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Social changes such as growing population, urbanization, globalization, and economic

growth,  compounded with uncertainties due to climate change are expected to result in sub-

stantial  shifts in the demand for food, energy, and water. Food, energy and water resource

systems  are tightly interconnected. Addressing challenges facing any of these resource sys-

tems requires a holistic understanding and quantification of the existing interdependencies

and  trade-offs. This study is aimed at analyzing FEW nexus modeling tools with a specific

focus  on addressing issues of water management through a nexus lens. In particular, an

exploratory  approach is taken to assess available FEW nexus modeling tools to determine

their  accessibility, knowledge gaps, and potential for including aspects that provide better

insight into the nexus such as water quality, futuristic scenarios due to climate change, and

varying  scales within the nexus. A case study in an agricultural watershed in northeastern

Indiana  is presented which builds on the WEF  Nexus Tool 2.0 framework and assessment

criteria.  For this case study, spatial and temporal analysis based on SWAT was implemented.

This  provided a water quality component to the framework enabling a more representative
analysis  of the FEW nexus.

© 2019 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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W) nexus has recently emerged as critical framework for
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lopin
 et al., 2018). During the Bonn 2011 Nexus Conference, the

 the FEW nexus was developed (Hoff, 2011; Endo et al., 2017)

g the need for a cross-sectoral dialogue around trade-offs

 with different resource allocation and planning decisions.

management is a critical component in natural resource

ent. Within the FEW nexus framework, water may be con-

driver; it is necessary for agricultural production and plays

nergy production primarily as related to cooling (Daher and

15; Rao et al., 2017). Both sectors (food and energy) can have

fects on water quality; for example, nitrogen and phospho-

ue to be among the most common pollutants in freshwater

hese originating largely from agricultural sources (WWAP,

rgy production can result in increased water temperatures

iated negative impacts on aquatic ecosystems (Madden et al.,

 where the net water consumption might be zero. Further-

er availability is affected by pollution (WWAP, 2015). Without

essment and application of sustainable approaches for food

y production, serious environmental degradation will con-

ccur. In particular, unsustainable use and management of

urces in these two sectors can lead to: competition for water

between food and energy production (Rosa et al., 2018a,

creasingly impaired waters (Cai et al., 2018); loss of biodi-

ff et al., 1997); and political tensions between communities

ater resources (Richter, 2014), all of which negatively impact

ards environmental sustainability. Often, policy-making

 FEW nexus tends to occur without much consideration of the

ffects of decisions made within other sectors on the water

ohtar and Daher, 2012; IRENA et al., 2015). Amongst the earli-

ts to incorporate the interconnections of the sectors within

exus was integrated water resources management (IWRM),

ves to analyze the life cycle of water within a system (Al Radif,

 FEW nexus approach builds on IWRM, energy efficiency, and

t for crop production, and provides a cross-cutting platform

ws dialogue across sectors (Mohtar and Daher, 2016).

tly,  there are a limited number of FEW nexus modeling tools

h to quantify the interconnections and stressors both in and

ach of the respective FEW sectors (IRENA et al., 2015; FAO,

hese tools allow for more quantitative analysis of the intri-

he FEW nexus, thus aiding policy- and decision-makers in

ding the complexities in securing FEW sources in an effi-

st, and holistic manner. Nevertheless, they tend to rely on a

ular scaling, which make it difficult to implement the tools

al, regional and national scales simultaneously. Most also

bility to generate futuristic scenarios of the interrelation-

 would give a better understanding of the shifts that could be

nd their impacts. These shortcomings could be due to the

certainty due to climate change, as well as the reality that

pment of these modeling tools is relatively new. Hence, the

the framework of FEW nexus modeling tools must not only

d by the significance of the interactions, but by how system

s are defined when assessing the suitable spatio-temporal

decision-making. Thus, there is a need to better understand

tline these system boundaries as well as to develop a more

mework to address the varying levels of scaling, significance

ions, and sector perspectives that are present within these

lian et al., 2011). One of the major concerns related to current

s tools is their failure to address the quality of water within a

us, there is also a need to incorporate a water quality com-

to the FEW nexus framework for a better representation of

nnectedness among the sectors of the nexus.

im of this study was to analyze FEW nexus modeling

provide a framework by which to better integrate water

ent—including water quality—as a primary component of

. Specifically to: (1) review the availability of tools that

 FEW nexus; (2) determine the benefits and shortcomings

e tools for understanding potential tradeoffs; and, (3) use a

e-art FEW nexus modeling tool in a case study to demon-

ntial applications incorporating water quality and futuristic
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re-based exploratory approach was taken as an ini-
to assess the potential of incorporating FEW nexus
the development of necessary resource allocation
s, as well as to better understand the trade-offs
the different sectors. This study included recently
d tools and demonstrated how to select a tool based
n criteria. Finally, a scenario-based case study was
d  to assess how a chosen tool would perform in
ting the interconnections between the FEW sectors

 future perspectives, the flexibility in scale through
ions and inputs and outputs of the framework, and

 to capture potential trade-offs in various resource
 strategies. Because water quality is a crucial compo-

ater management, the study also assessed the extent
 water quality could be incorporated in FEW nexus
. The case study site was the Matson Ditch Water-
rimarily agricultural catchment in DeKalb County in
t Indiana, thus demonstrating the feasibility of incor-
a developed tool’s framework to an agricultural-based

