forming ammonia oc-
curs (Fewless et al. 2011). Experience gained with fecal sludge
transport may contribute important knowledge and experience to
assist with the redesign of the conveyance component of urban
water management systems.

The integrated systems described possess all of the characteris-
tics of complex, techno-socio-economic systems. Continued
improvements in sensor technologies, the growing ubiquity of
cyber systems, advances in data mining and artificial intelligence,
and increasing understanding and application of complex system
theory will all be important system-wide enablers (Kerkez et al.
2016).

Balancing Human Services and Environmental Needs

Balancing human services and environmental needs serves as an
impediment with at least two dimensions: (1) providing acceptable
levels of service across the varied socioeconomic strata of society
and (2) engendering conflicts and trade-offs between providing
services to humans and preserving the environment.

The first dimension can be framed simply as uniformly achiev-
ing the human right to water and sanitation, as adopted by the
United Nations in 2010 (ADD REF). Formal adoption represents,
not only a commitment, but a requirement that applies to both
developing and developed countries. It is enforceable internation-
ally through well-established laws and legal precedents (de
Albuquerque 2014). When many people learn of the existence
of the human right to water and sanitation, they believe that water
and sanitation services should be free. This is not true. Rights have
responsibilities associated with them—individuals have the right to
these services but also the responsibility to support the means for
them to be provided. An understanding of the relative responsibil-
ities of various actors is critical to understanding how the human
right to water and sanitation is satisfied (IWA 2016d). The respon-
sibilities of various actors may be summarized as follows:
• Government has a principal role to establish an enabling envir-

onment to allow receipt of the right that is to be satisfied. This
involves the creation of regulations and regulatory bodies gov-
erning service quality, the allocation of costs, and environmental
quality, along with the legal and institutional frameworks for
service providers.

• Service providers, which can be public or private, have a respon-
sibility to function within the established functional framework
and make best efforts to provide acceptable service within the
operating constraints inherent in the established system.

• Individuals have a responsibility to support the established ser-
vice providers, including exercising responsibility in receiving
the provided service and paying established fees.
The responsibilities of government and the service provider go

beyond simply providing a sufficient quantity of safe water and
access to appropriate sanitation facilities. The services provided
must be acceptable, accessible, and affordable. The method(s) of
service provision must be equitable and ensure nondiscrimination.
The service provider must be accountable to the population served
and use participatory processes to furnish information that is trans-
parent, and service provision must be sustainable. While it may not
be possible to fully satisfy all of these requirements at the present
time, progress must be made toward them—a concept referred to as
progressive realization.

Many in the developed world may hold that respecting the hu-
man right to water and sanitation applies largely to the developing

world. This view ignores the notion that the human right applies to
all, and issues such as affordability, participation, transparency, and
achieving financial sustainability (consider the growing liability of
aging infrastructure) represent deficiencies for developed-country
water utilities. Fully achieving the human right to water and san-
itation represents an ongoing challenge in both the developing and
developed worlds.

Meeting human needs for water service is negatively impacting
the natural world, as discussed previously. Indeed, as humans enter
the Anthropocene, they must increasingly decide what type of
“natural” world (the world outside our habitats and normal loca-
tions for human activity) they want (Daigger et al. 2017). Water
management significantly affects this natural world by altering
water flows through the environment (streamflow, groundwater)
(Hodgson et al. 2018) and through the discharge of substances
to the environment (e.g., organics, nutrients, and toxics) (Brüchner
et al. 2018; Magdaleno 2018; Tran et al. 2018; Zhang et al. 2018;
Roehrdanz et al. 2017; Sinha et al. 2017; Lürling et al. 2016; Vo
et al. 2014). The natural environment, and the ability to provide
water services to humans, is also significantly impacted by broader
environmental issues, such as climate change and declining re-
source availability (Steffen 2015; Rockström 2009). This combina-
tion of factors calls for the development and rapid implementation
of approaches to urban water management that use resources
(including water, but also energy, nutrients, and materials) much
more efficiently and with greatly reduced environmental impacts,
while also meeting human needs, as discussed earlier.

Developing Optimum System Configurations

New system configurations, such as hybrid distributed and central-
ized systems incorporating fit-for-purpose water production and
use and separately collecting and treating individual used water
streams (source separation), offer the potential to realize the im-
proved system performance identified earlier. Distributed system
components are increasingly being added to existing centralized
systems to increase capacity, improve level of service, increase
resilience to the impacts of climate change, improve resource
use efficiency, and improve resource recovery (Wielemaker et al.
2018; Dong et al. 2017; Tolksdorf and Cornel 2017; Watson
et al. 2017; Eggimann et al. 2016a, b; Kavvada et al. 2016;
Mena-Ulecia and Hernández 2015; Morera et al. 2014; Schuetze
et al. 2013). These can include on-site treatment systems (Diaz-
Elsayed et al. 2017; Gassie and Engelhardt 2017; Kohler et al.
2017, 2016; Siegrist 2016; Wu and Englehardt 2016). Distributed
rainwater capture and natural rainwater treatment systems that
infiltrate captured water into local aquifers add to local water sup-
plies and mitigate flooding and pollution caused by uncontrolled
runoff (Castonguay et al. 2018; Dong et al. 2017; Kerkez et al.
2016). A significant number of applications already exist, and
further applications are progressing on a global basis.

