
LETTER • OPEN ACCESS

The future evolution of energy-water-agriculture
interconnectivity across the US
To cite this article: Zarrar Khan et al 2021 Environ. Res. Lett. 16 065010

 

View the article online for updates and enhancements.

You may also like

Emulation of Neural Networks on a
Nanoscale Architecture
Mary M Eshaghian-Wilner, Aaron Friesz,
Alex Khitun et al.

-

Surface curvature in triply-periodic minimal
surface architectures as a distinct design
parameter in preparing advanced tissue
engineering scaffolds
Sébastien B G Blanquer, Maike Werner,
Markus Hannula et al.

-

Bi-layered calcium phosphate cement-
based composite scaffold mimicking
natural bone structure
Fupo He and Jiandong Ye

-

This content was downloaded from IP address 106.51.226.7 on 26/08/2022 at 18:03

https://doi.org/10.1088/1748-9326/ac046c
https://google.iopscience.iop.org/article/10.1088/1742-6596/61/1/058
https://google.iopscience.iop.org/article/10.1088/1742-6596/61/1/058
https://google.iopscience.iop.org/article/10.1088/1758-5090/aa6553
https://google.iopscience.iop.org/article/10.1088/1758-5090/aa6553
https://google.iopscience.iop.org/article/10.1088/1758-5090/aa6553
https://google.iopscience.iop.org/article/10.1088/1758-5090/aa6553
https://google.iopscience.iop.org/article/10.1088/1468-6996/14/4/045010
https://google.iopscience.iop.org/article/10.1088/1468-6996/14/4/045010
https://google.iopscience.iop.org/article/10.1088/1468-6996/14/4/045010


Environ. Res. Lett. 16 (2021) 065010 https://doi.org/10.1088/1748-9326/ac046c

OPEN ACCESS

RECEIVED

10 January 2021

REVISED

9 May 2021

ACCEPTED FOR PUBLICATION

24 May 2021

PUBLISHED

10 June 2021

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

LETTER

The future evolution of energy-water-agriculture interconnectivity
across the US
Zarrar Khan1, Thomas B Wild1,2, Gokul Iyer1, Mohamad Hejazi1,3 and Chris R Vernon1

1 Joint Global Change Research Institute, Pacific Northwest National Laboratory (PNNL), College Park, MD 20740, United States of
America

2 Earth System Science Interdisciplinary Center (ESSIC), University of Maryland, College Park, MD 20740, United States of America
3 King Abdullah Petroleum Studies and Research Center (KAPSARC), Riyadh, Saudi Arabia

E-mail: zarrar.khan@pnnl.gov

Keywords:water, energy, agriculture, nexus, interconnectivity, network

Supplementary material for this article is available online

Abstract
Energy, water, and agricultural resources across the globe are highly interconnected. This
interconnectivity poses science challenges, such as understanding and modeling interconnections,
as well as practical challenges, such as efficiently managing interdependent resource systems. Using
the US as an example, this study seeks to define and explore how interconnectivity evolves over
space and time under a range of influences. Concepts from graph theory and input–output analysis
are used to visualize and quantify key intersectoral linkages using two new indices: the
‘Interconnectivity Magnitude Index’ and the ‘Interconnectivity Spread Index’. Using the Global
Change Analysis Model (GCAM-USA), we explore the future evolution of these indices under four
scenarios that explore a range of forces, including socioeconomic and technological change.
Analysis is conducted at both national and state level spatial scales from 2015 to 2100. Results from
a Reference scenario show that resource interconnectivity in the US is primarily driven by water use
amongst different sectors, while changes in interconnectivity are driven by a decoupling of the
water and electricity systems, as power plants become more water-efficient over time. High
population and GDP growth results in relatively more decoupling of sectors, as a larger share of
water and energy is used outside of interconnected sector feedback loops. Lower socioeconomic
growth results in the opposite trend. Transitioning to a low-carbon economy increases
interconnectivity because of the expansion of purpose-grown biomass, which strengthens the
connections between water and energy. The results highlight that while some regions may
experience similar sectoral stress projections, the composition of the intersectoral connectivity
leading to that sectoral stress may call for distinctly different multi-sector co-management
strategies. The methodology we introduce here can be applied in diverse geographical and sectoral
contexts to enable better understanding of where, when, and how coupling or decoupling between
sectors could evolve and be better managed.

1. Introduction

Energy, water, and land resources across the globe are
both strained and highly interconnected [1–4]. The
scarcity and interdependency of energy, water, and
land resources is well documented and can result in
both synergies and trade-offs among sectors [5–23].
The strength of these interconnections determines
the downstream impacts of shortages in one resource

on the others. The water sector provides illustrative
examples of the implications of resources constraints
and sectoral interconnectivity. Globally, almost four
billion people already experience severe water scarcity
in at least one month per year [2, 24, 25]. In the
US, half of river basins may be unable to meet
monthly water demands by 2070 [26]. Urbaniza-
tion and increasing consumption patterns are shifting
the dynamics of these interconnections, which vary
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across the world. While globally agriculture remains
the dominant user of water [27], in the US 40%
of all water withdrawn is now being used for cool-
ing power plants to generate electricity [28, 29]. This
leaves the hydroelectric grid vulnerable to worsen-
ing hydrometeorological conditions such as droughts
[30–33]. Increasing demands for energy has led to an
expansion of biofuels in many regions, resulting in
competition with food crops for land, nutrient, and
water resources [34–36], as well as competition with
the power and municipal sectors for water resources.
Tomanage freshwater scarcity, alternate water sources
(such as desalination, ground-water pumping, and
water transfers) are increasingly being accessed, but
they carry significant energy consumption require-
ments [16, 30, 37, 38]. These are just a few (of many)
examples of strained resources and their interconnec-
tions, focusing on water-driven interconnections as
an example.