EW  nexus  modeling  tools  description

he most commonly used FEW nexus modeling tools
limate Land Use Energy and Water (CLEW) model

n et al., 2011), the Water Energy Food (WEF) Nexus
er and Mohtar, 2015), the Water Evaluation and Plan-
em (WEAP)/Long-range Energy Alternatives Planning
EAP) (Sieber, 2006; Hoff et al., 2007; Sieber and Heaps,
SIASEM (MultiScale Integrated Analysis of Societal

ystem Metabolism) (Giampietro et al., 2009), and the
osphere Management Model (GLOBIOM) (Ermolieva
5).

oped by the International Atomic Energy Agency
EW (https://www.iaea.org/topics/economics/energy-

c-and-environmental-analysis/climate-land-energy-
ategies)  is a systematic framework approach that
ltiple, unintegrated tools to illustrate synergies and
s  for decision making (Kaddoura and El Khatib, 2017).
es outputs based upon collected data, assumptions,
-defined scenarios (Hermann et al., 2011). The WEF
ol 2.0 (http://wefnexustool.org/) is a dynamic model
mpts to shift from silo decision-making to more
e approaches. The model was originally developed
t to assess resource allocation due to national-level

ral production, importation and exportation, as
using desalinization and renewable resources as

 solutions for Qatar. The tool provides compar-
ween scenarios and provides a sustainability index

 scenarios (Daher and Mohtar, 2015). WEAP/LEAP
ww.weap21.org)  are scenario-based modeling tools

d by the Stockholm Environment Institute (SEI).
corporates water quality and quantity assessment,
l and social demands, and water management
Kaddoura and El Khatib, 2017). LEAP is the energy

 software also developed by SEI and can be linked
AP. These tools’ licenses are available for a fee for

 from developed countries and for free for those in
g  countries.

SEM  (http://iaste.info/musiasem/)  is an open frame-

l that aids in determining feasibility and desirability
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997 by Mario Giampietro and Kozo Mayumi  (IASTE,
e tool is managed by the Integrated Assessment:
, Technology, and the Environment (IASTE). It uses

 System Theory concepts, as well as a flow-fund
 encompass FEW nexus and social parameters. This
ed for diagnostics or simulations, and has been used
exus assessments (Kaddoura and El Khatib, 2017).
ve been various applications in different countries

 model (IRENA et al., 2015).
IOM (http://www.globiom.org)  is a global-scaled

 model that integrates the FEW nexus sectors for
alysis and was developed by the International Insti-
Applied Systems Analysis (IIASA, 2019). GLOBIOM
tes price and trade flows for all the countries of
, aggregating into 30 larger regions for convenience
a et al., 2015; Havlík et al., 2012). Additionally, there

nal versions of the model, such as GLOBIOM-BRAZIL
BIOM-EU, which were designed with stakeholder
ent to provide a more  detailed analysis.

 tools that have been used in FEW nexus mod-
lude: the Diagnostic, Financial, and Institutional
Investment (DTI) (Salman, 2013) which provides a
framework for agriculture and energy, with a pre-
t  focus on water management based on irrigation
opower (Kaddoura and El Khatib, 2017).; the Q-Nexus
arnib, 2017; Karnib, 2018), which categorizes the FEW
ctors through a set of inflows, including irrigated
d other agricultural products for the food sector;

, electricity, and renewable energy for the energy
nd groundwater, surface water, wastewater reuses
lination for water (Karnib, 2018); Data Envelopment

 (DEA) (Li et al., 2016), a nonparametric framework
uring the relative efficiencies of a set of “black box”
making units that have various inputs to yield multi-
ts; the Platform for Integrated Modeling and Analysis

(Kraucunas et al., 2015), a modeling system devel-
he Pacific Northwest National Laboratory (PNNL) that
s  with models that simulate climate, energy, water

 use interactions for decision-making (Kraucunas
15); the Global Change Assessment Model (GCAM)
s et al., 1994), a dynamic-recursive model represent-
conomy and energy sectors, with particular interest
imate change mitigation policies will impact the sec-
I, 2019); and, the Nexus Simulation System (NexSym)

z-Hernandez et al., 2017a), a spreadsheet-based simu-
l (Yao et al., 2018) that simulates processes and local
n  systems to analyze the FEW nexus at a smaller

the DTI analysis is conducted at the country level
three different tools (context tool, institutional and
ol, financial tool), that work synergistically. These
-access and readily available at http://www.fao.
water/databases-and-software/diagnostic-tools-for-
nt/en/. The Q-Nexus Model uses an input-output

matrices framework that integrates societal demands
hnical efficiencies within the nexus (Martinez-
ez et al., 2017a; Karnib, 2017). This model has been
analyze the FEW nexus in Lebanon (Karnib, 2017;
018). The DEA is integrated with the C2R, BC2, and
st Index Model to provide more  holistic analyses
l., 208) and has been applied to analyze the water
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as been applied to assess how energy infrastruc-
he U.S. Gulf Coast is effected by climate change
l., 2018). The modeling system, which takes into
stakeholder engagement (Kraucunas et al., 2015),
ble through the open-source software platform,
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nitial  evaluation

riteria were used to evaluate existing tools as follows:
bility and accessibility: open-access tools allow
makers to conduct assessments or analysis in a
that is affordable. Thus, modeling tools that require

 and/or a subscription fee were not included in this
 cost can be a major hindrance. Ease of access for
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rocesses (IRENA et al., 2015). Therefore, only tools

eadily available online were considered in this study.
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3

ure, and how one could create robust solutions. Thus,
y to use the tools to incorporate and compare futur-
arios was evaluated.

ding to Kaddoura and El Khatib (2017) and Dargin
19), tools that are open-access, available online, sim-
ser-friendly are more  likely to find wide application.

se were considered as the primary criteria in the eval-
omprehensiveness was the next criterion, and was
o the tools that were readily available. Tools that did
de all three sectors of the FEW nexus were eliminated

 analysis. The next factor considered was ease of
 that require extensive programming, multiple soft-
ge, or a steep learning curve along with a high time
nt  were removed from the analysis. Finally, consid-
were made as to whether the tool would be intuitive
had a tutorial and/or community resources available
ser to be able to guide themselves in using the tool
y. Finally, user ability to input various scenarios and
ectors within the FEW nexus was evaluated.

ecision  matrix  analysis

 selected for further evaluation were subjected to a
teria decision analysis (MCDA) using a decision (or
nce) matrix analysis (Dodgson et al., 2009) and based
ven qualitative criteria as previously described. The
matrix allowed for a systematic analysis and rating of
nexus tools. The criteria were unweighted, given that

 could change depending on the analysis objectives.
ing system was based on a ten-point scale, from 1
or to 10 being excellent. The overall score was then

 across the criteria, and the model with the highest
core was selected as the tool that would be used for
study.

esults  and  discussion

udy, selected FEW nexus models were subjected to
nary screening based on pre-established criteria to
e the ones best suited for use in FEW nexus modeling
ssments. From this initial evaluation (Supplemen-
le S1), tools which require a financial input were
d, as were tools with extensive data requirements,

 complex, with multiple software requirements, and
cenario parameters. Based on the evaluation, three
AM,  NexSym, and The WEF  Nexus Tool 2.0—were

for further evaluation and were subjected to a more
 analysis through a multi-criteria decision analysis.

 the evaluation criteria (Table 1), the WEF  Nexus Tool
anked as the best fit (with a total score of 6.86/10),
GCAM tool coming in second (6.14/10), and NexSym
s the least implement (5.57/10).
EF  Nexus Tool 2.0 is a great example of a user-friendly

 is available in open-access and facilitates trade-off
ives of sustainable solutions with a focus on food
nd agricultural production (Daher and Mohtar, 2015).

 received a 9/10 in the “user-friendly” category, with
receiving a 6, and GCAM receiving a 2 an inadequate
rface. The user interface for GCAM was not well estab-
d required extensive time and tutorials to implement

 resource management. The complexity of the WEF
ol 2.0 was deemed moderate. It was the most intu-
he three tools, as well as the tool that required the
unt of user inputs.
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 NexSym had potential in allowing users to define
ndaries and interconnections, the software was not

 in a shareable format at the time of this study. Hence,
availability was scored a 2. The WEF  Nexus Tool 2.0
a 10, as it was readily available online and can be

 after the end user creates a profile, which is done
for the user to be able to save any simulations they
rating. GCAM received a score of 6, because though
access it online, it requires end users to download
am.  For flexibility, though both the WEF  Nexus Tool
CAM have similar limitations in both the agricultural
gy components, GCAM received a higher score despite
itations, as the user has the ability to define some

 these sectors.
EF  Nexus Tool 2.0 incorporates an economic com-

hrough the type of crops being produced. There are
ns  to implementing policies and future pricing, and
tool received an 8. Policy files can be user-defined in
nd taxes and subsidies can be represented. However,
has to develop these files, which can become diffi-
ey are unfamiliar with the process. This tool, thus,
a score of 6.
ms of comprehensiveness, all three tools received a

 because each of these modeling tools have sufficient
uts and interconnections based on the scale and pur-

e WEF  Nexus Tool 2.0 focuses on food security and
connections based on agricultural production and
nsumption within Qatar at an annual basis (Daher
tar, 2015). GCAM is a regional-scale model that is
r coarse 5-year intervals (JGCRI, 2019). The NexSym
ses on more  local systems, at the city scale (Martinez-
ez et al., 2017a). These systems account for necessary
ections between the nexus despite the differing

 and scales, and thus have appropriate comprehen-
s for the respective scale.
h GCAM has the potential for climate change pre-

nalysis, the coarse interval time periods could make
nt  of crop production difficult as crop growth varies

ly.  There are a variety of climate change projection
 available, with differing radiative or climate forcings;
y to incorporate these climate change projections into
ould be beneficial for robust decision making. One
climate change scenarios, RCP 4.5 (Representative
ation Pathway, 4.5 W/m2), was simulated success-

 GCAM (Thomson et al., 2011), However, the learning
 GCAM is steep for novice programmers and decision-

ith minimal coding experience, making predictive
challenging.
m has a predictive component for consumption and
modeling through bioenergy production, and pro-
ibility in terms of user input and defining the system
Additionally, it includes nitrogen and carbon cycling
e locally-scaled model, as well as a climate input.

,  the tool currently does not have a spatial model-
onent, but holds promise for incorporating one, as
tegrating aspects of uncertainties and connections

 modeling tools based on larger scales (Martinez-
ez et al., 2017a,b).
h  the WEF  Nexus Tool 2.0 does not have a built-in

e component, an end user could develop various sce-
 order to assess future climate conditions (Daher and
015). The annual basis at which output is generated
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Soil  
 a coarse assessment – though finer than that from
hat may be beneficial for decision-makers. Neverthe-

assess ho
surface  w
ing a more  fine-scaled assessment of the predictive
nt would aid in further developing the water com-
f the tool, as water availability may shift based on

 variations.
neral, FEW nexus tools span not only a range of

 frameworks and system depths, but also a range
exity, user-friendliness, and comprehensiveness in

 FEW nexus interactions, underlying assumptions,
icability with respect to location. While some tools

 comprehensive than others, there is not yet a single
odeling tool that simulates the FEW nexus holistically
t al., 2019). Furthermore, existing tools were built con-
specific regions or localities and there applicability
e may need to be tested more  broadly. There is, thus,

 to enhance and expand existing tools and models.
udy, we demonstrate how one could narrow down  on
ially based on broadly applicable criteria, and then
ased on their knowledge, expertise, resources, needs,
range of tools available. Inherently, this process has

 of subjectivity; thus, it is not our intent to endorse
over another or others. With these considerations in

 present a case-study example application of the WEF
ol 2.0 framework.

ase  study:  Matson  Ditch  Watershed

y used information from the Matson Ditch Water-
eKalb County in northeast Indiana, USA, to illustrate

of the WEF  Nexus Tool 2.0 at the watershed scale,
rporation of a water quality impacts component. The
egrated the methodologies of the WEF  Nexus Tool 2.0
-Question Guideline to Modeling the Water-Energy-
us developed by Daher and Mohtar (2015) and Daher
tar (2012), respectively. Additionally, the case study
d  future climate projection scenarios to demonstrate
WEF  Nexus Tool 2.0 can be used to assess climate
ffects on the stressors within the FEW nexus frame-

ite  description

son Ditch Watershed (Fig. 1) is an agricultural sub-
rainage-dominated catchment with an aerial extent
a (11,392 acres). Cultivable agricultural land (67.8%) is

 used to produce corn, soybeans, and winter wheat.
 of the land is developed area that includes resi-

roperties (Mehan, 2018), 13% of the watershed is in
and 9% in deciduous forest. Other land uses, such
n, evergreen forest, range-brush, wetlands, water,
r crops including alfalfa, rye, oats, hay, constitute

 of the area. The annual average precipitation
 entire watershed based on 2003–2012 data was
000 mm.  The two major soil types in this water-
a silt loam Alfisol (Blount: somewhat poorly drained)
y loam Mollisol (Pewamo: Poorly drained). (Mehan,

atson Ditch Watershed is monitored by the USDA-
ral Research Service (ARS) National Soil Erosion

 Laboratory (NSERL), and has sufficient data available
the application of the WEF  Nexus Tool 2.0 methodol-
ious work in the watershed (Mehan, 2018) used the
Water Assessment Tool (SWAT, Arnold et al., 1998) to

w climate change would affect both surface and sub-
ater and nutrient mechanisms. Using historical and



Food and Bioproducts Processing 1 1 9 ( 2 0 2 0 ) 108–124 113

eKa

projected
demonst
21st  cent
losses  fro
changing
yields  po
increasin

4.2.  W

This stud
line  to M
(2017). Be
managem
water  qu
A  scenar
chosen  t
tions  bet
the  flexib

uts  o
e-off

T
lysi

7Q 

ssar
ecti
ell a
).  Fo
s,  wh
on  D

hat i
Fig. 1 – Matson Ditch Watershed in D

 climate data, the previous study was also able to
rate  effects on crop yield. Modeling outputs for the
ury indicated that there could be greater nutrient
m this agriculturally dominated watershed, and that

 conditions could affect future crop yields, with corn
tentially decreasing by 2%–50% and soybean yields
g  by 20%–60% (Mehan, 2018).

EF nexus  tool  considerations

y included answering the 7-Question (7Q) Guide-
odeling the Water-Energy-Food Nexus by Daher et al.
cause water quality is a crucial component in water
ent, the study also assessed the extent to which

ality could be incorporated in FEW nexus modeling.
io-based case study was conducted to assess how the
ool would perform in representing the interconnec-

outp
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ween the FEW sectors including future perspectives,
ility in scale through assumptions and inputs and

How  c
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lb County, IN, USA.

f the framework, and its ability to capture potential
s in various resource allocation strategies.

he  7Q  guideline:  systems  of  systems
s

Guideline provide a guide to conceptualize the
y framework for decision-making to quantify inter-
ons between the sectors of food, energy, and water,
s to develop scenarios and tradeoffs (Daher et al.,

llowing is a summary of the responses to the ques-
ich enabled comprehension of the system within the
itch Watershed:

s the critical question?
an we assess water resources impacts within the FEW
mework, based on varying renewable energy deploy-
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is ap
tions and sustainable agricultural practices while
imate change into account?

re the players/stakeholders?

 interested in long-term projections of water quality
ate change would be considered major stakehold-
e involve local farmers, environmental entities, and

cs.

t scale?

cale for this assessment is at the watershed scale.

re we  defining our systems of systems?

s case study, the framework is water-centric consid-
h water quality and quantity. Fig. 2 shows the FEW
mework for this analysis. Because the WEF  Nexus

was developed to focus on food production (Daher,
e interconnections represented in this tool focus on
ss and dependencies for this goal. Agricultural pro-

s critical to water quality in the food-water portion of
s (D’Odorico et al., 2018), thus, including water quality
ations in the analysis introduces an additional inter-
here food production affects water by impairing its

ater quality is considered at both spatial and tem-
les. Crop location, rotations, and type are included.
ally, energy requirements and carbon emissions for

 production, tillage, harvesting, and transportation
op production are considered. The pilot site, the Mat-

 Watershed, is a predominantly agricultural research
d  with no competing usage of resources other than
ern of water quality impairment. Because the site
inantly precipitation-fed, energy for securing water

 be used to demonstrate the energy and carbon emis-
e-offs.

o we  want to assess?

nalysis will include the type of crops being grown,
th their rotations, the sources of energy for agricul-
duction and securing water, the sources of water, the
f the water within the watershed, and what climate
rojections indicate through the 21st century.

ata is needed?

g  the data required for the assessment were,  water
ent (m3), spatial-temporal distributions of water

s, the watershed water budget, energy requirement
r (kJ/ m3), energy requirement for agricultural pro-
kJ/ha), carbon footprint (ton/kJ), and climate change
n  data.

o we  communicate it? Where do we involve the deci-
aker in the process?

gh  this case study, a holistic assessment of the Mat-
 Watershed will be provided. Moving forward, it is
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to incorporate more  strict constraints and strategies
e impractical scenarios.

tions  wit
being us
EW  nexus  framework  and  assumptions

to model the FEW nexus, relationships between the
rgy,  energy-water, and water-food sectors needed to
sed, in addition to inputs and assumptions within
e respective sectors. The sector and inter-connection

ions were based upon the equations used in the WEF
ol 2.0 (Table 2). Because this case study was con-

t the watershed level, the constraints set by Daher
ere not incorporated. For assessing outputs of the
o bounds were included for the equations used.

the WEF  Nexus Tool 2.0 has restraints set for each
ount of water, land, and energy sources, these were

ssary for the case study since, on an annual basis, the
itch Watershed receives sufficient rainfall to sustain

ral  production. It was also not necessary to account
tation/exportation of crops, political risks associated
e, or transportation of the crops being produced,
plified the modelling.

ata  development

d in this case study were obtained primarily from
018), who used the SWAT model and provided mod-
rmation at both watershed and Hydrologic Response
U) levels. HRUs are the smallest modeling unit in
d are defined as approximately homogenous areas

se, soil type, and slope (Mehan, 2018). Bias-corrected
projections from nine different general circulation
(GCMs) and data from two climate change emis-
narios, (RCP 4.5 and RCP 8.5) were applied to the

Ditch Watershed for the 21st century (2006–2099).
ate data through 2099 were separated into three

gments (2006–2019, 2020–2069, 2070–2099) developed
ange-point detection algorithms such as the Pruned
ear Time (PELT) algorithm (Killick et al., 2012) to
ints throughout the 21st century where there were
s  in the dataset. The overall analysis was sepa-

o five time periods: 2006–2012; 2006–2019; 2020–2069;
9; and, 2006–2099. The 2006–2012 period was included
ine hydrologic and nutrient response in the recent

ile the 2006–2099 period was included to deter-
w the inputs and outputs within individual time
differed from those of the entire dataset (Mehan,

iformity purposes, the FEW nexus modeling was per-
or each of the five time periods outlined in Mehan
utputs were obtained at the HRU level to provide
ed on land use as needed for this study. As the
itch Watershed is predominantly agricultural, data

racted for HRUs that had the major crops—corn, soy-
nd winter wheat—and used for evaluations. Nine
ate change datasets were applied with two  radiative

limate scenarios (RCP 4.5 and RCP 8.5). The annual
d mean values from the models for precipitation,
apotranspiration, nutrient runoff, and crop yields
of the corn, soybean, and winter wheat HRUs were

 shows the integration of the WEF  Nexus Tool 2.0
T for assessment of the Matson Ditch Watershed.
plication, the two are used as stand-alone applica-
h SWAT model output and watershed representation
ed to provide input to WEF  Nexus Tool 2.0. The tool
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Fig. 2 – Diagram demonstrating the FEW nexus framework.

Table 2 – FEW Nexus Equations and Assumptions (Source: Daher, 2012).

Sector Equation/assumptions No.

Food-Energy

Energya,b Energy Totalt =
n∑

i=1

E1,i,t + E2,i,t (2)

E1,i,t = ER,i,t + EGW,i,t + ETWW,i,t (3)
E2,i,t = Etill,i,t + Eharv,i,t + Efert,i,t (4)

Carbon Emissionsc CO2t =
n∑

i=1

CO21,i,t + CO22,i,t (5)

CO21,i,t = CO2R,i,t + CO2GW,i,t + CO2TWW,i,t (6)
CO22,i,t = CO2till,i,t + CO2harv,i,t + + CO2fert,i,t (7)

a E1,i,t (KJ/year) is the energy needed for either pumping or treating water for irrigation for crop i (KJ/year), and E2,i,t is the energy (KJ/year) needed
for tillage (till), harvest (harv), fertilizer production (fert), and local transport (considered negligible and thus not included).

b Associated energy values were obtained from Daher (2012), with energy requirements for nitrogen, phosphorus, and potassium/atrazine
fertilizers at 78,230, 17,500, and 13,800 (KJ/kg) and the carbon emission was assumed 0.0026 ton/year. Groundwater energy requirement being
4271 KJ/m3 and treated wastewater requires 1656 KJ/m3.

c Carbon emission from different energy sources for water retrieval were taken into account, including diesel (778 g CO2/kWh), natural gas
(443 g CO /kWh), wind (10 g CO /kWh), and solar thermal (13 g CO /kWh.

incorpora
tion,  and
water  de
quality  c
SWAT  m
provide  

tury.

F

area
eans
8 acr
han
2 2 2

tes water quantity, energy demand and consump-
 overall food production, while quantities such as
mand based on the evapotranspiration, and water
ontaminant values were taken from the calibrated
odel. Furthermore, the SWAT model was used to
climate change projections through the 21st cen-

6.2.  

The 

soyb
(425
not  c

calculatio
ood  sector

s for the assumed initial crop production for corn,
,  and winter wheat were 1123 ha (2775 acres), 1723 ha
es), and 238 ha (588 acres), respectively. Land use has
ged much within the region (Sekaluvu et al., 2018), so

ns could be based reliably on the number of hectares



116  Food and Bioproducts Processing 1 1 9 ( 2 0 2 0 ) 108–124

Fig. 3 – Integrating the WEF  Nexus Tool 2.0 and SWAT for asse

Table 3 – Yield based on mean yield/ha of watershed
crop-based hydrologic response units.

Time period Corn
(ton/ha)

Soybeans
(ton/ha)

Wheat
(ton/ha)

RCP 4.5
2006–2012 4.70 4.68 2.95
2006–2019 5.11 4.75 3.87
2020–2069 4.79 4.61 3.53
2070–2099 4.93 4.93 3.86
RCP  8.5
2006–2012 4.45 4.82 3.05
2006–2019 4.86 4.79 3.83
2020–2069 4.55 4.43 3.56
2070–209
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t crop production. Thus, the land use was assumed to
tent throughout the 2006–2099 analysis period. The

of crops produced on an annual basis for each of the
es was calculated using Eq. (1).

uctioni, t = Yieldi,t · Crop Areai (1)

oduction of crop i during time period t is in tons, yield
 is in tons/ha (Table 3) for each time period t, and

 is given in hectares. Historical and future yields for
he crops were obtained by separating the HRUs for
he time periods by crop type across the watershed,
ing the average of the yields based on the HRU land
ation. A crop rotation of corn-soybeans-winter wheat
nce, one crop per year) was modeled in the analysis
d by Mehan (2018), and thus these HRU yield values
icative of the rotational crop production between the
6–2099.

nergy  sector  and  carbon  emissions

rgy assumptions for this case study were those
d in Daher (2012). Energy requirements within the
d  were determined by Equation 2 (Table 2). The study
d  is a freshwater, primarily rainfed system. Thus, the
ter source that was considered was rainfall (energy
ent = 0 KJ/year). Additional analysis was conducted
dwater and treated wastewater to assess the energy
on emission tradeoffs if precipitation was not the
source of water for the watershed.

 study area, the primary energy requirements and
sions for crop production are tied to fertilizer, tillage
esting. For tillage and harvesting, it was assumed

 one type of fuel type was used. Energy assumptions
e from Daher 2012 were assumed for all the agricul-
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6.4.  

6.4.1

s. The fertilizer demands for each of the crops were

 through all the crop HRUs to take into considera-
Water qu
(2018)  fo
ssment of the Matson Ditch Watershed.

crop rotations. Unless otherwise noted, the carbon
s were based on one energy source. The diesel and
as (D + NG) energy source is considered the base-

e for Indiana. According to Dillon and Slaper (2015),
 energy consumption in 2012 was broken down  as:
ming from coal, 24.6% from natural gas, 27.2% from

,  and 3.5% from other sources. For simplicity, we
 that the baseline consumption for Indiana was 75%

 NG energy source coming from diesel and 25% from
as. The more  sustainable combination scenario, con-

 wind and solar thermal (W + S), assumed that energy
ing from renewable resources of wind (50%) and solar
(50%). In comparison to nonrenewable sources, wind,
d the wind-solar combination have almost minimal
missions. For the Matson Ditch Watershed, wind and
re considered to be the most probable renewable
s for the region. Carbon emissions were calculated
ilar manner to energy (Eq. (5), Table 2), where total
missions were in tons/year for time period t, CO21,i,t

 carbon emissions from pumping or treating water
tion for crop i (tons/year), and CO22,i,t were the carbon
s from tillage, harvest, fertilizer production, and local
t, all multiplied by the years in time period t. CO21,i,t

ulated using Eq. (6) in Table 2, where the energy was
of the amount required to retrieve clean water from
), groundwater (GW), and treated wastewater (TWW)

 the crop water demand of crop i during time period t.
ources of emissions that were considered were those

water and treated wastewater, as rainfall as a water
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nt. The total actual evapotranspiration (ETa) values
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om the cropland were calculated using Eq. (9):

 WQcYi,t · Crop Areai (9)

Qci,t is the water quality contaminant coming from
 i at time period t, WQcY is the water quality contam-
ld (ton/ha) from crop land i at time period t being
d  by its area (m2) given the crop rotation. Water
ontaminant values were obtained through a com-
ve modeling effort using SWAT (Mehan, 2018), which

 water quality projections through the 21st century.

EF nexus  tool  outputs

out the span of 2006–2099, the average annual crop
n  (tons/year) that was determined is shown in Fig. 4.
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in Table 7.
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 of 60% to an increase by 75% under RCP 8.5. The mean
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ety of FEW nexus modeling tools evaluated in this
monstrate the wide range of applications of FEW
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Fig. 4 – Average annual crop production for Crop-Based HRUs in tons/year predicted for time periods between 2006 and 2099.

Table 4 – Average crop water demand for crop-based HRUs in mm/year for time periods between 2006 and 2099.

Scenario and time period Corn Soybean crop H2O demand (mm/yr) Winter wheat

RCP 4.5
2006–2012 514.1 486.9 436.2
2006–2019 515.6 490.2 442.2
2020–2069 492.2 496.2 428.9
2070–2099 497.6 493.9 449.9
RCP 8.5
2006–2012 497.3  484.7 436.6
2006–2019 498.4  496.9 440.1
2020–2069 481.2 481.3 433.4
2070–2099 461.3 466.7 444.1

Fig. 5 – Energy that would be required (KJ/year) to meet total water demand for each crop if the primary water sources were
ground water (GW) or treated wastewater (TWW); the first set of bars in each of the series are the results of the RCP 4.5
scenario .
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 portions of the FEW nexus. Nutrient modeling within
nexus is rather limited, even though it plays a critical

 interconnections (Yao et al., 2018). This, thus, points
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nexus in a way that is more  holistic.
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Table 5 – Carbon emissions × 1010 (tons CO2/year) for nonrenewable energy based on alternative water source.

Scenario and time
period

Alternative water
source

Diesel  Natural gas D + NGa

Corn Soybean Winter wheat Corn Soybean Winter wheat Corn Soybean Winter wheat

RCP 4.5

2006–2012
GW 7.83 11.14 1.36 4.46 6.34 0.77 6.99 9.94 1.21
TWW 3.04 4.32 0.53 1.73 2.46 0.30 2.71 3.85 0.47

2006–2019
GW 7.85 11.21 1.38 4.47 6.38 0.79 7.01 10.01 1.23
TWW 3.05 4.35 0.53 1.73 2.48 0.30 2.72 3.88 0.48

2020–2069
GW 7.50 11.35 1.34 4.27 6.46 0.76 6.69 10.13 1.19
TWW 2.91 4.40 0.52 1.66 2.51 0.30 2.59 3.93 0.46

2070–2099
GW 7.58 11.30 1.40 4.32 6.43 0.80 6.76 10.08 1.25
TWW 2.94 4.38 0.54 1.67 2.49 0.31 2.62 3.91 0.49

RCP 8.5

2006–2012
GW 7.58 11.09 1.36 4.31 6.31 0.78 6.76 9.89 1.21
TWW 2.94 4.30 0.53 1.67 2.45 0.30 2.62 3.84 0.47

2006–2019
GW 7.59 11.36 1.37 4.32 6.47 0.78 6.77 10.14 1.22
TWW 2.94 4.41 0.53 1.68 2.51 0.30 2.63 3.93 0.47

2020–2069
GW 7.33 11.01 1.35 4.17 6.27 0.77 6.54 9.82 1.21
TWW 2.84 4.27 0.52 1.62 2.43 0.30 2.54 3.81 0.47

2070–2099
GW 7.03 10.67 1.38 4.00 6.08 0.79 6.27 9.53 1.24
TWW 2.72 4.14 0.54 1.55 2.36 0.31 2.43 3.69 0.48

a This was assumed to be the baseline consumption for the state of Indiana, with 75% of energy for the alternative water source coming from
diesel and 25% of the energy being retrieved from natural gas.

Table 6 – Carbon emissions × 1010 (tons CO2/year) for renewable energy based on alternative water source.

Scenario and time
period

Alternative water
source

Wind  Solar thermal W + S

Corn Soybean Winter wheat Corn Soybean Winter wheat Corn Soybean Winter wheat

RCP 4.5

2006–2012
GW 0.10 0.14 0.02 0.13 0.19 0.02 0.12 0.17 0.02
TWW 0.04 0.06 0.01 0.05 0.07 0.01 0.05 0.06 0.01

2006–2019
GW 0.10 0.14 0.02 0.13 0.19 0.02 0.12 0.17 0.02
TWW 0.04 0.06 0.01 0.05 0.07 0.01 0.05 0.07 0.01

2020–2069
GW 0.10 0.15 0.02 0.13 0.19 0.02 0.11 0.17 0.02
TWW 0.04 0.06 0.01 0.05 0.08 0.01 0.04 0.07 0.01

2070–2099
GW 0.10 0.15 0.02 0.13 0.19 0.02 0.11 0.17 0.02
TWW 0.04 0.06 0.01 0.05 0.08 0.01 0.04 0.07 0.01

RCP 8.5

2006–2012
GW 0.10 0.14 0.02 0.13 0.19 0.02 0.11 0.17 0.02
TWW 0.04 0.06 0.01 0.05 0.07 0.01 0.04 0.06 0.01

2006–2019
GW 0.10 0.15 0.02 0.13 0.20 0.02 0.11 0.17 0.02
TWW 0.04 0.06 0.01 0.05 0.08 0.01 0.04 0.07 0.01

2020–2069
GW 0.09 0.14 0.02 0.13 0.19 0.02 0.11 0.17 0.02
TWW 0.04 0.05 0.01 0.05 0.07 0.01 0.04 0.06 0.01

2070–2099
GW 0.09 0.14 0.02 0.12 0.18 0.02 0.11 0.16 0.02
TWW 0.04 0.05 0.01 0.05 0.07 0.01 0.04 0.06 0.01

Table 7 – Tillage and harvest energy requirements and carbon emissions per season.

Crop
Crop production
stage

Energy requirement
(×107 KJ/year)

Carbon emission (ton CO2/year) energy source

Gasoline Diesel LP gas

Corn
Tillage 3.45 14.26 11.42 16.59
Harvest 4.60 16.04 12.85 18.82

Soybean
Tillage 5.18 21.41 17.15 24.91
Harvest 6.90 24.09 19.29 28.25

Winter wheat
Tillage 0.71 2.92 2.34 3.40
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Fig. 6 – Water quality contaminant loads per year from corn, soybean, and wheat crop areas predicted from the Matson
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