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Water, energy and food (WEF) are inextricably interrelated. Effective planning and management of limited
WEF resources to meet current and future socioeconomic demands for sustainable development is chal-
lenging. WEF production/delivery may also produce environmental impacts; as a result, green-house-gas
emission control will impact WEF nexus management as well. Nexus management for WEF security ne-
cessitates integrated tools for predictive analysis that are capable of identifying the tradeoffs among var-
ious sectors, generating cost-effective planning and management strategies and policies. To address these
needs, we have developed an integrated model analysis framework and tool called WEFO. WEFO provides
a multi-period socioeconomic model for predicting how to satisfy WEF demands based on model inputs
representing productions costs, socioeconomic demands, and environmental controls. WEFO is applied to
quantitatively analyze the interrelationships and trade-offs among system components including energy
supply, electricity generation, water supply-demand, food production as well as mitigation of environ-
mental impacts. WEFO is demonstrated to solve a hypothetical nexus management problem consistent
with real-world management scenarios. Model parameters are analyzed using global sensitivity analysis
and their effects on total system cost are quantified. The obtained results demonstrate how these types of
analyses can be helpful for decision-makers and stakeholders to make cost-effective decisions for optimal

WEF management.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Water, energy and food are critical resources for meeting
the socioeconomic demands and sustainable worldwide economic
development. They are inextricably interrelated; each of them
significantly depends on others (Bazilian et al., 2011; Gold and
Webber, 2015; Dubreuil et al., 2013; USDOE 2014). Water plays an
important role in almost every stage of energy development, in-
cluding extraction, production and processing of fossil fuels, elec-
tricity generation, and treatment of wastes from energy-related ac-
tivities (Bazilian et al., 2011; USDOE 2014; Hoff, 2011; Mo et al.,
2014; Fulton and Cooley, 2015; Perrone et al.,, 2011; Bartos and
Chester, 2014; Pereira-Cardenal et al., 2016). In the US, about 90%
of the electricity was produced by thermoelectric power plants,
where significant quantities of water are withdrawn and consumed
for cooling purposes (Ackerman and Fisher, 2013; Copeland, 2014;
Zhang and Vesselinov, 2016). Water is needed for food production,
mainly for irrigation and processing of crops. Agricultural produc-
tion is the largest consumer of water globally, accounting for about
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90% of global freshwater consumption in the past century (USDOE
2014; Hoff, 2011; Khan and Hanjra, 2009; Shiklomanov, 2000). En-
ergy is needed to pump, collect, treat, and distribute water; at the
same time, energy is crucial in food production and processing for
mechanization, land preparation, fertilizer production and applica-
tion, irrigation, packaging, processing and storage of food (USDOE
2014; Hoff, 2011; Canning et al., 2010; Zhou et al., 2013; Mo et al.,
2010); about 30% of the global energy consumptions are from food
production and supply (FAO 2011). The interdependent relation-
ships of these three critical resources are termed as water-energy-
food (WEF) nexus. The nexus concept has garnered more and more
attention in the past several years (Zhang and Vesselinov, 2016;
Hellegers et al., 2008; World Economic Forum 2011). With the
rapid increase of the world population, demands for WEF resources
increase significantly (FAO 2014). It is estimated that world popu-
lation will increase by 50% by 2050 (Lazarus, 2010). The associ-
ated increase in demand for food has resulted in, and will con-
tinue to cause, increasing stresses on both energy and fresh water
resources. This will substantially exacerbate the water and energy
shortage at different scales, locally, regionally, nationally as well as
internationally. It is challenging to effectively plan and make op-
timal use of limited WEF resources to meet current and future
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socioeconomic demands for sustainable development (Bazilian et
al., 2011; FAO 2014; Howells et al., 2013).

Major energy sources are nonrenewable (e.g., coal and natural
gas), and their uses also produce Greenhouse Gases (GHG) - pre-
dominantly CO, - into the atmosphere that are consequently im-
pacting the global climate (IPCC 2007; Zhang et al., 2014; Zhang
and Huang, 2013). For examples, thermoelectric power plants gen-
erate significant quantities of GHGs; agriculture contributes about
30% of the global anthropogenic GHG emissions worldwide (FAO
2003). Greater demand for food requires more energy consump-
tion (for irrigation as well as fertilizer production and applica-
tion) and water (consequently consuming more energy for pump-
ing, delivering, and treating water), leading to more GHG emissions
(Schlesinger, 1999; Smith et al., 2007). Control of GHG emissions is
crucial for mitigating the impacts of climate change. It is also de-
sirable that GHG emission control be incorporated into the WEF
nexus management.