Forces such as population growth, technological
change, urbanization, increasing consumption, and
climate change are poised to not only worsen exist-
ing resource constraints, but also to accelerate the
integration of resource systems [9, 18, 19, 39–42].
As these systems become more integrated, resource
constraints in any given sector have the potential to
propagate across multiple sectors in nonlinear and
unexpected ways [6]. Institutions that are respons-
ible for crafting policies, plans, and strategies in the
energy, water, and land sectors are typically com-
peting for scarce institutional and financial resources
to meet their sectoral goals. As opposed to single-
sector planning, strategic multi-sector planning that
seeks out synergies [14], and avoids conflicts [43], is
more likely to receive support because it promotes
efficiency and resilience. The nature of cross-sectoral
opportunities and threats in any particular regionwill
depend on the degree of sectoral interconnectivity
that exists, which can vary depending on the spatial
and temporal scale being considered [30, 40, 44–49].

Several reviews of past intersectoral analysis
methodologies [41, 50–56] show that existing studies
on the subject generally analyze intersectoral linkages
in two main ways: (a) by examining indirect impacts
as a result of the interconnections between a chosen
subset of possible linkages [11, 16, 48, 49, 57–60];
or (b) by simultaneously analyzing multiple single-
sector indices [8, 61–64]. The list below summarizes
some of the key examples from this literature.

(a) Indirect impacts cited include:

• Increased emissions and water demands in
response to increasing livestock productivity and
crop yields [11];

• increased global costs and energy consumption to
meet water and climate Sustainability Develop-
ment Goals [16];

• export of scarce water, energy and land resources
embodied in traded products both regionally and
internationally leading to environmental degrada-
tion [23, 48, 49];

• global efforts to simultaneously reduce projected
increases in food (60%), energy (60%) and water
(20%) consumption from 2015 to 2050 [58];

• implications of water treatment and environmental
flow constraints on energy and land use [59, 60];

(b) Combinations of various sectoral indices have
been used in different studies to capture multi-sector
interactions, including:

• A normalized index to capture the mass and eco-
nomic value of water and energy embodied in agri-
cultural products in a region [8];

• a combination of 14 different indicators across
water, energy, and land (including resource avail-
ability, access, pollution, droughts, heat exposure)
to capture global exposure of vulnerable popula-
tions to multi-sector hotspots [61];

• a combination of food, energy, and water sub-
indices, which capture access and availability of
resources to rank and assess multi-sector sustain-
ability, either globally or for individual countries
or regions (e.g. river basins) [8, 62, 63].

These past studies, looking at indirect impacts
of interconnectivity and combined sector-specific
indices, identify some of the key sectoral linkages and
show that the interconnections between various sec-
tors lead to important indirect impacts. No previous
study, however, has focused exclusively on quantify-
ing the degree of intersectoral connectivity and how
it may evolve into the future under various scenarios.

In this paper, we complement these past stud-
ies by focusing explicitly on identifying and analyz-
ing the ‘degree of interconnectivity’ amongst sectors
as opposed to the indirect impacts which are a res-
ult of the interconnectivity. We define interconnectiv-
ity here to mean the strength, number, and spread of
linkages between different systems. To capture these
characteristics, we use the concept of ‘network dens-
ity’ from graph theory (used previously in social
and governance network studies) [65–68], as well as
an inverse root mean square error (RMSE) meas-
ure [69], to establish two interconnectivity indices:
the ‘InterconnectivityMagnitude Index’ (Magnitude)
and the ‘Interconnectivity Spread Index’ (Spread).
Both indices are defined in detail in the Methodology
section. As pressures on scarce resources increase, it
will become increasingly important to better under-
stand the nature of interconnections between differ-
ent systems. In this study, using the Magnitude and
Spread indices, we seek to help with this understand-
ing and answer the following research questions:
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(a) How will interconnectivity between the energy,
water and agriculture sectors evolve across space
and time in the United States?

(b) How will this evolution of interconnectivity vary
in response to socio-economic and technological
change?

The remainder of this paper is organized as fol-
lows. Section 2 describes the novel methodology
used to measure interconnectivity. Section 3 presents
model outputs together with an analysis of the res-
ults. Section 4 is a discussion of the results and how
they relate to other studies. Finally, Section 5 provides
a summary of the paper, addresses the study’s limita-
tions, and describes potential future extensions of the
study.

2. Methodology

In this paper, we define two new interconnectivity
indices that capture the strength and spread of inter-
sectoral connections in chosen sectors in a region.
More specifically, the ‘Interconnectivity Magnitude
Index’ (Magnitude) is used to quantify the share
of physical commodities in each sector flowing to
other sectors that are part of feedback loops (i.e.
when sectors are mutually connected by both inputs
and outputs from each). Sectors that are part of
feedback loops are classified as ‘feedback sectors’,
while ‘unidirectional sectors’ are defined as those that
have only unidirectional connections with other sec-
tors and are thus not part of any feedback loops.
The ‘Interconnectivity Spread Index’ (Spread) quan-
tifies the spread of resources across the ‘feedback
sectors’.

