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Abstract 

A Systems-level Framework for Understanding Sustainability and Resilience 

of the U.S. Food-Energy-Water Nexus 
 

Nemi Chetanbhai Vora, PhD 

 

University of Pittsburgh, 2019 

 

 

 

 

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 management approach 

(referred to as the FEW nexus) to avoid unintended consequences. This work focused on irrigation 

and phosphorus fertilizer as critical avenues to understand interdependencies between FEW 

systems in the United States (U.S.). Specifically, we focused on modeling and analyzing FEW 

systems through the lens of domestic food trade. Food trade networks represent pathways for 

displacing vast quantities of embodied environmental impacts associated with agriculture 

production. Therefore, quantifying the origin and destination of food flows and associated 

environmental impacts is central for understanding the sustainability and resiliency of the FEW 

nexus. Combining food trade data with information on water use, fertilizer application, irrigation 

energy expenses, and life cycle assessment methods, this work quantified embodied phosphorus 

fertilizer, irrigation water, energy, and greenhouse gas (GHG) emissions associated with food 

trade. Through a network theory approach, this work further characterized the network structure 

and its implications for the sustainability and resilience of the FEW systems. Finally, an 

optimization model was developed to assess the feasibility of rewiring the food trade network for 

enhancing the environmental sustainability of FEW systems. Results showed that the GHG 

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



 v 

food trade networks, proximity to a trading partner is an important factor driving the trade with 

neighboring states trading more, but it could 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 the interstate phosphorus 

trade model revealed phosphorus fertilizer use savings with states using phosphorus fertilizer 

efficiently exporting to less efficient states. Finally, this work discussed challenges and 

opportunities in improving our current understanding of resource use in the U.S. agriculture.  
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1.0 Introduction  

1.1 Food-Energy-Water nexus  

To secure the nationôs energy supply from foreign oil, transition to renewable fuels, and 

boost farmerôs incomes, the U.S. Congress has promoted the biofuel industry for over one decade. 

As part of the Energy Security Act of 2005 and later Energy Independence and Security Act in 

2007 the government introduced and expanded the Renewable Fuel Standards (RFS). RFS 

promoted the biofuel industry by mandating a reservation quota for biofuels in the current 

transportation fuel mix, provided tax credits, loans, and large research grants. While RFS went 

under many revisions with increasing focus on cellulosic and advanced biofuels, the initial 

promotion of corn ethanol and other food-crops based biofuels sparked the debate on diverting 

valuable agricultural resources from feeding the population to producing biofuels[1-3]. A major 

related concern was the use of large quantities of water for crop production and subsequent 

downstream pollution due to excessive agriculture runoff and nutrient overloading in 

waterbodies.[4] 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 interconnected, and the connections are 

known as the FEW nexus. The interdependencies between food, energy, and water are very 

apparent in day-to-day lives and yet historically each resource has been managed separately.[5] 

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

used across the entire food supply chain[6], water is needed for producing biofuels[7], 
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hydropower[8], and thermoelectric power plants[9]. Energy is required to treat[10] and desalinate 

water.[11] Generally, decisions regarding management of each resource are made separately and 

by assuming abundance of the other is available. As the world population is expected to surpass 9 

billion people in 2050, the challenges associated with securing access to food, energy, and water 

for the entire population will be an uphill battle.[12] Thus ñsilosò thinking of managing individual 

resources can result in overlooking important tradeoffs. Therefore, future management and 

planning will require considering these interactions as we invest in long-term financial and 

infrastructure decisions.[5]  

In 2011, Hoff et al.[13] highlighted the concept of ñnexus approachò to simultaneously 

target food, energy, and water security for the background paper at the Bonn Conference. 

Numerous studies previously and around the same time discussed similar issues and outlined the 

significance of these interlinkages through case studies and calls for action.[14-20] The concept of 

nexus is not new, similar calls for integrated water resource management (IWRM), an approach to 

promote simultaneous development of water and associated resources for social and economic 

benefits, date back to 1962.[21] Similarly, the Integrated Natural Resource Management concept 

was put forward to integrate farm level objectives with ecosystem services.[22] However, each 

previous concept was defined based on a singular system as opposed to jointly investigating food, 

energy, and water systems.[23] For instance, following the framework of IWRM, water would be 

considered a resource while food and energy system the end users.[17] Therefore, FEW nexus was 

an improvement in the sense that a clearly outlined three-pronged approach was put forth.[13, 24]  

Recently, international and national funding for research on the topic[25-27] have mobilized the 

approach with many studies providing and continuing to provide quantitative assessment for these 

interconnections.[28-35] Many variations of the concept exist with studies coining the terms 
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Energy-Water-Food (EWF) nexus[17], Water-Energy-Food (WEF) nexus[36], Climate-Land-

Energy-Water (CLEW nexus)[37] etc., however, the underlying message of the concept remains 

the same. 