These systems provide further value to their subject urban areas,
for example, by improved recreation and aesthetics along with re-
duced heat island effects. Water reclamation and reuse facilities
provide a drought-resistant water supply while reducing pollution
discharges (Sharvelle et al. 2017; Mosher et al. 2016; NAE 2016,
2012; NWRI 2016; Leverenz et al. 2011). Locating such facilities
adjacent to fit-for-purpose water demands that can be met with
available quantities of used water reduces used and reclaimed water
conveyance requirements. The concept of “sewer mining,” i.e., lo-
cating a water reclamation facility to meet local fit-for-purpose
water supplies, is a well-established practice in several locations,
including the arid Southwestern United States and Australia.
Adding distributed system components can supplement existing
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centralized systems and allow them to serve increasingly dense ur-
ban areas without the disruption associated with expanding central-
ized system water distribution and used water collection systems.
Source separation can be incorporated into new construction and as
existing buildings are renovated (Igos et al. 2017; Penn et al. 2017;
Tolksdorf and Cornel 2017; Benami et al. 2016; Landry and Boyer
2016; Udert et al. 2015; Höglund et al. 2002). Separate graywater
collection and treatment for reuse has been applied in such diverse
locations as China (Qingdao) and California (San Francisco). Full-
scale examples of urine diversion are just beginning to appear but
include examples in the United States, Europe (e.g., Paris), and
Africa.

Peri-urban areas can be served by distributed systems when
either a centralized system is not present or it is not cost-effective
to extend the centralized system to the developing area (Mena-
Ulecia and Hernández 2015). Fecal sludge management ap-
proaches can provide effective sanitation, resulting in the protection
of public health and the environment (Strande et al. 2014). This
approach is particularly applicable in locations such as informal
settlements where conventional water supplies may not be avail-
able, but it is also certainly applicable when graywater is separately
collected and managed as a local water supply. Examples are
emerging rapidly, for example, in sub-Saharan Africa (Udert et al.
2015). Combining distributed and centralized system components
allows for phased upgrade and expansion of the urban water system
as demand and the desired level of service increase. The success of
these hybrid centralized and distributed systems is resulting in
greatly expanded implementation. These systems are expected to
become the norm over the next decade or two.

Technical challenges remain, however, in identifying optimum
system configurations (Renouf et al. 2018; Zischg et al. 2018;
Eggimann et al. 2016a, b; Kavvada et al. 2016). Selection of the
appropriate configuration requires analysis of trade-offs between
transporting materials (water and the constituents they contain),
economies of scale for treatment to extract useful products
(e.g., water, energy, nutrients, and other materials), and relative lo-
cations of resource uses and demands. In general, the transport of
water should be minimized to minimize infrastructure cost, energy,
and long-term replacement costs, consistent with economies of
scale for treatment. New treatment technologies, as discussed
earlier, enable reclamation of fit-for-purpose water supplies at rel-
atively local scales, especially if graywater is the raw water source.
Use of a raw or used water stream as a source/sink of heat is also
best accomplished relatively close to the use site (McNabola and
Shields 2013; Meggers and Leibundgut 2011). Organic matter, on
the other hand, is best aggregated over a significant portion of an
urban area to achieve effective economies of scale for efficient
conversion into energy and other useful products such as carbon
building blocks (volatile fatty acids and polyhydroxy alkanoates).
The most effective scales for nutrient recovery, from either a used
water stream or source separated urine, have yet to be established.
Fortunately, procedures that consider not only the costs but the lo-
gistics for transport and recovery are being developed (Eggimann
et al. 2016a, b; Kavvada et al. 2016). Further developments in both
transport and treatment technologies can alter the relative costs and
economies of scales of available technologies, resulting in changes
in the optimal mix over time. This further suggests a need for the
development of infrastructure that can be repurposed over time as
the location and nature of demands for resources that can be ex-
tracted from the urban water cycle change, along with available
technologies (Daigger 2017). Experience in repurposing existing
infrastructure can lead to insights on how to configure new infra-
structure to best facilitate future repurposing.