Resources in the current context are defined as a
physical commodity in each sector, such as volume
of water in cubic kilometers (km3), electricity in
Gigawatt hours (GWh) or agricultural products in
Megatons (Mt). Both interconnectivity indices, how-
ever, are based on the distribution of the ‘shares’ of
resources within each sector. The indices are thus
unitless and can be combined and compared across
sectors. Together the two indices indicate which
regions will have the largest share of resources being
used in and spread across ‘feedback sectors’. For
example, if in a given region almost all of the water
withdrawn is used to cool powerplants, the ‘Mag-
nitude’ index would be high. However, given that
most of the water in this example is only being used in
one sector (i.e. energy), the ‘Spread’ index would be
low due to the lack of sectoral interconnections across
multiple sectors. From a strategic planning perspect-
ive, the ‘Magnitude’ and ‘Spread’ indices can collect-
ively help to identify regions that would benefit from
multi-sector coordinated planning. Regions that have
strong connections (i.e. high ‘Magnitude’) that are

spread out over a range of sectors (i.e. high ‘Spread’)
are more likely to benefit from a coordinated plan-
ning effort. Regionswith strong connections (i.e. high
‘Magnitude’) but low ‘Spread’ may still have substan-
tial planning challenges to confront but are less likely
to benefit from a coordinated multi-sector planning
effort.

To identify ‘feedback sectors’, we divide the end-
users of resources in the economy into seven broad
categories, as shown in figure 1(a): water, electricity,
agriculture, primary energy, industry, municipal and
livestock. These sectors reflect the sectors of the eco-
nomy as represented in the Global Change Analysis
Model-USA (GCAM-USA) [70, 71]. All data used to
calculate the interconnectivity indices in this paper is
based on the outputs from GCAM-USA, which cap-
tures global and US state level long-term dynamics of
the coupled human-Earth system at 5 year intervals
from 2015 to 2100 [70, 71]. GCAM-USA is a version
of the GCAM model with state-level detail in the US.
It is a dynamic-recursive human-Earth system model
that combines representations and interactions of
the global economy, energy system, climate, agricul-
ture, water and land use. GCAM-USA has been used
extensively for a wide range of applications to explore
the implications of changes in key driving forces such
as technology and economic growth on national and
international policies and pathways [72–77] (See SI1
for further details on GCAM-USA (available online at
stacks.iop.org/ERL/16/065010/mmedia)). The meth-
odology we present here, however, is flexible in that it
can be applied to any other classification of the eco-
nomy as desired. The sectors of focus can be adjus-
ted depending on the nature of the science ques-
tions being posed in a particular study. The outputs
of GCAM-USA were post-processed using the open-
source Metis model to calculate the Interconnectivity
Indices and create all output figures, maps, and plots
[78, 79].

As shown in figure 1(a), all sectors can be repres-
ented in a simple input–output matrix [80]. Input–
output analysis is commonly used to understand fin-
ancial and economic commodity flows, whereas here
we apply input–output modeling to analyze physical
commodity flows. The rows in figure 1(a) represent
sectors producing a physical resource (i.e. supply),
while columns represent the same sectors consuming
or using a resource (i.e. demand). The same system
can also be represented as a network graph, as seen in
figure 1(b). All possible physical flows of resources are
represented by the filled-in cells (red, cross-hatched
red and blue) in the matrix and lines (red, dashed red,
and blue) in the network graph. Non-existent rela-
tionships are represented by empty white cells in the
matrix and are missing in the network. Any flow path
that is part of a loop (i.e. nodes that both produce
and consume resources from and for each other) are
colored red. The same paths can be identified in the
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Figure 1. Visualization of physical flows among different representative sectors of the economy considered in this study, including
water, electricity, agriculture, primary energy, industry, municipal, and livestock. (a) Flow Matrix showing flow of resources from
supply (rows) to demands (columns). (b) Network Graph showing flow paths between sectors. Colors have similar meaning in
both figures. For example, each of the seven sectors can be either ‘Feedback’ loops (orange) or ‘Unidirectional’ (gray). Likewise,
flows can be part of a feedback loop (red squares and arrows) or unidirectional (blue squares and arrows). Non-existent
relationships are represented by empty-white cells in the matrix and are missing in the network. The dashed red line and
cross-hatched cell represents the unidirectional flow of water (W) to agriculture (A), which is part of the larger feedback loops
(W–A–E–W, W–A–P–W and W–A–E–P–W).

matrix as symmetrical red cells. Any node that is then
part of these feedback loops is colored orange and
identified as a ‘feedback sector’. The remaining sectors
are then represented as a combined ‘unidirectional
sector’ as shown in the label above the I, M and L sec-
tors in the figure. In addition, cross-hatched red cells
in the matrix and dashed red lines in the network dia-
gram represent unidirectional flows between two sec-
tors that form part of a larger feedback loop, as in the
case of water (W) flowing to agriculture (A). Despite
being a unidirectional flow, this connection forms
part of larger feedback loops such as Water (W)—
Agriculture (A)—Electricity (E)—Water (W), and is
thus colored red. This representation thus makes the
distinction between ‘feedback sectors’, which have bi-
directional flow paths between them, and the com-
bined ‘unidirectional sectors’, which are linked to
other sectors via unidirectional paths, and thus do
not supply physical resources back to any other sec-
tor from which they receive resources. In this illus-
trative example we ignore both waste returning to
the system and industrial products such as fertilizer
that are used in the agriculture sector. Importantly,
figure 1 is a visualization of the various feedbacks and
flows included in this particular study. However, the
methodology we present here is flexible, in that it can

accommodate contexts with any other combinations
of sectors and flows.

In any given region, the extent of the challenge
that exists in managing interconnected resources, like
those shown in figure 1, is characterized by both
the Magnitude of possible sectoral connections that
exist and the extent to which they are spread across
numerous sectors. These concepts are captured by
the Magnitude and Spread indices briefly introduced
earlier. To familiarize readers with the application
of these indices, we present some extreme examples
showing the possible ranges of the ‘Magnitude’
and ‘Spread’ parameters in figure 2(a) through
figure 2(d). These examples were selected to high-
light the relative insight offered by each index. The
indices are defined mathematically in the following
paragraphs.