The processes representing the integrated WEF system are com-
plicated and dynamic, because not only each of the three sectors
does affect one-another at various spatial and temporal scales, but
also numerous economic, social, political, technological, and envi-
ronmental factors are involved (USDOE 2014; Hoff, 2011). Nexus
management aiming to provide WEF security necessitates inte-
grated approaches and/or tools for analysis that are capable of
identifying the tradeoffs among various sectors, generating cost-
effective planning and management strategies and policies. The
outcomes of these analyses will be applied to inform decision-
makers and stakeholders in practical decision scenarios. The WEF
nexus management analyses should be able to answer a series of
critical questions, such as “what are optimal strategies for manag-
ing water, energy and food simultaneously?”, “how will polices and
management strategies within a sector affect the other sectors?”,
and “how will GHG mitigation measures affect energy supply, food
production and water consumption?” (Hoff, 2011). Those are the
core tasks of the WEF nexus management. Optimal WEF alloca-
tion and use cannot be accomplished without integrating consider-
ations from all three sectors and acknowledging interrelationships
(FAO 2011; FAO 2014).

Model-based approaches are effective tools for supporting such
planning problems and quantitatively analyzing the inseparable re-
lationships among WEF resources, and facilitating robust decision-
making facing the complex WEF system. Previously, many stud-
ies have been reported in the research areas of WEF nexus. Most
of them focused on a single sector such as water resources man-
agement, energy systems management or agricultural production
planning, or two sectors such as water-energy nexus, or specific
issues such as socioeconomic impacts of water uses, or conceptual
descriptions of the WEF nexus management (Zhang and Vesseli-
nov, 2016; FAO 2011; Hu et al., 2011; Hightower and Pierce, 2008;
Nilsson and Martensson, 2003; Li et al., 2011; Chung et al., 2004;
AlQattan et al., 2015; Lall and Mays, 1981; Rasul and Sharma,
2015). For example, Lall and Mays (1981) proposed a mathemati-
cal programming model for managing water and energy resources.
Lotfi and Ghaderi (2012) formulated a fuzzy possibilistic mixed in-
teger programming model for mid-term electric power planning in
deregulated markets. Dubreuil et al. (2013) designed a water mod-
ule in the world energy system model TIAM-FR to assess the link-
ages between energy and water. There is a lack of an integrated
nexus modeling system which is capable of incorporating all of the
three sectors and associated environmental impacts into a general
framework, and quantitatively studying the complex interactions
to optimize the WEF nexus management strategies from a whole-
system perspective (Howells et al., 2013; Biggs et al., 2015).

The objective of this study is to develop an integrated model
analysis framework and tool called WEFO capable of addressing
the trade-offs and supporting decisions of the nexus management

of WEF resources. WEFO can make predictions about multi-period
WEF production costs based on availability of WEF resources, so-
cioeconomic demands, and GHG emission controls. The interrela-
tionships and trade-offs among WEF production and mitigation of
environmental impacts are quantitatively analyzed. The applicabil-
ity of WEFO is demonstrated in a hypothetical nexus management
problem consistent with real-world management scenarios. The re-
sults demonstrate how these types of analyses can be helpful for
decision-makers and stakeholders to make cost-effective strategies
for optimally managing constrained WEF resources to meet the
current and future socioeconomic demands.

2. Methodology development

A multi-period socioeconomic model, called WEFO (Water,
Energy and Food security nexus Optimization model), is developed.
The interactions represented in WEFO model between the WEF
components as well as existing socioeconomic and environmental
constraints are illustrated in Fig. 1. The decision variables of the
WEFO model are (1) the amounts of available energy supplies of
coal and natural gas, (2) the power plant capacity to generate elec-
tricity, (3) quantities of groundwater and surface water needed for
food production, (4) quantities of groundwater, surface water and
recycled water needed for electricity generation, and (5) socioeco-
nomic demands on WEF production during a series of sequential
planning periods. The management objective of the WEFO model
is to minimize the total system cost; the total cost is a sum of en-
ergy supply, water supply, electricity generation, food production,
and CO, emission mitigation costs.

In the text below, we list all the parameters implemented in the
WEFO model. Key decision variables applied in the WEF optimiza-
tion processes are:

ESj; energy supply j in planning period t (P]);

X; electricity generation from a power plant using energy
supply j in planning period t (PJ);

GWtF groundwater quantity supplied to food production in
planning period t (gal);

SWtF surface water quantity supplied to food production in

planning period t (gal);

GWﬁ quantity of groundwater supplied to the power plant j in
planning period t (gal);

SW]?[ quantity of surface water supplied to the power plant j
in planning period t (gal);

RWﬁ quantity of recycled water supplied to the power plant j
in planning period t (gal); and

FO; quantity of produced food in planning period t (tonne).