New and Emerging Issues

New issues related to urban water emerge with some frequency and
can dramatically affect both the perception and the reality of overall
system performance. Issues often emerge based on scientific find-
ings but before sufficient knowledge is developed to characterize
their importance and before effective approaches for addressing
them are developed. Microconstituents (e.g., pharmaceuticals,
hormones, and other substances present at low concentrations but
with potentially important impacts on humans and the environ-
ment) represent one such issue that has yet to be resolved despite
concerns that have existed for more than two decades. Advanced
drinking water treatment technologies, such as advanced oxidation,
biological activated carbon, and membrane treatment, are being
increasingly implemented, especially in developed countries
(Bourgin et al. 2018; Zhang et al. 2018; Mathon et al. 2017;
Knopp et al. 2016). Drinking water regulations (e.g., US Safe
DrinkingWater Act) encourage consideration of emerging constitu-
ents, and professional practice concerning their regulation for
potable reuse applications is also developing and being adopted.
Approaches to addressing the mitigation of their impacts resulting
from discharge to the environment in treated effluents are less clear.
Microbiological constituents of concern include new pathogens,
including viruses, and antibiotic-resistant genes. Their significance
for human health continues to unfold. New issues such as microplas-
tics also arise, and historical ones, such as lead in drinking water, can
reemerge in some instances.

Issues such as these will, in some but not all cases, necessitate
changes to water management practices and approaches. They cre-
ate uncertainty when they arise, which can slow progress in impor-
tant areas and also erode public trust in those responsible for water
management, depending on how those parties respond. Overreac-
tion can lead to unnecessary expense and waste of resources, while
underreaction compromises human and environmental health and
can lead to decreased public trust and support. Improved risk man-
agement approaches can help in this regard, but they should be
coupled with improved understanding of risk perception and com-
munication with the public.

Adapting Institutions and Practices

Current institutional arrangements and professional practices may
represent the greatest impediment to fully implementing integrated
One Water/resource recovery urban water management systems
and receiving their associated benefits. Thus, making the necessary
changes in this area may also represent the greatest opportunity for
positive change. Transitions are needed to enhance engagement
with the public, integrate utility sectors, and broaden practitioners’
skill sets beyond technical skills.

An important step is greater engagement with the public
(Poortvliet et al. 2018; USEPA 2018; Verstraete et al. 2016;
Harris-Lovett et al. 2015). There are several dimensions to the
needed engagement, but a key outcome is establishing much
greater credibility and legitimacy with the public. As outlined in
the discussion of the human right to water and sanitation, service
provision must not only be of high technical quality, but it must also
engage the public in an open and transparent fashion and provide
service that is affordable to all. This must also be accomplished
during a time of growing resource scarcity and increasing impact
of human populations on the natural environment. Integrated One
Water/resource recovery systems offer the potential to provide ser-
vice that is increasingly tailored to the needs of individual groups of
customers, but service providers must understand and quantify
these needs in order to meet them. While some service providers
are progressing in this area, significant improvement is generally
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needed, along with research to both advance the underlying science
and translate it into practice.

A transition from individual utilities managing components of
the urban water cycle to integrated urban water cycle utilities that
are truly integrated into the urban areas they serve is also needed.
Utilities of this type exist “on paper” in a growing number of lo-
cations, and those that exist are increasingly functioning in an in-
tegrated fashion. Progress is slow, however, and research is needed
that can be rapidly translated to practice to help utilities transition to
the integrated urban water cycle organizations that are needed now
and will be needed in the future.

A transition in professional practice is also needed (Barron et al.
2017; Luís et al. 2016; Leusbrock et al. 2015; Brown et al. 2013;
Wang et al. 2011; Guest et al. 2010; Brown et al. 2009; Guest et al.
2009). Effective water professionals will increasingly require a
broader skill set that goes beyond traditional technical capabilities
into management and leadership. Engineering bodies of knowledge
increasingly describe the range of knowledge and skills required
(AAEES and NSPE), but this does not diminish the challenge
of acquiring them. Learning and professional development is a life-
long activity and must be supported by organizations, public or
private, that employ water professionals (Daigger et al.2017).
Professional practice must also evolve to develop and implement
solutions that are more adaptable and can be modified more easily
as both circumstances and the opportunities afforded by new tech-
nologies and approaches become available (Byrne et al. 2017;
Garrido-Baserba et al. 2016). We must transition from the design
and implementation of systems that are optimal to those that are
more adaptable (Daigger 2017, 2011). Design for easy retrofit must
become the norm rather than the exception.

Accelerating this myriad of transitions is a daunting task
(O’Callaghan et al. 2018; Alegre et al. 2015). Fortunately, research
is focused on the processes by which such transitions occur, result-
ing in an improved understanding of methods to accelerate needed
transitions (Rauch et al. 2017; Singh et al. 2017; Watson et al. 2017;
West et al. 2017; Brown et al. 2013, 2009). Though just in its in-
fancy when applied to water management, the initial results are
encouraging and are needed to allow the water profession to imple-
ment needed changes in a timely fashion.

Concluding Comments

This is an exciting time in urban water management as the tradi-
tional approach, developed and refined over more than a century, is
being replaced by new approaches that are more resource efficient
and provide the opportunity for increased service to human popu-
lations and the environment. While important components of this
new approach—based on integrated hybrid distributed and central-
ized systems founded on One Water/resource recovery concepts—
are developing, many are yet to come. This is a time of reinvention
by water researchers and professionals developing next-generation
urban water management systems.
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