 

 

1.1.1  Systems Analysis and The FEW nexus 

There is a consensus amongst proponents of FEW nexus to adopt an integrated holistic 

systems perspective to aide in decisionmaking.[5, 17, 18, 38] Here, systems analysis refers to using 

a collection of models and assumptions to represent reality of social and environmental interactions 

for informing policy relevant decisions. Before discussing specific systems methods used in this 

work for modeling the FEW nexus, this section introduces the concept of systems analysis and 

distinguishes it from the term ña systemò.  

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, patterns, or structures 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 unique to a system is termed as ñemergenceò.[39] To understand 

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 system, but also 

external interactions including feedbacks between a system and its environment. The concept of 

systems analysis goes beyond a linearized cause-effect way of approaching a problem and 
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recognizes that real world problems are complex and nonlinear and may arise not from a single 

cause-effect interaction but due to numerous feedbacks between involved components. 

1.1.1.1 Network analysis 

Networks are an inherent part of systems analysis as network analysis or graph theory 

focuses on connectivity between individual systems. A network represents a collection of nodes 

(vertices) connected with links (edges/arcs). Application of network analysis has been prevalent 

in analyzing social networks[40], brain networks[41], ecological networks[42], and transportation 

networks[43].  Recently, it has gained traction to tackle sustainability and industrial ecology 

related issues[44-46] including work on virtual water[47-50] and food trade networks.[51, 52].  As 

developed network measures are rooted in disparate disciplines, there are no universal 

interpretations for environmental sustainability. Thus, an important contribution of this work is 

contextualizing network analysis for the U.S. FEW nexus challenges. 

1.1.1.2 Operations research 

Early literature on systems analysis started with the discussion on soft operations research 

used qualitative case-study approaches[53] to solve problems, but since then, operations research 

as part of systems analysis has evolved into rigorous quantitative models used for policy 

decisions[54-56]. This work specifically focuses on optimization as a method to assess 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 develops a robust optimization model that considers 

uncertainty in datasets to arrive at solutions that are feasible. 
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1.1.1.3 Life cycle assessment 

Life cycle assessment (LCA) provides a systematic tool to evaluate and measure 

environmental impact associated with the entire life-cycle of a product or a service. Based on the 

defined system boundary, an LCA study may consider various stages of a supply chain ranging 

from raw material extraction to end- use and disposal phase. Therefore, LCA provides a 

comprehensive accounting of direct and indirect environmental impacts of a product or a serviceôs 

life cycle. It is primarily useful in identifying inefficiencies and hotspots for environmental 

burdens within the supply chain or in comparing environmental performances of two similar 

products. From a sustainability perspective, life cycle assessment (LCA) has emerged as the 

preferential method for evaluating the environmental impacts of the FEW nexus. Previous work 

has focused on the LCA of food crops with an emphasis on life cycle energy consumption and 

greenhouse gas (GHG) emissions.[6, 57-63] There have been dedicated studies focusing on 

energy-water interrelationships[64-67],and food-water relationships with a focus on water 

footprinting studies.[68-70] Recently, studies have extended the system boundary and begun 

addressing the entirety of food-energy-water systems with a life cycle perspective.[28, 71-73] 
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Figure 1. A schematic of FEW nexus framework 

1.1.2  Food-Energy-Water nexus for the United States 

The FEW nexus challenges associated with an agriculture-centric developed nation such 

as the U.S. are different from developed countries that rely on external imports or developing agro-

economies. This work specifically addresses two issues for the U.S: 1) impact of irrigation in 

domestic food trade and 2) assessment of phosphorus fertilizer use for food production and trade. 

While irrigation provides a complementary support to rain-fed agriculture, inappropriate use may 

impact current groundwater levels and soil salinity as well as contribute to GHG emissions through 

the use of inefficient and non-renewable irrigation pumps.[28, 32] Additionally, production of 
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chemical fertilizers is energy intensive[74] and unregulated excessive use may cause nutrient 

overloading in waterbodies with subsequent eutrophication[75].  

1.1.2.1 The role of food trade in US FEW nexus 

There is a growing disconnect between place of food production and consumption globally. 

Even within the U.S., regional variation exists between agricultural resource availability and 

densely populated food demand centers. For instance, the high plains in the U.S. is labeled the 

ñbreadbasket regionò due to significant grain production; and California, Florida, and Washington 

produce majority of fruits, nuts and vegetables. Depending on the agriculture practices in the 

production region, trade can alleviate or increase environmental impacts associated with food 

consumption.[76] This work connects the environmental impacts of  agriculture with food trade 

through networks of virtual water, energy, and nutrient flows. Trade of embodied (or virtual) 

resources refers to resource use and environmental impacts resulting due to food production but 

are not actually physically embedded in the trade. The concept of embodied resources aids in a) 

better management of local resources through quantification b) helps drive the dialogue of 

internalizing the cost of pollution. The idea was popularized through a growing interest in 

estimating water embodied in the trade of food commodities (identified as water footprint and 

virtual water literature).[77-83] Virtual water refers to the quantity of water associated with food 

production and trade.[84] First introduced by Allan,[85] virtual water flow from water rich to water 

scarce regions through food trade can help alleviate stress from agricultural production in arid 

regions, thus preventing substantial investment in building water conveyance systems for physical 

water transfers. Although previous studies have reported the opposite occurring in China[86] and 

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 
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water footprints (rainwater) and grey water footprints (polluted water).[88] Similar concepts have 

been adopted for virtual nutrients[89-91], embodied carbon[92], land[93], and embodied air 

pollution.[94] 

1.1.3  Criticism of the Food-Energy-Water nexus 

A few have criticized the overuse of the word FEW nexus indicating that while it is 

conceptually sound and unarguable that these resources are interconnected, the term is ambiguous 

in terms of prescribing a methodology.[95, 96] Here some of the criticism is addressed: the strength 

of the FEW nexus lies in the ambiguity of not prescribing a comprehensive framework as the 

successful implementation of national and local policies depend on being adaptable to local 

requirements.[97] It is also pointed out that by setting such an arbitrary bounds on these resources, 

FEW nexus misses the opportunity to consider other factors such as human health, livelihood, farm 

chemicals etc.[96] This is interestingly in direct contradiction to criticism on IWRM, which was 

considered unsuccessful in translating to policy as it was too broad in scope.[98] Wichelns[96] 

particularly pointed out that many studies apply similar concepts to study exchanges between food, 

energy, water systems, without explicitly defining the nexus concept. And therefore, terming a 

policy or an approach ña nexus approachò does not increase the scientific merit by defining it.[96] 

While it is true that a study or policyôs effectiveness cannot be judged based on whether it uses a 

specific term or not, having a general umbrella under which such case studies, policies, and 

research can be compiled provides a huge opportunity to mobilize large-scale funding, exchange 

knowledge, and support interdisciplinary and interagency collaboration. While FEW nexus has 

indeed become a buzzword[95], the interest garnered can be positive for science and policy. An 

important consideration that FEW nexus proponents should keep in mind is that an integrated 
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approach may not be the panacea which always provide optimal outcomes.[99] In fact, considering 

too many factors at once may make a system unsolvable or at best provide a pareto optimal solution 

which may not be 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 forward.[97]. 

1.2 Sustainability and Resilience 

As the framework discussed in the thesis refers to assessing the sustainability and resilience 

of the FEW nexus, this section introduces the context for the two terms that are often used 

interchangeably and have many definitions.[100] The case studies presented in subsequent 

chapters are not prospective studies but rather evaluations based on recently published government 

data. Therefore, rather than referring to the traditional definition of ñmeeting the needs of the 

futureò from the Brundtland report[101], here the sustainability has a narrower definition limited 

to environmental sustainability and interpreted with a focus on life cycle thinking.  

The concept of resilience stems from many disciplines including disaster management, 

ecology, engineering, and psychology.[102] Resilience can either be interpreted as ability to 

withstand pressure/shock or adapt to maintain function. Here, resilience of a system is defined 

from a complex network perspective, and includes examining behavior of a network under 

shock.[103]  The shock is defined either as a random failure, or a targeted removal of nodes.[103] 

As domestic trade is not hindered by international trade barriers and self-protectionist policies, the 

response of a region to shocks in food system may not follow a similar pattern as a countryôs policy 

in eliminating international exports, at best it may reduce exports to neighboring regions. 
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Therefore, resilience is also examined from the lens of ecology where it is defined as a balance 

between efficiency and redundancy.[104] A network with efficient connections may be brittle, 

while redundant connections would result in waste but be more robust. It is important to note that 

this definition of balance is often at odds with the view of sustainability where it only refers to 

resource use efficiency[105] and redundancy may be viewed unfavorably. However, this often is 

not the case when long-term sustainability goals are considered.[105] Although, it is useful to note 

that resilience does not always carry positive connotation and may not be desired.[106] 

Agricultureôs resilience to withstand drought by relying on groundwater for irrigation may not be 

sustainable in the long run. This is a very relevant distinction for food production systems, where 

often policies are implemented as a protection against a shock, need to be considered in light for 

long term sustainability.  

It is worth mentioning here that there is often a discussion regarding whether resilience is 

a subset of sustainability or vice versa. As mentioned above, resilience may not always be desirable 

and work in opposition to long term sustainability goals. Therefore, sustainability can be seen as 

an umbrella under which resilience is but one component of it.  

1.3 Research questions and objectives of the study 

The objective of this study was to develop a network theory-based framework to assess 

food-energy-water nexus impacts in the U.S. with a focus on irrigation and nutrients. This was a 

data-driven study and employed the use of interdisciplinary methods derived from industrial 

ecology, life cycle assessment, probability & statistics, operations research, and network theory. 

The proposed work had three broader objectives: 
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Objective 1. Develop a systems-level framework for modeling domestic food trade 

incorporating virtual water, embodied irrigation energy, and greenhouse gas (GHG) emissions. 

Objective 2. Apply network theory techniques utilizing metrics from social network 

analysis and ecological network analysis to identify the overall structure, patterns in node-level 

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

Objective 3. Develop an optimization- based approach (collaborative) to improve trade 

efficiency through minimizing environmental impacts and resource consumption, and assess trade-

offs and synergies across the domestic FEW nexus.  

Objective 4. Quantify embodied inorganic phosphorus in U.S. food trade and assess data 

gaps in the current understanding of phosphorus application in the U.S. agriculture. 

With these objectives, we sought to answer the 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 trade? And what are the resulting dependencies 

arising from how states trade with each other? 

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

RQ 5. Can we optimize food trade to achieve simultaneous energy-water savings? 

Published and anticipated journal publications resulting from the PhD: 

Vora, N., Shah, A., Bilec, M. M., & Khanna, V. (2017). FoodïEnergyïWater Nexus: 

Quantifying Embodied Energy and GHG Emissions from Irrigation through Virtual Water 

Transfers in Food Trade. ACS Sustainable Chemistry & Engineering, 5(3), 2119-2128.  
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Vora, N., Fath B.D., & Khanna, V. (2019). An Information Theory Approach to measure 

Trade Dependencies in US Food-Energy-Water Nexus. Environmental Science & Technology 

(Accepted, pending minor revisions) 

Vora, N., & Khanna, V. (2019). Embodied Phosphorus in Interstate U.S. Food Transfers: 

Sustainability Implications for Food-Energy-Water Nexus. (in preparation) 

Vora, N., Gillen C.P., Prokopyev O.A., Khanna, V. (2019). Re-wiring the domestic food-

trade network: a study of food-energy-water tradeoffs and synergies. (in 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 opportunities. Processes, 3(3), 634-663. 

Organization of the Dissertation 

The dissertation 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 also quantifies a) virtual water, b) embodied 

energy, and c) embodied greenhouse gas emissions 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 of the network, and 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 statistical significance of 

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 assesses synergies and tradeoffs arising in the embodied irrigation 

network. 

Chapter 5 quantifies embodied phosphorus in the domestic food trade network and whether 

current food trade results in phosphorus use savings or losses. This is done by comparing 

production and fertilizer use practices for states producing similar crops. Furthermore, the chapter 

discusses data gaps in the 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 at the national level. To this end, this work quantifies and provides 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 embodied inorganic phosphorus fertilizer estimates within the U.S. 

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. For instance, various network 

indicators will be used to identify whether a small group of critical states influence the network by 
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supplying a high throughput, or a few states solely depend on a few connections for trade, making 

them vulnerable to disruptions. Additionally, this work compares observed trade connections to 

those that may occur by chance to understand significance of patterns formed in domestic trade. 

With the network optimization, the previously observed insights will be used to design ways to 

improve overall system performance by re-wiring the trade links and re-distributing food 

production and trade. The observed insights will help understand challenges and potential for 

achieving an optimal outcome that simultaneously considers competing demands for food, energy, 

water resources in the current domestic trade structure. 
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2.0 Quantifying embodied energy and GHG emissions from irrigation  in U.S. food trade  

The following chapter is based on a peer-reviewed article published in ACS Sustainable 

Chemistry & Engineering with the citation:  

 

Vora, Nemi, Apurva Shah, Melissa M. Bilec, and Vikas Khanna. "Foodïenergyïwater 

nexus: Quantifying embodied energy and GHG emissions from irrigation through virtual water 

transfers in food trade." ACS Sustainable Chemistry & Engineering 5, no. 3 (2017): 2119-2128. 

2.1 Introduction  

The world population is expected to surpass 9 billion people by the year 2050, posing 

pressing challenges for food, energy, and water systems.[12, 107] Food production and global 

water withdrawals are expected to increase by 60% and 55% respectively by the year 2050.[108, 

109] Concurrently, global energy consumption is expected to increase by 50% in the same time 

period. A significant portion of the world population lacks secure access to at least food, energy, 

or water, exacerbating the situation.[17] On a national level, the U.S. food production faces new 

challenges as the agriculture sector competes with energy, industrial, and residential sectors for 

water and energy resources.[110] Food, energy, and water (FEW) systems are highly 

interdependent, interconnected, and interact in myriad ways. Energy and water are required across 

the food supply chain including irrigation, harvesting, transportation, and food processing. Energy 

is required to extract, treat, and distribute water for industrial, agricultural, and residential uses. 
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Additionally, large quantities of water are required for power generation and production of 

biobased fuels and products. Yet for all the dependencies, decisions regarding management of 

FEW systems are often made in isolation with minimal attention to their interactions, 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 applying a systems thinking approach for the FEW nexus has been 

advocated and is slowly gaining traction.[5, 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 science for modeling and analysis of 

international food trade networks.[52, 113] Network science refers to the mathematical study of 

systems that are essentially a collection of nodes joined by links.[114] Lin et al.[51] studied the 

structure of the U.S. food trade network and asserted that it has a well-mixed structure resembling 

a social network. On the food-water front, much attention has been paid to the water use in 

agriculture and food systems. In his seminal work on virtual water, Allan[84] introduced the 

concept of water embodied in the production of food commodities. Virtual water refers to the 

quantity of water associated with food production and trade. Allan[85] asserted that instead of 

major 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, numerous studies have contributed to the virtual water literature 

through study of water footprint of food and virtual water trade.[115-117] The concept of water 

footprint is similar to virtual water, except it distinguishes water use by source (surface water or 

groundwater, rainwater, polluted water).[88] Hoekstra and Hung[115] quantified volume of virtual 
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water flows in international crop trade and estimated that 13% of the water used for crop 

production was embedded in virtual water exports and not domestic consumption. On a regional 

scale, studies on virtual water flows in China showed that water deficient North China exported 

more water through food transfers to feed water rich South China.[118, 119] Mubako and 

Lant[112] quantified water footprints and virtual water flows associated with crops and livestock 

products for the 48 contiguous U.S. states. They estimated that North-Central and arid Southwest 

had large virtual water exports. Eastern and Southeastern coastal states were leading net virtual 

water importers. On the water-energy front, studies have focused on understanding and quantifying 

interactions at national,[120] regional,[121, 122] and local scales.[67] 

Prior research has also applied network theory to understand the structure of the global 

virtual water trade network (VWTN),[47] predict future network structure,[123] and identify 

community patterns.[124] Additionally, studies have investigated temporal evolution of the 

VWTN associated with international trade of select food commodities and highlighted the growing 

efficiency in global water use.[125, 126] Sartori and Schiavo[49] demonstrated increase in number 

of countries and volume of virtual water flow in international food trade between 1986-2010. They 

discussed the increasing homogeneity in the VWTN with a reduction in the role of key central 

countries over time and its implications for systemic vulnerability. More recently, Dang et al.[48]  

developed a network model of agricultural virtual water flows for the United States (U.S.). Their 

findings highlighted that the U.S. VWTN is vulnerable to disruptions on a core group of states that 

are essential for the network structure and functionality. While these studies represent important 

systems-level contributions, their focus is exclusively on food alone or food and water instead of 

examining FEW systems in an integrated manner. Additionally, with 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 FEW nexus. Previous work on LCA has focused on quantifying the environmental 

impacts of food crops,[57] livestock,[127-129] milk,[58, 130, 131] and meat products[132] with a 

significant emphasis on life cycle energy consumption and GHG emissions. Several studies have 

conducted comprehensive assessment of energy use[6] and emissions[133] in all stages of U.S. 

food supply chain with  Cuéllar et al.[60] extending the system boundary to include impacts of 

food waste. Pelletier et al.[134] provide a comprehensive review of literature and trends in life 

cycle energy intensity of food systems. A rich body of work also exists on the water footprint of 

food crops and meat products including important contributions by Hoekstra and co-workers.[80, 

115, 135, 136] For the U.S., Kahn estimated uncertainty in freshwater consumption impacts for 

staple crops including energy required for irrigation.[137] However, the focus in most LCA studies 

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 resource (energy, water 

etc.) and emissions flows. Quantifying the origin and destination 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 embodied energy and GHG emissions in irrigation water associated with domestic food 

trade in the U.S. Here, embodied energy and GHG emissions refer to the life cycle energy 

consumption and life cycle GHG emissions associated with irrigation pumping energy 
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requirements. A 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 in the water footprint of food 

production and available water resources.[69, 138] Furthermore, energy mixes vary considerably 

across regions in the U.S. The 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.S. It has been previously noted that food trade represents exchanges between 

international borders, while food transfers refer to domestic food exchanges.[48, 139] Therefore, 

we refer to interstate food exchanges as food transfers throughout the article. Using Commodity 

Flow Survey (CFS)[140] for food commodities and state-level data on production of individual 

food items provided by National Agricultural Statistics Service (NASS),[141] 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, farm-level irrigation energy 

consumption data, and life cycle energy and emissions data. We restrict our focus to interstate food 

transfers and associated irrigation impacts for 29 commodities including 14 grains and livestock 

products. These commodities account for approximately 70% of per capita national calorie 

consumption.[142] 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 embodied energy and GHG 

emissions associated with on-farm irrigation water, and 3) understanding of structure and 

vulnerabilities in the network. It is important to note that our study does not focus on embodied 

energy and GHG emissions of food commodities themselves, but is 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 embodied in the energy used for irrigation. For the 

purpose of this article, we define virtual 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 study are discussed in 

detail below. A schematic diagram representing key steps in the model is provided in the appendix 

A Figure 17. We translated data on food transfers into networks by creating adjacency matrices. 

An adjacency matrix consists of rows representing origin states and columns representing 

destination states. Each element (i, j) in an adjacency matrix represents transfer from state i to j. If 

a transfer exists between states i and j, the corresponding matrix element is set to 1; otherwise, it 

is set to 0. The resulting network is termed as an unweighted-directed network where states are 

referred to as nodes and food transfers as links. The directed network differentiates between 

incoming and outgoing links. We also considered magnitude of food transfers resulting in 

weighted-directed network. The weighted-directed food transfer network is converted into 

networks of virtual water withdrawal, embodied energy, and GHG emissions associated with 

virtual irrigation water. Specifically, we created four networks: 1) food transfer network 2) virtual 

water withdrawal network 3) embodied irrigation energy network and 4) embodied irrigation GHG 

emissions network. For the remainder of this article, we refer to virtual water withdrawal, energy 

and GHG emissions embodied in irrigation water as simply virtual water, embodied energy, and 

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

2.2.1.1 Domestic food transfer network 

We obtained bilateral food transfer data from CFS, jointly published as part of the 

economic census by Census Bureau and Bureau of Transportation Statistics every five years. The 

CFS data are collected through a survey of selected representative establishments and extended to 

represent interstate and within-state transfers across the U.S. For 2012, a sample of over 10,000 

establishments was collected covering commodities from mining, manufacturing, wholesale trade, 

and retail services. Data include national and state-level statistics on freight shipment, value and 

weight of commodities, and mode of transportation. The provided data are 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 do not include international transfers. We utilized 

CFS-2012 for creating weighted-directed networks representing domestic food transfers between 

states. We provide CFS data collection methodology in more depth in the SI section S2. CFS data 

are classified using the Standard Classification of Transported 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 products), listed in SI table S2. Consistent with the 

methodology outlined by Dang et al.[48], we did not consider fish and other aquatic species in 

livestock and meat categories as they are considered as low or non-water consumptive 

products.[143] We excluded fish related food transfer data by subtracting fraction of produced fish 

from total animal items produced in a given state. We estimated fish fraction by using a ratio of 

fish production to overall animal production for a particular state and multiplying with food 

transfers. We obtain the requisite production data from NASS dataset.[141]  
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While CFS data are available for broad food commodity groups, water withdrawal 

intensities are estimated for individual food items. We bridged this resolution gap by 

disaggregating the interstate transfer of food commodities into individual food items. We make an 

important assumption that composition of food transfer between states is similar to composition 

of food production. We used the latest available state level production data from NASS. [141]   

2.2.1.2 Virtual water network  

Next, we constructed the virtual water network using the interstate food transfer network 

and water withdrawals for irrigating individual food items. National and regional water withdrawal 

data are published by United States Geological Survey (USGS) every five years.[144] The latest 

available data are for 2010 and cover water withdrawals from thermoelectric power plants, 

irrigation, livestock, aquaculture, public supply, and mining. The USGS compiles irrigation 

withdrawal data from state and federal crop reporting programs, irrigation districts, canal reporting 

companies, and incorporated management areas. We used state-level data on irrigation and 

livestock withdrawals for this analysis. Irrigation water withdrawals are published by type of 

irrigation system (sprinkler, micro-irrigation, 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 systems. To 

differentiate between water withdrawals for various crops considered in our analysis, we divide 

application rate by crop specific yields to arrive at water withdrawal intensity per mass of food 

item produced. We used the average crop yields reported by Farm and Ranch Irrigation Survey 

(FRIS)[145] dataset to estimate water withdrawal intensity for individual crops. For missing 

grains, we used irrigated yield values from NASS. To estimate the water withdrawal intensity for 

animal based commodities, we followed the methodology detailed in Mubako.[146] In the absence 
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of data on statewide production and withdrawals of various meat products, we assumed that meat 

withdrawals are similar to water withdrawals for livestock, thus resulting in conservative 

estimates.[48] Specific details and equations for estimating water withdrawal intensities for crops, 

milled grain products, and animal based commodities are provided in Appendix. In addition, 

calculated water withdrawal intensities for grains, livestock, and animal feed are provided in table 

9-12. 

2.2.1.3 Embodied irrigation energy and GHG emissions networks 

Next, we translated the virtual water network to networks of embodied energy and GHG 

emissions. We used the FRIS dataset to obtain irrigation energy expenditures. FRIS-2013 is 

published as a supplement to 2012 agriculture census and provides data regarding on-farm 

irrigation operations in the U.S. It publishes state level energy expense data including type of water 

source (surface/groundwater) and type of energy used for pumping. As 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 level energy prices to obtain total energy consumption.[147] 

It is to be noted that FRIS energy expense estimates only account for the cost of moving water 

during on-farm 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 each energy type using USLCI[148] and Ecoinvent 

database.[149] We utilized cumulative energy demand (CED)[150] method to quantify embodied 

energy and IPCC 100 year global warming potential characterization factors[151] to quantify life 

cycle GHG emissions associated with each energy type.  
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2.2.2  Network analysis 

We analyzed both unweighted and weighted networks to understand interdependencies 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 energy, and GHG 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 perspective. We present multiple 

network measures while providing context specific interpretation of the various metrics for 

sustainability and resilience of the FEW nexus. 

2.2.2.1 Unweighted 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 in a network by measuring 

ratio of actual links to maximum possible links. For a given set of states, a lower density indicates 

a sparse network with a few transfers between states. A higher density suggests larger number of 

food transfers and consequently higher interconnectedness. Another useful measure is the extent 

of bi-directional transfers among states, measured by reciprocity.[152] Reciprocity (r) measures 

tendency of nodes to form mutual links in a network. It is the ratio of bi-directional 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 measures number of food transfers to/from a node. 

For directed networks, in-degree represents number of incoming links and out-degree measures 
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number of outgoing links. We also calculated characteristic path length and clustering coefficient. 

The characteristic path length 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 cluster together, an 

indication of network completeness.  

2.2.2.2 Weighted 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 strength represents magnitude of 

flow through a node, calculated by summing individual link weights between nodes. Analogous to 

in- and out- degrees, strengths can be defined as in- and out-strengths. To understand structure of 

the weighted networks, we computed strength distributions, discussed in detail in the appendix A.  

2.2.2.3 Node 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 been proposed and used in the literature, each measuring a different aspect of the position of 

individual nodes in a network.[153] 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 

centrality ranks nodes based on their connectionôs influence.[154, 155] Previous works on trade 

and virtual water networks have used betweenness centrality,[47, 51] eigenvector centrality,[49, 

156] degree and closeness centrality[157] to understand influence of 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 the network. Furthermore, we assumed 

that food production occurs at origin state and consumption at destination state. Therefore, we did 

not apply geodesic-based measures of betweenness and closeness centrality. Instead, we identified 

immediate neighbors using degree centrality. Degree centrality ranks nodes based on their number 

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

unweighted networks. Equations for degree centrality measures are given in the appendix A. 

2.2.2.4 Mixing patterns 

Mixing patterns identify whether there are patterns in connections between two nodes. For 

instance, a common pattern of like-minded individuals connecting with each other is observed in 

social networks. Existing studies on trade networks have examined network mixing patterns by 

analyzing whether highly connected countries form connections with other highly connected 

countries.[156] This behavior is known as assortative mixing and helps identify network structure 

and implications for network resilience.[157] Conversely, in disassortative mixing, a node 

connects to another node with unlike characteristics. This results in a core-periphery structure (hub 

and spokes structure) with a single strong component with high levels of peripheral nodes engaging 

in a few transfers. This is a more commonly observed structure for trade networks.[47, 157] Core 

and periphery exhibit different resilience characteristics where a core is more stable against 

disruptions. Mixing characteristics can be determined by calculating a nodeôs average nearest 

neighbor degree (knn) as a function of its degrees. knn of a given node is measured by adding all of 

its neighboring nodesô average connectivity.[158]. A network can be assortative or disassortative 

depending on magnitude and sign of assortativity coefficient. Assortativity coefficient is the 

Pearson correlation coefficient (Űi) between knn and degrees. If knn increases with degrees, the 

network is assortative. Conversely, if knn decreases with degrees, network is disassortative. We 
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calculate four different measures of assortativity coefficient based on direction of flow (knn
in,in , 

knn
out,out , knn

in,out , knn
out,in).[159] For example, knn

out,in identifies all nodes that node i exports to, and 

calculates their importing behavior.[47] Correspondingly, Űiout,in  determines correlation between 

knn
out,in and out-degrees.  

2.3 Results  

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

Analysis of the domestic food transfer network reveals that 643 million tons of staple food 

commodities were transferred across the U.S. in 2012. A majority of these transfers (88%) 

belonged to cereal grains and milled products, while animal-based commodities constituted a 

smaller share (12%) (Figure 2). Figure 2 contains both interstate and within state transfers. The 

imbalance can be attributed to the higher cost of transferring meat and livestock as meat requires 

refrigerated transport and livestock is difficult to handle for long distance shipments.[48, 160] The 

total virtual water transfers amounted to 322 billion m3, with cereal and animal based products 

contributing 67% and 33%, respectively. The higher percentage share of animal based products in 

virtual water transfers compared to food transfers is attributable to the high water intensity of 

animal and meat products.[138] The energy and GHG emissions embodied in virtual water 

transfers are observed to be significantly high at 584 billion MJ and 42 billion kg CO2 equivalents, 

respectively. 38% of the energy and GHG emissions embodied in virtual water transfers result 

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 in irrigation virtual water withdrawals in the U.S.  

2.3.2  Food vs. virtual water transfers  

The top five exporting 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 particularly 

interesting and is explained as follows. MT and ID have the second and third largest water 

withdrawal rates (m3/acre).[144] This translates into high water withdrawal intensity (m3/ton) for 

both cereal and animal-based 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, LA, and IA. TX, WA, IL, OR, and 

CA are the top five virtual water importing states. The high rankings for WA and OR for virtual 

water imports is explained by the high water withdrawal intensity of food products from their 

importing partners. The largest imports to 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  

Figure 3. presents a visualization of embodied energy in the U.S. domestic food transfers 

using Circos visualization tool.[161] The network represents 1719 food transfers amounting to 274 

billion MJ of embodied energy transfers (within-state flows are excluded) between 51 states. Each 

segment represents states participating in food transfers across the U.S. Outgoing links from a state 

are shown with the same color as the origin state; incoming links to a state are of different color 

and separated from the destination state by white space. The states are ranked by combined 

incoming and outgoing transfers of embodied energy. States with the highest incoming transfers 

are TX, IL, WA, CA, and LA.  MT, ND, NC, CO, and SD have the highest outgoing transfers of 

embodied energy. The largest embodied energy transfer is from MT to WA with a magnitude of 

13 billion MJ. It is important to keep in mind that Figure 3 does not show within state embodied 

energy transfers. Over 300 billion MJ of embodied energy flow was attributable to within-state 

flows in 2012, which is not surprising as geographic distance plays a major role in food trade.[162] 

Additionally, a food supply study[163] 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 final destination may be counted as within-state 

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 in virtual water associated with domestic food 

transfers (in billion kg CO2 equivalent).  

Figure 4. presents a spatial distribution of net embodied GHG emissions. Net embodied 

GHG emissions are calculated by subtracting total outgoing flows from the sum of incoming flows 

and within-state flows for each state. Negative values indicate net exporters, whereas positive 

values indicate net importers. A state can be a net GHG emissions importer due to high emissions 

in-flows from its trading partners including within-state transfers. Similarly, a state can be a net 

GHG exporter due to high embodied emissions outflows. TX is the largest net GHG importer 

followed by IL, CA, CO, and WA. The states with gray and white hatched lines in Figure 4 

represent net exporters of GHG emissions. ND, NC, AL, UT, and ID are top net exporting states. 

Absolute values for net transfer of food, virtual water, embodied energy and GHG emissions for 

all states are provided in the appendix A table 15. We also estimated the GHG emissions intensity 

of irrigation for each state and found that 40% of the states are above average (0.15 kg CO2 

equivalents/m3 irrigation water). High GHG emissions intensity for states is a result of the pump 
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fuel type used and the energy mix for each state. For example, WV has the highest GHG emissions 

intensity due to heavy reliance on gasoline and electricity-based pumps with a significant share of 

coal-powered electricity. Additionally, with the exception of ID the top five net exporting states 

have higher than average GHG emissions intensity. Approximately 50% of irrigation pumps are 

diesel based in net exporting states of AL and NC, while 70% are coal electricity based in ND and 

UT, thus increasing their GHG emissions intensity. Conversely, ID farms depend on electricity-

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

2.3.4  Network analysis of embodied energy and GHG emission 

 

 

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

 






























































































































































































































































































