In the parameter list above, the suffixes identify:

j type of energy supply and the power plant that uses a

given energy supply;

t the sequential planning time periods, where a planning
period is defined as a period for planning water, energy
and food nexus management.

The management objective is to minimize the total costs de-
fined as

min f=a+b+c+d+e,

where:

: costs of energy supply for electricity generation;
: costs of electricity generation;

: costs of water supply;

: costs of food production;

: costs of CO, emission abatement.

o Q0 T Q
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Fig. 1. A schematic representation of the interactions in the WEFO model related to optimal management of water, energy and food security nexus. The colored arrows

represent the flow of the system components.

The costs of energy supply for electricity generation, a, are de-
fined as

m k

a=Y> ESyESCj

j=1t=1

where ESCj; are average costs for energy supply j in planning pe-
riod t (million $/PJ), m is number of energy supply and the power
plant, k is number of planning period. In general, there are no lim-
itations for various parameters applied in this model. For example,
the number of power plants or planning periods can be any integer
greater than 0.

The costs of electricity generation, b, are defined as:

m k
FCi+ > XiePCye

=1 j=1 t=1

b=

NE

-
Il

where FC; are fixed costs for the power plant j (million $), and
PCj; are average operational costs for electricity generation in the
power plant j in planning period t (million $/PJ).

The costs of water supply for electricity generation and food
production, c, are:

c =) (GWfcoWf + swfcswf)

=1

~

M=

+

J

(GW;,CGW, + SW5CSWS; + RW . CRWS,)

m

1t=1

where CGWtF are costs of groundwater supplied to food produc-
tion in planning period ¢ ($/gal), CSWF are costs of surface water

supplied to food production in planning period t ($/gal), CGW]?t are
costs of groundwater supplied to the power plant j in planning
period t ($/gal), CSWft are costs of surface water supplied to the
power plant j in planning period t ($/gal), and CRWJ?t are costs of
recycled water supplied to the power plant j in planning period t

($/gal).
The food production costs, d, are:

k
d =) CFOFO,

t=1

where CFO; are unit costs of food production in planning period t
(million $/tonne).
The costs for CO, emission abatement, e, are:

k k
e=> Y CEACCiXj+ Y CFAFOFF,

j=1t=1 t=1

where CEA; are costs of CO, emission abatement for electricity
generation in planning period t ($/kg), CFA; are costs of CO, emis-
sion abatement for food production in planning period t ($/tonne),
CGj; are units of CO, emission per unit of electricity generation in
planning period t (million kg/PJ]), and FF; are unit CO, emission per
unit of food production in planning period t (tonne/tonne).

The management problem in WEFO is further characterized by
the following management constraints:

(1) Mass balance of fossil fuels:

The generated electricity in each power plant in each plan-
ning period should not be larger than the energy-supply-
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converted amounts.
Xjo - FEjy <ESj, Vj.t

where FEj; are unit of energy carrier per unit of electricity gen-
eration for conversion technology j in period t (PJ/P]).

(2) Fossil energy availability constraints:

The supplied fossil fuels such as coal and natural gas should not
be larger than their availability over the planning periods.

ESj[ < AVj[, V_], t

where AVj; are availability of energy supply j in planning period

t (P)).
(3) Energy demand for food production:

The consumed energy for food production should not be larger
than maximum allowable electricity for food production.

ERF .FO; < AERF_ ..Vt

tmax»
where AER[FmaX is the maximum available electricity for food
production in planning period ¢ (P]), and ERF are unit energy

demand for food production in planning period t (P]/tonne).
(4) Energy demand for water collection, treatment and delivery:

The consumed electricity for water collection, treatment and
delivery should not be larger than maximum allowable
quantity.

m
ERY . (wa + W+ (GWS + SW§ + Rw;;)) < AERY ... Vt
j=1

where AERY, . is the maximum available energy (or electricity)
for water collection, treatment and delivery in planning pe-
riod ¢t (PJ), and ER} is the unit energy demand for water col-
lection, treatment and delivery in planning period t (PJ/gal).

(5) Electricity demand constraints:

The generated electricity from the power plants should be able
to meet the socioeconomic demands of electricity after sup-
plying for food production and water collection, treatment
and delivery.

m
> X — ERf - FO, — ERY
j=1

m

.(wa +SWE+ > (GW + SW + RWﬁ)) > D¢, Vit

j=1

where Df are socioeconomic demands of electricity in planning
period t (PJ).

