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A Systemsdevel Framework for Understanding Sustainability and Resilience
of theU.S. FoodEnergyWater Nexus

Nemi Chetanbhai Vor&hD

University of Pittsburgh2019

Global population growth, environmental change, and increasing urbanization are
pressurizing already constrained resources such as food, energy, and water. Food, energy, and
water systems are interconnected in myriad ways and require an integrated mahagenoach
(referred to ashe FEW nexus) to avoid unintended consequences. This work fibounsgigation
and phosphorus fertilizer as critical avenues to understand interdependencies between FEW
systems in the United States (U.Specifically, we foaosed on modeling and analyzing FEW
systemsthroughthe lens of domestic food trad€ood trade networks represent pathways for
displacing vast quantities of embodieshvironmental impactsassociated with agriculture
production. Therefore, quantifying theigin and destination of food flowsnd associated
environmental impacts is central for understanding the sustainability and resiliethe/F&W
nexus Combining food trade data with information on waise fertilizer application, irrigation
energy expnsesand life cycleassessment methqdsis work quantifid embodied phosphorus
fertilizer, irrigation water, energy, and greenhouse gas (GHG) emissions associated with food
trade.Through a network theory approach, this work further charactktieeretwork structure
and its implications for the sustainability and resilience of the FEW systems. Finally, an
optimization modeWwasdeveloped to assess the feasibility of rewiring the food trade network for
enhancing the environmental sustainability of FEystems Results shoed that the GHG

emissions associated with irrigation are similar to emissions from the US cement industry. For



food trade networks, proximity tatrading partner is an important factor drivitige trade with
neighboring states tradingore, but it ould be a potential risk if these states depend on the same
water source for agriculture. The findings of this work also highlight the challenges in restructuring
trade to avoid tradeoffs between water and energy use. The results of tskatetghosphorus
trade model reveatl phosphorus fertilizer use savings with states using phosphorus fertilizer
efficiently exporting to less efficient states. Finally, this work disadisskallenges and

opportunities in improving our current understagdai resource use e U.S. agriculture.
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1.0 Introduction

1.1 Food-Energy-Water nexus

To securghen a t $ emergy supply from foreign oil, transition to renewable fuels, and
boost farmero6s incomes, the U. Sforo&omonegacas s has
As part of the Energy Security Act of 2005 and later Energy Independence and Secunity Act
2007 the government introduced and expanded the Renewable Fuel StandardsR{FFS).
promoted the biofuel industry by mandating a reservation quota for biofudle iourrent
transportation fuel mix, provided tax credits, loans, and large research. §kénits RFS went
under manyrevisions with increasing focus on cellulosic and advanced biofuels, the initial
promotion of corn ethanol and other feops basedbiofuds sparked the debate on diverting
valuable agricultural resources from feeding the population to producing bjaf3gIsA major
related concern was the use of large quantities of water for crop production and subsequent
downstream pollution due taexcessive agriculturerunoff and nutrient overloadingin
waterbodieg4] This is one of the classic examples on how an effort to secure one resource (i.e.
energy) has caused unintended consequences on other resources (food, land, and water) in the
United States.

Food, energy, and water resources are deeply interconnectetheatmhnections are
known as theFEW nexus. The interdependencies between food, energy, and water are very
apparent in dayo-day livesand yethistorically each resource has beeanaged separat€fl§]

For example, water and energy aegquired for irrigating agriculture to produce food, energy is

used across the entire food supply cf@inwater is needed for producing biofy&ls



hydropowef8], and thermoelectric power plafik Energy is required to tr¢a0] and desalinat

water[11] Generally, decisions regarding management of each resource are made separately and
by assuming abundance of the other is available. As the wopldlationis expected tgurpas 9

billion people in 2050, the challenges associated with securing access to food, energy, and water
for the entire population will be an uphillbatfl2l Thus fAsi |l oso thinking of
resources can result in overlooking important tradeoffs. Therefore, future management and
planning will require considering these interactions as we invest intéony financial and
infrastructure decisits[5]

In 2011, Hoffet a[13l hi ghl i ght ed the concept of fAnexu
target food, energy, and water security for the background papehe Bonn Confererc
Numerous studies previously and around the samediscessed similar issues aaditlined the
significance of these interlinkages through case studies asdaradction[14-20] The concept of
nexusis not new, similacalls for integrated water resource management (IWRMgpanoach to
promote simultaneous development of water and associated resources for social and economic
benefits, date back to 19621] Similarly, the Integrated Natural Resource Management concept
was put forward to integrate farm level objectives with ecosystem sef2ilellowever, each
previous concept was defined based on gudar system as opposed to jointly investigating food,
energy, and water systeif&3] For instance, following the framework of IWRM, water would be
considered a resource while food and energy system the endi@dreerefore, FEW nexus was
an improvement in the sense that a clearly outlined 4hreeged approach was put fofd8, 24]

Recently, international and national funding fesearcton the topid25-27] have mobilized the
approactwith manystudies providing and continuing to provigiganttative assessment for these

interconnection$28-35] Many variations of the concept exist with stwdigoining the terms



EnergyWaterFood (EWF) nexyd7], WaterEnergyFood (WEF) nexus6|, ClimateLand
EnergyWater (CLEW nexug$®7] etc., however, the underlying message of the concept remains

the same

1.1.1 Systems Analysisand The FEW nexus

There is a consensus amongst proponents of FEW nexus to adopt an integrated holistic
systems perspective to aitadecisionmakingb, 17, 18, 38] Here, ystems analysis refersutsing
acollection of models and assumptions to represaality of social and environmental interactions
for informing policy relevantdecisions. Before discussing specific systems methods used in this
work for modeling the FEW nexus, this section introduces the concept of systems analysis and
distinguishest from the term fia systeno.