The ‘Interconnectivity Magnitude Index’ (Mag-
nitude) is a modified form of the ‘network dens-
ity’ parameter as used in graph theory [65–68]. Net-
work density is a simple quantification of the ratio
of the number of actual connections in a network to
themaximumpossible number of connections. Using
this network density concept, the ‘Magnitude’ index
represents the ratio of the actual share of resources
flowing to ‘feedback sectors’, as defined previously,
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Figure 2. Examples showing the theoretical ranges of the ‘Interconnectivity Magnitude Index’ (Magnitude) and the
‘Interconnectivity Spread Index’ (Spread), selected to highlight the different information conveyed by the two indices. In each
figure the chord diagrams are a visual representation of flows between sectors while the accompanying matrices show the share of
each resource flowing from the sector in each row to the other sectors in each column. In each chord diagram, colored sectors are
‘feedback’ sectors, while gray represents a single lumped unidirectional ‘other’ sector. (a) ‘Magnitude’ = 0, ‘Spread’ = 0 (b).
‘Magnitude’ = 1, ‘Spread’ = 1 (c) ‘Magnitude’ = 0.03 and ‘Spread’ = 1. (d) ‘Magnitude’ = 1 and ‘Spread’ = 0. Regions
experiencing high magnitude and high spread (e.g. figure 2(b)) are the most likely to benefit from multi-sector coordination.

to the maximum possible share of resources that can
flow to ‘feedback sectors’. This is represented math-
ematically in equation (1), where a share is calculated
for each ‘feedback sector’, and then the mean value
across all the sectors determines the final represent-
ative value of ‘Magnitude’. The index is meant to be
intuitive, with ‘0’ indicating no resources are flow-
ing to any ‘feedback sector’, and ‘1’ indicating that all
resources used in the region are flowing along paths
connecting ‘feedback sectors’:

Magnitude =

n
∑

i=1

n
∑

j=1
si,j

(

n
∑

j=1
si,j+si,o

)

n
(1)

where: Magnitude = ‘Interconnectivity Magnitude
Index’ (Magnitude)

n = Number of feedback sectors
si,j = Resource flows from feedback sector i to

feedback sector j
si,o = Resource flows from sector i to ‘Unidirec-

tional sectors’.

While the ‘Magnitude’ quantifies the share of
resources flowing to the ‘feedback sectors’ relat-
ive to ‘unidirectional sectors’, it does not indicate
how widely the resources are spread across sectors.
The Interconnectivity Spread Index (Spread) does
precisely this. The ‘Spread’ is calculated based on
a modified version of the root mean square error
(RMSE) [69] to capture the deviation from a ‘per-
fect spread’. The ‘Spread’ is designed to be intu-
itive, in the sense that ‘0’ represents no spread,
wherein resource flows are concentrated in only one
of the ‘feedback sectors’; and ‘1’ represents the per-
fect spread, wherein resources are equally shared
across all of the ‘feedback sectors’. This is repres-
ented mathematically in equation (2), which calcu-
lates the squares of the differences between the actual
shares across the total number (n) of ‘feedback sec-
tors’ and the ideal shares representing the perfect
spread (1/n). The difference is then normalized so
that the maximum difference from the perfect spread
results in a ‘0’, while the minimum difference results
in a ‘1’:

Spread =

n
∑

i=1









n−1
n −

n
∑

j=1

(

si,j/
n
∑

j=1
si,j − 1/n

)2




(

n
n−1

)





n
(2)
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Table 1. Summary of key differences between scenarios.

Scenario name Pop in year 2100 GDP in year 2100 Carbon tax starting in year 2025

Reference 450 million (SSP2) $75 trillion (SSP2) $0/tCO2

Low Pop/GDP 250 million (SSP3) $30 trillion (SSP3) $0/tCO2

High Pop/GDP 700 million (SSP5) $275 trillion (SSP5) $0/tCO2

Low Carbon 450 million (SSP2) $75 trillion (SSP2) $25/tCO2 (Increasing 5% annually to 2100)

where: Spread = ‘Interconnectivity Spread Index’
(Spread)

n = Feedback sectors
si,j = Resource flows from sector i to sector j.
The indices, as calculated in equations (1) and

(2), are calculated for the United States for mul-
tiple scenarios based on the outputs of the GCAM-
USA model [70, 71]. Analysis is conducted at both
the National and State levels at 5 year time step
intervals from 2015 to 2100, with 2015 represent-
ing a historical base-year. The scenarios define vari-
ous representative socioeconomic and technological
pathways in response to exogenously defined pop-
ulation, GDP, and emissions constraints, which in
turn drive energy–water–land dynamics in GCAM-
USA. We first run a Reference scenario (‘Reference’)
to define baseline conditions against which to com-
pare subsequent scenarios [3, 81–83]. Subsequent
scenarios use the same basic assumptions built into
the Reference scenario with regard to technologies
advancement pathways, price and income elasticit-
ies, costs and resource availabilities. In addition to the
Reference scenario, three additional scenarios (‘Low
Pop/GDP’, ‘High Pop/GDP’, and ‘Low Carbon’) are
also run to explore the implications of changes in
population, GDP, and a low carbon future consistent
with the representative concentration pathway (RCP)
2.6 [84, 85] (See SI2 for details on national and state
population and GDP projections for each scenario).
Key assumptions for each of the scenarios are sum-
marized below and in table 1:

• Reference: The baseline assumptions that define
the Reference scenario. These assumptions are also
applied to all subsequent scenarios (with some
modifications, as described in subsequent scenario
descriptions). The Reference scenario assumptions
are consistent with the shared socioeconomic path-
way 2 (SSP2) for the world. The SSP2 scenario rep-
resents costs, prices, elasticities, and preferences in
a ‘middle-of-the-road’ narrative in which social,
economic, and technological trends do not shift
markedly from historical patterns [3, 81, 82]. In the
US, this scenario assumes a continuation of existing
trends across systems in the near term, with eco-
nomic forces driving changes in the longer term.
Electricity demands are projected to increase in
response to industrial electrification, while electri-
city supply is expected to see increasing shares of
natural gas and renewable energy. In addition, both
mature crude oil refining technologies as well as

relatively immature and nascent technologies such
as biomass to liquids, coal to liquids, and gas to
liquids, are projected to expand to meet growing
demands for liquid fuels (See further details in offi-
cial documentation [71]). Population in the US
increases to about 450 million and GDP to about
$75 trillion (2015 USD) by 2100.

• Low Pop/GDP: All assumptions except for pop-
ulation and GDP in the US remain the same as
in the Reference scenario listed previously. In this
scenario, the population and GDP projections for
the US are based on SSP3 [81, 86]. US population
decreases to about 250 million in 2100 and GDP
stays flat throughout the century at about $30 tril-
lion (2015 USD) in 2100.

• High Pop/GDP: All assumptions except for pop-
ulation and GDP in the US remain the same as
in the Reference scenario listed previously. In this
scenario, the population and GDP projections for
the US are based on SSP5 [81, 86]. US popula-
tion increases to about 700 million in 2100 and
GDP increases to about $275 trillion (2015 USD)
in 2100.

• Low Carbon: All assumptions remain the same as
in the Reference scenario listed previously, with the
addition of a carbon tax to investigate the implica-
tions of a low carbon future consistent with repres-
entative concentration pathway (RCP) 2.6. While
the Reference scenario leads to a radiative forcing of
about 6 W m−2 in 2100, the ‘Low Carbon’ scenario
results in a radiative forcing of 2.6 W m−2, leading
to a 2 ◦C increase inmean global temperature relat-
ive to pre-industrial conditions (1850–1900) [87].
The lower emissions are enforced in GCAM-USA
by applying an escalating carbon price that begins
at $25/tCO2 (2010 USD) in 2025 and increases (at
5% annually) to about $1000/tCO2 (2010 USD) in
2100. These prices are consistent with the range
of carbon prices (15–360 $/tCO2 in 2030 to 140–
8300 $/tCO2 in 2100) used in various multi-model
exercises [87, 88] for a representative concentration
pathway of RCP 2.6 [84, 85].

3. Results

3.1. National analysis
A core focus of this paper is to understand how inter-
connectivitymay change in the future in theUS under
various scenarios that capture changes in population,
GDP and technological shifts in response to a Low
Carbon future. Figure 3(a) shows the evolution of the
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Figure 3. National interconnectivity for the United States in the Reference scenario. (a) Interconnectivity indices ‘Magnitude’ and
‘Spread’ from 2015 to 2100; (b) intersectoral resource share flows for 2015; and (c) intersectoral resource share flows for 2100.

interconnectivity indices (‘Magnitude’ and ‘Spread’)
in the US under the Reference scenario. We begin
analysis at the national scale before progressing to
finer-scale state-level analysis. At the national scale,
the ‘Magnitude’ index remains relatively unchanged
over time, showing only a slight decrease from 0.24
to 0.23 by 2100. This is because, at the aggregate
national scale, the share of resources usedwithin feed-
back loops relative to the share of resources used dir-
ectly by end-users (in unidirectional flows) changes
only very slightly over time and since the Magnitude
Index is defined by this ratio it also shows a small
change (see SI5 for exact numbers on the changes
in these ratios for each scenario from 2015 to 2100).
The small shifts in the index become more pro-
nounced as we zoom into finer spatial scales (from
national to states) as discussed later. The ‘Spread’
index moderately increases from 0.35 in 2015 to 0.39

in 2020 as a result of agricultural land being shared
amongst new ‘feedback sectors’ (e.g. biomass for elec-
tricity as well as for primary energy). Agricultural
land dedicated to purpose-grown biomass is intro-
duced into the model in 2020 (0 km2 in 2015), with
1600 km2 used to produce biomass for electricity
production and 14,000 km2 for liquid biofuels (out
of a total of 1 million km2 of national agricultural
land), thus increasing the Spread index nationally.
The subsequent decline in the Spread index over time
is primarily driven by a larger share of water with-
drawals going towards the agricultural sector, as the
power system becomes more water efficient by the
end of the century (See SI3 and SI5 for further details
on the evolution of the interconnectivity indices by
sector).

To better understand how the composition of the
two indices is changing over time, figures 3(b) and (c)
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Figure 4. Absolute (top row) and % difference from Reference scenario (bottom row) for two national interconnectivity indices,
‘Magnitude’ and ‘Spread’, for all scenarios from 2015 to 2100.

show the makeup of intersectoral flows in 2015 and
2100, respectively. In 2015, sectoral interconnectivity
is driven by water used for agriculture and electri-
city generation. Comparing figures 3(b) and (c) we
can see a decoupling of the sectors, as water shifts
away from electricity generation. This is explained by
a shift in power plant cooling technologies fromonce-
through cooling to more efficient closed-loop cool-
ing, consistent with the SSP2 storyline (SI4). Addi-
tionally, results show an increase in agriculture flows
to primary energy, which reflects the increase in
purpose-grown biomass. The increasing water effi-
ciency of power generation, and the use of agricul-
ture in energy production, have opposite effects on
the interconnectivity indices over time. Water shift-
ing out of the ‘feedback sectors’ (from electricity
to unidirectional sectors) decreases interconnectiv-
ity, while more agricultural land used for electri-
city and primary energy increases interdependencies
between the ‘feedback sectors’. Land use for purpose
grown biomass expands into pasture, grass and other

land and is unevenly distributed across the states
(See SI4 for details on land use changes and its spa-
tial distribution). The potential for multiple forces to
counteract one another’s impact on interconnectiv-
ity over time underscores the importance of evaluat-
ing the implications ofmultiple time-evolving human
and earth system influences.

Figure 4 shows the effect of changes in popu-
lation, GDP, and carbon constraints on intercon-
nectivity. Relative to the Reference scenario, the ‘High
Pop/GDP’ scenario shows a decrease in the Mag-
nitude of interconnectivity but an increase in the
Spread of interconnectivity. This is primarily driven
by an increase in the share ofwater needs formunicip-
alities and other unidirectional uses from 39% in the
Reference to 56% in the High Pop/GDP scenario and
with the relative share of water used for agriculture
declining from 53% in the Reference to 35% in the
High Pop/GDP scenario (See SI5 for chord diagrams
andmatrices). This shift is reflected by a decline in the
Magnitude Index from0.23 for the Reference scenario
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Figure 5. Distribution of ‘Magnitude’ and ‘Spread’ across states. Top map shows absolute values for the ‘Reference’ in 2100.
Bottom three maps show the % difference from the ‘Reference’ scenario for the Low Pop/GDP, High Pop/GDP and Low Carbon
scenarios in 2100.

to 0.18 in the High Pop/GDP scenario. The shares
of water used for agriculture (decreasing from 53%
in the Reference to 35% in the High Pop/GDP scen-
ario) and for electricity generation (increasing from
7% in the Reference to 9% in the High Pop/GDP
scenario), however, become more balanced and are
reflected by the increase in the Spread Index (from
0.32 in the Reference to 0.34 in the High Pop/GDP).
In the Low Pop/GDP scenario we see the oppos-
ite effect: a larger share of water is used for agri-
culture, thus increasing the magnitude of intercon-
nectivity but decreasing its spread across sectors as
water becomes more concentrated in one sector. In
the ‘Low Carbon’ scenario, purpose-grown bioen-
ergy becomes more profitable and causes an increase
in the magnitude of interconnectivity. This diver-
sion of agricultural commodities into the energy sec-
tor strengthens the coupling of water, agriculture,
and energy. The spread of resources across the ‘feed-
back sectors’ however declines as the share of water

concentrates in the agriculture sector (See SI5 for the
corresponding chord diagrams and matrices).

3.2. Subnational (state-level) analysis
While figures 3 and 4 are useful for understand-
ing general trends at the national level, many of the
most important intersectoral conflicts, tradeoffs, and
planning issues take place at the finer spatial scales.
Accordingly, figure 5 telescopes down to the state
level. The overall patterns seen in the national inter-
connectivity results are also observed at the state level
with regard to the general character of the ‘Mag-
nitude’ and ‘Spread’ trends across scenarios over time.
However, some additional insights appear in the state
level results that were not visible in the national res-
ults. For example, the Magnitude interconnectivity
index is highest in the Reference scenario in the cent-
ral states as shown in figure 5, driven by a higher frac-
tion of their water being used for agriculture (See SI4
for the distribution of water use by sector and state).
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Figure 6. Interconnectivity Magnitude Index values vs share of water used by agriculture for all states and scenarios in 2100.

By 2100, eastern and western states show a drop in the
Magnitude Index (See SI6 for details on changes in the
spatial distribution of interconnectivity in the ‘Refer-
ence’ scenario from 2015 to 2100) as water is diverted
away from ‘feedback sector’ cycles (agriculture, elec-
tricity and primary) towards direct end-use by ‘uni-
directional sectors’ (such as industry and municipal-
ities), while central states do the opposite (See SI4.4
for changes in the share of water across the states
from 2015 to 2100). In eastern states the drop in the
Magnitude Index is driven by the proportion of water
used for powerplants decreasing, while in the western
states the decrease is as a result of the proportion of
water for agriculture decreasing. We see the opposite
impact on the spread of resources (‘Spread’) amongst
‘feedback sectors’ in these same states.

Purpose-grown biomass becoming more com-
petitive in the ‘Low Carbon’ scenario results in an
increase in the coupling of sectors, as more biomass
is grown across states. East and west coast states show
the highest increases corresponding to the shift in
land use for biomass (SI4). In the ‘High Pop/GDP’
scenario, we again see a decoupling of sectors (drop in
theMagnitude Index) across theUS, driven by a larger
proportion of water used directly by municipalities as
compared to agriculture or electricity. This decoup-
ling is most pronounced in the states with the highest
increases in population such as California (SI2). On
the other hand, we see an increase in the Spread
Index in several states primarily driven by a relat-
ively more equal distribution of water use for power
plant cooling and agriculture (SI5). For the case with
a decline in population and GDP (Low Pop/GDP),
we see an increase in sectoral interconnectivity, as
more resources are used within processes that share
resources as compared to unidirectional flows to end

uses, but a decrease in the spread as resources become
concentrated in particular sectors.

Overall, the share of water used for agriculture
use (figure 6) shows the strongest correlation with the
Magnitude Index across the states from amongst the
parameters analyzed in this study (See SI8 for addi-
tional charts showing Interconnectivity Indices vs
changes in various parameters). The Spread Index on
the other hand does not show any particularly strong
correlation with any of the parameters considered.
This result holds across scenarios with an overall
increase in coupling in the case of the ‘Low Carbon’
scenario as a result of additional water needed for
purpose-grown biomass.

4. Discussion

The results from figures 3–6 complement analysis of
indirect impacts from other studies calling for the
co-management of resources and provide additional
insights into how those interactions may change in
the future. Brown et al [26] identifies most of the
southwest and lower midwest basins in the United
States to be at risk of monthly water shortages dur-
ing the period from 2049 to 2070. A deeper look into
the interconnectivity indices of some of these states
(SI6 and SI7) highlights some of the dynamics at play
and provides insight into how similar levels of water
shortages in different basins could benefit fromdiffer-
ent multi-sector co-management approaches (SI9).
States like Colorado (CO) and Kansas (KS) show
the highest combined interconnectivity parameters
(both ‘Magnitude’ and ‘Spread’ higher than 0.25 in
2100), and in both cases the highest share of water
is used by agriculture from 2015 to 2100. In other
states like Arizona (AZ) with similar projections for
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water scarcity, the ‘Magnitude’ index is lower, and
the distribution of resources shows that water stress
will need to be managed by coordinating between
the water and electricity sectors. In New Mexico
(NM), we see a large increase in the concentration
of the share of agriculture grown for electricity, with
purpose-grown biomass increasing from 0% in 2015
to 30% in 2100. This comes with a corresponding
increase in water for agriculture (from 70% in 2015
to 80% in 2100) and a reduction in the share of water
used for power plant cooling. In the ‘Low Carbon’
scenario, these numbers increase even more, with
85% of agriculture used for biomass for electricity,
and the share of water for agriculture increasing to
almost 90%. In the face of severe water shortages,
these results indicate that strategic co-management
of land, water resources, and electricity production
could produce benefits.

The Fourth National Climate Assessment [6]
highlights California as a key example of a region
with critical interconnectivity among water, energy,
and agricultural resources. The water system is the
largest single electricity user in the state (3% of total),
agriculture is the largest water user, and a substantial
amount of electricity is generated using hydropower.
Our results show how these intersectoral dynamics
could shift in the future. Our results show that a larger
population (High Pop/GDP scenario) could decouple
local resources, with a significantly larger share of
water being used directly for industries and municip-
alities (‘Unidirectional’ sectors) instead of agriculture
by 2100 (figure 5). Remaining resources (in this case
primarily water), however, are more equally shared
across the ‘feedback sectors’, indicating a greater need
for co-management to distribute shared resources
efficiently to meet multiple objectives.

The US Energy Information Administration
(EIA) [89] analyzes the distribution and decline in
water intensity of US powerplants. The largest quant-
ities of water for powerplant cooling are withdrawn
in the eastern half of the country [28, 29]. This distri-
bution is also reflected in the ‘Spread’ map (figure 5),
where water is shared more equally between agricul-
ture and powerplants. Our results also show a decline
in water and electricity coupling as a result of more
efficient powerplant cooling to 2100. Voisin et al [33]
and van Vliet et al [90] showed high vulnerability of
the power system to water temperature and availabil-
ity. In the western US, the electricity grid was shown
to have a 21% chance of insufficient generation based
on 30 years of historical water availability data simu-
lations [33]. The combination of our ‘Magnitude’ and
‘Spread’ maps with state level chord diagrams show
a trend of water being shared more equally between
agriculture and electricity in the eastern half of the
country as compared to the west, where water use
is dominated by agriculture (See SI4). These reflect
important implications for how water shortages will

be managed between resources in the future, with the
share of allocations and water rights possibly indicat-
ing sectoral clout when it comes to decision making.

The results in figures 4 and 5 comparing the
changes in the indices across the scenarios showed
that the sectoral interconnectivity (‘Magnitude’)
increased themost in the LowCarbon scenario driven
by biomass production for primary energy liquid bio-
fuels (with a 60% increase in ‘Magnitude’ by 2100 for
‘Low Carbon’ scenario) and corresponding increases
in water for energy. These results complement pre-
vious studies exploring the emission implications
of bioenergy production [91, 92] and weighing the
benefits against cross-sectoral impacts on water and
land [43].

5. Conclusions

Interdependency between water, energy, agriculture,
and other sectors results in indirect impacts, wherein
changes in resource availability and demands in one
sector have the potential to propagate across mul-
tiple sectors in nonlinear and unexpected ways [6].
Several studies have documented examples of these
indirect impacts and cascading effects [8, 11, 16, 48,
49, 57–64]. The various linkages among sectors via
physical commodity flows have also been well docu-
mented, such as water needs for power plant cooling,
water for agriculture, biomass for energy, and elec-
tricity for water processing [5–23]. An understanding
of these interdependencies can help planners to cap-
italize on synergies as well as avoid trade-offs. This
paper complements previous studies that focus on
measuring the impacts of interconnectivity by expli-
citly quantifying and visualizing the interconnectiv-
ity itself and how it varies across space and time. It
does so by first classifying ‘feedback sectors’ as those
sectors which form part of feedback loops. Indices
are then defined to quantify the share of resources
flowing through these feedback loops as well as to
quantify to what degree resources are shared between
the ‘feedback sectors’. This approach can be applied to
understand the potential evolution of interconnectiv-
ity over time, as well as to identify regions that might
benefit most from coordinated co-management of
resources. While we apply this novel methodology in
a US context, the methodology can flexibly be applied
in diverse geographic and sectoral contexts.

In this case study for the US, results show that
coupling between sectors is primarily driven by water
used for agriculture and powerplant cooling. The res-
ults for the Reference scenario show a decoupling
of sectors nationally over time, from 2015 to 2100,
as the power system becomes more water efficient
with shifts from once-through power plant cooling
to more efficient recirculating cooling. This releases
a significant amount of water from the power sec-
tor, which used 40% of total US water withdrawals in
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2015, to 7% in 2100. At the same time, an increase in
purpose-grown biomass (from 0% of all agricultural
land in 2015 to 10% in 2100) contributes to increasing
intersectoral connectivity between water, agriculture,
and energy.

While it could potentially be valuable to evaluate
interconnectivity at the national scale for purposes
of strategic planning, many of the most important
intersectoral conflicts, tradeoffs, and planning issues
take place at the state, county, and municipal scales.
As we telescope from national scale to state-level
spatial scale, sectors become increasingly decoupled
as resource usage concentrates into fewer sectors.
The emergence of regionally differentiated intercon-
nectivity trajectories underscores the importance of
the flexibility of the methodology we introduce to
explore interconnectivity across diverse spatial scales.
Subnational results across the states show that the
highest sectoral interconnectivity is concentrated in
the central states, with high relative use of water
for agriculture and electricity as compared to other
uses. Projected changes in interconnectivity across the
states over time depend on the evolution of the power
and land use systems. Along the east coast, our results
project a decoupling of sectors due to a shift toward
more water-efficient power plants. Meanwhile, along
the west coast, the primary driver of decoupling is a
decrease in the share of water used for agriculture.
Increases in population and GDP (High Pop/GDP
scenario) were seen to decouple systems by divert-
ing resources out of feedback loops and into direct
use bymunicipalities and industries, while the oppos-
ite was true for decreasing populations and GDP. A
scenario exploring a Low Carbon future showed an
increase in interconnectivity as a result of the expan-
sion of purpose-grown biomass and a corresponding
increase in the sharing of resources between water,
agriculture, and energy. The scenarios we explored
demonstrate the potential formultiple forces to coun-
teract one another’s impact on interconnectivity over
time, thus underscoring the importance of evaluat-
ing the implications ofmultiple time-evolving human
and earth system influences.

Broadly, the results of this study complement pre-
vious studies that have identified sector-specific hot-
spots (water scarcity, biomass expansion, technology
advancements). For example, some regions of the
world may be projected to become water scarcity hot-
spots in the future [25]. However, this does not expli-
citly offer insight into the complex web of sectoral
interconnections that may be driving water scarcity
in particular regions. In some regions, the solutions
to water scarcity might be resolved by better man-
agement of water resources in limited sectoral certain
contexts, such as irrigation efficiency. However, in
other regions, water scarcitymay be the result of com-
plex multi-sector interconnections that will require
more complex management strategies and coordin-
ation to resolve. In other words, increasing water

(or other resource) scarcity alone does not imply a
more complex co-management challenge. To improve
insight into the multi-sector dynamics that may cause
particular sectoral challenges to emerge in the future,
here we introduce an approach to characterizing con-
nectivity with novel indices. These indices, and future
extensions of them, have the potential to provide
a more holistic perspective regarding where multi-
sector hotspotsmight emerge in the future, andwhich
regions would benefit from coordinated, multi-sector
co-management of resources to alleviate these sec-
toral challenges.

This study has several limitations that could be
addressed in future work. The choice of the ‘feed-
back sectors’ used herewas based on the identification
of multi-directional flows of physical commodities
between sectors. In the current study, in order to sim-
plify the analysis, we did not consider some potential
resource flows, such as waste products returning to
the system, and various other segments of the indus-
trial sector which are water and energy intensive such
as fertilizer, cement, iron, steel, desalination, refiner-
ies, and petrochemicals. Taking on the industrial sec-
tor would require additional efforts on the GCAM
front, thus, we decided to investigate additional levels
of sectoral disaggregation such as fertilizer in future
studies. Additionally, water withdrawals were used
to calculate the interconnectivity in the water sec-
tor, instead of water consumption. Using water con-
sumption instead of water withdrawals in the cal-
culation of the indices would result in significantly
different trends, since as power plants become more
water efficient, they withdraw less water but con-
sume more water. The results for the interconnectiv-
ity indices using water consumption are provided in
SI10 and the largest difference is that because water
consumption is concentrated in the agricultural sec-
tor in the US, the spread index is considerably lower.
Several of the resource share calculations, such as
electricity used for water processing (of surface water,
groundwater, and desalinated water) and agriculture,
were based on static coefficients from 2015 US val-
ues. Thus, technological advancement in those sectors
are not captured, unlike how we capture power plant
water efficiency improvements over time. In those
cases, for example for electricity for water, the value
of electricity increases in proportion to the increase
in water withdrawn from surface water, groundwa-
ter, and desalinated water. This, however, is a lim-
itation of the model used to calculate the distribu-
tion of resources (i.e. GCAM-USA in this case). We
note that the interconnectivity indices as calculated
in this study reflect the various human and Earth sys-
tem assumptions as well as themanagement decisions
made in each scenario for the various resources as
portrayed by the underlying model. An exploration
of these underlying decisions and the drivers behind
them are beyond the scope of the current study and
will be investigated in more detail in future studies.
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A large body of research literature has confirmed
the importance of understanding interdependencies
between sectors to capitalize on intersectoral syner-
gies and avoid cascading trade-offs. This paper intro-
duces a new methodology to explicitly visualize and
quantify the interconnectivity between resources. The
results highlight that while some regions may have
similar sectoral resources stress projections, the com-
position of the intersectoral connectivity that leads to
that sectoral stress may call for distinctly different co-
management strategies. This methodology, and any
future extensions of it, will allow planners to bet-
ter understand where, when, and how coupling or
decoupling between sectors will evolve. Ultimately,
this can lead to efficient, resilient systems that are
more capable of handling multiple stressors across
sectors.
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