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a b s t r a c t

Urban areas are considered net consumers of materials and energy, attracting these from the sur-
rounding hinterland and other parts of the planet. The way these flows are transformed and returned to
the environment by the city is important for addressing questions of sustainability and the effect of
human behavior on the metabolism of the city. The present work explores these questions with the use
of systems analysis, specifically in the form of a Multi-sectoral Systems Analysis (MSA), a tool for research
and for supporting decision-making for policy and investment. The application of MSA is illustrated in
the context of Greater London, with these three objectives: (a) estimating resource fluxes (nutrients,
water and energy) entering, leaving and circulating within the city-watershed system; (b) revealing the
synergies and antagonisms resulting from various combinations of water-sector innovations; and (c)
estimating the economic benefits associated with implementing these technologies, from the point of
view of production of fertilizer and energy, and the reduction of greenhouse gases. Results show that the
selection of the best technological innovation depends on which resource is the focus for improvement.
Urine separation can potentially recover 47% of the nitrogen in the food consumed in London, with
revenue of $33 M per annum from fertilizer production. Collecting food waste in sewers together with
growing algae in wastewater treatment plants could beneficially increase the amount of carbon release
from renewable energy by 66%, with potential annual revenues of $58 M from fuel production.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Patterns of consumption of energy, water and food in cities have
conventionally been addressed independently, and so much so that
their “nexus” (their inter-connectedness) is now the subject of
increasing attention in research and practice (Beck and Villarroel
Walker, 2013a,b; Kenway et al., 2011; WEF, 2011). The purpose of
the water sector is to provide clean water to domestic, commercial,
public, and industrial users, collect water-borne pollutants dis-
charged by users, treat wastewater (remove pollutants) before
releasing the resulting cleanwater to the environment, and dispose
of separated pollutants (sewage sludge) in a safe fashion. All these
processes are energy intensive, making energy a significant portion
of operating expenses (Jiang et al., 2005; Olsson, 2013). Thus the
water sector in general is typically perceived as a health and
environmental necessity that is destined to result in continuous
alker).
expenditures. For the past two decades this entrenched perception
has been changing, however, from considering the removal of
pollutants as the main purpose, towards the idea of resource re-
covery, particularly with respect to wastewater treatment
(Balkema, 2003; Beck, 2011; Guest et al., 2009; Larsen et al., 2013;
Lundin et al., 1999).

After water is extracted from the hydrosphere it is supplied to
industrial and residential users, mainly as a waste carrier medium
that is collected back in sewers. At this point, water has become
entwined with substances and materials that will later need to be
removed (through wastewater treatment) before the water is
returned to the environment. Urban centers have been locking
themselves onto this water-dependent paradigm for more than a
century (Beck et al., 2010). Acknowledging that the water sector is
already in place it is logical to pose the following questions: first,
how shouldwe benefitd in the business and environmental senses
d from the association of thewater sector with thesematerials and
substances; and, second, how should we start untangling the water
sector from technologies d such as the water closet (Beck and
Villarroel Walker, 2011) d that perform functions that do not
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necessarily require water exclusively? Tackling them may also
entail responding to issues related to greenhouse gases (GHG),
energy, and food security (fertilizer availability) when considering
the implications of the water-energy-food-climate nexus (Beck and
Villarroel Walker, 2013b; Kenway et al., 2011).

Understanding and analysing the role of the water sector within
the various socio-economic sectors comprising the city’s fabric
involve studying the flows of energy and materials (including wa-
ter) that enter, undergo transformations, and then exit the city. This
approach is often referred to as the study of urban metabolism
(Barles, 2009; Kennedy et al., 2007; Wolman, 1965). It provides an
indication of how resources are used and later discarded in the
form of wastes and emissions. These input and output flows
determine ultimately how the city interacts with other systems and
the environment.

The paper describes and applies a quantitative approach to the
analysis of urban metabolism. This reveals potential incentives that
can drive water utilities towards, amongst other things, multi-
utility service provision from the perspective of enhancing energy
production and nutrient recovery. The present study has three
objectives:

a. Estimating (under uncertainty) resource (water, nutrients, and
energy) fluxes entering, leaving and circulating within the city-
watershed system, as a function of behavior and consumption
patterns of the city’s population and its infrastructure;

b. Revealing the synergies and antagonisms amongst options for
reducingwater use and the recovery of energy and nutrients as a
result of infrastructure changes, illustrated in this case by
various combinations of four water-sector technologies; and

c. Estimating the monetary value of the additional revenue and
expenditure reductions (referred to as ‘benefits’) that arise from
implementing the four candidate technologies.

Understanding the synergies and antagonisms among the many
parts of the urban system increases the scope for maximizing the
benefits of a technology or policy implementation. On the other
hand, ignoring these interactions can reduce the positive impact of
initiatives that are implemented in an uncoordinated, isolated
fashion and focused on a single technology or innovation. The pa-
per starts by describing the methodological framework within
which the Multi-sectoral Systems Analysis (MSA) is built, which is
followed by analysis of the magnitude of material and energy flows
entering, exiting and being transformed within Greater London.
MSA is used to study synergistic interactions between sectors and
flows of materials and energy while introducing various combi-
nations of prospective technologies and infrastructure changes for
manipulating these flows. By defining a set of metabolic perfor-
mance metrics, with a focus on circular metabolism, a more
structured comparison can be undertaken. This enables assessment
of the impact of the candidate technologies on the water sector
alone and on the whole city. The paper closes with an analysis of
the potential additional benefits attainable under each scenario, i.e.,
the various possible combinations of the technologies imple-
mented. These estimates can then be used to infer the potential
market size of each alternative.

2. Multi-Sectoral Systems Analysis

2.1. Multiple sectors handling multiple materials

The Multi-sectoral Systems Analysis (MSA) framework is built
upon three components. The first component is themethodology of
Substance Flow Analysis (Brunner and Rechberger, 2003), the sec-
ond involves the definition of metabolic performance metrics
(MPM) based on material and energy flows, and the third compo-
nent relies on the Regionalized Sensitivity Analysis (RSA) procedure
(Hornberger and Spear, 1980; Osidele and Beck, 2003; Osidele et al.,
2003). In the case of MSA, the Substance Flow Analysis (SFA) is
employed to track and quantify the flows of energy, water (H2O),
elemental Nitrogen (N), elemental Carbon (C), and elemental
Phosphorus (P) through five socio-economic sectors: water,
forestry, food, energy, and waste handling. Each sector is repre-
sented by flows and unit processes that include the main activities
d human and environmental d that affect the system. Unit pro-
cesses are those activities that involve the mixing, separation, or
transformation of flows. An important step of MSA is to define the
geographic boundaries of the system under study. The socio-
economic sectors are analyzed based on these boundaries and
any flow entering is called an import while flows exiting are
referred to as exports. Sectors are not only interconnectedwith each
other but also with the environment, i.e., the hydrosphere, litho-
sphere, and atmosphere, through material and energy flows.

In general terms, the water sector includes water treatment,
water supply, wastewater treatment, and those hydrological pro-
cesses that affect the city, such as precipitation, evaporation, runoff,
and sewer inflow and infiltration. The forestry sector involves
silvicultural activities for timber production as well as urban
forestry. It also covers the consumption of paper products. The food
sector refers to imported or exported food, the food produced
within the system’s boundaries, and the fertilizer used for crop and
green areas. The energy sector in MSA accounts for the demand for
fuels and energy from various users, such as residential, domestic,
commercial, industrial, and transport users. Power-generation
users are also included; the difference between energy generated
and energy demand, of a given energy form, is used to estimate the
imports of energy. Lastly, MSA includes the waste handling sector,
which is a generic way of grouping activities that deal with the
disposal, reprocessing, and recycling of flows associated with
sewage sludge and organic solid waste, including household, wood,
and paper waste. The waste-handling sector interconnects the
other four sectors, creating the scope, therefore, for modeling
different resource and energy recovery strategies. Detailed infor-
mation about the flow diagrams that organize the MSA model can
be found in previous work (Villarroel Walker, 2010; Villarroel
Walker and Beck, 2012) and is available as Supplementary
Material Online in Figures S1 to S6.

Flows are computed as a function of the demands on the system,
which are a direct result of consumption patterns (e.g., liter of water
per capita per annum), their composition (e.g., nitrogen content in
natural gas), and a calorific value (e.g., High Heating Value of
sewage sludge). For instance, the nitrogen input in the form of food
can be estimated by knowing a typical food intake per person and
multiplying this by the population and the protein content of food.
Similarly, total water supply can be estimated by the demands of
the various users together with the amount lost through water
mains leakage. The large majority of flows are computed based on
the material and energy balances associated with the equations
describing unit processes, e.g., biological wastewater treatment.
Further details about input data, model output, and equations can
be found in Tables S1 to S3, respectively, as SupplementaryMaterial
Online.

At this level of an SFA, MSA is similar to studies of the phos-
phorus and nitrogen flows in Finland (Antikainen, 2007), materials
and money flows in the waste-handling sector in Sweden
(Malmqvist et al., 2010), and phosphorus flows in the Swedish food
sector (Neset et al., 2008). The capacity of MSA to analyze simul-
taneously more than a single material, or more than energy alone,
constitutes a significant difference between it and these other
studies. In particular, synergies and antagonisms between sectors



1 Sub-national electricity consumption statistics and household energy distri-
bution analysis for 2010.

2 Article 14 (3) of Directive 91/271/EEC.
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can be easily identified, since the MSA is implemented within a
modeling framework, i.e., Matlab�, rather than as a budgeting or
accounting exercise. This modeling approach also facilitates the
implementation of uncertainty and sensitivity analyses within the
MSA.

Flows of resources, particularly those recovered in the form of
energy, fuels, and fertilizers, can be converted into monetary rev-
enues and expenditure reductions using the market value of these
flows. This is straightforward for fertilizers and energy. For
instance, a flowof recovered nitrogen (N) and phosphorus (P) in the
form of a fertilizer is considered a potential revenue stream at
current market value. Significantly, this flow of fertilizer is being
produced via a non-conventional process, that is, different from the
traditional Haber-Bosh process or the mining of phosphorus.
Accordingly, there is a potential benefit stream to be derived from
the difference between the emissions of greenhouse gases (GHG)
associated with conventional and non-conventional means of
acquiring fertilizer. These benefits will be in the form of carbon
credits. In addition, where a technology reduces the need for
resource, e.g., water, this can be monetized and presented as a
saving in costs, which in large part amounts to the energy costs of
operating the urban water system.

The second component of MSA, i.e., metabolic performance
metrics (MPM), provides the practitioner with the information
required to assess the change in the system’s performance among
scenarios. This is considered as a change-oriented or forward anal-
ysis, in which policies and technology innovations are assessed
through their effect on material and energy flows, and subse-
quently on performance metrics.

2.2. Handling uncertainty

The large degree of speculation entailed in shaping scenarios for
the future and the use of often quite imprecise or incomplete data
calls for addressing issues of uncertainty in a quantitative manner,
particularly if the purpose is to provide guidance for decision-
making. This is achieved by the third component of MSA, the
regionalized sensitivity analysis (RSA) procedure, which draws
upon the use of Monte Carlo simulation d in fact, Latin Hypercube
Sampling (LHS). This procedure accounts for the propagation of
uncertainty through the MSA framework, from model parameters
and system inputs to model (and system) outputs. The minimum
number of samples, N, for adequately covering the parameter space
can be estimated by N > 0.75$p, where p is the number of pa-
rameters of the model (Bärlund and Tattari, 2001). MSA makes use
of about 400 parameters, so that the choice of N ¼ 1000 simulation
runs is considered large enough for the present application, while
yet achieving a reasonable computing time.

In addition to ensuring a comprehensive sampling of the
parameter space, it is important to define the size of the parameter
space such that it adequately reflects the variability and uncertainty
of the model parameters (a). In the case of absent or incomplete
data, and consistent with previous studies using material flow
analysis, a set of uncertainty levels based on the quality and the
applicability of different sources of information is proposed (Danius
and Burstrom, 2001; Hedbrant and Sorme, 2001). The uncertainty
associated with each parameter is expressed as interval factors in
the form [/uj, *uj]. In other words, data collected specifically for the
region under study has less uncertainty, i.e., a lower value of uj,
compared with national or global averages, which are assigned
higher values of uj. For example, if the factor of uj ¼ 2 is selected,
which corresponds to ‘Official statistics and literature values at the
regional and national levels downscaled to the local level’, the
parameter space is defined by the interval [0.5∙aj, 2∙aj], where aj is
the most likely value of the jth parameter aj.
3. Case study

3.1. Study area

Established as a geopolitical entity in 1965, Greater London
(referred to as London for the purpose of this paper) is an admin-
istrative area of 33 boroughs, including the city of London, with a
total area of 1572 km2. In 2009 there was an estimated population
of 7.8 M, and by 2030 it is expected to be about 9.0 M (GLA, 2011b).
Land use in London has not changed significantly in recent decades.
In 2010, land cover wasmostly urban (63%), followed by greenspace
and open areas (24%), woodlands (6%), crops (5.5%), and about 1.5%
of open water. This paper evaluates the metabolism of London for
the year 2010.

London has installed power-generating capacity of up to a total
of 1400 MW, which is distributed in the boroughs of Enfield
(400 MW) and Barking and Dagenham (1000 MW). This can be
translated into an installed capacity for producing a total of
12,200 GWh annually, in support of over 3 M customers (based on
average domestic consumption per householdmeter in 2010).1 This
however amounts to less than 30% of the total electricity demand
for industrial, commercial, and domestic consumers of 41,720 GWh,
the remainder of which had to be imported from outside London.

Another source of electricity is the incineration of municipal
sewage, which is treated at three main facilities: Beckton (North-
east), Crossness (South), and Mogden (Southwest). Based on the
population served, the total sewage produced within London is
distributed among these three plants as follows: 48%, 28%, and 25%,
respectively. Following European legislation on sewage sludge
disposal,2 which called for phasing out dumping at sea, the three
main wastewater treatment plants in London adopted incineration
with energy recovery as their disposal practice. This study assumes
therefore that all the sewage generated within London is inciner-
ated. Beckton has a sludge-based generation capacity of 8 MW of
electricity. The fate of the incineration residue is assumed to be
landfills.

The UK has adopted legally binding targets for emissions
reduction. One of the mechanisms for achieving this reduction is
the Carbon Reduction Commitment energy efficiency scheme,
which is targeted at improving energy efficiency and cutting
emissions in large public- and private-sector organizations,
including water utilities. London has adopted a target of reducing
its carbon emissions by 60% by 2025 relative to its 1990 emissions
(GLA, 2011a) and has developed strategies for adapting to climate
change, alongside a range of other economic, social and environ-
mental policies (Walsh et al., 2013). One policy for reducing carbon
emissions across London is a requirement for at least 20% of the
city’s energy to come from on-site renewable sources. These leg-
islative drivers add to themotivation, already spurred by increasing
energy prices, to curb energy use in the water sector and enhance
the recovery of energy from thematerials (nutrients) entrained into
the city’s water metabolism, in particular, through the promotion of
renewable energy schemes.

According to the 2008 Subnational Population Projections
released by the Office for National Statistics (ONS), population in
London is expected to reach the 9Mmark by 2030, a more than 15%
increase compared to 2010. This has a direct effect on water and
food consumption, the consequent waste and sewage generation,
and the energy demand by these sectors. Significant efforts are
being carried out to reduce the residential demand for water by
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increasing the efficiency of fixtures and minimizing leakage. Water
demand is not the only factor that puts pressure on water supply
companies, but also leakage fromwater mains, currently at a rate of
around 23% (DEFRA, 2009). From the current water use per capita of
160 L d�1, government officials deem it possible to reduce demand
down to 120 L per person per day by 2030 (DEFRA, 2008) and even
further down to 110 L d�1 per person by 2050 (Hall et al., 2012).

3.2. Data collection

The London area has been the subject of previous city meta-
bolism studies. Background information can be found in these from
the perspective of Resource Flow Analysis and the Ecological
Footprint of various sectors, i.e., energy, water, waste, and transport
(BFF, 2002). A more recent analysis discusses the cross-sectoral
nature of the UK’s economy, including the energy, water, waste-
water and solid waste sectors (Hall et al., 2012). Information
regarding the infrastructure in place in London, and its operation, is
mostly drawn from peer-reviewed publications and technical re-
ports. Specific data sources are listed in Table 1.

3.3. Definition of technological scenarios

To illustrate the application of MSA, themetabolism of London is
studied under the influence of four resource- and waste-handling
technology strategies. Our interest lies in understanding their im-
pacts at the sector level, e.g., the water sector, and at the system’s
level, i.e., across all the sectors taken together as a single, integrated
whole. The common theme of these technologies, although typi-
cally seen as exclusive to the water sector, is the recovery of nu-
trients for fertilization purposes and energy production, as
described as follows:

Urine separation technology (UST): Urine-diverting toilets
(Larsen and Lienert, 2007) separate urine from feces for the
production of struvite (NH4MgPO4$6H2O) and ammonium sul-
fate ((NH4)2SO4), respectively via crystallization and chemical
Table 1
Sources of data for the London case study.

Description Source

Consumption of food products Food and Agricult
Food, and Rural A

Power generation and fuel/energy demand UK government a
Water abstractions Surface and groun

dataset/
Energy required for water and wastewater treatment Benchmark study
Capacity and sludge handling practices Official websites

Crossness, and M
www.waterworld
london.html
oncomarchive.com
www.waterproje

Infiltration and inflow into the UK’s sewer network Ranges between
flows (Ellis, 2001

Electricity prices UK Department o
quarter of 2012 a
(DECC, 2012).

Biogas market price Average prices fo
quarterly energy
total of 3.5 cents

Liquid biofuels Assumes a comm
Market prices of fertilizers US Department o

per short ton (907
respectively

Carbon credit price Spot price of Cert
equivalent for De

Price of water supply and sewage collection ThamesWater: $1
sewage
reaction with sulfuric acid. Struvite is considered a valuable
slow-release inorganic fertilizer with important economic ad-
vantages given the fact that it is being produced from flows
regarded as waste (Shu et al., 2006), with implications for
agriculture and other uses, such as reconstructing declining
salmon populations on Vancouver Island, British Columbia
(Beck, 2011; Force, 2011).

Consolidation and co-treatment of household organic waste
(COW): Using food grinders, kitchen organic waste ismixedwith
the usual contents of household sewage, i.e., laundry and
bathroom/toilet fluxes (Malmqvist et al., 2010), and conveyed
via the sewerage system to treatment at the sewage treatment
works.

Pyrolysis of separated sewage sludge (PSS): Dewatered organic
residues from sewage treatment are decomposed at high tem-
peratures and in the absence of oxygen to produce gas, bio-
liquids, and biochar (Furness et al., 2000). The thermal process
of pyrolysis has been studied as an energy recovery alternative
from municipal sewage (Folgueras et al., 2005; Furness et al.,
2000; Sánchez et al., 2007).

Algae production in wastewater treatment facilities (AWW): Any
remaining nutrients in sewage treatment plant effluent flows
are used for algae cultivation (Srinath and Pillai,1972; Sturm and
Lamer, 2011) undertaken in unit processes with the format
known as “raceways” (Stephenson et al., 2010). The remaining
biomass, after oil extraction, is assumed to undergo a pyrolysis
process to further the production of fuels and fertilizers.

Using these four technological innovations, assuming 100%
market penetration in each instance, it is possible to generate a
total of sixteen scenarios, including a reference base case, i.e., no
technological intervention, referred to as Business as Usual (BAU),
see Table 2. The MSA model estimates energy requirements for
water treatment and distribution, wastewater treatment, and the
operation of the prospective new technologies using indicative
energy consumption rates and benchmark analyses from published
ure Organization of the United Nations (FAO, 2012); Department for Environment,
ffairs (www.defra.gov.uk)
gencies such as www.decc.gov.uk/en/content/cms/statistics/statistics.aspx
dwater sources by purpose, and water use in agriculture from www.data.gov.uk/

for the US (Carlson and Walburger, 2007),
or press releases of the largest treatment works in the London area: Beckton,
ogden (all sources accessed August 7, 2013):
.com/articles/2012/11/thermal-hydrolysis-to-replace-ad-sludge-treatment-in-

/campaigns/mogden/mogfacts.html
ctsonline.com/case_studies/2012/Thames_Beckton_Upgrade_2012.pdf
15 and 50% of average dry weather flow and about 10e20% of total wet weather
).
f Energy and Climate Change (DECC) reported for industrial users for the 3rd
s 9.2 pence per kWh (including a levy), equivalent to a total of 14 cents per kWh

r fuels purchased by major UK power producers, also reported by DECC in their
prices (December 2012) as 2.25 pence per kWh (including a levy), equivalent to a
per kWh
odity price similar to light crude oil at $100 per barrel
f Agriculture (USDA), which, in its March 2012 report, indicates that the farm price
kg) for Urea fertilizer (46% N) and Super Phosphate (46% PO4) are $526 and $633

ified Emission Reduction units (CERs) was used at a rate of $1.4 per tonne of CO2

cember 2012, as reported by Intercontinental Exchange (ICE).
.90 (£1.22) per cubic meter of drinking water and $1.00 (£0.64) per cubic meter of

http://www.defra.gov.uk
http://www.decc.gov.uk/en/content/cms/statistics/statistics.aspx
http://www.data.gov.uk/dataset/
http://www.data.gov.uk/dataset/
http://www.waterworld.com/articles/2012/11/thermal-hydrolysis-to-replace-ad-sludge-treatment-in-london.html
http://www.waterworld.com/articles/2012/11/thermal-hydrolysis-to-replace-ad-sludge-treatment-in-london.html
http://oncomarchive.com/campaigns/mogden/mogfacts.html
http://www.waterprojectsonline.com/case_studies/2012/Thames_Beckton_Upgrade_2012.pdf


Table 2
Definition of scenarios based on various combinations of the technologies previ-
ously described in Section 3.3.

Code Description

BAU Business as usual: no technology implementation
UST UST only
PSS PSS only
AWW AWW only
COW COW only
U þ P Combination of UST þ PSS
P þ A Combination of PSS þ AWW
A þ C Combination of AWW þ COW
U þ A Combination of UST þ AWW
P þ C Combination of PSS þ COW
U þ C Combination of UST þ COW
UPA Combination of UST þ PSS þ AWW
PAC Combination of PSS þ AWW þ COW
UAC Combination of UST þ AWW þ COW
UPC Combination of UST þ PSS þ COW
ALL All four technologies combined: UST þ PSS þ AWW þ COW
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reports (Bleeker et al., 2010; Carlson and Walburger, 2007;
Malmqvist et al., 2010; Stephenson et al., 2010).

In the following sections, the consequences of implementing
these technologies are assessed in two ways: first, by investigating
the synergies and antagonisms among sectors when the technol-
ogies are implemented, either singly or in combinations; second, by
observing the effects of technology implementation on the Meta-
bolic Performance Metrics (MPM).

3.4. Definition of Metabolic Performance Metrics (MPM)

Given the focus of this work on water, nutrients and energy
flows, assessing and ranking of the various re-configurations of
London’s wastewater infrastructure can be made according to what
we call Metabolic Performance Metrics (MPM), as defined in
Table 3. These metrics are not absolute measures of resource use;
rather their purpose is to gauge the extent to which flows are
moving in closed loops around the city (Barles, 2010). This “circu-
larity” of the city’s metabolism has been referred to as a sustainable
metabolism, i.e., one that is self-sufficient or at least less dependent
on an extended hinterland for obtaining resources or disposing of
waste (Baccini, 1997; Brunner, 2007). Others have signaled that the
extent of unsustainability in a linear metabolism d one that is
profoundly different from natural ecosystems and without much
regard for the origin of resources and the destination and fate of
wastes (Deelstra and Girardet, 2000) d can be identified by
properly pricing or valuing ecosystem services (Daly, 1985, 2007).
The application of the metabolism concept to cities d in the sense
that urban areas should mimic the cyclical character of natural
ecosystems d is now employed in urban planning and develop-
ment (Kennedy et al., 2011; Mo et al., 2009).

MPMs account for the extent to which water is used, nutrients
are recovered and recycled, and energy is saved or produced. The
scope of the MPMs has been defined to assess the system at two
Table 3
Definition of metabolic performance metrics (MPM).

Water sector scope

Energy Ew ¼ (energy generation)/(sector energy demand)
Water Ww ¼ water use for public supply
Nitrogen Nw ¼ (N recovered)/(food consumed)
Phosphorus Pw ¼ (P recovered)/(food consumed)
Carbon Cw ¼ (renewable C generated)/(sector energy demand in C term

Notes: (a) Inputs of N and P refer to the inputs to the system in the form of food, wood,
(b) The carbon ratio assumes that electricity is originated from natural gas.
levels: the water sector and the whole system. In this way, the
implementation of a strategy in the water sector d technology,
policy, or infrastructure change d can be assessed by its impact at
both levels. In addition, the proposed MPMs are aligned with the
Key Performance Indicators (KPIs) suggested in the London Plan
under Objective 5: A city that becomes a world leader in improving the
environment (GLA, 2013). Specifically, it relates to KPI 19 (Increase in
municipal waste recycled or composted and elimination of waste to
landfill by 2031), KPI 20 (Reduce carbon dioxide emissions through
new development), and KPI 21 (Increase in energy generated from
renewable sources).
4. Substance flow analysis of London

Model outputs are obtained in the form of a probability distri-
bution as a consequence of the Monte Carlo simulation. Results are
presented in general, therefore, on the basis of their average and
the 5 and 95 percentiles of the distribution. The average value is the
closest to the most likely value, while the range between the 5 and
95 percentiles represents the uncertainty of themodel’s output due
to the uncertainty in the model’s parameters and other input data.
4.1. Water

Total water withdrawals in London are estimated to average
about 48 m3 s�1, while the 5 and 95 percentiles are 40 and
56 m3 s�1 respectively. Of the total water withdrawals, about 27% is
used for electricity generation in natural gas plants and about 56% is
for public water supply to residential and commercial users and, to
a lesser extent, industrial customers. Fig. 1 shows the relative
magnitudes of the various users of water. Leakage from water
supply mains, 5.5 m3 s�1, is comparable in volume to the inflow-
infiltration in sewage pipes. As a consequence, the volume of wa-
ter to be handled in both potable water treatment and wastewater
treatment facilities is increased by nearly 25%. This has a direct
effect on the energy demand for treatment. If per capita residential
water use remains the same from year 2010e2050, demand for
potable water (public supply) will roughly increase by 27% due to
projected population increase, to a volume of between 31 and
35 m3 s�1. The upper range of the estimated water abstractions for
power generation is comparable to the amount of water supplied to
residential users. The technology used for power generation and
cooling is key in determining the amount of water required. Over
70% of the electricity generated within London is produced at
Barking Power Station, which uses a Combined Cycle Gas Turbine
(CCGT) technology. Typical water withdrawals associated with this
process are between 28.3 and 75.7 m3 per MWh of electricity
production (Macknick et al., 2011). Barking Station reports a water
use of about 1.8 million m3 per day, which corresponds to a level of
75.7 m3 per MWh. These values are associated with water with-
drawn from the tidal section of the River Thames, most of which is
returned to its source, except that volume consumed or lost via
Whole system scope

Es ¼ (energy generation)/(London energy demand)
Ws ¼ water use in London
Ns ¼ (N recovered)/(inputs of N)
Ps ¼ (P recovered)/(inputs of P)

s) Cs ¼ (renewable C generated)/(London energy demand in C terms)

paper, and industrial wastewater.
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Fig. 1. Selected water and wastewater flows in m3 s�1 for year 2010. The shaded bar
spans between the 5 and 95 percentiles of the estimated values from the Monte Carlo
simulation, while the dot represents the estimated median value.

R. Villarroel Walker et al. / Journal of Environmental Management 141 (2014) 104e115 109
evaporation, typically about 0.5 m3 per MWh (Macknick et al.,
2011).

4.2. Energy

Energy flows are dominated by the supply of energy for resi-
dential purposes, e.g., building heating-cooling and water heating.
The fuel equivalent in natural gas terms for the total demand of
electricity is the largest anthropogenic flow of energy, with a me-
dian value of about 80,000 GWh a�1, as shown in Fig. 2. The largest
users of natural gas are residential and commercial customers. For
the former, natural gas provides mainly heating and cooking fuel.
Other residential energy requirements such as appliances, elec-
tronics, and lighting are met using electricity.

The energy content of the various renewable materials used for
electricity generation, i.e., sewage sludge (290e450 GWh a�1) and
municipal solid waste, is less significant than the flows described in
Fig. 2. There is some potential for energy generation from solid
waste that is otherwise sent to landfills, which in the case of the
MSA model includes wood, paper, and food refuse, amounting to
between 6500 and 8200 GWh a�1. Currently, only about 25% of
municipal solid waste is incinerated for energy purposes (produc-
ing some 670 to 900 GWh a�1), while the rest is landfilled. Total
food consumed, shown in Fig. 2, has an energy value of about
11,500 GWh a�1. This is a mildly significant energy flow in the
system and one that is eventually partly reflected in the energy
content of sewage. Energy obtained from firewood, however, is
more significant than that recovered from sewage, amounting to
about 2000 GWh a�1, but it provides just a fraction of the energy
delivered by fossil fuels (as shown in Fig. 2).
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Fig. 2. Selected energy flows in GWh a�1 for year 2010. For comparison purposes
electricity is reported in its equivalent primary energy from natural gas. The shaded
bar spans between the 5 and 95 percentiles of the estimated values from the Monte
Carlo simulation, while the dot represents the estimated median value.
In terms of energy consumption, the water sector is not signif-
icant, when compared with the system as awhole, although energy
is the largest operational cost for the sector. Wastewater treatment
energy use is about 390 GWh a�1 (ranging between 80 and 1800),
while that in water treatment is 300 GWh a�1 (ranging between 20
and 5000). Theoretically, the estimated energy content in waste-
water, 1400e1700 GWh a�1, could provide a significant portion of
the energy required for wastewater treatment, depending on the
efficiency of the energy recovery process (Hall et al., 2012; Heidrich
et al., 2011). Heidrich et al. reported that the energy content of
wastewater varies from 5.6 to 16.8 kJ per liter (1.6e4.7 kWh per
m3), depending on the method for measuring energy content (i.e.,
oven-dried versus freeze-dried samples) and the level of domestic
contributions to wastewater. The energy content value estimated in
MSA varies from 6.8 to 7.2 kJ per liter (1.9e2.0 kWh per m3) for a
wastewater that is mostly discharged by residential users.

4.3. Nutrients

The flows of three nutrients are considered in MSA: those of
nitrogen (N), phosphorus (P), and carbon (C). Previous studies have
shown that nitrogen is the most widespread of the three (Villarroel
Walker and Beck, 2012), mostly because of its presence in the en-
ergy sector as a constituent of natural gas and coal. Significant flows
of nitrogen can be found in the energy, food, and water sectors.
Power generation (electricity) in the area uses primarily natural gas
and is responsible for an annual flow of nitrogen of about 18,000e
56,000 tonnes N a�1. However, the nitrogen associated with the use
of natural gas for residential, industrial, and commercial purposes
is much larger, amounting to between 62,000 and 190,000
tonnes N a�1. Most of the nitrogen in natural gas is released into the
atmosphere after combustion in the form of diatomic nitrogen (N2)
and nitrogen oxides (NOx). This study does not discuss the potential
impact of the emissions of the various forms of nitrogen but instead
focuses on how nitrogen, as a valuable resource, moves into, out of,
and around the system.

Water, used typically as a waste handling medium, becomes
a carrier of the nitrogen exiting the food consumption and
assimilation process. Fig. 3 shows that urine (22,000e40,000
tonnes N a�1) contains most of the nitrogen present in food
(42,000e47,000 tonnes N a�1). In the diet of Londoners, meat
(bovine, poultry, and swine) and cereals represent the largest
intake of nitrogen (32,000e36,000 tonnes N a�1), in almost equal
proportions. A large portion of the nitrogen in sewage is lost to the
atmosphere as elemental nitrogen during the denitrification stage
in the activated sludge process (32,000e42,000 tonnes N a�1).
Assuming a nitrogen utilization efficiency of about 50% in crops
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Fig. 3. Selected nitrogen flows in tonnes N a�1 for year 2010. The shaded bar spans
between the 5 and 95 percentiles of the estimated values from the Monte Carlo
simulation, while the dot represents the estimated median value.
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(amount of N retained by plants from the amount of fertilizer
applied (Cassman et al., 2002; Dowdell and Mian, 1982)), recov-
ering 100% of the nitrogen currently lost as gas during wastewater
treatment could supply between 32 and 46% of the demand for
nitrogen for producing the food consumed in London. This is
consistent with historical precedent. In 1913, 40% of human dietary
N consumption in Paris was being recycled for food production
(Barles, 2007a, 2007b). Today, land application of nitrogen fertil-
izers within the boundaries of London is much less significant
than other nitrogen flows in the overall picture (2500e3200
tonnes N a�1).

The energy sector plays no role in the flows of phosphorus,
which are dominated by the food sector and, as a consequence, the
water and waste handling sectors. Fig. 4 shows that food is the
largest flow, with about 8700e9700 tonnes P a�1, followed by the
phosphorus in sewage sludge, 6800e8800 tonnes P a�1, which
includes industrial sources of about 1800 tonnes of P a�1. Solid
waste, which in the case of the MSA model includes paper, wood
and food refuse, contains nearly 1600 tonnes of P a�1. Since incin-
eration of stabilized sewage and solid waste concentrates phos-
phorus in the solid residue of incineration (ashes), this phosphorus
is likely to end up in landfills unless it is used for soil amendment.

Fig. 5 shows that carbon flows are closely related to energy flows
because of the dependence on carbon-based energy (fossil fuels).
The largest flows are those associated with the consumption of
natural gas (power and non-power), gasoline, and diesel, for a total
of 6.5 (5.4e7.7) million tonnes C a�1. In a second tier, the flows
associated with the food consumed and forestry (wood products
including paper) amount to about 1.0 and 2.7 million tonnes C a�1,
respectively. Metabolic respiration from humans is of the same
order, reaching nearly 0.8 million tonnes C a�1. The carbon content
in wastewater is less significant compared to fossil fuels (240e260
thousand tonnes C a�1).
4.4. Cross-sectoral impacts of technology implementation

The MSA framework reveals interactions among the various
sectors that arise from implementing the four candidate technol-
ogies. At the residential level, implementing urine separation (UST)
reduces the demand for water for toilet flushing, which results in
the reduction of demand from the public water supply from 26.7
(24.7e28.6) m3 s�1 down to 24.0 (22.0e25.8) m3 s�1. This reduction
in water demand has a positive effect on the energy demand in the
water sector, by reducing the energy requirement by about 10% on
average for water supply (a difference of 30 GWh a�1) and almost
25% on the wastewater side (a difference of 100 GWh a�1). The
latter reflects not only the benefits of fewer toilet flushes but also
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Fig. 4. Selected phosphorus flows in tonnes P a�1 for year 2010. The shaded bar spans
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simulation, while the dot represents the estimated median value.
the reduced amount of nutrients in sewage that require treatment.
However, the process of nutrient recovery from urine does require
energy, 35 (30e42) GWh a�1, which estimates do not include any
energy required for urine transportation and handling. In addition,
fewer nutrients in sewage translates into a lower sludge and biogas
production at the wastewater treatment facility. The amount of
energy generated from the incineration of sewage sludge will drop
from 110 (90e140) GWh a�1 to 90 (70e120) GWh a�1, i.e., by over
15% on average. Similarly, and in proportion to the sludge being
digested, the volume of the biogas generated is reduced from 410
(330e530) GWh a�1 to 350 (280e440) GWh a�1. In tandem with
the water savings, the nutrients captured before reaching the
sewage stream by the UST have a fertilizer value: 2300 (1400e
3500) tonnes P a�1 and 24,000 (17,000e32,000) tonnes N a�1.

Because Pyrolysis of Sewage Sludge (PSS) is an end-of-pipe
technology, i.e., implemented at the end of the water sector train
of processes, it exhibits fewer synergies with other sectors in
comparison with UST. The introduction of PSS generates two
streams of benefits: (a) as fertilizer, 7700 (6800e8800) tonnes P a�1

and 1200 (900e1800) tonnes N a�1; and (b) as fuel, 190 (100e300)
GWh a�1 of biogas and 280 (130e470) GWh a�1 of biofuel. The
recovered phosphorus is a resource that is spared from being sent
to landfills, reducing the potential leaching of P towards the water
table from 1300 tonnes P a�1 to 150 tonnes P a�1. Relevant in terms
of asset management, because treated sewage sludge is now
diverted towards the PSS process, the installed capacity for sewage
sludge incinerationwill be freed from its current function and could
accommodate the use of other unconventional fuels, such as
biomass or municipal solid waste (MSW).

The enrichment of sewage brought about by conveying organic
waste in sewers (COW) has a significant effect on the contents of
nutrients in sewage, i.e., N, P, and C. The amount of nitrogen and
phosphorus in domestic sewage increases on average by
3600 tonnes N a�1 and 750 tonnes P a�1, increments of 14 and 8%
respectively. The enrichment of C is reflected in the energy gener-
ated from sewage sludge incineration, increasing to 185 (150e230)
GWh a�1 from 108 (85e135) GWh a�1. However, this also has a less
desirable effect on the effluent side of the sewage treatment train
by increasing the biochemical oxygen demand (BOD) from about
20 mg/l to 27 mg/l. Energy demand for wastewater treatment also
increases to 430 (92e1970) GWh a�1 from 390 (86e1800) GWh a�1,
because of the increased organic material in the sewage. The
implementation of COW does not affect the amount of P sent to
landfills (on average 8600 tonnes P a�1), but it does change the
amount of N landfilled, which is reduced from 3100 (2700e3500)
tonnes N a�1 down to 720 (650e800) tonnes N a�1. This occurs



Table 4
Individual rankings of MPMs for each scenario, where 1 is the best ranked situation
and 16 is the worst. Overall ranking assumes the same weight (importance) for each
individual performance metric. For instance, to further explain how to read this
table, the best scenario in terms of Ew is PAC while for Ns it is ALL.

Scenario Overall rank Ew Ww Nw Pw Cw Es Ws Ns Ps Cs

ALL 1 2 1 1 3 5 3 1 1 3 6
PAC 2 1 2 9 1 6 1 2 9 1 2
UPC 3 3 1 3 5 7 6 1 3 5 9
UAC 4 5 1 5 9 1 5 1 5 9 4
P þ C 5 4 2 11 4 8 4 2 11 4 7
U þ C 6 7 1 7 11 3 9 1 7 11 5
P þ A 7 9 2 10 2 12 7 2 10 2 10
UPA 8 10 1 2 6 14 11 1 2 6 14
A þ C 9 6 2 13 13 2 2 2 13 13 1
U þ P 10 13 1 4 8 16 13 1 4 8 16
U þ A 11 14 1 6 10 10 14 1 6 10 12
COW 12 8 2 15 15 4 8 2 15 15 3
PSS 13 11 2 12 7 15 12 2 12 7 13
AWW 14 12 2 14 14 9 10 2 14 14 8
UST 15 16 1 8 12 13 16 1 8 12 15
BAU 16 15 2 16 16 11 15 2 16 16 11
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because most of the nitrogen in the organic material sent to the
sewer network is then lost through the denitrification process
within the activated sludge treatment, instead of being sent to
landfill as solid waste. This translates into an increase of 7% on
average, from 36,700 (32,000e42,000) tonnes N a�1 to 39,100
(34,200e44,400) tonnes N a�1, of nitrogen lost to the atmosphere.
There are other effects that cannot be evaluated in detail in the
present paper, such as the consequences of transporting a more
viscous sewage, potential limitations of capacity of wastewater
treatment facilities to handle additional organic waste, and changes
in legislation. Previous studies have discussed the potential benefits
and difficulties associated with the installation of food grinders
(CIWEM, 2011; NYCDEP, 1997, 2008).

The implementation of algae production (AWW) has implica-
tions from the point of view of both energy and nutrients. MSA
estimates that liquid biofuel can be produced at a rate of about 294
(144e470) GWh a�1 and biogas at 33 (15e60) GWh a�1. In terms of
fertilizers, the production is estimated at 730 (350e1380) tonnes
N a�1 and 790 (400e1230) tonnes P a�1. These figures are not very
significant with respect to London’s overall consumption of fuels
and food (Figs. 3e5). AWW could provide fuel for only 1% of the
demand in the transportation sector. However, within the water
sector, the fuels product of the implementation of AWW could
potentially cover between 15 and 20% of the energy demand for
water and wastewater treatment, on average 690 GWh a�1 of
electricity.

There are other synergies that are not fully evaluated in this
paper, such as, for instance, those associated with more stringent
constraints on the quality of sewage treatment plant effluents in
respect of their biochemical oxygen demand (BOD) concentration.
Bringing down the effluent BOD concentration to just 10 mg l�1

(mentioned as an “EU Elite Requirement” (Biokube, 2012)), could
have a negative impact on energy demand, increasing it by about
12% (a difference of almost 50 GWh a�1). However, this means that
more carbon is collected via wastewater sludge, for incineration
and biogas production, but the energy benefit is on average 6% and
5% respectively, which results in an energy (as fuel) gain of 6 and
10 GWh a�1 respectively. In other words, the gain in energy content
of sewage sludge and biogas might not be sufficient to compensate
for the additional energy spent on BOD removal.

4.5. Metabolic performance of the system

We now explore the impact on the metabolism of London of
implementing more than a single technology at a time, i.e., ac-
cording to the various combinations listed in Table 2. The impact is
measured in terms of the Metabolic Performance Metrics (MPM)
defined in Table 3.

To provide a simple overview of the salient MSA results, we rank
the overall performance and each MPM as shown in Table 4. The
best performance occurs when all technologies are implemented at
the same time (scenario ALL), while the worst is the business as
usual scenario, i.e., BAU. Scenario ALL performs best in terms of
water and nitrogen, both at the water sector and whole system
level, leaving scope for improvement, therefore, in terms of energy,
carbon, and phosphorus.

The best scenarios for phosphorus recovery (Pw and Ps) are those
that involve PSS. Additionally, those scenarios involving UST seem
to rank poorly, reflecting the fact that there are other sources of P
besides household wastewater and urine (such as industrial
sewage). This suggests that it is more effective to collect phos-
phorus downstream, that is, where sewage sludge is treated and
disposed.

In the case of nitrogen, i.e., Nw and Ns, the best scenarios are
those that involve UST, while those involving PSS rank poorly. The
fact that London uses advanced sewage treatment plants with
biological removal of nitrogen through denitrification renders
almost irrelevant any technological approach for nitrogen recovery
from process streams associated with the anaerobic digestion of
sludge. In other words, nitrogen recovery is more effective if
implemented upstream of the wastewater treatment plant.

From Table 4 it can be concluded that performance in terms of P,
N, and water does not change between the water sector and whole
system, i.e., there are no significant sector-system level differences.
Additional analysis has been made available as Appendix S1 in The
Online Supplementary Material. How, then, can these results be
interpreted by policy makers and innovators? For instance, if the
goal for London is to increase the use of energy and carbon from
renewable sources, then the implementation of COW could be a
first step. However, this alone has a negative effect on the recovery
of nitrogen. But it is not radically different from what has been
happening in practice in recent years. In several London Boroughs,
separated and collected food waste is today subjected to anaerobic
digestion in order to produce a fuel gas and a soil amendment
residue. In terms of the systems-level metabolism of London, this is
roughly similar to the COW option, although operationally the two
are quite different. COW utilizes the downstream wastewater
treatment facilities to digest the organic material, which raises
significant questions regarding the capacity of the existing sewers
for handling the additional amount of solid organic material dis-
charged from the upstream households.

The foregoing analysis is based on the rankings and scores of the
Metabolic Performance Metrics (MPM). This does not account for
the actual degree to which the respective performances of any two
arrangements for the future are separated, including the degree of
change with respect to BAU. Table 5 shows the improvement as a
ratio for each scenario and performance metric. On the whole,
these results corroborate those from the analysis carried out with
the simple ranking. Again, ALL is the most favorable scenario at
both the water-sector and the whole-system levels. Technology
strategy COW appears to be the most favorable approach for
increasing the energy generation from a renewable source, with an
improvement of about 60% on average, followed by PSS and AWW
(which offer about a 30% improvement). This is reflected in the
scenarios that include COW, in particular PAC, where the amount of
energy from renewable resources is doubled. Although the per-
formance in terms of carbon (Cw) is very much linked to Ew, tech-
nology PSS does poorly in terms of carbon, since sludge
incineration is substituted by pyrolysis. Therefore, the best



Table 5
Average improvement (as a percentage) of Metabolic Performance Metrics (MPM) with respect to the base case (BAU) for each scenario. In the case of MPMs associated with
nitrogen and phosphorus, figures represent the actual value of the performance metric, i.e., the percentage of nutrient being recovered at the water-sector or whole-system
level.

BAUa UST PSS AWW COW U þ P P þ A A þ C U þ A P þ C U þ C UPA PAC UAC UPC All

Ew 0.353 �3 30 28 60 26 54 82 18 85 64 44 107 82 90 104
Ww 26.66 10 0 0 0 10 0 0 10 0 10 10 0 10 10 10
Nw 0.00 47 3 2 0 48 5 2 48 3 47 49 5 48 48 50
Pw 0.00 19 84 9 0 78 93 9 24 91 19 84 100 25 85 92
Cw 0.717 �5 �14 11 36 �18 �3 44 5 20 38 �8 28 46 23 29
Sector e 68 102 49 96 145 148 137 106 198 178 180 240 211 257 285
Es 0.003 �16 31 40 69 9 69 113 9 100 50 34 142 79 76 104
Ws 48.26 6 0 0 0 6 0 0 6 0 6 6 0 6 6 6
Ns 0.00 35 2 1 0 37 3 1 36 2 35 37 4 36 37 38
Ps 0.00 15 67 7 0 62 74 7 19 72 15 67 80 20 68 73
Cs 0.007 �18 �16 21 45 �30 5 66 �3 26 28 �16 47 43 11 26
System e 22 84 70 114 84 151 188 67 200 134 129 273 184 198 247
Overall e 90 186 119 209 229 300 325 173 398 312 309 513 395 455 532

a Actual value of the Metabolic Performance Metrics (MPM).
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scenarios for improving the ratio of renewable carbon versus car-
bon used are COW and AWW, in that order.

In terms of nitrogen, UST is the clear winner, enabling the re-
covery of more than 40% of the N in the food consumed and more
than 30% of all the inputs of nitrogen to London. In fact, UST seems
to be part of all the best ranked scenarios, essentially because it
addresses water, energy, nitrogen, and phosphorus. Because
phosphorus remains in the liquid and solid phases of London’s
material flows, scenario PAC is capable of recovering the equivalent
of 100% of the P in the food consumed, driven greatly by the
implementation of PSS.

To summarize, sixteen alternative combinations for introducing
fourwater-sector technologies havebeen assessed on two accounts:
their relative rankings in respect of the city’sMetabolic Performance
Metrics (Table 3); and the extent to which these Metrics are altered
by the introduction of any one of the future candidate interventions,
relative to present-day performance, i.e., that of the BAU configu-
ration. Moreover, ranking and performance improvement are
gauged according to four Metrics at the water-sector level, four at
the system-wide (city) level, and three further aggregate (overall)
measures. This verges on a surfeit of assessment data, from which
emerge, nevertheless, strategic pointers towards promising lines of
action. If we focus, for instance, on KPI 21 proposed by the Greater
London Authority, i.e., increase in energy generated from renewable
sources (GLA, 2013), it is possible to draw the connection with Ew
and Es. The best technological scenario for improving theseMPMs is
PAC. In other words, the goal is to elevate the concentration of car-
bon (i.e., COW) in sewage and recover it fromboth the outputs of the
wastewater treatment plant, i.e., in solid form (using PSS) and in
liquid form (using AWW). However, the single technology strategy
that exhibits the best improvement (60%) is COW, notably an
Table 6
Potential gross revenues and expenditure change for each scenario (in millions, US dolla

BAU UST PSS AWW COW U þ P P þ A A þ
Fertilizer 0.0 33.7 29.7 3.8 0.0 54.5 33.7 4.2
Fuels 21.9 18.3 39.5 41.9 37.0 32.7 59.9 58.
GHGc 0.5 0.6 0.4 0.6 0.7 0.6 0.5 0.8
Revenue 22.4 52.7 69.5 46.3 37.7 87.8 94.1 63.
Energyb 0.0 18.5 (0.9) (12.2) (10.7) 17.7 (13.4) (23
Water 0.0 248.2 0.0 0.0 0.0 248.2 0.0 0.0
Expenditure 0.0 266.7 (0.9) (12.2) (10.7) 265.9 (13.4) (23

a Values in parenthesis represent a negative value, in other words, an additional expen
b Energy is reported as the reduction (saving) or increase (due to additional demand, h

treatment, and prospective technologies.
c Revenues from GHG emission reductions are calculated as the carbon credit associa

produced, and electricity savings.
alternative with an element of change upstream in the wastewater
infrastructure (in households), with thus pronounced implications
for their social legitimacy. In short, the thrust of our assessment so
far has been about how to achieve greater “circularity” in the
metabolism of the city, as one way of realizing greater environ-
mental benignity in its behavior. Decisive, however, and in keeping
with Triple Bottom Line thinking (Beck, 2011; Elkington, 1998),
might be the economic feasibility attaching to each of the sixteen
alternatives.

5. Economic benefits

Table 6 presents the estimated benefits from implementing the
four prospective technologies. These benefits are classified into
revenue and change of expenditure. The former represents a
measure of the market size of the four strategies. The increase in
revenue is calculated on the basis of the market values of water,
fertilizer, and fuels, and the potential revenue benefit from selling
carbon credits. Typically, a carbon credit is the value of either
reducing a fossil-fuel-derived emission or substituting a fossil-fuel-
generated emission by an equivalent emission generated by com-
bustion of a renewable fuel. On the other hand, implementation of
the technologies might result in a positive or negative effect on the
overall demand for water supply and electricity in water and
wastewater treatment, as well as in the operation of the technology
itself. The change in demand is then expressed in monetary terms
to represent an expenditure reduction or an increased cost. These
changes in expenditure also need to be considered when the ben-
efits of a technological strategy are assessed.

Three sources of additional revenue from the marketing of
carbon credits are covered in the present analysis:
rs).a

C U þ A P þ C U þ C UPA PAC UAC UPC All

36.2 32.1 33.7 57.1 36.4 36.5 56.9 59.8
8 30.9 57.9 32.8 45.8 79.6 47.2 51.3 65.9

0.7 0.5 0.8 0.6 0.6 0.9 0.7 0.8
7 67.8 90.5 67.3 103.5 116.6 84.6 108.9 126.5
.0) 11.2 (12.3) 9.3 10.4 (25.2) 1.1 7.9 (0.6)

248.2 0.0 248.2 248.2 0.0 248.2 248.2 248.2
.0) 259.4 (12.3) 257.6 258.6 (25.2) 249.3 256.1 247.6

diture, as opposed to an expenditure reduction (a saving) or a gross income benefit.
ence a negative value) of expenditures in respect of electricity for water, wastewater

ted with: non-conventional fertilizer (only energy for production), renewable fuels



3 http://www.separett-usa.com/.
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(a) The scope for local (non-conventional) production of fertil-
izer to offset greenhouse gas (GHG) emissions that would
otherwise be generated during the conventional production
of fertilizer via the Haber-Bosch process, for instance. Pre-
vious studies have reported that the production via struvite
of fertilizer from supernatant (a side stream in the waste-
water treatment process) is associated with GHG emissions
five times lower than the conventional production of fertil-
izer (Britton et al., 2007).

(b) The scope for production of carbon-based fuels from
renewable sources to offset C emissions from fossil fuels with
an equivalent energy value.

(c) The savings in energy from reducing the need for electricity
that is (in part) generated from fossil fuels.

Results are sensitive to market fluctuations and the various
streams of revenue will need to be revised accordingly. For
instance, if the value of the carbon credit were that of the fourth
quarter of 2008, then the income from marketing carbon credits
would range from $5.3 M (with PSS alone) to $13.5 M (for the UAC
combination), as opposed to currently less than $1 M.

Other factors could also play a significant part in the economic
assessment of scenarios, such as tax credits and regulatory con-
straints. Consider, for example, the case of the Rock Creek Advanced
Wastewater Treatment Facility, Hillsboro, Oregon. This facility
partnered with Ostara, a company providing technology for
implementing the struvite process (the same process as that of the
UST option herein), to recover phosphorus from supernatant li-
quors generated during sewage-sludge digestion. The Rock Creek
plant processes approximately 35 MGD (1.53 m3 s) of crude sewage
and has now the capacity to recover phosphorus, i.e., to produce
more than 1000 metric tonnes of struvite or MAP (magnesium
ammonium phosphate) fertilizer. Accordingly, the Oregon Depart-
ment of Energy granted the Rock Creek facility a (one-time) Busi-
ness Energy Tax Credit (BETC) of $1.15 M to aid construction, based
on the energy that would be conserved in producing fertilizer on-
site compared to producing it conventionally by mining and
extraction elsewhere (Hadden, 2012).

Table 6 shows that the business-as-usual-scenario (BAU) can
already claim a revenue stream of $20 M for the energy benefits of
sewage-sludge incineration and biogas generated from sludge
digestion and landfill. The largest revenue from implementing just
a single technology is achieved with PSS, nearly $70 M, due to the
market value of the fertilizer produced (about $30 M) and the
additional renewable fuels that can be generated, i.e., biogas and
liquid biofuel, which amount to nearly $20 M (in total). In this case,
the ash produced from the pyrolysis is also considered to have value
as a soil amendment material and a fertilizer (only phosphorus).
Not surprisingly, the scenario that generates the largest amount of
revenue is when all four technologies are implemented simulta-
neously (ALL). However, this comes at the expense of implementing
new capital works and then operating all four technologies.

The two end-of-pipe technologies, i.e., PSS and AWW, could
potentially bring a gross income of about $94 M. This would be the
best figure for any combination of just two technologies. If UST is
added to this pair, the figure increases to $103 M, but with the
disadvantage that significant plumbing work and adaptationwould
be needed at the household level. In addition, there would remain
the question of the social acceptability of the urine-separating toilet
(Lienert, 2013; Lienert and Larsen, 2009).

Implementing UST alone can bring an additional $30 M in rev-
enue compared to BAU. However, the results suggest that the in-
teractions among UST, PSS, and AWW reduce the potential for
gaining revenue from UST to a third of this, i.e., to just $9 M.
Technologies COW, PSS, and AWW (in that order) are the strongest
in terms of fuels production, bringing additional revenue ranging
from $15 M to $20 M, from each technology individually. However,
the combination of all three could yield profits of over $57 M. Since
PSS and AWW are considered end-of-pipe solutions, i.e., they are
implemented inside the confines of the wastewater treatment
plant, they are likely to incur the least social disruption. The public’s
exposure to any inconvenience during their construction would be
minimal; and individuals would not be being asked to accept
changes either to the plumbing arrangements in their households
or to their personal habits, which could be the case for UST and
COW. For this reason, PSS and AWW might have a strategic
advantage over COW as fuel production alternatives, given that
COW involves the installation of food grinders in individual
households.

With regard to reductions in expenditures, the best scenario is
that including the implementation of UST, with savings on the or-
der of $257M. Since less energy is required for moving water in and
out of the city, direct savings of about $8.8 M will accrue to the
utility, i.e., ThamesWater. The largest benefit, however, would be in
the form of lowered expenses from water consumption associated
with fewer toilet flushings. Utility customer bills, for both water
supply and sewerage services, could be reduced by $248 M in total.
Yet this represents about $30 per capita on an annual basis, which
hardly seems a strong incentive for customers to install urine-
separating toilets. The utility company might therefore need to
share with its customers the benefits associated with its energy
savings (pumping costs avoided) and its revenues from fertilizer
production. Such arrangements could be key, since the cost for this
type of toilet (a UST) currently ranges from $900 and $1200,3 not
including installation and plumbing materials. For comparison, the
cost of a traditional low-flow toilet ranges between $300 and $800.

6. Conclusions

In this case study of the urban metabolism of London, in-
teractions among the fluxes of five resources (C, N, P, water, and
energy) circulating around five economic sectors (water, energy,
waste-handling, food, and forestry) have been studied using the
Multi-sectoral Systems Analysis (MSA). The relative proportions of
these various fluxes are largely as one would expect for a metrop-
olis the size of London, although our analysis reveals the significant
extent to which N resources enter the city’s metabolism in natural
gas imports for purposes other than power generation. Most of the
P entering the city in food ends up in the output sludge separated
far downstream in London’s wastewater treatment facilities.

When conducting the MSA, synergies and antagonisms among
the various technological (and policy) interventions are of special
interest. Significantly, for London and for the many cities with
similar wastewater infrastructures, introducing facilities for
nutrient (N and P) recovery upstream in the system d specifically
via household urine-separating toilets (UST) d will compromise
the utility of introducing unit processes downstream at the
wastewater treatment plant, such as the cultivation of algae
(technology AWW herein), for subsequent biofuel production.

With regard to the Triple Bottom Line framing of sustainability,
our analysis reveals the following. In respect of the environment
and resource recovery, UST has a cross-sectoral impact in the sense
that it reduces water consumption, reduces energy consumption
(for pumping), and recovers sizeable amounts nutrients, most
notably N. Other technologies, however, when considered as single
interventions on their own, offer greater promise in respect of P
recovery (through the introduction of pyrolysis of sewage sludge;

http://www.separett-usa.com/
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PSS) and renewable biofuel production, i.e., C recovery, such as the
alternative of using food grinders, with subsequent conveyance of
the C in waste food through the sewer network to downstream
processing at the wastewater treatment plant (technology COW
herein). With respect to financial benefits and savings, UST would
in principle be an outstanding success, primarily because of the
costs saved from the reduced consumption of water for toilet
flushing. On the other hand, and in respect of the social accept-
ability of policy and engineering interventions, UST is likely to be
the most socially disruptive option, in view of its requirements for
the re-plumbing of each and every household in the city. COW,
which combines elements of both upstream and downstream in-
terventions in the city’s wastewater infrastructure, should be less
socially disruptive, while PSS and AWW would be even less so,
since these latter are candidate technologies that can be imple-
mented within the far downstream confines of the wastewater
treatment plant.

Last, were London to seek to achieve its own Key Performance
Index (KPI) 21, i.e., increasing the energy it generates from
renewable sources, our MSA results indicate that the best combi-
nation of (water-sector) technological interventions would be to
elevate the concentration of C in sewage upstream through COW
and then recover C-based fuels downstream using both PSS and
AWW d an evident synergy among the three interventions.

Acknowledgments

Thework onwhich this paper is based is part of an international,
inter-disciplinary network of research d the Cities as Forces for
Good (CFG) Network (www.cfgnet.org). CFG was begun in 2006,
enabled through the appointment at that time of MBB as an Insti-
tute Scholar at the International Institute for Applied Systems
Analysis (IIASA), Laxenburg, Austria. We readily acknowledge this
stimulus to our work. Throughout, CFG has been funded by the
Wheatley-Georgia Research Alliance Endowed Chair in Water
Quality and Environmental Systems at the University of Georgia, in
particular, in support of a Graduate Assistantship and now Post-
doctoral Fellowship for RVW. The freedom of enquiry enabled
through this form of financial support has simply been invaluable.
RD is supported by a fellowship funded by the UK’s Engineering &
Physical Sciences Research Council (EP/H003630/1). The authors
would also like to acknowledge the collaboration of Keith Colqu-
houn at ThamesWater, UK. The authors would also like to thank the
anonymous reviewers for their thorough and insightful comments.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jenvman.2014.01.054.

References

Antikainen, R., 2007. Substance Flow Analysis in Finland e Four Case Studies on N
and P Flows. In: Monographs of the Boreal Environment Research Helsinki: No.
27. Finnish Environment Institute, Finland.

Baccini, P., 1997. A City’s metabolism: towards the sustainable development of ur-
ban systems. J. Urban Technol. 2, 27e39.

Balkema, A.J., 2003. Sustainable Wastewater Treatment: Developing a Methodology
and Selecting Promising Systems. PhD, Systems and Control Group. Eindhoven
University of Technology, Eindhoven, The Netherlands.

Barles, S., 2007a. Urban metabolism and river systems: an historical perspective d
Paris and the Seine, 1790d1970. Hydrol. Earth Syst. Sci. Discuss. 3, 1845e1878.

Barles, S., 2007b. Feeding the city: food consumption and flow of nitrogen, Paris,
1801e1914. Sci. Total Environ. 1e3, 48e58.

Barles, S., 2009. Urban metabolism of Paris and its region. J. Ind. Ecol. 6, 898e913.
Barles, S., 2010. Society, Energy and materials: the contribution of urban meta-

bolism studies to sustainable urban development issues. J. Environ. Plan.
Manag. 4, 439e455.
Bärlund, I., Tattari, S., 2001. Ranking of parameters on the basis of their contribution
to model uncertainty. Ecol. Model. 1e2, 11e23.

Beck, M.B., 2011. Cities as Forces for Good in the Environment: Sustainability in the
Water Sector. Warnell School of Forestry & Natural Resources, University of
Georgia, Athens, Georgia. ISBN: 978-1-61584-248-4. xx þ 165pp (online as.
http://cfgnet.org/archives/587.

Beck, M.B., Jiang, F., Shi, F., Villarroel Walker, R., Osidele, O.O., Lin, Z., Demir, I.,
Hall, J.W., 2010. Re-engineering cities as forces for good in the environment.
Proc. ICE e Eng. Sustain. 1, 31e46.

Beck, M.B., VillarroelWalker, R., 2011. GlobalWater Crisis: a Joined-up View from the
City. Surveys And Perspectives Integrating ENvironment & Society, S.A.P.I.EN.S.
[Online], 1, Online since 27 December 2011 at. http://sapiens.revues.org/1187

Beck, M.B., Villarroel Walker, R., 2013a. On water security, sustainability, and the
water-food-Energy-climate nexus. Front. Environ. Sci. Eng. 5, 625e638.

Beck, M.B., Villarroel Walker, R., 2013b. Nexus security: governance, innovation, and
the resilient city. Front. Environ. Sci. Eng. 5, 639e655.

BFF, 2002. City Limits: a Resource Flow and Ecological Footprint Analysis of Greater
London. Chartered Institution of Wastes Management Environmental Body,
prepared by Best Foot Forward Ltd. Available from: www.citylimitslondon.com
(accessed 20.11.13.).

Biokube, 2012. Biokube is Biological Cleaning of Wastewater for Single Houses,
Resorts, Cities and Industries. Retrieved February 8, 2012, from: http://www.
biokube.com/.

Bleeker, M., Gorter, S., Kersten, S., van der Ham, L., van den Berg, H., Veringa, H.,
2010. Hydrogen production from pyrolysis oil using the steam-iron process: a
process design study. Clean. Technol. Environ. 2, 125e135.

Britton, A.T., Sacluti, F., Oldham, W.K., Mohammed, A., Mavinic, D.S., Koch, F.A., 2007.
Value from waste e struvite recovery at the City of Edmonton’s Gold Bar
WWTP. In: Specialist Conference, I.W.A. (Ed.), Moving Forward e Wastewater
Biosolids Sustainability. Canada, Moncton, NB.

Brunner, P.H., 2007. Reshaping urban metabolism. J. Ind. Ecol. 2, 11e13.
Brunner, P.H., Rechberger, H., 2003. Practical Handbook of Material Flow Analysis.

Lewis Publishers, Boca Raton, FL.
Carlson, S.W., Walburger, A., 2007. Energy Index Development for Benchmarking

Water and Wastewater Utilities. AWWA Research Foundation, Denver, CO.
Cassman, K.G., Dobermann, A., Walters, D.T., 2002. Agroecosystems, nitrogen-use

efficiency, and nitrogen management. Ambio 2, 132e140.
CIWEM, 2011. Policy Position Statement: Food Waste Disposers. Chartered Institu-

tion of Water and Environmental Management (CIWEM), London, UK. Available
online at: http://www.ciwem.org/knowledge-networks/panels/wastewater-
management/food-waste-disposers.aspx (accessed 14.11.13.).

Daly, H.E., 1985. The circular flow of exchange and the linear throughput of matter-
energy: a case of misplaced concreteness. Rev. Soc. Econ. 3, 279e297.

Daly, H. E. (2007). Ecological Economics and Sustainable Development, Selected
Essays of Herman Daly. Cheltenham, UK: Edward Elgar Publishing, Inc.

Danius, L., Burstrom, F., 2001. RegionalMaterial FlowAnalysis andDataUncertainties:
Can the Results Be Trusted?, pp.10e12. Paper presented at the 15th International
Symposium on Informatics for Environmental Protection, Zurich, Switzerland.

DECC, 2012. Quarterly Energy Prices. UK Department of of Energy and Climate
Change. Available online at: www.gov.uk/government/organisations/
department-of-energy-climate-change/series/quarterly-energy-prices
(accessed 30.06.13.).

Deelstra, T., Girardet, H., 2000. Urban agriculture and sustainable cities. In:
Bakker, N., M D, Guendel, S., Sabel Koschella, U., de Zeeuw, H. (Eds.), Growing
Cities, Vg Food: Urban Agriculture on the Policy Agenda. A Reader on Urban
Agriculture. DSE, Feldafing, Deutschland, pp. 43e65.

DEFRA, 2008. Future Water: the Government’s Water Strategy for England.
Department for Environment Food and Rural Affairs, London.

DEFRA, 2009. Distribution Input and Supply Pipe Leakage: 1992/3e2008/9.
Department for Environment, Food and Rural Affairs e Environment Statistics
Service, London.

Dowdell, R.J., Mian, M.H., 1982. Fate of nitrogen applied to agricultural crops with
particular reference to denitrification [and discussion]. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 1082, 363e373.

Elkington, J., 1998. Cannibals With Forks: the Triple Bottom Line of 21st Century
Business. Stony Creek. New Society Publishers, Connecticut.

Ellis, J.B., 2001. Sewer Infiltration/exfiltration and Interactions with Sewer Flows
and Groundwater Quality. Paper Presented at the Interurba II Interactions Be-
tween Sewers, Treatment Plants and Receiving Waters, Lisbon, Portugal.

FAO, 2012. FAO Statistics Division: UK in 2009: Food and Agriculture Organization
of the United Nations. Available online: http://faostat3.fao.org/ (accessed
10.11.12.).

Folgueras, M.B., Díaz, R.M., Xiberta, J., 2005. Pyrolysis of blends of different types of
sewage sludge with one bituminous coal. Energy 7, 1079e1091.

Force, J., 2011, September. The Ultimate Recycling. Treatment Plant Operator. COLE
Publishing, pp. 12e17.

Furness, D.T., Hoggett, L.A., Judd, S.J., 2000. Thermochemical treatment of sewage
sludge. Water Environ. J. 1, 57e65.

GLA, 2011a. Delivering London’s Energy Future: the Mayor’s Climate Change Miti-
gation and Energy Strategy. Greater London Authority. Available online at:
http://www.london.gov.uk/who-runs-london/mayor/publication/climate-
change-mitigation-energy-strategy (accessed 28.11.11.).

GLA, 2011b. The London Plan: Spatial Development Strategy for Greater London.
Greater London Authority. Available online at: http://www.london.gov.uk/
priorities/planning/london-plan (accessed 22.06.13.).

http://www.cfgnet.org
http://dx.doi.org/10.1016/j.jenvman.2014.01.054
http://dx.doi.org/10.1016/j.jenvman.2014.01.054
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref1
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref1
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref1
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref1
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref2
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref2
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref2
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref3
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref3
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref3
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref4
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref4
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref4
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref4
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref5
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref5
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref5
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref5
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref5
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref6
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref6
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref7
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref7
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref7
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref7
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref8
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref8
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref8
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref8
http://cfgnet.org/archives/587
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref10
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref10
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref10
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref10
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref10
http://sapiens.revues.org/1187
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref12
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref12
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref12
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref13
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref13
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref13
http://www.citylimitslondon.com
http://www.biokube.com/
http://www.biokube.com/
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref16
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref16
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref16
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref16
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref17
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref17
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref17
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref17
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref17
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref17
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref18
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref18
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref19
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref19
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref20
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref20
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref21
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref21
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref21
http://www.ciwem.org/knowledge-networks/panels/wastewater-management/food-waste-disposers.aspx
http://www.ciwem.org/knowledge-networks/panels/wastewater-management/food-waste-disposers.aspx
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref23
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref23
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref23
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref24
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref24
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref24
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref24
http://www.gov.uk/government/organisations/department-of-energy-climate-change/series/quarterly-energy-prices
http://www.gov.uk/government/organisations/department-of-energy-climate-change/series/quarterly-energy-prices
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref26
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref26
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref26
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref26
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref26
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref27
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref27
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref28
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref28
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref28
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref28
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref28
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref29
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref29
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref29
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref29
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref30
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref30
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref31
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref31
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref31
http://faostat3.fao.org/
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref33
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref33
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref33
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref34
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref34
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref34
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref35
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref35
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref35
http://www.london.gov.uk/who-runs-london/mayor/publication/climate-change-mitigation-energy-strategy
http://www.london.gov.uk/who-runs-london/mayor/publication/climate-change-mitigation-energy-strategy
http://www.london.gov.uk/priorities/planning/london-plan
http://www.london.gov.uk/priorities/planning/london-plan


R. Villarroel Walker et al. / Journal of Environmental Management 141 (2014) 104e115 115
GLA, 2013. London Plan Annual Monitoring Report 9, 2011e12. London. Greater
London Authority. Available online at: http://www.london.gov.uk/priorities/
planning (accessed 12.06.13.).

Guest, J.S., Skerlos, S.J., Barnard, J.L., Beck, M.B., Daigger, G.T., Hilger, H., Jackson, S.J.,
Karvazy, K., Kelly, L., Macpherson, L., Mihelcic, J.R., Pramanik, A., Raskin, L., Van
Loosdrecht, M.C.M., Yeh, D., Love, N.G., 2009. A new planning and design
paradigm to achieve sustainable resource recovery from wastewater. Environ.
Sci. Technol. 16, 6126e6130.

Hadden, D., 2012. World’s Largest Municipal Nutrient Recovery Facility: Rock Creek
Advanced Wastewater Treatment Facility. Clean Water Services and Ostara
Nutrient Recovery Technologies Inc, Hillsboro, Oregon, pp. 4.

Hall, J.W., Henriques, J.J., Hickford, A.J., Nicholls, R.J., 2012. A Fast Track Analysis of
Strategies for Infrastructure Provision in Great Britain: Technical Report. Envi-
ronmental Change Institute, University of Oxford.

Hedbrant, J., Sorme, L., 2001. Data vagueness and uncertainties in urban heavy-
metal data collection. Water Air Soil Pollut. 3e4, 43e53.

Heidrich, E.S., Curtis, T.P., Dolfing, J., 2011. Determination of the Internal chemical
Energy of wastewater. Environ. Sci. Technol. 2, 827e832.

Hornberger, G.M., Spear, R.C., 1980. Eutrophication in peel inleteI. The problem-
defining behavior and a mathematical model for the phosphorus scenario.
Water Res. 1, 29e42.

Jiang, F., Beck, M.B., Cummings, R.G., Rowles, K., Russell, D., 2005. Estimation of
Costs of Phosphorus Removal in Wastewater Treatment Facilities: Adaptation of
Existing Facilities. In: Water Policy Center Working Paper #2005-011. Georgia
Water Policy and Planning Center (North Georgia Unit), Georgia State Univer-
sity, Andrew Young School of Policy Studies, pp. 28p.

Kennedy, C., Cuddihy, J., Engel-Yan, J., 2007. The changing metabolism of cities.
J. Ind. Ecol. 2, 43e59.

Kennedy, C., Pincetl, S., Bunje, P., 2011. The study of urban metabolism and its ap-
plications to urban planning and design. Environ. Pollut. 8e9, 1965e1973.

Kenway, S.J., Lant, P.A., Priestley, A., Daniels, P., 2011. The connection between water
and Energy in cities: a Review. Water Sci. Technol. 9, 1983e1990.

Larsen, T.A., Lienert, J., 2007. Novaquatis Final Report. NoMix d A New Approach to
Urban Water Management: Eawag, 8600 Duebendorf, Switzerland.

Larsen, T.A., Udert, K.M., Lienert, J., 2013. Source Separation and Decentralization for
Wastewater Management. IWA Publishing, London.

Lienert, J., 2013. High Acceptance of Source-separating technologies d but .. In:
Larsen, T.A., Udert, K.M., Lienert, J. (Eds.), Source Separation and Decentraliza-
tion for Wastewater Management. IWA Publishing, London, pp. 193e207.

Lienert, J., Larsen, T.A., 2009. High acceptance of urine source separation in seven
European countries: a review. Environ. Sci. Technol. 2, 556e566.

Lundin, M., Molander, S., Morrison, G.M., 1999. A set of indicators for the assessment
of temporal variations in the sustainability of sanitary systems. Water Sci.
Technol. 5, 235e242.

Macknick, J., Newmark, R., Heath, G., Hallett, K.C., 2011. A Review of Operational
Water Consumption and Withdrawal Factors for Electricity Generating Tech-
nologies. National Renewable Energy Laboratory (NREL), Golden, Colorado.
Technical Report: NREL/TP-6A20-50900.

Malmqvist, P.-A., Aarsrud, P., Pettersson, F., 2010, September. Integrating Waste-
water and Biowaste in the City of the Future. Paper Presented at the World
Water Congress. International Water Association (IWA), Montreal, Canada. Pa-
per 2704 (on cd).

Mo, H., Wen, Z., Chen, J., 2009. China’s recyclable resources recycling system and
policy: a case study in Suzhou. Resour. Conserv. Recy. 7, 409e419.

Neset, T.-S.S., Bader, H.-P., Scheidegger, R., Lohm, U., 2008. The flow of phosphorus
in food production and consumption d Linköping, Sweden, 1870e2000. Sci.
Total Environ. 2-3, 111e120.

NYCDEP, 1997. The Impact of Food Waste Disposers in Combined Sewer Areas of
New York City. New York City Department of Environmental Protection (NYC-
DEP), New York, NY. Available online at: http://www.nyc.gov/html/dep/pdf/
grinders.pdf (accessed 14.11.13.).

NYCDEP, 2008. Commercial Food Waste Disposal Study. New York City Department
of Environmental Protection (NYCDEP), New York, NY. Available online at:
http://www.nyc.gov/html/dep/pdf/dep_commercial_food_waste_disposal_
study_12312008.pdf (accessed 14.11.13.).

Olsson, G., 2013. The potential of control and monitoring. In: Larsen, T.A.,
Udert, K.M., Lienert, J. (Eds.), Source Separation and Decentralization for
Wastewater Management. IWA Publishing, London, pp. 179e192.

Osidele, O.O., Beck, M.B., 2003. An inverse approach to the analysis of uncertainty in
models of environmental systems. Integrat. Ass. 4, 265e282.

Osidele, O.O., Zeng, W., Beck, M.B., 2003. Coping with uncertainty: a case study in
sediment transport and nutrient load analysis. J. Water Res. Pl.-ASCE 4, 345e
355.

Sánchez, M.E., Martínez, O., Gémez, X., Morán, A., 2007. Pyrolysis of mixtures of
sewage sludge and manure: a comparison of the results obtained in the labo-
ratory (semi-pilot) and in a pilot plant. Waste Manage. 10, 1328e1334.

Shu, L., Schneider, P., Jegatheesan, V., Johnson, J., 2006. An economic evaluation of
phosphorus recovery as struvite from digester supernatant. Bioresour. Technol.
17, 2211e2216.

Srinath, E.G., Pillai, S.C., 1972. Phosphorus in wastewater effluents and algal growth.
J. Water Pollut. Con. F. 2, 303e308.

Stephenson, A.L., Kazamia, E., Dennis, J.S., Howe, C.J., Scott, S.A., Smith, A.G., 2010.
Life-cycle assessment of potential algal biodiesel production in the United
Kingdom: a comparison of raceways and air-lift tubular bioreactors. Energy
Fuels 7, 4062e4077.

Sturm, B.S.M., Lamer, S.L., 2011. An Energy evaluation of coupling nutrient removal
from wastewater with algal biomass production. Appl. Energ. 10, 3499e3506.

Villarroel Walker, R., 2010. Sustainability Beyond Eco-efficiency: A Multi-sectoral
Systems Analysis of Water, Nutrients, and Energy. PhD Dissertation. Univer-
sity of Georgia, Athens, GA.

Villarroel Walker, R., Beck, M.B., 2012. Understanding the metabolism of urban-
rural ecosystems: a multi-sectoral systems analysis. Urban Ecosyst. 4, 809e848.

Walsh, C.L., Roberts, D., Dawson, R.J., Hall, J.W., Nickson, A., Hounsome, R., 2013.
Experiences of integrated assessment modelling in London and Durban. Envi-
ron. Urban. 2, 1e20.

WEF, 2011. Water security: the water-food-energy-climate nexus. In: Waughray, D.
(Ed.), World Economic Forum (WEF) Water Initiative. Island Press, Washington
DC, p. 248.

Wolman, A., 1965. The metabolism of cities. Sci. Am. 3, 179e190.

http://www.london.gov.uk/priorities/planning
http://www.london.gov.uk/priorities/planning
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref39
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref39
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref39
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref39
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref39
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref39
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref40
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref40
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref40
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref41
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref41
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref41
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref42
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref42
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref42
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref42
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref43
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref43
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref43
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref44
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref44
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref44
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref44
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref44
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref45
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref45
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref45
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref45
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref45
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref46
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref46
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref46
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref47
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref47
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref47
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref47
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref48
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref48
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref48
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref49
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref49
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref49
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref50
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref50
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref51
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref51
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref51
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref51
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref51
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref51
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref52
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref52
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref52
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref53
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref53
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref53
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref53
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref54
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref54
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref54
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref54
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref55
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref55
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref55
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref55
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref56
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref56
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref56
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref57
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref57
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref57
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref57
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref57
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref57
http://www.nyc.gov/html/dep/pdf/grinders.pdf
http://www.nyc.gov/html/dep/pdf/grinders.pdf
http://www.nyc.gov/html/dep/pdf/dep_commercial_food_waste_disposal_study_12312008.pdf
http://www.nyc.gov/html/dep/pdf/dep_commercial_food_waste_disposal_study_12312008.pdf
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref60
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref60
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref60
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref60
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref61
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref61
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref61
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref62
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref62
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref62
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref63
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref63
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref63
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref63
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref64
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref64
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref64
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref64
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref65
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref65
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref65
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref66
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref66
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref66
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref66
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref66
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref67
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref67
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref67
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref68
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref68
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref68
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref69
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref69
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref69
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref70
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref70
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref70
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref70
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref71
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref71
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref71
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref72
http://refhub.elsevier.com/S0301-4797(14)00170-4/sref72

	The energy-water-food nexus: Strategic analysis of technologies for transforming the urban metabolism
	1 Introduction
	2 Multi-Sectoral Systems Analysis
	2.1 Multiple sectors handling multiple materials
	2.2 Handling uncertainty

	3 Case study
	3.1 Study area
	3.2 Data collection
	3.3 Definition of technological scenarios
	3.4 Definition of Metabolic Performance Metrics (MPM)

	4 Substance flow analysis of London
	4.1 Water
	4.2 Energy
	4.3 Nutrients
	4.4 Cross-sectoral impacts of technology implementation
	4.5 Metabolic performance of the system

	5 Economic benefits
	6 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References