A system is a collection of many components working together as a network to
provide/support a function. Each component of a system interacts and is interdependent on others.
Through these interactions, specific properties, paterstructure arise which are not observed
by just considering the individual components, therefore a system is said to be greater than the
sum of its parts. This property]l[39 hoiugderstadt o a
why this phenomenon occurs, a holistic perspective is required which is termed as systems thinking
or systems analysis. Systems analysis not only looks at interaction within a systeatsobut
external interactions including feedbacks between a systeriseenvironment.The concept of

systems analysis goes beyond a linearized eeffieet way of approaching a problem and



recognizes that real world problems are complex and nonlinear and may arise not from a single

causeeffect interaction but due to narous feedbacks between involved components.

1.1.1.1Network analysis

Networks are an inherent part of systems analysis as network analysis or graph theory
focuses on connectivity between individual systemsefvork represents a collection of nodes
(vertices) canected with links (edgémcy. Application of retwork analysishas been prevalent
in analyzingsocial network[40], brain networkgt1], ecological networKg?2], and transportation
network$43]. Recently, it has gained traction to tackle sustainability and industrial ecology
relatedissue$d4-46] including work on virtual wat¢d7-50] and food trade network$1, 52]. As
developed network measures are rooted in disparate disciplines, there are no universal
interpretations foenvironmentakustanability. Thus, an important contributiaf this work is

contextualizing network analysis ftireU.S. FEW nexus challenges.

1.1.1.20perationsresearch

Early literature on systems analysis started with the discussion on soft operations research
usedqualitativecasestudy approach@s3] to solve problemsbut since theroperations research
as part of systems analysis has evolved into rigorous quantitative models used for policy
decision§54-56]. This work specifically focuses on optimization as a methaassess whether
competing food, energy, and water resource goals can be balanced for simultaneous gains. The
aim is to reveal tradeoffs associated with optimizing for a singular objective (i.e. water use) vs.
multiple objectives. Additionally, this work gtelops a robust optimization model that considers

uncertainty in datasets to arrive at solutions that are feasible.



1.1.1.3Life cycle assessment

Life cycle assessment (LCA) provides a systematic tool to evaluate and measure
environmental impact associated witle entire life.cycle of a product or a service. Based on the
defined system boundargn LCA study may consider various stages of a supply chain ranging
from raw material extraction to endise and disposal phase. Therefore, LCA provides a
comprehensive aotnting of direct and indirect environmental impacts of a product or a s@rsice
life cycle. It is primarily useful in identifying inefficiencies and hotspots for environmental
burdens within the supply chain or in comparing environmental performances dimilar
products.From a sustainability perspective, life cycle assessment (LCA) has emerged as the
preferential method for evaluating the environmental impaictee FEW nexusPrevious work
has focused on the LCA of food crops withhemphasis on lé cycle energy consumption and
greenhouse gas (GHG) emissif6s57-63] Thee have been dedicated studies focusing on
energywater interrelationshi64-67],and foodwater relationships wit a focus on water
footprinting studie$68-70] Recently, studies have extended the system boundary and begun

addressing the entirety of fo@hergywater sygems with a life cycle perspectiy28, 71-73]
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Figure 1. A schematic of FEW nexus framework

The FEW nexuschallenges associated wiim agriculturecentric developed nation such
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1.1.2 Food-Energy-Water nexus for the United States

as the U.Sare different from developed countries that rely on external impodesvaiopingagre
economiesThis work specifically address two issuesfor the U.S 1) impact of irrigation in
domestic food trade and 2) assessment of phosphorus fersiefar food production and trade.
While irrigation provides complementary support tain-fed agriculture, inappropriate use may
impact current groundwater leveladsoil salinity as well as contribute to GHG emissions through

the use of inefficient and nererewable irrigation pumpg28, 32] Additionally, production of




chemical fertilizers is energy intensjvd] and unregulated excessive us@y cau® nutrient

overloading in waterbodies with subsequent eutrophidati)n

1.1.2.1The role of foodtrade in US FEW nexus

There is ayrowing disconnect between place of food production and consungyitioaily .
Even within the U.S.regional variation exists between agricultural resewcailability and
densely populated food demand centers. For instahe high plains in the U.S. is labeled the
Abreadbasket regiono due t o s,iFprida, &nd Wasmngtongr a i n
produce majority offruits, nuts and vegetaldeDependingon theagriculture practices in the
productionregion trade can alleviate or increase environmental impacts associated with food
consumption].76] This work connects the ginonmental impacts ofagriculture with food trade
through networks ofvirtual water, energy, and nutrient flow$rade of embodied (or virtual)
resources refers to resoamese and environmental impacts resulting due to food production but
are not actually physically embedded in the trade concept of embodied resources aids in a)
better management of local resources through quantification b) helps drive the dialogue of
internalizing the cost of pollutionThe idea was popularized through a growing interest in
estimaing water embodied inhe trade of food commoditiesidentified aswater footprint and
virtual waterliteraturg.[77-83] Virtual water refers to the quantity of water associated with food
production and tradiB4] First introducedy Allan[85] virtual water flow from water rich to water
scarce regions through food trade can help alleviate stress from agriculturaltiproduarid
regions, thus preventing substantial investment in building water conveyance systems for physical
water transfersAlthough previous studies have reported the opposite occurring in[86jirzand
India[87] The concept of water footprint is similar to virtual water, but clearly distinguishes source

through separately accounting for blue water footprints (surface water, or ground water), green

7



water footprints (rainwater) andeyr water footprints (polluted wat€i§8] Similar concepts have
been adopted for virtual nutrief®9-91], embodied carb¢@2], land93], and embodied air

pollution[94]

1.1.3 Criticism of the FoodEnergy-Water nexus

A few have criticized the overuse of the word FEW nekBcating that while it is
conceptually sound and unarguable that these resources are interconnected, the term is ambiguous
in terms ofprescribing anethodology[ 95, 96] Here some of the criticism is addressed stirength
of the FEW nexudies in the ambiguity of not prescribing a comprehensive framework as the
succesll implementationof national and local policiedepend orbeing adaptable to local
requirement$97] It is also pointed out that by setting such an arbitrary bounds on these resources,
FEW nexusnisses the opportunity to consider other factors such as human health, livelihood, farm
chemicals et§96] This is interestingly in direct contradiction to criticism on IWRM, which was
considered unsuccessiinl translating to policy as it was too broad in scff#. Wichelng96]
particularly pointed out that maisyudies applgimilarconcepts to studgxchanges between food,
energy, water systemsvithout explicitly defining the eéxus concept. Andherefore, terming a
policy or an appr doasnbtin@ase tneecieatiic merg lpy dedirang #6]0
While it is true that a study or Ipethdritusgs@das ef f
specific term or not, having a general umbrella under which such case studies, policies, and
research can be compiled provides a huge opportunity to mobilizesleatgefunding, exchange
knowledge, and support interdisciplinary and ingerecy collaboration. While FEW nexus has
indeed become a buzzw@@d], the interest garnered can be positive for science and palicy.
important consideration that FEW nexus proponents shaegg in mind is thaan integrated
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approach may not be the panasechalways provide optimal outcom§ga9] In fact, considering

too many factors at once may make a system unsolvable or at best provide a pareto optimal solution
which may note agreeable to all. Additionally, it should be kept in mind that realistically, one
interest lobby may be stronger than the others and no consensus may be reached as to the best

approach forwarg97].

1.2 Sustainability and Resilience

As the framework discussed in the thesis refers to assélesgstainability and resilience
of the FEW nexus, this section introduces the context for the two terms that are often use
interchangeably and have many d#foms[100] The case studies presented in subsequent
chapters are not prospective studies but rather evaluations based on recently published government
data. Therefore; at her t han referring to the tradition
f ut ur e oBrdndtlanchrepofil@l], here the sustainabilityas a narrower definition limited
to environmental sustainalii and interpreted with a focus on life cycle thinking.

The concept of resilience stems from many disciplines including disaster management,
ecology, engineering, and psycholdd9Z Resilience can either be interpreted as ability to
withstand pressure/shock or adapt to maintain function. Hesdience of a systens defined
from a complex network perspectjvand includes examining belvior of a network under
shock[103 Theshockis definedeither asa random failuregr a targeted removal of nodg03
As domestic trade is not hindered by international trade barriers argtatelttionist policieshe
response of a region to shodkgood systermay not foll ow a similar pat

in eliminating international exports, at bestmay reduce exports to neighboring regions.
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Therefore, resilience is also examined from the lenscofogywhereit is definedas abalance
between efficiency and redundar{d@4 A network with efficient connections may be brittle,
while redundant connections would resultviastebut be more robustt is importantto note that
this definitionof balanceis often at odds with the view of sustainability whérenly refers to
resource use efficienfl05] and redundancy may be viewed unfavorablgwever, this ofteris
not the case when lorigrm sustainability goals are considef&@5 Although, it is useful to note
that resilience does not always carry positive connotation and may not be {E3ted.
Agricultureds resilience to withstand drought
sustainable in the long ruihis is a very relevant distinctn for food production systespwhere
often policies are implemented as a protection against a shock, needawsktered in light for
long term sustainability

It is worth mentioning here thatere is often a discussion regarding whether resilience is
a subset of sustainability or vice verda.mentioned above, resilience may not always be desirable
and work in opposition to long term sustainability go&lserefore sustainability can be seen as

an umbrellaunder whichresilienceis but onecomponentf it.

1.3 Research questions and objectives of the study

The objective of this studyasto develop a networkheorybasedframework to assess
food-energywater nexus impacts in the.® with a focus on irrigation and nutrientBhiswasa
datadriven study andcemployedthe use of interdisciplinary methods derived from industrial
ecology, life cycle assessmeptpbability & statistics, operations researahd network theory.

The propose work hadthree broader objectives:
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Objective 1. Develop a systemdevel framework for modeling domestic food trade

incorporating virtual water, embodied irrigation ener@ylgreenhouse gd&HG) emissions

Objective 2. Apply network theory techniquestilizing metrics from social network
analysis and ecological network analysis to identiyoverall structure, patterns in notevel

interactions, and key players across the food and embodied resource/impact networks.

Objective 3. Develop an optimizédn- based approaclttgllaborative to improve trade
efficiency through minimizing environmental impacts and resource consumption, and assess trade

offs and synergieacross the domestic FEW nexus

Objective 4. Quantify embodied inorganic phosphorus irfsldood trade and assess data

gaps inthecurrent understanding of phosphorus application in tise &gyriculture.
With these objectives, wapughtto answethe following research questions (RQ):
RQ 1.What is the magnitude of irrigation impacts across US food production system?

RQ 2.How different are the spatial trends in environmental emissions and resource use across
states?

RQ 3.What is the network structure of the food trad&® what are the resulting dependencies
arising from how states trade with each other?

RQ 4.Is the food trade oanized in a way that results in resource use savings or losses?

RQ 5.Can we optimize food trade to achieve simultaneous eneaigr savings?
Published and anticipated journal publications resulting e hD:
Vora, N., Shah, A., Bilec, M. M., & Khanna, \(2017). FoodEnergy Water Nexus:

Quantifying Embodied Energy and GHG Emissions from Irrigation through Virtual Water

Transfers in Food TradACS Sustainable Chemistry & Engineerib(), 21192128.
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Vora, N., Fath B.D.& Khanna, V. 2019). An Informatia Theory Approach to measure
Trade Dependencies in US FebhdergyWater Nexus.Environmental Science & Technology
(Accepted, pending minor revisions)

Vora, N.,& Khanna, V. (209). Embodied Phosphorus in Interstate U.S. Food Transfers:
Sustainability Impltations for FooedEnergyWater Nexus(in preparation)

Vora, N., Gillen CP., Prokopyev QA., Khanna, V. (2019)Re-wiring the domestic food

trade network: a study of foeehergywater tradeoffs and synergies preparation)

Auxiliary journal publications resulting from PhD:

Zaimes, G., Vora, N., Chopra, S., Landis, A., & Khanna, V. (2015). Design of sustainable
biofuel processes and supply chains: challenges and opportuRibessses3(3), 634663.

Organization of the Dissertation

The disgrtation is organized as follows:

Chapter 2 presents the framework for assembling disparate data sources to construct
domestic food trade networks across the U.S. It glseamtifiesa) virtual watey b) embodied
energy andc) embodied greenhouse gas emoiss in the food trade. Additionally, the framework
is presented in a graph theory format with metrics from social network analysis computed.

Chapter 3 further builds on the FEW nexus framework and analyzes the dependencies
arising from the a) structure tie networkand b) use of specific energy and water resources in
production of food. Additionally, the chapter introduces the concept of null model for food trade
(i.e., a random network) and compares it to the observed trade to assess statistiazd rsogniff

observed interactions.
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Chapter 4 develops an optimization routine for rice trade across the U.S. with a view to
optimize water and greenhouse gas emissions impact. It further explores various scenarios
regarding reducing impacts and assesseggigseand tradeoffs arising in the embodied irrigation
network.

Chapter 5 quantifies embodied phosphorus@domestic food trade network andhether
current food trade results in phosphomuse savings or losses. This is done by comparing
production andertilizer use practices for states producing similar crops. Furthermore, the chapter
discusses data gapstime current understanding of inorganic phosphorus application. Chapter 6

discusses conclusions and future work.

1.4 Intellectual merit and broader impacts

The goal of this research is to construct a systems level framework to understand FEW
nexus athenational level. To this end, this work quai@#and provide comprehensive estimates
of embodied impacts and resource consumption within the domestic food trade. Specifically, this
work builds a spatially explicit inventory of irrigation specific virtual water, embodied energy,
embodied GHG emissions, and embodrextganic phosphorus fertilizer estimates within th8.U
food trade. As significant regional variation exists between water quantity, energy supply, and
crop-fertilizer management practices across the U.S., quantifying origin and destination of food
trade will support in understanding interdependencies of domestic food production and
consumption. The network analysis will add novel insights to the food security issue by analyzing
vulnerable and critical nodes in food and embodied impact networks. Focastarious network

indicators will be used to identify whether a small group of critical states influence the network by
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supplyingahigh throughput, or a few states solely depend on a few connections for trade, making
them vulnerable to disruptionddditionally, this workcompaesobserved trade connections to
those that may occur by chantteunderstand significance pétterns formed in domestic trade
With the network optimization, the previously observed insights will be used to design ways to
improve overall system performance by-w&ing the trade links and seistributing food
production and tradelhe observed insights will help understand challenges and potential for
achieving aroptimaloutcome that simultaneously considers competing demanétsod, energy,

water resources the current domestic trade structure
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2.0 Quantifying embodied energyand GHG emissionsfrom irrigation in U.S. food trade

The following chapter is based on a pesviewed article published IACS Sustainable

Chemistry &Engineeringwith the citation:

Vora, Nemi, Apurva Shah, Melissa M. Bilec, and Vikas Khanna. "Feoergy water
nexus: Quantifying embodied energy and GHG emissions from irrigation through virtual water

transfers in food tradeACS Sustainabl€hemistry & Engineering, no. 3 (2017): 2112128.

2.1 Introduction

The world population is expected to surpass 9 billion people by the yeas 20&6g
pressing challenges for food, energy, and water syqtetn4.07] Food production and global
waterwithdrawalsare expected to increase by 60% and 55% respectively by the yedr1R850.

109 Concurrently, global energy consumption is expected to increase by 50% in the same time
period.A significant portion of the world populatidacks secur@ccess to at least food, energy,

or water, exacerbating the situatidry] On a national level, the U.S. food production faces new
challenges as the agriculture sector competes with energy, industrial, and resseéetial for

water and energy resourddd(d Food energy, and water (FEW) systems are highly
interdependent, interconnected, and interact in rdysays. Eiergy and water arequired across

the food supplghain including irrigationharvestingfransportationand food processingnergy

is required to extract, treadnd distribute watefor industrial, agricultural, and residential uses.
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Additionally, large quantities ofvater are requiredor power generation and production of
biobased fuels and productget for all the dependencies, decisions regarding management of
FEW systems are often made in isolation with minimal attention to their ¢titers, frequently
resulting in suboptimal solutions. To encourage better decisions and avoid unintended
consequences, there is an urgent need to examine FEW systems from an integrated holistic systems
perspective. The importance of applyingyatems thiking approach fothe FEW nexushas been
advocatedhnd is slowly gaining tractiofb, 17, 18, 38

Previous research has utilized numerous modeling and analysis techniques to identify
interactions between FEW systems, often focusing on either a single or two dimensions of the
nexus[6, 67, 111, 112 Recent work has applied network scierfoe modeling and analysis of
internationaffood trade networkgs2, 113 Network scienceefers to thanathematicaktudy of
systems that are essentially a collectiomadlesjoined bylinks.[114] Lin et al[51] studied the
structure of the U.S. food trade network and asserted that it hasamwed structure resembling
a social netwde. On the foodwater front, much attention has been paid to the water use in
agriculture and food systemk his seminal work on virtual water, AllE84] introduced the
concept of water embodied in the production of food commodities. Virtual water refers to the
guantity of water assoded with food production and trade. Al[&3] asserted that instead of
maja investments in building water conveyance systems for physical water transfers, virtual water
flow from water rich to water scarce regions through food trade can help alleviate stress in water
deficit regions. Since then, n@mous studies have contributed to the virtual water literature
through study of water footprint of food and virtual water trigdeé>117] The concept of water
footprint is similar to virtual water, except it distinguishes water use by source (surface water or

groundwater, rainwater, polluted watf88] Hoekstra and Hurj@ 15 quantified volume of virtual
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water flows in international crop tradend estimated that 13% of the water used for crop
production was embedded in virtual water exports and not domestic consur@gtiarregional
scale, studies on virtual water flows in China showedwseér deficient North China exported
more water through food transfers to feed water rich South Chi&.119 Mubako and
Lan{117 quantified water footprints and virtuadater flows associated with crops and livestock
products fotthe 48 contiguous U.StatesThey estimated that NoHGentraland aridSouthwest
had large virtual water exports. Eastern and Sasieen coastal states were leading net virtual
water importes. On the wateenergy frontstudies havécused on understanding and quantifying
interactions at nation§1,2( regional[121, 122 and local scalef67]

Prior research has also applied network theory to understand the strotcthe global
virtual water trade network (VWTNX}7] predict future network structurgl23 and identify
community patterngl24] Additionally, sudies have investigated temporal evolution of the
VWTN associated wit international trade of select food commodities and highlighted the growing
efficiency in global water ugd.25 126 Sartori and Schiayd9] demonstrated increasenaomber
of countries and volume of virtual water flow in international food trade betweer2(BIE6They
discussed the increasing homogeneity in the VWTN with a reduction in the role of key central
countries over time and its implications for systemic vulnerabMiyre recentlyDang et a[48]
developeda network model of agricultural virtual waterwie for the United States (8.). Their
findings highlighted that the U.¥WTN is vulnerable to disruptions on a core group of states that
are essential for the network structure and functionality. While these studies represent important
systemsdevel contributions, their focus is esively on food alone or food and water instead of

examining FEW systems in an integrated manner. Additionaillyy the exception of virtual
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water, other life cycle impacts such as embodied energy and greenhouse gas (GHG) emissions are
not considered.

From an environmental sustainability perspective, life cycle assessment (LCA) has become
popular for evaluating the environmental impacts of agriculture and food products and can be
applied to FEWnexus. Previous work on LCA has focused on quantifying ther@amental
impacts of food cropf57] livestock[127-129 milk,[58, 130, 131] and meat produdt$32 with a
significant emphasis on life cycle energy consumption and GHG emisSievstal studiebave
conducted comprehensive assessment of enerd@] ws®l emissiorjd33 in all stages of U.S.
food supply chain withCuéllaret al[60] extending the system boundary to in@uichpacts of
food waste. Pelletier et fl34] provide a comprehensive review of literature and trends in life
cycle energyntensity of food systems. A rich body of work also exists on the water footprint of
food crops and meat products includingportantcontributions by Hoekstra and-@aorkers[80,

115 135 136 For the U.S.Kahn estimated uncertainty in freshwater consumption imgparcts
staple crops including energy required for irrigafi@87] However, the focus in most LCA stied

is on food items alone with minimal attention to integrating a network perspective using food trade.
Food trade networks represent pathways for vast quantities of embodied résoergg, water

etc.) and emissions flows. Quantifying the origin anstidation of food flows in conjunction with
associated embodied resource flows is central for understanding the sustainability and resiliency
of FEW nexus.

A significant knowledge gap and critical pinch point in our understanding of the FEW
nexus is embddd energy and GHG emissions in irrigation water associated with domestic food
trade in the U.SHere, enbodied energyand GHG emissions refer the life cycle energy

consumptionand life cycle GHG emissions associatedth irrigation pumping energy
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requrementsA quantifiable understanding of the energy footprint of water embodied in food trade
can help in developing policies for promoting simultaneous water and energy savings in the
context of the FEW nexus. Significant regional variations exist inniier footprint of food
production and available water resourfg%.138 Furthermore, enegygmixes vary considerably
across regions in the U.Bhe goal of our present work is to provide a quantitative understanding
of the embodied energy and GHG emissions associated with irrigation water for interstate food
exchanges in the U.&.has been previously noted that food trade represents exchanges between
international borders, while food transfers refer to domestic food exchgt&a89 Therefore,

we refer to interstate food exchanges as food transfers throughout the E@dingeCommodity

Flow Survey (CF3L4Q for food commodities and stalevel data on production of individual

food items provided by National Agricultural Statistics Service (NA38)] we develop a
detailed network model of domestic food transfers. The network model is coupled with available
water withdrawal data for irrigation and livestock rearing, féewel irrigation energy
consumption data, and lifgde energy and emissions dafée restrict our focus to interstate food
transfers and associated irrigation impacts for 29 commodities incladiggains andivestock
products. These commodities account for approximately 70% of per capita nationa calor
consumptiorfl142 The resulting model and analysis provides several important insights for the
FEW nexus including 1) quantifying spatial trends in food flows and associated water withdrawals
transferred across the U.S., 2) the first comprehensive estimates of embodigdagnkeGHG
emissions associated with -ferm irrigation water, and 3) understanding of structure and
vulnerabilities in the networlt is important to note thaiur study does not focus on embodied
energy and GHG emissions of food commodities themsetrtgs limited to embodied energy

and GHG emissions of virtual water associated with food commodities produced in the U.S.
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Additionally, we do not account for water &wodiedin the energy usetbr irrigation. For the
purpose of this articlewe define virtial water as the quantity of water withdrawn (not just

consumptive use) for crop and livestock production and trade.

2.2 Methods

The methodological framework including data sources used in our siedgliscussed in
detail below. A schematic diagram represegkey steps in the model is provided in @appendix
A Figure 17 We translated data on food transfers into networks by creating adjacency matrices.
An adjacency matrix consists @bws representing origin states and columns representing
destination state Each element, () in an adjacency matrix represents transfer from statg If
a transfer exists between statesdj, the corresponding matrix element is set to 1; otherwise, it
is set to 0 The resulting network is termed as an unweiglitieected network where states are
referred to as nodes and food transfers as links. The directed network differentiates between
incoming and outging links. We also considered magnitude of food transfers resulting in
weighteddirected network. The weightetirected food transfer network is converted into
networks of virtual watewithdrawal embodied energy, and GHG emissions associated with
virtual irrigation water. Specifically, we createalf networks: 1) food transfer network 2) virtual
waterwithdrawalnework 3) embodied irrigation energy network and 4) embodied irrigation GHG
emissiondetwork. For the remainder of this article, we refer to virtual water withdrawal, energy
and GHG emissions embodied in irrigation water as simply virtual water, embagieglyeand

GHG emissions respectively.
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2.2.1 Construction of the U.S. food transfer network model

2.2.1.1Domestic food transfer network

We obtained bilateral food transfer data fr@@kS jointly published as part ofhe
economic census by Census Bureau and Bureau of Transpo8tistics every five year3.he
CFS data are collected through a survey of selected representative establishments and extended to
represent interstate and witkstate transfers across the UE®r 2012, a sample of over 10,000
establishments was collected covermmgnmodities from mining, manufacturing, wholesale trade,
and retail servicePata include national and stdtvel statistics on freight shipment, value and
weight of commodities, ahmode of transportatiolhe provided dateare based on reported
values from the survey and consequently, do not consider internal hubs/stop. Additionally, CFS
data are limited for transfers within the U.S. and domdude international transfeid/e uilized
CFS2012 for creating weightedirected networks representing domestic food transfers between
states. We provide CFS data collection methodology in more depth$t sketion S2CFS data
are classified using the Standard Classification of Tramsgp Goods (SCTG) coding system
ranging from codes 01 to 43. We focused on food commodities covered by codes 01 (livestock),
02 (cereal grains), 05 (meat), and 06 (milled produtided in Sl table SZonsistent with the
methodology outlined by Dang al[48], we did not consider fish and other aquatic species in
livestock and meatategories as they are considered as low or-weter consumptive
productd.143 We excluded fik related food transfer data by subtracting fraotifjproduced fish
from totalanimal items produced in a given state. We estimated fish fraction byaisatig of
fish production to overall animal production forparticular state and multiplying witifood

transfersWe obtain the requisite production data friliASS datasetl4]]
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While CFS data are available ftwroad food commodity groups, water withdrawal
intensities are estimated for individual food items. We bridged this resolution gap by
disaggregating the interstate transfefood commodities into individual food items. We make an
important assumption thaomposition of food transfer between states is similar to composition

of food productionWe usel the latest available state level production data oRSS. [14]]

2.2.1.2Virtual water network

Next, we constructed the virtual water network using the interstate food transyerkne
and water withdrawals for irrigating individual food items. National and regional water withdrawal
data are published by United States Geological Survey (USGS) every fivd Mlr$he latest
available data are for 2010 and cover water withdrawals from thermoelectric power plants,
irrigation, livestock, aquaculture, public supply, and mining. The USGS comipilgation
withdrawaldata from state and federal crop reporting progranigation districts, canal reporting
companies, and incorporated management areas. We usedkwtatdata on irrigation and
livestock withdrawals for this analysis. Irrigation water withdrawals are published by type of
irrigation system (sprinkler, micriwrigation, and surface) and by water source (groundwater and
surface water). We used published average water application rates (gallons/acre), weighted by type
of irrigation, to account for variations in efficiencies of different irrigation systefs.
differentiate between water withdrals for various crops considerad our analysiswe divide
application rate by crop specific yields to arrive at water withdrawal intensity per mass of food
item produed. We usedthe average crop yields reported by Famd &anch Irrigation Survey
(FRIS) 144 dataset to estimate watwithdrawal intensity for individual crops. For missing
grains, we used irrigated yield values from NA3$8 .estimate thevater withdrawalintensityfor

animal based commodities, we followed the methodology detaildlraka[146 In the absence
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of data on statewide productiand withdrawal®f various meat products, we assumed that meat
withdrawals are similar to water withdrawals for livestock, thus resulting in conservative
estimateg48] Specific details and equations for estimating water withdrawal intensities for crops,
milled grain products, and anal based commodities are providedAppendix In addition,
calculated water withdrawal intensities for grains, livestock, and animal feed are provided in table

9-12.

2.2.1.3Embodied irrigation energy and GHG emissions networks

Next, we translated the virtualater network to networks of embodied energy and GHG
emissions. We used tHeRIS dataseto obtain irrigation energy expenditures. FRIGL3 is
published as a supplement to 2012 agriculture census and provides data regaffdimy on
irrigation operations in the U.8.publishes state level energy expense data including type of water
source (surface/groundwater) and type of energy used fopipgmAs reported by FRIS, farms
in the U.S. employ primarily four types of pumps, i.e. electricity, diesel, gasoline, and
LPG/propane/butane pumps. We combined the energy expenditure data with Energy Information
Administration (EIA) published state levehergy prices to obtain total energy consumpitict)
It is to be noted that FRIS energy expense estimates only account for the wmstiraf water
during onfarm operations. Expenses incurred in conveying water to the farm by entities such as
irrigation districts are not accounted for in such estimates. Finally, we obtained life cycle GHG
emissions and embodied energy estimates for eaetgy type using USL{148 andEcoinvent
databas[149 We utilized cumulative energy demand (CED5( method to quantify embodied
energyandIPCC 100 year global warming potential characterization fddtbisto quantify life

cycleGHG emissions associated with each energy type.
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2.2.2 Network analysis

We analyzed both unweighted and weighted networks to understand intelelegies and
trends in environmental sustainability of the domestic FEW nexus. Unweighted networks only
account for food transfer connections whereas weighted networks account for magnitude of food
transfers and associated virtual water, embodied energly G&ic emissions. The network
measures discussed below have their origins in social network analysis and may not contain a
universal interpretation from a sustainability or resilience perspedfite.present multiple
network measures while providing contesqiecific interpretation of the various metrics for

sustainability and resilience of the FEW nexus.

2.2.2.1Unweighted network analysis

We calculated standard network analysis measures for the unweighted food transfer
network to understand its overall structure. We quantify network size by accounting for number
of nodes in the network. Network density quantifies interconnectedness imakby measuring
ratio of actualinks to maximunypossible linksFor a given set of states, a lower density indicates
a sparse network with a few transfeetween states. A higher density suggests larger number of
food transfers and consequently higheerconnectedness. Another useful measure is the extent
of bi-directional transfers among states, measured by recipf@&i#y Reciprocity () measures
tendency of nodes® form mutual links in a network. It is the ratio ofdirectional links to the
total number of links. A value of 1 indicates a purely bidirectional network and 0 indicates a purely

unidirectional network.

Next, we calculated node degree, which measwrether of food transfers to/from a node.

For directed networks, idegree representsimber of incoming links and cdiegree measures
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number of outgoing links. We also calculated characteristic path lengtiumtering coefficient.

The characteristic palength of a network describes average shortest distance between nodes from
all other nodes in the network. A lower characteristic path length is an indicator of network flow
efficiency. Local clustering coefficient measures tendency of nodes to chogfether, an

indication of network completeness.

2.2.2.2Weighted network analysis
We conducted weighted network analysis to provide insights into virtual water, energy,
and GHG emissions for the U.S. food transfer network. Node streggtbsentsnagnitude of
flow through a node, calculated by summing individual link weights between niackEsgous to
in- and out degrees, strengths can be defined aamad outstrengths. To understand structure of

the weighted networks, we computed strengthibistions, discussed in detail in tegpendixA.

2.2.2.3Node Centrality

We calculated centrality measure to capture information on position and importance of
individual nodes within various networks considered in our work. Several measures of centrality
have ben proposed and used in the literature, each measuring a different aspect of the position of
individual nodes in a netwofld.53 Degree centrality measures direct connections of a node,
closeness centrality measures how quickly others can reach a node, betweenness centrality ranks
nodes based on their influence over the flow of information between other nodes, and eigenvector
cental ity ranks nodes bas e d154 b5 Prévieus works ottadee ct i o n
and virtual water netwoskhave used betweenness centrdHty, 51] eigenvector centralitj49,
156 degreeand closeness centralifyp7 to understandnfluenceof nodes.The interstate food

transfer network in our work captures bilateral food exchanges between states, but does not
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distinguish physical paths or identify intermediate hubs in th@aorkt Furthermore, we assumed

that food production occurs at origin state and consumption at destination state. Therefore, we did
not apply geodesibased measures of betweenness and closeness centrality. Instead, we identified
immediate neighbors usingglee centralityDegree centrality ranks nodes based on their number

of connections. We calculated-jnout, and total degree centralities for both weighted and

unweighted networks. Equations for degree cenyraigasures are given in tappendix A

2.2.2.4Mixing patterns

Mixing patterns identify whether there are patterns in connections between two nodes. For
instance, a common pattern of kk@nded individuals connecting with each other is observed in
social networksExisting studies on trade networksveaexamined network mixing patterns by
analyzing whether highly connecteduntriesform connections with other highly connected
countrieg 156 This behavior is known asssortative mixing and helpdeintify network structure
and implications for network resiliengg&57] Conversely, in disassortative mixing, node
connectgo another nde with unlike characteristic$his results in @oreperipherystructurehub
and spokes structurejith asingle strong component with high levels of peripheral nodes engaging
in a few transfersThis is a more commonly observed structure for trade netWéik457 Core
and periphery exhibit differentesilience characteristics where a core is more stable against
di sruptions. Mi xing characteristics can be

neighbor degreek{n) as a function of its degreenn of a given node is measured by adding &ll o

its neighboring no[d5sAonetmovkeanbegassoratovel an d@sadsartativet y .

depending on magnitie and sign of assortativity coefficient. Assortativity coefficient is the
Pearsorcorrelation coefficient ) betweenkan and degrees|f kn increases wittdegeesthe

network is assortative. Conversely ki decreases witdegreesnetwork is disagstative. \e
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calculate four different measures of assortativity coefficient based on direction ofkfi\W (
KnnPUtout kapnout - kqoutin 1159 For examplekarUt"identifies all nodes that nodexports to, and
calculates their importing behavipt7] CorrespondinglyliPUtin determines correlation between

knrPUt"and outdegrees.

2.3 Results

2.3.1 Virtual water, embodied energy and GHG enissions in food transfers.

Analysis of the domestic food transfer network reveals that 643 milhios of staple food
commodities were transferred across the U.S. in 2012. A majority of these transfers (88%)
belonged to cereal grains and milled produetkile animatbasedcommodities constituted a
smaller share (12%Figure2). Figure 2 contains both interstate and within state transfene.
imbalance can be attributed to the higher cost of transferring meat and livestock as meat requires
refrigerated transport and livesk is difficult to handle for long distance shipmed8, 160 The
total virtual water transfers amounted tad23dllion m3, with cereal andanimal based products
contributing 67% and 33%, respectivelhe higher percentage share of animal based products in
virtual water transfers compad to food transfergs attributable to the high water intensity of
animal and meat produdi$3g The energy and GHG emissions embodied in virtual water
transfers arebserved to be significantly highs84 billion MJand42 billion kg CQ equivalents,
respectively. 3% of the energy and GHG emissions embodied in virtual water tramsfark

from the livestock and meat transfers across the states
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Figure 2. A.) Food and virtual water transfers in the U.S. B.) Life cycle embodied energy and greenhouse gas

(GHG) emissions inirrigation virtual water withdrawals in the U.S.

2.3.2 Food vs.virtual water transfers

The top five expoihg states in the food transfer network are KS, MN, NE, IL, and IA. In
comparison, the top five exporting states in the virtual water network are KS, MT, ID, SD, and
OK. The appearance of MT and ID in the top 5 virtual water exporting states is panticularl
interesting and is explained as follows. MT and ID have the second and third largest water
withdrawal rates (ffacre)[144] This translates into high water withdrawal intensity/fon) for
both cereal and animddlased products exported by these states. While AZ has the highest water
withdrawal rate, it has much lower food exports and hence virtual water exports. The top five
importing states in the food transfer network are TX, IL, CA, LAJ &k TX, WA, IL, OR, and
CA are the top five virtual water importing states. The high rankings for WA and OR for virtual
water importsis explained bythe high water withdrawal intensitgf food productsfrom their
importing partnersThe largest import®o WA are from MT whereas the largest imports to OR are

from WA (cereals and grains) and ID (meat and livestock).
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2.3.3 Embodied Energy and GHG Emissions in food transfers

Figure3. presents a visualization of embodied energy in the U.S. domestit¢réosders
using Circos visualization topl61] The network represents 1719 food transéen®unting t®74
billion MJ of embodiedenergy transfer@vithin-state flows are excluded) between 51 sté&ash
segment represents states participating in food transfers across teitg@ng links from a state
are shown with the same color as the origin state; incoming links to argaibdifferent color
and separated from the destination state by white sfdee states are ranked by combined
incoming and outgoing transfers of embodied enegggtes with the highest incoming transfers
are TX,IL, WA, CA, and LA. MT, ND, NC, CO, an8D havethe highest outgoing transfecd
embodied energylhe largest embodied energy transfer is from MT to WA with a magnitude of
13 billion MJ.It is important to keep in mind that Figuseloes not show within state embodied
energy transfers. Over Gillion MJ of embodied energy flow was attributable to wisiate
flows in 2012, which is not surprisirag geographic distance plays a major role in food {re6i&.
Additionally, a food supply stud¥63 on NY city based on CFS data asserted that in some regions
food may not be transported to the direct point of consumption, but to a distribution center in that
region. The flows from distribution center to the fidastination may be counted as witlsitate

flow.[163
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Figure 3. Embodied energy from irrigation water in U.S domestic food transfers
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Figure 4. Net greenhouse gas (GHG) emissions embedded\imtual water associated with domestic food

transfers (in billion kg CO, equivalent).

Figure4. presents a spatial distribution of net embodied GHG emisdietsmbodied
GHG emissions are calculated by subtracting total outgoing flows from the snooofing flows
and withinstate flows for each state. Negative values indicate net exporters, whereas positive
values indicate net importer&.state can be a net GHG emissions importer due to high emissions
in-flows from its trading partners including withstate transfers. Similarly, a state can be a net
GHG exporter due to high embodied emissions outflow&.is the largest neGHG importer
followed by IL, CA, CO, and WAThe states with gsaand white hatched lineim Figure4
represent net exporteo§ GHG emissionsND, NC, AL, UT, and ID are top net expany states
Absolute values for net transfer of food, virtual water, embodied energy and GHG emissions for
all states are provided in t@pendix A table 15Ne alsoestimated the GHG emissions insg&y
of irrigation for each state and found that 40% of the states are above afiefdgég CQ

equivalents/rhirrigation water) High GHG emissions intensity for states is a resuthefpump
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fuel type use@dndtheenergy mix for each stateorexample WV has the highest GHG emissions
intensity due to heavy reliance on gasoline eledtricity-basedoumps witha significant share of
coatpoweeed electricity. Additionally, with the exception of I1Dhe top five net exporting states
have higher thaaverage GHG emissions intensity. Approximat&®o of irrigation pumps are
diesel based in net exporting states ofakldNC, while 70% are coal electricity based in Nbd
UT, thusincreasing theiGHG emissiongntensity Conversely, ID farms depend etectricity

based irrigation with a significant share of hydroelectric power (71%).

2.3.4 Network analysis ofembodiedenergy and GHG emission

Table 1. Network analysis measures for embodied energy and GHG emissions networks
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