(6) Water demand constraints for food production:

The supplied water should meet the water requirements for
food production.

(1-8)(GW{ +SWf) = WF, - FO,, Vit

where § is loss factor of water delivery to the food subsys-
tem, GWF is the groundwater supplied for food production
in planning period t (gal), SWIF is the surface water supplied
for food production in planning period t (gal), and WF; is
the unit water consumption per unit of food production in
planning period t (gal/tonne).

(7) Water demand constraints for electricity generation:

The water requirements for electricity generation should be
met.
(1= pj) - (GWE +SWE + RWE) > a; - X, Vi t

where w; is loss factor of water delivery to the power plant j,

and «; are unit water demand per unit of electricity genera-
tion in the power plant j (gal/GWh).

(8) Water resources availability constraints:

Supplied groundwater cannot exceed the maximum available
groundwater quantity (safe yield) in planning period t.

m
GW/ +) GWf <Y, vt
j=1

Supplied surface water cannot exceed the maximum available
surface water quantity.

m
SWE + > SWE < ASW,, Vit
j=1

Supplied recycled water cannot exceed the maximum available
recycled water quantity.

m
> "RWj < ARW,, Vt
j=1

where SY; is maximum available groundwater safe yield (gal),
ASW; is maximum available surface water quantity (gal), and
ARW; is maximum available recycled water quantity (gal).

(9) Food demand constraints:

The produced food should meet the socioeconomic demands of
food.
FO; = DF, vt

where Df is food demand in planning period t (tonne).
(10) CO, emission control constraints:

The generated CO, amounts should not be larger than the max-
imum allowable CO, emissions during the planning periods.

m k k

3> XiCCie(1 - i) + > FOFF < TMCC

j=1 t=1 t=1

where ¢ is average efficiency for CO, abatement in the power
plant j in planning period t, and TMCC is maximum allow-
able CO, emission during the time periods (million tonnes).

(11

~

In addition, we have the following constraints defining non-
negativity of the decision variables:

X;p >=0,Vj,t
ESj;>0,Vj.t
FO; > 0, Vt
GWf >0, Vt
SWF >0, Vt
GWj = 0,Vjt
SWft >0,Vjt
RWE >0,V t
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All these elements of the management problem (goal, con-
straints and variables) are applied to create the WEFO model. The
WEFO model is based on linear mathematical programming, and is
coded in Julia, a high-level, dynamic high-performance program-
ming language for technical computing (julialang.org). WEFO pre-
dictions are obtained by a simplex algorithm to achieve the op-
timal solutions (Dantzig, 1998); the computational time for ev-
ery model run is less than 1s on an Intel(R) Core(TM) i5-4310U
2.00 GHz CPU with 16GB of memory.

It is important to note that, in practice, some of the WEFO pa-
rameters listed above are variable instead of fixed. For example,
cost-related parameters, socioeconomic demands of electricity and
food, the maximum available water quantity, and the maximum al-
lowable CO, emissions can fluctuate within certain ranges that can
be represented as probability distributions; in the simplest case,
the probability distribution can be uniform within predefined lim-
its. To evaluate the impacts of this uncertainty, we have performed
sensitivity analyses where the WEFO parameters are varied within
predefined uniform ranges. In order to identify the most sensitive
parameters and their effects on the modeling outputs, global sen-
sitivity analysis is employed (Sobol’, 2001) as implemented in the
code MADS (mads.lanl.gov). The effects of variations of the param-
eters on the total system cost are evaluated.

3. Application
3.1. Overview of the synthetic example system

The proposed WEFO model is used to solve a synthetic ex-
ample WEF system to demonstrate its applicability. The system
that we study includes two thermoelectric (coal- and natural gas-
fired) power plants to generate electricity. The WEFO planning is
performed over three sequential five-year time periods. Electricity
generation requires water provided from three different sources:
groundwater, surface water and recycled water. The generated
electricity is used not only within the WEF system itself (i.e. to de-
liver water to the power plants and for food production), but also
for meeting socioeconomic demands. For food production and pro-
cessing, both water (recycled water source is not considered due
to human-health safety issues) and energy (in the form of electric-
ity in this study) are required. In addition, GHGs are emitted by
the electricity and food production. The problem under consider-
ation is how to plan the energy and water supplies, the electric-
ity generation, and the food production to achieve the minimum
total system cost with consideration of a GHG emission control.
A schematic representation of the subsystems in the WEFO model
and their interconnections is presented in Fig. 1.

Our study system presented here is consistent with real-world
management scenarios. The information used in this study is
culled from published literature and government reports (Bazilian
et al.,, 2011; USDOE 2014; Zhang and Vesselinov, 2016; FAO 2014;
Lazarus, 2010; Smith et al., 2007; Hu et al., 2011; EIA 2015; Zhu
and Huang, 2011; Li et al., 2010; Diehl and Harris, 2010; B.R. Scan-
lon et al., 2013; Wang et al., 2015; Stillwell et al., 2011; EIA 2015;
B.R. Scanlon et al., 2013; Institution of Mechanical Engineers 2013;
Woods et al., 2010; West and Marland, 2002). Table 1 shows all
cost-related parameters in the WEFO model, including average en-
ergy and water supply costs, average operational costs for electric-
ity generation, costs for food production, and abatement of CO,
emission associated with electricity generation and food produc-
tion. The costs related to energy and water supply, electricity gen-
eration, food production and abatement of CO, emissions are as-
sumed to increase over the three periods. The fixed costs for elec-
tricity generation in the coal-fired and natural gas-fired power
plants are $65 and $75 million, respectively. The parameters re-
lated to resource constraints are presented in Table 2, including

electricity and food demands, energy availability, and maximum
water availability. Socioeconomic demands for electricity and food
over the planning horizon are projected to increase over time, at-
tributed to increasing population and urbanization. Electricity de-
mands are assumed to be 105, 115 and 126 PJ, respectively, and
food demands are 67,000, 71,000, and 75,000, respectively dur-
ing the three planning periods (as shown in Table 2). The avail-
ability of energy including coal and natural gas will decrease over
the planning periods, assuming increasing stresses on energy sup-
plies. The maximum available quantity of groundwater, surface wa-
ter and recycled water will decrease over the planning periods due
to the increasing competition for the limited water resources as
well as changing climatic conditions, while the water supply costs
will increase. The unit water demands per unit of electricity gener-
ation in the coal-fired and natural gas-fired power plants are esti-
mated to be 0.33 and 0.44 gal/KWh, respectively (Diehl and Harris,
2010; B.R. Scanlon et al., 2013; Wang et al., 2015; Stillwell et al.,
2011). The unit water consumptions per unit of food production
over the planning horizon are estimated to be 659 x 103, 676 x 103,
and 694 x 103 gal/tonne, respectively for the three-planning peri-
ods (Institution of Mechanical Engineers 2013). The loss factors in-
volved in delivering water to the coal-fired and natural gas-fired
power plants are 10% and 15%, respectively; the loss factor involved
in delivering water for food production is 15%. Table 3 shows addi-
tional constants and constraints of the WEFO model. The unit CO,
emissions per unit of electricity generation in the coal-fired power
plant during the first, second and third periods are 261.03, 254.89,
and 247.08 million kg/PJ, respectively, while those for the natural
gas-fired power plant are 152.58, 149.98, and 146.19 million kg/PJ
(EIA 2015). The average efficiencies for CO, abatement in the coal-
fired and natural gas-fired power plants over the three planning
periods are assumed to be constant and equal to 80% and 85%,
respectively. The unit CO, emission per unit of food production
during the three planning periods is also assumed to be constant
(0.48 tonne/tonne) (West and Marland, 2002).

All the parameters listed in Tables 1 and 2 are uncertain due
to lack of knowledge about the future socioeconomic conditions
of the processes within the WEFO system model. The model pa-
rameter uncertainties can be represented with probability distri-
butions representing prior expectations. To demonstrate how un-
certainties can be characterized in the WEFO model, we have as-
sumed uncertainty ranges for the model parameters as listed in
Tables 1 and 2. These uncertainties are assumed to be repre-
sented by uniform probability distributions within acceptable min-
imum/maximum limits. The uncertainty ranges are used in global
sensitivity analyses of the WEFO model parameters discussed
below.

3.2. Results analyses

Figs. 2 and 3 show the optimal WEFO solutions for the energy
and water subsystem based on the expected values of the model
parameters (called the base-case scenario hereafter). The optimal
food production is 67,000, 71,000 and 75,000 tonnes during the
three planning periods, which are equal to socioeconomic food de-
mands shown in Table 2. As the electricity demands increase, the
optimized electricity generation during the three planning periods
is 105.98, 116.14, and 127.27 PJ, respectively, which slightly exceeds
socioeconomic electricity demands (105, 115, and 126 P] in Table
2). That is because the additional electricity is required for food
production as well as water collection, treatment and delivery. Coal
with lower supply costs should be the main energy source over
the planning horizon. In the latter two periods, more natural gas
should be utilized. The ratio of natural gas to the total supplied
energy will increase from 13% in period 1 to 26% in period 2, and
28% in period 3, reflecting the stricter environmental constraints.
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Unit cost for energy and water supplies, electricity generation, food production and CO, abatement; the table lists the assumed values for the best estimates and the
minimum/maximum of the uniform uncertainty ranges associated with each model parameter in parentheses.

Sequential Five-year Time Periods, k

k=1 k=2 k=3
Average operational costs for coal supplies (million $/PJ) 2.86(2.3, 3.2) 3.07(2.5, 3.5) 3.22(2.6, 3.6)
Average operational costs for natural gas supplies (million $/P]) 4.73(4.1, 5.1) 4.98(4.2, 5.5) 5.26(4.5, 5.8)
Average operational costs for electricity generation in the coal-fired power 0.16(0.1, 0.3) 0.18(0.1, 0.3) 0.22(0.2, 0.3)
plant (million $/P])
Average operational costs for electricity generation in the natural gas-fired 0.52(0.4, 0.7) 0.55(0.4, 0.7) 0.58(0.4, 0.7)

power plant (million $/PJ])

Unit costs of food production ($/tonne)

Costs of CO, emission abatement for electricity generation ($/million kg)
Costs of CO, emission abatement for food production ($/tonne)
Groundwater supply costs for food production ($/10% gal)

Surface water supply costs for food production ($/10° gal)

Groundwater supply costs for electricity generation ($/10° gal)
Coal-fired power plant
Natural gas-fired power plant

Surface water supply costs for electricity generation ($/10% gal)
Coal-fired power plant
Natural gas-fired power plant

Recycled water supply costs for electricity generation ($/10° gal)
Coal-fired power plant
Natural gas-fired power plant

149.5(135.0, 165.0)
12,600(11,400, 13,000)
10.8(9.0, 13.0)

165.5(150.0, 180.0)
14,500(13,100, 14,900)
11.9(9.5, 14.5)

180.0(165.0, 195.0)
16,200(15,200, 16,800)
13.1(10.0, 16.0)

1.96(1.6, 2.6) 2.42(19, 2.9) 2.83(2.5, 3.5)
2.23(16, 2.8) 2.56(2.1, 3.1) 3.38(2.9, 3.9)
2.07(1.6, 2.6) 2.49(1.9, 2.9) 2.98(2.2, 3.5)
1.75(12, 2.5) 219(16, 2.8) 2.62(1.8, 3.0)
1.82(12, 2.8) 2.19(1.5, 3.0) 2.57(17, 3.2)
2.18(1.6, 2.8) 2.67(2.0, 3.3) 315(2.3, 3.6)
415(3.6, 4.9) 437(3.8, 5.2) 452(4.0, 5.5)
432(3.8, 4.9) 4.48(3.9, 5.2) 4,66(4.0, 5.2)

Table 2

Model parameters related to resource constraints; the table lists the assumed values for the best estimates and the minimum/maximum of
the uniform uncertainty ranges associated with each model parameter in parentheses.

Sequential five-year time periods, k

k=1

k=2 k=3

Electricity demand (PJ)

Food demand (tonne)
Availability of coal (P])
Availability of natural gas (PJ)

105(104, 106)
67,000(66,900, 67,100)
285(282, 286)
129(127, 132)

115(114, 116)
71,000(70,900, 71,100)
265(262, 267)
117(115, 119)

126(125, 127)
75,000(74,900, 75,100)
240(237, 241)
105(103, 109)

Maximum available groundwater safe yield (billion gal) 50(49, 51) 48(47, 49) 46(45, 47)
Maximum available surface water quantity (billion gal) 32(31, 33) 30(29, 31) 27(26, 28)
Maximum available recycled water quantity (billion gal)  30(29, 31) 27(26, 28) 24(23, 25)

Maximum allowable CO, emissions (million tonnes)

15.2(15.0, 15.4)

Table 3
WEFO model constants and constraints.

Sequential Five-year Time Periods, k

k=1 k=2 k=3

Unit energy demand for food production (10~ PJ/tonne)

2.52 2.64 2.75

Unit energy demand for water collection, treatment and delivery (KWh/1000 gal)  3.56 3.79 3.91

Maximum available electricity for food production (PJ)

0.23 0.25 0.27

Maximum available electricity for water collection, treatment and delivery (P]) 1.00 1.15 1.25

Unit of energy carrier per unit of electricity generation (PJ/PJ)

Coal-fired power plant
Natural gas-fired power plant

3.2 3 2.8
2.6 2.4 23

Consequently, more electricity will be generated from the natural
gas-fired power plant (increase from 16.92 PJ in period 1 to 35.34 PJ
in period 2 and 41.56 P] in period 3).

It is important to note that in this case food production will
consume more water resources than electricity generation. Recy-
cled water will not be used for food production (an assumption
based on safety issues). Groundwater is mainly applied for food
production except for a small portion delivered to the natural gas-
fired power plant in periods 1 and 2. In the last two periods, the
ratio of groundwater to total supplied water for food production
will decrease from 92% in period 1 to 76% and 75%, respectively.
This is because the reduction of the maximum available ground-
water will result in varying water use patterns for food production.
The electricity generation mainly consumes surface water due to
its relatively low costs. In periods 1 and 2, water supplied to the

coal-fired power plant will be only from surface-water sources; all
of the water supplied to the natural gas-fired power plant will be
groundwater. The quantity of groundwater supplied to the natu-
ral gas-fired power plant will increase from 2.43 billion gallons in
period 1 to 5.09 billion gallons in period 2, while that of surface
water supplied to the coal-fired power plant will decrease from
9.08 billion gallons in period 1 to 8.24 billion gallons in period 2.
In period 3, water supplied to the natural gas-fired power plant
will include both surface water and recycled water, while all of
water supplied to the coal-fired power plant will continue to be
from surface water sources only. This is because all of the avail-
able groundwater in period 3 will be used for food production;
after meeting the water demands for food production, surface wa-
ter will be preferably supplied to the coal-fired power plant due
to its relatively low supply costs; the rest of surface water is not
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Period 1

= Coal

Period 2

Period 3

= Natural gas

LA

Optimized energy supply (Unit: PJ)

u Coal-fired power plant

= Natural gas-fired power plant

0

Optimized electricity generation (Unit: PJ)

Fig. 2. Optimized energy supplies and electricity generation in three five-year time periods for the base-case scenario.
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Optimized water supply (10° gal)
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FOOD: food production; CFPP: coal-fired power plant;
NGFPP: natural gas-fired power plant

Fig. 3. Optimized quantity of supplied water for food production and electricity
generation for the base-case scenario.

sufficient for the natural gas-fired power plant so that recycled wa-
ter will be used.

The total system cost under the base-case scenario will be $5.40
billion, among which the main contributions are from energy sup-
ply with $3.47 billion and CO, emission abatement with $1.14 bil-
lion, and the remaining costs are relatively small: electricity gen-
eration, water supply, and food production with $0.24, $0.52, and
$0.03 billion, respectively.

Global sensitivity analysis is conducted for analyzing the most
sensitive parameters in the WEFO model. Sobol’s global sensitiv-
ity analysis (eFAST) (Saltelli et al., 1999) is performed using the
code MADS (Model Analysis & Decision Support; mads.lanl.gov).
The sensitivity analysis is applied to evaluate the impact of uncer-

Coal supply costs in period 1

Coal supply costs in period 2

Coal supply costs in period 3

Natural gas supply costs in period 2
Natural gas supply costs in period 3
CO2 abatement costs for EG in period 1
€02 abatement costs for EG in period 2

€02 abatement costs for EG in period 3

0 0.1 0.2 0.3 0.4
Total sensitivity index

Fig. 4. Global sensitivity analysis results related to the total system cost; the figure
presents the total sensitivity indices for the most sensitive model parameters in the
WEFO model (EG: electricity generation).

tainties in the model parameters on the total system cost. Within
the specified uncertainty ranges, the most sensitive model param-
eters are the coal supply costs during the three planning periods
and the natural gas supply costs during period 3. The sensitiv-
ity analysis results are presented in Fig. 4; the figure shows the
total sensitivity indices for the most sensitive model parameters
(Saltelli et al., 1999). These conclusions are also evidenced in Fig.
5, where the effects of unit costs for energy supply, electricity gen-
eration, food production, CO, abatement and water supply on the
total system cost are analyzed. The energy-supply costs have the
largest impact on the total system cost when compared to all the
cost-related parameters. The impacts of the food production costs
and the operational costs of electricity generation on the total sys-
tem cost are much smaller. That means that reducing the energy
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Fig. 5. Effects of unit costs for energy supply, electricity generation, food produc-
tion, CO, abatement and water supply on the total system cost.

supply costs will have the greatest potential to lower the total sys-
tem cost.

In practice, the resource constraints in the WEFO model may
vary, such as socioeconomic demands of electricity and food, max-
imum allowable CO, emissions, and maximum available water (e.g.
groundwater, surface- and recycled water) quantity. Their sensitiv-
ities are also analyzed using Sobol’s global sensitivity analysis, as
shown in Fig. 6. The electricity demand and the maximum allow-
able CO, emission levels are the most sensitive model parameters.
For example, compared to the base-case scenario, if electricity-
demand levels in the three periods are decreased to 95, 105, and
116 PJ, respectively, the total system cost will be decreased to $4.93
billion. As expected, the higher the electricity-demand level, the
higher the total system cost; as discussed above, the energy sup-
ply costs are the main portion of the total system cost.

The allowable CO, emission levels are constrained mainly by
management policies, and they can be changed over time depend-
ing on the political and socioeconomic demands. Generally, looser
constraints on CO, emissions (e.g. an increase in the maximum
allowable CO, emissions) will result in a decreased total system
cost, as shown in Fig. 7. This is because under stricter constraints,
more electricity will be generated from the natural gas-fired power
plant since the natural gas has a low unit CO, emission rate; how-
ever, using more natural gas will also mean higher total system
cost due to its relatively high supply and operational costs of the
natural gas-fired power plant. In order to meet the requirements of
CO, emission control, clean energy with a low CO, emission rate
should be encouraged, even though this is leading to a higher total
system cost. Using more coal can lower the total system cost, but
results in more CO, emissions. Therefore, tradeoffs between en-
vironmental impacts and economic consideration are present and
these depend on the management policies. Appropriate adjustment
of the structure of energy supply and electricity generation is im-
portant to harmonize the economic development and environmen-
tal protection. However, loosened constraints on CO, emissions
will not always lead to a reduced total system cost. Based on anal-
yses of the WEFO model, when maximum allowable CO, emissions
reach a certain level, the constraints on the CO, emission control
will have no impact further on the total system cost (meaning the
total system cost will not continue to reduce). This result demon-
strates the importance of the management policies related to GHG
emissions on the socioeconomic and environmental impacts.

The impacts of food demand and maximum available water
quantity are relatively small compared to the electricity demand

and the maximum allowable CO, emission levels. For example, if
the food demands in the three periods will increase by 10%, the
total system cost will slightly increase from $5.40 to $5.47 billion.
This is because high food demands will result in the increase in
energy supplies, electricity generation and associated water uses,
leading to increased total system cost. Patterns of energy supply,
electricity generation and water supply will also vary. The maxi-
mum water availabilities including groundwater, surface- and re-
cycled water can significantly vary depending on the meteorolog-
ical, climatic, hydrological, geographical and political conditions. If
the available water (from the three types of water resources con-
sidered here) decreases by 10%, the total system cost will slightly
increase to $5.42 billion. Changes in water availability will also
change the relative distribution of the three water resources be-
tween the consumers in the WEFO system. If water resources are
sufficient, food production and electricity generation will use more
water with lower supply costs (e.g. groundwater for food produc-
tion, and groundwater and surface water for electricity genera-
tion), leading to a reduction in the total system cost. Reasonable
planning for water resource usage and seeking alternative water
sources are also critical for integrated WEF nexus management for
not only alleviating the stresses on water resources, but also en-
hancing the ability to respond to climate change.

3.3. Discussion

The aim of this study is to develop an integrated model anal-
ysis framework called WEFO to support WEF nexus management
by promoting allocation of WEF resources and mitigating environ-
mental impacts. The WEFO model is capable of addressing com-
plex interrelationships among WEF components from a holistic
perspective. Tradeoffs among economic objective, resources con-
straints and environmental protection are effectively quantified. As
a multi-period optimization model, WEFO has the capability to
account for temporal features of the WEF systems, and generate
cost-effective strategies and polices for optimizing WEF produc-
tion/delivery and mitigating associated environmental impacts (i.e.
GHG emissions). Although only two types of energy supplies (coal
and natural gas) are considered in the case study, the WEFO model
can include more types by specifying additional decision variables,
without changing the model’s structure. Due to its high efficiency
in computation and implementation, WEFO is suitable for large-
scale practical applications at regional and national scales. Decision
makers can easily develop their own site-specific applications de-
pending on their preferences and purposes.

The WEFO model has various limitations. In general, a WEF sys-
tem can be highly complicated, and the WEFO model is not pro-
viding an exhaustive representation of all the possible components
and processes such as those related to social, cultural, territorial
issues linked to WEF nexus management, as well as inequalities
due to lack of access to WEF resources and security-related is-
sues (Bazilian et al., 2011). