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Abstract

This paper develops a generalizable systems framework to analyze the food-energy-water (FEW)
nexus from an urban systems perspective, connecting in- and trans-boundary interactions,
quantifying multiple environmental impacts of community-wide FEW provisioning to cities, and
visualizing FEW supply-chain risks posed to cities by the environment. Delhi’s community-wide
food demand includes household consumption by socio-economic-strata, visitors- and industrial
food-use. This demand depends 90%, 76%, and 86% on trans-boundary supply of FEW,
respectively. Supply chain data reveal unique features of trans-boundary FEW production regions
(e.g. irrigation-electricity needs and GHG intensities of power-plants), yielding supply chain-
informed coupled energy-water-GHG footprints of FEW provisioning to Delhi. Agri-food supply
contributes to both GHG (19%) and water-footprints (72%-82%) of Delhi’s FEW provisioning,
with milk, rice and wheat dominating these footprints. Analysis of FEW interactions within Delhi
found >75% in-boundary water-use for food is for urban agriculture and >76% in-boundary
energy-use for food is from cooking fuels. Food waste-to-energy and energy-intensity of commercial
and industrial food preparation are key data gaps. Visualizing supply chains shows >75% of water
embodied in Delhi’s FEW supply is extracted from locations over-drafting ground water. These
baseline data enable evaluation of future urban FEW scenarios, comparing impacts of demand
shifts, production shifts, and emerging technologies and policies, within and outside of cities.

Introduction

The food-energy-water (FEW) nexus refers to
intersections among food, energy, and water systems
that have large impacts on natural resources (water,
energy, nutrients), on pollution and greenhouse gas
emissions (GHG), and on the security of FEW
supplies essential to the well-being of the world’s
population. The FEW nexus has been analyzed at
national and global scales (Bazilian et al 2011).
Global data show the food sector’s dependence on
both water and energy, with 70% of global

freshwater use (Gleick 2003) and 30% of global
GHG emissions (Vermeulen et al 2012) associated
with food supply. Nationally, in the US, approxi-
mately 45% of all water withdrawals are for cooling
of thermoelectric power plants, followed by agricul-
tural use (33%) and water for municipal supply
(12%) (Maupin et al 2014, US DOE 2014).

With more than half the world’s population
presently living in cities (UN 2015), much of FEW
demand occurs in cities. Cities are concerned about
energy, food, and municipal water supply risks that
affect the entire community—homes, businesses and

© 2017 IOP Publishing Ltd
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industries (DVRPC 2011, Denver’s Climate Resiliency
Committee 2014). For example, large scale power cuts
in Delhi during summer 2012, were partially
attributed to water constraints on thermoelectric
generation (Romero 2012, Xue and Xiao 2013). Cities
grappling with drought in California (State of
California 2015) are recognizing the competition
between municipal water supplies and agricultural
irrigation in the hinterland areas serving cities. Several
cities have conducted food-system analyses to under-
stand supply risks, vulnerabilities, inequities, and
strategies to achieve greater self-reliance (Thompson
et al 2008, Barron et al 2011, DVRPC 2011). Cities
have also started to recognize that urban demand for
FEW has far-reaching environmental impacts both
within and outside city boundaries. In an analysis of
over 200 urban metabolism studies, 100 cities were
found to have included the trans-boundary embodied
energy of food production in their carbon accounts
(Goldstein et al 2016). The above examples illustrate
that cities are increasingly interested in quantifying the
impact of their FEW supplies on the larger environ-
ment, as well as in reverse, the risk posed by the
environment on their supplies. Further, city climate-
action and food-action plans seek to identify what
actions cities can take to reduce their environmental
impact and enhance food security. For example, the
Greater Philadelphia Food System Plan aims to achieve
greater self-reliance in the face of supply risks (DVRPC
2011). In reference to water, San Francisco’s
Climate Action Strategy states the need to protect
the city’s water supply from climate disruptions (SF
DOE 2013).

Many of these plans make reference to the role of
the food system in sustainability objectives such as
mitigating GHG and water impact (e.g. City of
Minneapolis Office of Sustainability 2013, City of
Toronto 2000). However, not many analysis frame-
works are available to capture the interactions among
the FEW sectors within cities as well as between FEW
supply chains and the larger environment extending
outside of the city boundary, that are important to
quantify environmental benefits and trade-offs of city
food and sustainability plans.

This paper develops a generalizable systems
framework to analyze the FEW nexus from an urban
systems perspective, connecting in- and trans-boundary
interactions, quantifying multiple environmental
impacts of community-wide FEW provisioning to
cities, and visualizing supply-chain risks posed to cities
by the environment. Frameworks to conduct such
analyses must address four gaps in the science and
methods, described next.

First, methods must be clarified for quantifying
community-wide FEW demand by homes, visitors,
businesses and industries. A review by Goldstein et al
(2016) notes that cities have previously used ad hoc
methods, often only capturing residential food
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demand, but not that of visitors or food processing
industries, thus the authors concluded that ‘urban
foodprint was underestimated in studies where the
scope of wurban metabolic activities beyond the
household boundary were excluded’. Because city
policies have potential to address diverse actors within
their jurisdiction (homes, businesses, and industries),
developing methods to assess FEW demand by all three
user-categories is important. Data on community-
wide water and electricity-use are readily available
from the respective utilities. While data on food
production are available at the county-level in some
countries (e.g. USGS 2010) quantifying community-
wide food demand is more challenging, and requires
much more bottom-up data, particularly with atten-
tion to local diets, food demands by socio-economic
status of households, and food use by visitors and local
industry.

Second, community-wide FEW supply delineation
into in- and trans-boundary components is impor-
tant, recognizing that few cities can provision all FEW
requirements within their own boundary (Ramas-
wami et al 2008, Baynes et al 2011, Ramaswami et al
2012). Such spatial supply chains help connect urban
demand for FEW with region-specific features of the
production systems that shape the trans-boundary
FEW nexus, such as the use of rain-fed versus ground
water irrigation, the extent of ground water overdraft,
and the fuel mix and carbon intensity of regional
electricity grids. For example, India’s northwestern
state of Punjab overdrafts ground water due to
subsidized electricity for pumping, resulting in highly
water- and energy-intensive cropping of rice and
wheat (Devineni et al 2013). Large cities may be
creating proximal geospatial demands for FEW
production that are poorly understood. Further,
visualizing FEW production-demand linkages pro-
vides understanding of where climate constraints on
water can strain FEW supplies to cities. Cities often
have data related to their municipal water supply
chain. However, developing spatially detailed
supply chains of electricity and food to cities is
more complex, yet necessary, to assess urban FEW
demand interactions with trans-boundary produc-
tion systems.

Third, given the trans-boundary reliance of
community-wide FEW supply, developing coupled
water-energy-GHG footprints to represent resources
embodied in trans-boundary FEW supply to cities is
important to evaluate trade-offs and co-benefits
among the different environmental impacts. To-date,
a few studies have conducted GHG footprinting of
community-wide FEW supply to cities in the US,
Australia and China (Ramaswami et al 2008, Hillman
and Ramaswami 2010, Baynes et al 2011, Lin et al
2013), focusing only on energy-use and GHG impacts.
Water footprinting studies of cities have largely
focused on trans-boundary supply of municipal water
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demand (e.g. Jenerette et al 2006). A few have included
water resource draws of water and electricity supply to
cities (e.g. (Cohen and Ramaswami 2014) and some
on food only (Barron et al 2011, Thompson et al
2008)). To-date the coupling of all three FEW demand-
sectors with both embodied water and energy inputs in
the production systems, and their nexus relationships,
has not been conducted. To accomplish such sub-
national scale footprinting, regional features of
electricity and food production regions serving cities
must be characterized. For example, Blackhurst et al
(2010) cautions. To the best of our knowledge, no
study has coupled spatial supply-chain informed
GHG- with water-footprinting of FEW supply to
cities, including analysis of water consumptive-loss
and withdrawal, delineated into blue and green
water. Such an approach would enabling cities to
visualize how climate constraints on precipitation
(green water) and hence reliance on managed water
(blue water) might affect city FEW supply, and, in
reverse, inform how cities impact water, energy and
GHG emissions.

Lastly, incorporating FEW interactions within city
boundaries is a key aspect of the urban FEW nexus.
Cities are areas of concentration of diverse human
activities which provide opportunities for interactions
among FEW sectors within the boundary that are
enabled by co-location rather than by supply chain
relationships (e.g. waste from food-use in cities can be
converted to energy to serve local homes). Each city
provides opportunities for FEW interactions within its
boundaries—ranging from municipal water reuse in
urban agriculture, water and energy inputs for food
processing and preparation, energy for water-related
services such as water supply and treatment, and,
water for energy-related services such as building
cooling operations or thermal power generation
occurring within cities. Diverse actors—homes,
businesses, industries and city waste management-,
water- and energy- infrastructure providers—can be
involved in these interactions. Determining these
linkages is part of evaluating the FEW nexus within the
city boundary, which requires systematic methods for
evaluating diverse city-wide FEW interactions

The objective of this paper is to develop and
implement a multi-sector, trans-boundary urban FEW
systems framework that brings together all four aspects
described above, linking in-boundary and trans-
boundary systems analysis of community-wide FEW
supply to cities from the dual perspectives of
environmental impact assessment and visualization
of FEW supply chain risks. We present a first
implementation of the urban FEW framework to a
case study city (Delhi, India) to develop methods,
identify key data needs and data gaps. Urban FEW
nexus studies are in a nascent state; a long-term
research agenda is envisioned that would expand the
Delhi case study to world cities, identify city typologies
and conduct large ‘N’ studies to capture the aggregate
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impact of all cities on national or global water and
energy flows.

Framework

The urban systems FEW nexus framework is
illustrated in figure 1.” The porous circle in figure 1
represents a city boundary encompassing FEW-use
by local homes, businesses, visitors and industries.
The community-wide FEW-use (demand) is met via
supply chains including local in-boundary FEW
production plus trans-boundary production. The
production regions are characterized by nexus
interactions such as energy for crop irrigation or
water for electricity generation (as shown in figure 1),
yielding spatially detailed resource intensity factors for
FEW production along the supply chain serving urban
demand. Developing such supply-chain informed
coupled water-, energy- and GHG footprints of FEW
supply to cities is a key aspect of the framework that
focuses on city interaction with processes outside its
boundary to address synergies and trade-offs between
individual environmental impact categories. The
footprinting of water-, energy-, and GHG, shown
here, can also be extended to other resources such as
land and nutrients.

The development of multiple footprints (e.g. water
and energy/GHG) is helpful to evaluate trade-offs and
co-benefits among the different environmental impact
categories. In terms of water footprinting, both water
consumptive-loss and water withdrawal footprints are
developed. Water consumptive loss represents abso-
lute removal of water from the watershed, while water
withdrawal footprints inform operational risk to
thermal power plants due to low stream flow (Cohen
and Ramaswami 2014, NETL 2010). Water footprints
are also designated as green (rain-fed) or blue
(irrigated), to reveal the relative reliance on climate
and precipitation, versus managed water systems.

A second key aspect of the urban FEW nexus is
highlighted within the city boundary wherein co-
location within cities facilitates interactions across
FEW sectors. All six FEW nexus interactions within
the urban boundary (which encompassing homes,
visitors, businesses and industry) are highlighted in
figure 1:

7 Figure 1 presents an urban systems framework to characterize both
environmental impacts and supply chain risk associated with FEW
demand in cities. Building upon Wolman’s (1965) early work on
tracking urban material-energy flows, urban metabolism studies
have expanded to conduct three types of analyses: (1) delineating
direct in-boundary resource use to produce goods and services
(called territorial or production-based analysis) (Hertwich and
Peters 2009); (2) evaluating trans-boundary supply chains that serve
households within a city (e.g. Jones and Kammen 2014) called
consumption-based footprinting; and, (3) evaluating supply chains
to serve community-wide infrastructure provisioning to producers
and consumers (i.e. homes, businesses, visitors, industries) called
community-wide infrastructure footprinting (CIF) (Ramaswami
et al 2008, Chavez and Ramaswami 2013, Baynes et al 2011, Hu et al
2016).
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Figure 1. A trans-boundary multi-sector framework to analyze environmental impacts of community-wide provisioning of agri-food
(F), energy (E) and Water (W) to homes, businesses and industries in a city. The framework connects community-wide FEW demand
with in-boundary and trans-boundary production of FEW, showing embodied water and energy in production. The framework
also incorporates in-boundary cross-sector interactions shaping resource exchange and recovery such as energy inputs to water use
(E — W), water inputs to energy production and use (W — E), etc. and storage of FEW within, and outside, the city. Connecting in-
and trans-boundary interactions informs system-wide water, energy and GHG impact of cities.

e W — F: water inputs to community-wide food-
related activities (e.g. water for food preparation,
processing, and urban agriculture);

e W — E: water inputs to energy-related activities (e.g.
water for any local fuel processing, local electricity
generation, and cooling of buildings);

e E — W: energy inputs to water-related activities
(energy inputs for community-wide water supply,
treatment, and distribution);

e E — F: energy inputs to food-related activities
(energy for food preparation, refrigeration, process-
ing, and urban agriculture);

e F — E food inputs to energy (e.g. food-waste to
energy);

e F — W: food-related impact on urban water
pollution (e.g. from urban agriculture).

These diverse in-boundary and trans-boundary
FEW interactions involve diverse actors spanning
spatial scales. This enables exploration (in subsequent
papers) of what can be done by individuals, businesses
and policy-institutions at different scales, consistent
with a multi-sector social-ecological-infrastructural
systems (SEIS) framework (Ramaswami et al 2012,

2016). Specifically, figure 1 enables evaluation of trade-
offs and synergies among four key categories of
actions: (a) changes in community-wide urban FEW
demand; (b) shifts between in-boundary versus trans-
boundary FEW supply; (¢) changes in trans-boundary
production systems; versus, (d) changes of in-
boundary production and cross-sectoral FEW inter-
actions.

The framework in figure 1 is applied to the city of
Delhi, India occupying an area of 1483 km”, home to
16 million people, and generating $37.2 billion GDP
(in 2011) (Delhi DES 2013b, 2013a). Delhi represents a
highly populous, water-scarce city grappling with both
environmental stresses and supply risk challenges.

The framework in figure 1 is generalizable to any
city or community. All cities have homes, businesses
and industries that together exert demand for F, E, W,
which are essential to their functioning. All cities rely
to some extent on trans-boundary production to serve
their FEW needs. The production of energy/electricity
requires water, while the supply of water requires
energy, and the production of food requires both water
and energy—these processes are known and are
universally applicable, as illustrated in figure 1.
Coupling FEW demand of cities with regionally-
specific city supply-chain informed water- and energy/
GHG intensity factors yields community-wide water-

4
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and GHG- FEW supply footprints of cities. This
approach to develop coupled water- and GHG-
footprinting of FEW supply to Delhi would be the
same approach taken in other cities, although data
sources and numeric values would vary. Within city
boundaries, the six pairwise in-boundary cross-
sectoral FEW interactions (shown in figure 1) are
also expected to occur in all cities, although the
magnitude of contributions will vary by city type.
Integrated assessment of in-boundary plus trans-
boundary FEW interactions establishes the baseline for
any city, against which future interventions, within
and beyond the city boundary, can be evaluated for
localized or system-wide environmental impact.

Overview of methods

Framework implementation consists of: (1) Environ-
mental footprinting connecting Delhi’s community-
wide FEW demand with trans-boundary supply;
linked with (2) In-boundary analysis of FEW nexus
interactions within Delhi. Methods are summarized
here, and described in further detail in
SI-1 and SI-2 respectively (available at stacks.iop.
org/ERL/12/025008/mmedia).

1. Environmental footprinting of community-wide
FEW provisioning
Trans-boundary coupled water-use and energy-use/
GHG-emissions footprints of community-wide
FEW supply to Delhi are developed using methods
previously established for community-wide GHG
footprinting (Ramaswami et al 2008, Chavez et al
2012, Lin et al 2015). Details are in SI-1.
Community-wide footprinting approaches have
been institutionalized by the British Standards
Institute (BSI) (2013) and ICLEI (2012) to
represent the broader GHG impacts of cities’
demand for key infrastructure/basic provisioning
services (including food). This approach is partic-
ularly valuable for urban infrastructure planning
and policy, impacting all actors in the city
(homes, visitors, businesses, industries). Adopting
the community-wide approach, we combine a city’s
direct material-energy flows associated with com-
munity-wide FEW demand with the life cycle
impacts of their in- and trans-boundary produc-
tion, implemented through 5 steps (A-E) described
below. (See SI-1 for further details).

A. Community-wide FEW demand for Delhi:
Community-wide food demand was estimated
for: (i) homes from consumer expenditure
surveys, incorporating disparities by income
levels (GOI MSPI 2011), (ii) wisitors (GOI
Ministry of Tourism 2010), and, (iii) food
processing industries from the Annual Survey of
Industries (Delhi DES 2010). This approach
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covering all three user-categories is suggested to
estimate community-wide food flows not only in
India, but more generally for community-wide
food supply analysis in global cities. Residential
food demand is scaled up from household surveys
conducted in Delhi which provide insight on food
demand by individual food items (e.g. rice, wheat,
milk, oil, etc.) by socioeconomic status (SES) of
households (See S1-1, section A), to which were
added visitor use and industrial agri-food
inputs. The uncertainty in these estimates is on
the order of 10% (see SI-1 section B). Quantifying
residential food consumption data by food items
and by SES is valuable in establishing a robust
baseline upon which future scenarios such as
changes in diets or in household wealth can be
modeled. Community-wide demand for water
and electricity are obtained directly from at-scale
utility data summarized by the Government of
Delhi in statistical abstracts and water reports
(Delhi DES 2013a, 2013b).

. Local versus trans-boundary production: Local

(in-boundary) food production, water supply
and electricity generation are estimated from
government records of Delhi DES (2013a), GOI
NHB (2011), GOI Ministry of Agriculture
(2014), the Delhi Jal Board (CAG 2013) and
GOI CGWB (2012), and Delhi DES (2013a),
respectively, (see SI-1 section C). The require-
ment for trans-boundary supply is modeled as
the difference between community-wide FEW
demand and local production. Spatial supply
chains (described next) identify the FEW
production regions that serve Delhi.

. Supply chains and features of regional

production systems serving Delhi: We identify
key data sets available in India to spatially
delineate trans-boundary FEW supply chains to
Delhi. Food and non-electricity fuel supply
chain data are derived from a multi-modal
freight study commissioned by India’s Planning
Commission (2008) as well as discussion with
local experts, and updated in this research effort
to the year 2011. The freight study notes the
mode, quantity, and origin of freight commodi-
ties entering Delhi. For electricity supply chains,
a new analysis method was developed (Cohen
2014) that uses Delhi’s community-wide elec-
tricity demand (Delhi DES 2013a) combined
with dispatch data (Delhi Transco Limited 2014)
that details interstate electricity transfers, iden-
tifying the generation quantity, fuel type,
geographic location and technology of individ-
ual power plants in the Northern Grid serving
Delhi. Such spatial data linking individual power
generators in a larger grid to demand by a city is
a unique contribution of the analysis. For
municipal water supply, government sources
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(GOI CGWB 2012, CAG 2013) identified that
86% is drawn externally from the Yamuna and
Ganges Rivers and Bhakra Storage, and the
remainder from ground water. It is important to
note that spatial detail on all three FEW supply
chains for a single city has not previously been
accomplished. Delhi’s FEW supply chains, with
production data aggregated to the state level, are
shown in SI-1 section D, table S-3.

The different states in India differ in their
use of mechanization of agriculture, i.e. use of
diesel for farm implements, and in their use of
electricity for irrigation, i.e. chiefly for ground
water pumping. These characteristics of the
agricultural production regions were delineated
in our study through data sets of each state’s
gross agricultural production (GOI Ministry of
Agriculture 2010), annual average energy use
for farm implements (Nielsen 2013), and
electricity use data for irrigation reported by
the Government of India (GOI Planning
Commission 2014). The water vulnerability
of the different states, represented by the degree
of ground water overdraft (withdrawal in
excess of recharge) is obtained from Suhag
(2016). The ground water overdraft in India has
been exacerbated by the provision of free
electricity for irrigation that has both incentiv-
ized cultivation of water intensive crops such as
rice, as well as increased the use of bore-wells to
access ever deeper sources of water, and hence
increased use of electricity for crop irrigation
(Devineni et al 2013, Suhag 2016). These
second order impacts represent the water-
energy nexus in trans-boundary food produc-
tion, and are used to enhance the existing water
and GHG intensity factors of agri-food
production, described next.

. Supply chain informed resource (and pollu-

tion) intensity factors: Coupled water and GHG
footprints are developed by multiplying the
direct demand for FEW by Delhi (Step A), with
the supply chain-informed water intensity and
GHG intensity factor of producing FEW. Water
footprints include both water withdrawal foot-
prints and water-consumptive loss footprints.
India-specific consumptive water loss intensity
factors and GHG emission factors for agricul-
ture were sourced from Mekonnen and Hoekstra
(2011) and Pathak et al (2010), respectively. A
new data set developed by this team was used for
assessing national-average crop water withdraw-
al and water intensity (blue and green) for food
processing industries in India (Bogra et al 2016).
The above basic agricultural intensity factors
were then augmented with production-specific
features of each state’s agrifood production,
incorporating second-order order effects of
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electricity use for irrigation and mechanization,
based on supply chain data, as described in Step
C. Likewise, the water intensity of electricity
generation was determined by the specific power
plant types (generation amounts, technology
and fuel) serving Delhi, identified in the
dispatch data (Cohen 2014), with corresponding
technology-specific water-intensity factors esti-
mated from (NETL 2010). Note that India-
specific water intensity of power generation are
not available; hence international technology-
specific averages were applied. For GHGs, India
specific emission factors for power generation
(India CEA 2011) and international emission
factors for petro-fuel refining (IPCC 2006) were
applied.

E. Visualizing Coupled Water- and GHG Foot-
prints of FEW Supply, and Supply Chain Risks:
The water- and GHG footprints of Delhi’s FEW
demand are then aggregated by infrastructure
sector (e.g. F, E, W and transportation); the
food related footprints are further analyzed by
individual crops—all of which show both water
and energy/GHG impacts of the city’s FEW
demand on the larger environment. The supply
chain data were also mapped to visualize water-
related supply chain risk—i.e. identify which
states provided the bulk of water embodied in
Delhi’s FEW supply, along with the ground
water vulnerability of these states.

2. Evaluating Delhi’s in-boundary FEW nexus
The second aspect of the FEW nexus framework
focused on in-boundary FEW interactions occur-
ring within Delhi. Several diverse datasets were
integrated to quantify cross-sectoral FEW inter-
actions occurring within the city boundary includ-
ing sub-sectoral interactions noted below:

e W — F: water inputs to city food-related activities
(water for home cooking, commercial prepara-
tion, industrial processing, urban agriculture
irrigation);

e W — E: water inputs to city energy-related
activities (water for fuel processing, electricity
generation, building cooling);

e E — W: energy inputs to city water-related
activities (energy for water supply, treatment and
distribution, (including distribution by tanker
trucks), wastewater treatment, home water
purification;

e E — F: energy inputs to food-related activities
(energy for home cooking and refrigeration,
commercial food preparation, industrial process-
ing and urban agriculture irrigation).

Two additional interactions of food — water
and food — energy within the city are shown in
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figure 1 but were not quantified in Delhi as there is
no significant existing food waste to energy
generation. The diverse activities detailed above
within each of the pair-wise interactions were
quantified by identifying water or energy intensity
factors associated with each sub-activity, along with
the scale of that activity occurring in Delhi. For
example, water for cooking (a sub-sectoral activity
within W — F) was scaled from a range of water use
intensity estimates for cooking, e.g. 10-20 liter
water/person per day as noted by (Gleick 1996) and
the scale of that activity (i.e. Delhi’s population).

We detail all possible interactions within a city
in table S-6, and detail the data needs, availability
and uncertainties in quantifying these interactions
for Delhi. City-scale data for some of these
parameters are unavailable, not only in India but
also in US cities. In such cases, we applied
international benchmarks for missing information,
and conducted a sensitivity analysis to reveal
dominant interactions and to identify where further
data-gathering is critical for assessing key in-
boundary FEW interactions. See SI-2.

Methods outlined in all five steps, together,
provide an accounting of the in-boundary and
trans-boundary water and energy flows related to
urban FEW demand, and the six pairs of urban FEW
interactions.

Results

A. Community-wide FEW demand for Delhi: Delhi’s

2011 community-wide FEW demand are 9 million
tons of food, 33 000 GWh electricity, 206 049 TJ of
fuels and 1 704 million m’ water. Demand is
apportioned as residential, commercial, and
industrial to illustrate the various in-boundary
uses (SI-1 section A). Demand for food is
dominated by direct inputs to homes; thus using
consumer surveys to estimate demand for food is
valuable in assessing future scenarios such as
change in diet, and/or nutrition, including more
equitable diets. Electricity is split among homes,
businesses, and industry, while water-flows are only
disaggregated between residential and non-resi-
dential end users. The sectoral split by direct end-
use of FEW can vary in different world cities.

. Local versus trans-boundary production: Delhi,

locally produces only 10%, 24%, 0%, and 14% of
its direct community-wide food, electricity, other
fuels, and water needs, respectively, highlighting
the importance of understanding both local and
trans-boundary production supply chains that
serve FEW provisioning to Delhi.

. Supply chains and features of regional produc-

tion systems serving Delhi: Trans-boundary
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spatial supply chain data (SI-1 table S-3) show that
>80% of Delhi’s food supply and >45% of
electricity come from the neighboring states of
Punjab, Haryana and Uttar Pradesh. Delhi and
these three surrounding states are highly water
vulnerable with ground water overdraft (ratio of
annual extractions versus recharge) being 137%
170%, 130% and 74%, respectively (Suhag 2016).
Figure 2 illustrates that both the degree of ground
water overdraft and electricity use intensity for crop
production (annual average) for ground water
pumping are high in many states that provide
>75% of Delhi’s food, reflecting the feedback loop
between electricity use and declining ground water
levels. This is a powerful representation of the
trans-boundary FEW nexus, shown in figure 1, that
represents second-order energy inputs due to
electricity needed for irrigation, and water to
produce this electricity.

. Supply chain informed resource (and pollution)

intensity factors: The system-wide environmental
impact of Delhi’s FEW provisioning in terms of
water, energy, and GHG emissions, is shown in
figure 3. In the case of water resource impacts, food
clearly dominates, responsible for 72% water-
withdrawals and 86% of consumptive-water-loss
associated with FEW provisioning to Delhi. Petro-
fuels account for 42% of the total GHG emissions
footprint, followed by electricity at 36%, and food
at 19%, while municipal water supply contributes
relatively little (<1%) to the GHG footprint. Thus,
food is identified as a key sector that substantially
contributes to both water and GHG footprints.

Of note is the impact of the second-order GHG
and water impacts of agri-food production (shown
by the crisscross pattern in figure 3) representing the
energy required for ground water pumping (ground
water-electricity nexus) and farming equipment
(figures 2 and SI table S-4), and the resulting water
requirement to produce the needed electricity. The
trans-boundary ground water-electricity nexus of
agri-food production is seen to have large impact on
the total GHG footprint of food, adding an
additional 38% to the existing GHG intensity of
crop production and transport. The water embodied
in this electricity is relatively small (not visible) in
comparison to the direct water inputs.

The second order impacts of ground water
pumping for agri-food production are also clearly
seen in figure 4, which illustrates Delhi’s food-
related consumptive water-loss and GHG foot-
prints disaggregated by food item supplied to Delhi
(5b), while also noting the percent of supply
sourced within Delhi (5a). Milk noticeably
dominates both the water and GHG emission
footprints (nearly 25 and 40%, respectively), with
rice, wheat, oil, and pulses all contributing
substantially to both impacts, highlighting the
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Figure 2. Characteristics of regional agri-food production and ground water (GW) vulnerability in top eight states of India supplying
food to Delhi (a) gross annual average electricity use intensity for ground water irrigation (b) gross annual average diesel use of farm
equipment and (c¢) ground water vulnerability. GW vulnerability is determined from GW data from Suhag (2016) reporting ratio of
withdrawal to recharge, with the dashed line indicating the over-draft threshold (of 100% beyond which withdrawal exceeds recharge).
State-wise crop production is reported by the GOI Ministry of Agriculture (2010), diesel from Nielsen (2013), state-wise electricity for
agriculture use from the GOI Planning Commission (2014).

types of agri-foods where changes in demand or
production practices can have large impact.

E. Visualizing Coupled Water- and GHG Footprints
of FEW Supply, and Supply Chain Risks: Figure 5
illustrates the spatially disaggregated water impact
of FEW provisioning to Delhi (see SI table S-3 and
S-4). Figure 5 shows that the majority of water
embodied in Delhi’s FEW demand is extracted
from the highly water-vulnerable producing
regions (shown in yellow and orange), helping to
visualize supply risk and future climate constraints
to Delhi’s FEW provisioning.

E Analysis of in-boundary FEW nexus: Figure 6
(ST table S-6), illustrates the in-boundary cross-
sectoral interactions occurring among FEW

sectors within Delhi. Food-related activities (rang-
ing from cooking to urban agriculture), are
prominent within the boundary contributing
25% of Delhi’s total direct water withdrawal and
15% of Delhi’s direct energy needs. Thus, focusing
on food-related efficiencies within Delhi can
therefore pay dual dividends in terms of water
and energy.

The pie charts in figure 6 depict the sub-sector
activities and help identify those with the greatest
potential for future impact. For example, 90% of
energy for food is dominated by household and
commercial food preparation, indicating that cooking
fuel interventions can be important for GHG
mitigation at the FEW nexus within cities. In terms
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Figure 3. Coupled water—energy/GHG footprints of FEW provisioning to Delhi for 2011 from local production (solid bars) and
trans-boundary supply (hatched and cross hatched bars). (a) Percentage of FEW demand (by mass or MWh for electricity) produced
locally; (b) Components of water footprint of FEW supply to Delhi, with withdrawal and consumptive loss shown separately, and blue-
water and green-water component delineated for agri-food; and (¢) GHG emission footprint of FEW supply to Delhi. Energy demand
is shown separately as electricity and petro-fuels, which represent cooking and transportation fuels (including use-phase combustion

of water, urban agriculture contributes 86% of
water withdrawal, suggesting value in exploring the
application of water efficient vertical agriculture technol-
ogies (Specht et al 2014) to mitigate Delhi’s current
ground water overdrafts (Suhag 2016). In contrast, the
energy impact of water services is <1%, suggesting that
developing a more water-equitable city (providing basic
sewerage and wastewater treatment to the 34% of the
population not presently served (Delhi DES 2013b) will
have minimal impact on city-wide energy use.

A sensitivity analysis was conducted to identify if
the dominant in-boundary interactions change sig-
nificantly based on uncertainty of the input param-
eters. The analysis identified energy/water intensities
of commercial food preparation, and possible effi-
ciencies realized by food waste to energy conversion, as
areas where more data are needed in Delhi (see details
in SI-2).

Taken together, as shown in figure 7, the combined
results of figures 3—6 provide the baseline against
which to evaluate the impact of future actions,
including those initiated within the city or beyond
its boundaries.

Discussion

This paper has advanced methods and datasets to
assess the FEW nexus from an urban systems
perspective. The method combines community-wide
FEW demand of cities with spatially detailed coupled
water, energy/GHG footprints of FEW production
(within and outside the city), as well as cross sectoral
interactions within the city boundary. Key recom-
mendations on methodology include:

1. Community-wide food demand analysis must
consider homes and visitors, as well as, food related
businesses and industries within city boundaries.
Delineating household consumption by SES and by
food items is valuable; data on visitors and food-
related commercial- industrial establishments are
sparse, yet essential to address the urban FEW
nexus.

2. Freight data provide rich detail on spatial distribu-
tion of food supply chains to cities. This allows
specific areas of production outside the city to be
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Figure 4. Analysis of Delhi’s agri-food (F) demand, disaggregated by food types. (a) Percentage of demand (by mass) produced locally
(b) GHG emissions footprint of agri-food supply and water consumptive loss footprint of agri-food supply. (Details in SI-1 section A
and table S-1 4-5).
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Figure 5. Visualizing supply chain risk to Delhi’s FEW supply: (a) Trans-boundary water withdrawal by state to support Delhi’s
electricity and agri-food supply; and (b) water withdrawal volume by water body (river) supplying Delhi’s direct water use for direct
water use, versus local ground water withdrawal (shown as a star). (Details in SI-1 table S3). This provides a beginning framework to
visualize Delhi’s supply chain risk from climate constraints.
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linked to food use within the city, enabling
consideration of diverse actors and policies across
scales which shape the FEW nexus. Spatially
delineated supply chains also make visible the
climate and water vulnerable locations that serve a
city’s FEW demand.

3. Spatially disaggregated supply chains enable
spatially-resolved water and energy/GHG intensity
factors associated with food and energy production
to be included in coupled water-energy-GHG
footprints of community-wide FEW supply. This
is essential to assess the FEW nexus outside of
the city boundary, incorporating the wide varia-
tion in energy and water intensities among the
different food producing regions. Demonstrated
for India, the gross annual average electricity
needed for crops varies from 21 kWh to
> 500 kWh per ton, with the higher electricity
requirements in states with a high degree of
ground water overdraft. We also find milk, rice,
wheat and pulses to be agri-foods where improved
production technologies, practices and policies or
diet shifts can have large impacts

4. In-boundary analysis of cross-sectoral FEW inter-
actions requires vast and diverse datasets covering
energy-food, water-food, energy-water, and water-
energy interactions. Among these, urban agricul-
ture and cooking fuels use within the city emerged
as dominant interactions within Delhi that shaped
water and energy for food, respectively. Other in-
boundary interactions such as food-waste-to-energy
and energy intensities of food related industries and
commercial establishments in Delhi were identified
as data gaps with large potential benefits.

5. Visualizing supply chain data shows a majority of
embodied water for FEW supply are from locations
already highly water vulnerable due to ground water
overdraft, suggesting potential supply chain risk.

Applying the trans-boundary, multi-sector,
multi-impact FEW analysis framework in Delhi,
India enables future assessment of system dynamic
interactions among all four key action categories
noted above. In this paper, the implementation has
focused on water (blue, green, consumptive-loss and
withdrawal), energy, and GHG impacts. Future work
can incorporate land and nutrient impacts as well as
impacts on livelihoods and equity along the supply
chains. More spatial detail on Indian agriculture and
power generation, and seasonal variation in water
intensity factors, would add further value. The
framework provides a baseline ‘big picture view’
on which scale (in-boundary versus trans-boundary),
sectors, crops and technologies shape the present-day
environmental impact of FEW supply to cities.
Household diets and behaviors, city policy actions as
well as national agriculture, energy, and water polices,
and emerging transformative technologies such as

W Letters

vertical farming (Specht et al 2014) or food waste to
energy (Levis and Barlaz 2011), can potentially
improve sustainability of the FEW nexus; a quantita-
tive framework for analyses of all these actions
together is presented herein. The framework enables
the role of different actions at different scales and the
tradeoffs among impacts to be quantified, essential
for local and global sustainability.

Acknowledgments

This work was supported by the National Science
Foundation: (Partnership in International Research and
Education award PIRE-1243525 and Sustainability
Research Networks award 1444745). AR developed
the coupled GHG-water footprint concept for FEW
supply, designed the overall framework, methods and
graphics; DB, AF implemented the water footprints
of FEW supply, DB analyzed FEW supply chain data
and connected all datasets together. ASN, AF, DB
contributed the GHG footprints, identified key
datasets, and conducted energy supply chain analysis.
SB and BB contributed water footprinting data for
India. EC contributed background methods and
information on electricity supply chains and ARG
supported data gathering in Delhi. AR & DB wrote
the major portions of the paper. We thank Mr. Jatin
Sarkar for providing the freight database to assess
food flows in this paper.

References

Barron M et al 2011 Understanding New York City’s food supply
(http://mpaenvironment.ei.columbia.edu/files/2014/06/
UnderstandingNYCsFoodSupply_May2010.pdf)

Baynes T, Lenzen M and Steinberger ] K 2011 Comparison of
consumption and production approaches to assessing
urban energy use and implications for policy Energ. Policy
39 7298-309

Bazilian M et al 2011 Considering the energy, water and food
nexus: Towards an integrated modelling approach Energ.
Policy 39 7896-906

Blackhurst B’ Y M, Hendrickson C and Sels i Vidal J 2010 Direct
and indirect water withdrawals for US industrial sectors
Environ. Sci. Technol. 44 2126-30

Bogra S, Bakshi B R and Mathur R 2016 A water-extended
input-output model of the indian economy Environ. Sci.
Technol. 50 1313-21

BSI (British Standards Institution) 2013 PAS 2070: 2013—Specification
for the assessment of greenhouse gas emissions of a city (http://
shop.bsigroup.com/Browse-By-Subject/Environmental-
Management-and-Sustainability/ PAS-2070-2013/)

Chavez A and Ramaswami A 2013 Articulating a trans-boundary
infrastructure supply chain greenhouse gas emission
footprint for cities: mathematical relationships and policy
relevance Energ. Policy 54 37684

Chavez A, Ramaswami A, Nath D, Guru R and Kumar E 2012
Implementing trans-boundary infrastructure-based
greenhouse gas accounting for Delhi, India J. Ind. Ecol. 16
814-28

City of Minneapolis Office of Sustainability 2013 Minneapolis
Climate Action Plan (www.minneapolismn.gov/www/
groups/public/@citycoordinator/documents/webcontent/
wemslp-109331.pdf)

12


http://mpaenvironment.ei.columbia.edu/files/2014/06/UnderstandingNYCsFoodSupply_May2010.pdf
http://mpaenvironment.ei.columbia.edu/files/2014/06/UnderstandingNYCsFoodSupply_May2010.pdf
https://doi.org/10.1016/j.enpol.2011.08.053
https://doi.org/10.1016/j.enpol.2011.09.039
https://doi.org/10.1021/es903147k
https://doi.org/10.1021/acs.est.5b03492
http://shop.bsigroup.com/Browse-By-Subject/Environmental-Management-and-Sustainability/PAS-2070-2013/
http://shop.bsigroup.com/Browse-By-Subject/Environmental-Management-and-Sustainability/PAS-2070-2013/
http://shop.bsigroup.com/Browse-By-Subject/Environmental-Management-and-Sustainability/PAS-2070-2013/
https://doi.org/10.1016/j.enpol.2012.10.037
https://doi.org/10.1111/j.1530-9290.2012.00546.x
https://doi.org/10.1111/j.1530-9290.2012.00546.x
www.minneapolismn.gov/www/groups/public/@citycoordinator/documents/webcontent/wcms1p-109331.pdf
www.minneapolismn.gov/www/groups/public/@citycoordinator/documents/webcontent/wcms1p-109331.pdf
www.minneapolismn.gov/www/groups/public/@citycoordinator/documents/webcontent/wcms1p-109331.pdf

I0P Publishing

Environ. Res. Lett. 12 (2017) 025008

City of Toronto 2000 Toronto’s Food Charter (www.foodsecuritynews.
com/presentations/Toroto_Food_Charter.pdf)

Cohen E 2014 The Water Footprint of Urban Energy Systems:
Concepts Methods and Applications for Assessing Electricity
Supply Risk Factors (Denver: University of Colorado)

Cohen E and Ramaswami A 2014 The water withdrawal footprint
of energy supply to cities: conceptual development and
application to Denver, Colorado, USA J. Ind. Ecol. 18 26-39

Comptroller and Auditor General (CAG) of India 2013 Thematic
Audit of Water Management in Delhi (Delhi) (www.cag.
gov.in/)

Delhi Transco Limited 2014 Annual Report 2013-14 (Delhi)
(http://dtl.gov.in/)

Delhi DES (Directorate of Economics and Statistics) 2013a Delhi
Statistical Hand Book (Delhi) (www.delhi.gov.in/wps/wem/
connect/DOIT_DES/des/home/)

Delhi DES (Directorate of Economics and Statistics) 2013b
Economic Survey of Delhi 2012-13 (Delhi) (www.delhi.gov.
in/wps/wem/connect/DOIT_DES/des/home/)

Delhi DES (Directorate of Economics and Statistics) 2010 Report on
Annual Survey of Industries Government of India (Delhi)
(www.delhi.gov.in/wps/wem/connect/DOIT_DES/des/home/)

Denver’s Climate Resiliency Committee 2014 City and County of
Denver Climate Adaptation Plan (Denver) (www.denvergov.
org/content/dam/denvergov/Portals/771/documents/Climate/
Climate_Adaptation_Final%20with%20letter.pdf)

Devineni N, Perveen S and Lall U 2013 Assessing chronic
and climate-induced water risk through spatially
distributed cumulative deficit measures: a new picture
of water sustainability in IndiaWater Resour. Res. 49
213545

DVRPC (Deleware Valley Regional Planning Commission) 2011
Eating Here: Greater Philadelphia’s Food System Plan
(www.dvrpc.org/reports/10063.pdf)

Gleick P H 1996 Basic water requirements for human activities:
meeting basic needs Water Int. 21 83-92

Gleick P H 2003 Water use Annu. Rev. Environ. Resour. 28 275-314

GOI (Government of India) Planning Commission 2014 Annual
Report on the working of State Power Utilities and Electricity
Department (http://xlink.rsc.org/{DOI=c1dt90165f)

GOI (Government of India) CGWB (Central Ground Water
Board) 2012 Ground Water Year Book 2011-12
(Faridabad) (www.cgwb.gov.in/)

GOI (Government of India) Ministry of Agriculture Deparment
of Animal Husbandry Dairying and Fishery 2014 Basic
Animal Husbandry and Fisheries Statistics (New Delhi)
(dahd.nic.in/)

GOI (Government of India) Ministry of Tourism 2010 Tourism
survey in the State of Delhi Annual Final Report (Delhi)
(http://tourism.gov.in/sites/default/files/Other/Delhi_0.pdf)

GOI (Government of India) MSPI (Ministry of Statistics and
Programme Implementation) 2011 National Sample Survey
(Delhi) (www.mospi.gov.in/)

GOI (Government of India) NHB (National Horticulture Board)
2011 Indian Horticulture Database (Delhi, India) (nhb.gov.in)

GOI (Government of India) Planning Commission 2008 Total
transport system study on traffic flows and modal costs
(Delhi) (http://12thplan.gov.in/)

Goldstein B, Birkved M, Fernandez ] and Hauschild M 2016
Surveying the environmental footprint of urban food
consumption J. Ind. Ecol. (https://doi.org/10.1111/jiec.12384)

Hertwich E G and Peters G P 2009 Carbon footprint of nations: a
global, trade-linked analysis Environ. Sci. Technol. 43 6414-20

Hillman T and Ramaswami A 2010 Greenhouse gas emission
footprints and energy use benchmarks for eight US cities
Environ. Sci. Technol. 44 1902-10

Hu Y, Lin J, Cui S and Khanna N Z 2016 Measuring urban
carbon footprint from carbon flows in the global supply
chain Environ. Sci. Technol. 50 6154—63

ICLEI—Local Governments for Sustainability USA 2012 US
Community Protocol for Accounting and Reporting of
Greenhouse Gas Emissions 1-67 (http://icleiusa.org/ghg-
protocols/)

W Letters

India CEA (Central Electricity Authority) 2011 Power Supply
Monthly Reports—Power Allocation from the Central
Sector (Delhi) (www.cea.nic.in/monthlypowersupply.
html)

IPCC (Intergovernmental Panel on Climate Change) 2006 IPCC
Guidelines for National Greenhouse Gas Inventories 2006
(www.ipcc-nggip.iges.or.jp/public/2006gl/)

Jenerette G D, Wu W, Goldsmith S, Marussich W A and
John Roach W 2006 Contrasting water footprints of
cities in China and the United States Ecol. Econ. 57
346-58

Jones C and Kammen D M 2014 Spatial distribution of US
household carbon footprints reveals suburbanization
undermines greenhouse gas benefits of urban population
density Environ. Sci. Technol. 48 895-902

Kennedy C and Hoornweg D 2012 Mainstreaming urban
metabolism J. Ind. Ecol. 16 7802

Kennedy C, Steinberger J, Gasson B, Hansen Y, Hillman T,
Havranek M, Pataki D, Phdungsilp A, Ramaswami A
and Villalba Mendez G 2009 Greenhouse gas emissions from
global cities Environ. Sci. Technol. 43 7297-302

Levis ] W and Barlaz M A 2011 What is the most
environmentally beneficial way to treat commercial food
waste? Environ. Sci. Technol. 45 7438—44

Lin J, Hu Y, Cui S, Kang J and Ramaswami A 2015 Tracking
urban carbon footprints from production and
consumption perspectives Environ. Res. Lett. 10 054001

Lin J, Liu Y, Meng E Cui S and Xu L 2013 Using hybrid method
to evaluate carbon footprint of Xiamen City, China Energ.
Policy 58 220-7

Maupin M A, Kenny J F, Hutson S S, Lovelace J K, Barber N L
and Linsey K S 2014 Estimated use of water in the United
States in 2010 US Geol. Surv. Circ. 1405 56

Mekonnen M M and Hoekstra A'Y 2011 National water footprint
accounts: the green, blue and grey water footprint of
production and consumption (Delft, The Netherlands)
(http://waterfootprint.org/en/)

Nielsen 2013 All India Study on Sectoral Demand of Diesel and
Petrol 104 (http://ppac.org.in/WriteReadData/Reports/
201411110329450069740AllIndiaStudyonSectoralDemandof
Diesel.pdf)

NETL (National Energy Technology Laboratory) 2010 Estimating
Freshwater Needs to Meet Future Thermoelectric Generation
Requirements: 2010 Update (www.netl.doe.gov/energy-
analyses/pubs/2010_Water_Needs_Analysis.pdf)

Pathak H, Jain N, Bhatia A, Patel ] and Aggarwal P K 2010
Carbon footprints of Indian food items Agric. Ecosyst.
Environ. 139 66-73

Ramaswami A, Hillman T, Janson B, Reiner M and Thomas G
2008 A demand-centered, hybrid life-cycle methodology
for city-scale greenhouse gas inventories Environ. Sci.
Technol. 42 6455-61

Ramaswami A, Russell A, Culligan P, Sharma K R and Kumar E
2016 Meta-principles for developing smart, sustainable,
and healthy cities Science 352 940-3

Ramaswami A, Weible C, Main D, Heikkila T, Siddiki S, Duvall
A, Pattison A and Bernard M 2012 A social-ecological-
infrastructural systems framework for interdisciplinary
study of sustainable city systems J. Ind. Ecol. 16 801-13

Romero J 2012 Lack of rain a leading cause of indian grid
collapse IEEE Spectr. (http://spectrum.ieee.org/energywise/
energy/the-smarter-grid/disappointing-monsoon-season-
wreaks-havoc-with-indias-grid)

SF DE (San Francisco Department of the Environment) 2013
Climate Action Strategy (San Francisco) (http://
sfenvironment.org/cas)

Specht K, Siebert R, Hartmann I, Freisinger U B, Sawicka M,
Werner A, Thomaier S, Henckel D, Walk H and Dierich A
2014 Urban agriculture of the future: an overview of
sustainability aspects of food production in and on
buildings Agric. Human Values 31 33-51

State of California Executive Department 2015 Executive Order
B-29-15 (United States) (www.gov.ca.gov/)

13


www.foodsecuritynews.com/presentations/Toroto_Food_Charter.pdf
www.foodsecuritynews.com/presentations/Toroto_Food_Charter.pdf
https://doi.org/10.1111/jiec.12086
www.cag.gov.in/
www.cag.gov.in/
http://dtl.gov.in/
www.delhi.gov.in/wps/wcm/connect/DOIT_DES/des/home/
www.delhi.gov.in/wps/wcm/connect/DOIT_DES/des/home/
www.delhi.gov.in/wps/wcm/connect/DOIT_DES/des/home/
www.delhi.gov.in/wps/wcm/connect/DOIT_DES/des/home/
www.delhi.gov.in/wps/wcm/connect/DOIT_DES/des/home/
www.denvergov.org/content/dam/denvergov/Portals/771/documents/Climate/Climate_Adaptation_Final%20with%20letter.pdf
www.denvergov.org/content/dam/denvergov/Portals/771/documents/Climate/Climate_Adaptation_Final%20with%20letter.pdf
www.denvergov.org/content/dam/denvergov/Portals/771/documents/Climate/Climate_Adaptation_Final%20with%20letter.pdf
https://doi.org/10.1002/wrcr.20184
https://doi.org/10.1002/wrcr.20184
www.dvrpc.org/reports/10063.pdf
https://doi.org/10.1080/02508069608686494
https://doi.org/10.1146/annurev.energy.28.040202.122849
http://xlink.rsc.org/?DOI=c1dt90165f
http://www.cgwb.gov.in/
www.dahd.nic.in/
http://tourism.gov.in/sites/default/files/Other/Delhi_0.pdf
www.mospi.gov.in/
www.nhb.gov.in
http://12thplan.gov.in/
https://doi.org/10.1111/jiec.12384
https://doi.org/10.1021/es803496a
https://doi.org/10.1021/es9024194
https://doi.org/10.1021/acs.est.6b00985
http://icleiusa.org/ghg-protocols/
http://icleiusa.org/ghg-protocols/
http://www.cea.nic.in/monthlypowersupply.html
http://www.cea.nic.in/monthlypowersupply.html
www.ipcc-nggip.iges.or.jp/public/2006gl/
https://doi.org/10.1016/j.ecolecon.2005.04.016
https://doi.org/10.1016/j.ecolecon.2005.04.016
https://doi.org/10.1021/es4034364
https://doi.org/10.1111/j.1530-9290.2012.00548.x
https://doi.org/10.1021/es900213p
https://doi.org/10.1021/es103556m
https://doi.org/10.1088/1748-9326/10/5/054001
https://doi.org/10.1016/j.enpol.2013.03.007
https://doi.org/10.3133/cir1405
http://waterfootprint.org/en/
http://ppac.org.in/WriteReadData/Reports/201411110329450069740AllIndiaStudyonSectoralDemandofDiesel.pdf
http://ppac.org.in/WriteReadData/Reports/201411110329450069740AllIndiaStudyonSectoralDemandofDiesel.pdf
http://ppac.org.in/WriteReadData/Reports/201411110329450069740AllIndiaStudyonSectoralDemandofDiesel.pdf
www.netl.doe.gov/energy-analyses/pubs/2010_Water_Needs_Analysis.pdf
www.netl.doe.gov/energy-analyses/pubs/2010_Water_Needs_Analysis.pdf
https://doi.org/10.1016/j.agee.2010.07.002
https://doi.org/10.1021/es702992q
https://doi.org/10.1126/science.aaf7160
https://doi.org/10.1111/j.1530-9290.2012.00566.x
http://spectrum.ieee.org/energywise/energy/the-smarter-grid/disappointing-monsoon-season-wreaks-havoc-with-indias-grid
http://spectrum.ieee.org/energywise/energy/the-smarter-grid/disappointing-monsoon-season-wreaks-havoc-with-indias-grid
http://spectrum.ieee.org/energywise/energy/the-smarter-grid/disappointing-monsoon-season-wreaks-havoc-with-indias-grid
http://sfenvironment.org/cas
http://sfenvironment.org/cas
https://doi.org/10.1007/s10460-013-9448-4
www.gov.ca.gov/

I0P Publishing

Environ. Res. Lett. 12 (2017) 025008

Suhag R 2016 Overview of Ground Water in India (www.
prsindia.org/administrator/uploads/general/1455682937 ~~
Overview of Ground Water in India.pdf)

Thompson E, Harper A M and Kraus S 2008 San Francisco
Foodshed Assessment (www.thegreenhorns.net/wp-content/
files_mf/1340378421SanFranciscoFoodShed Assessment.pdf)

US Department of Energys 2014 The Water-Energy Nexus:
Challenges and Opportunities (http://energy.gov/under-
secretary-science-and-energy/downloads/water-energy-
nexus-challenges-and-opportunities)

USGS 2010 Estimated Use of Water in the United States County-
Level Data for 2010 (https://water.usgs.gov/watuse/data/
2010/index.html)

W Letters

UN (United Nations) Department of Economic and Social
Affairs 2015 World Urbanization Prospects: The 2014
Revision (https://esa.un.org/unpd/wup/)

Vermeulen S J, Campbell B M and Ingram J S I 2012 Climate
change and food systems Annu. Rev. Environ. Resour. 37
195-222

Wolman A 1965 The metabolism of cities Sci. Am. 213 179-90

Xue Y and Xiao S 2013 Generalized congestion of power systems:
insights from the massive blackouts in India J. Mod. Power
Syst. Clean Energy 1 91-100

14


www.prsindia.org/administrator/uploads/general/1455682937~~Overview of Ground Water in India.pdf
www.prsindia.org/administrator/uploads/general/1455682937~~Overview of Ground Water in India.pdf
www.prsindia.org/administrator/uploads/general/1455682937~~Overview of Ground Water in India.pdf
www.thegreenhorns.net/wp-content/files_mf/1340378421SanFranciscoFoodShedAssessment.pdf
www.thegreenhorns.net/wp-content/files_mf/1340378421SanFranciscoFoodShedAssessment.pdf
http://energy.gov/under-secretary-science-and-energy/downloads/water-energy-nexus-challenges-and-opportunities
http://energy.gov/under-secretary-science-and-energy/downloads/water-energy-nexus-challenges-and-opportunities
http://energy.gov/under-secretary-science-and-energy/downloads/water-energy-nexus-challenges-and-opportunities
https://water.usgs.gov/watuse/data/2010/index.html
https://water.usgs.gov/watuse/data/2010/index.html
https://esa.un.org/unpd/wup/
https://doi.org/10.1146/annurev-environ-020411-130608
https://doi.org/10.1146/annurev-environ-020411-130608
https://doi.org/10.1038/scientificamerican0965-178
https://doi.org/10.1007/s40565-013-0014-2

	An urban systems framework to assess the trans-boundary food-energy-water nexus: implementation in Delhi, India
	Introduction
	Framework
	Overview of methods
	Results
	Discussion
	Acknowledgements
	References


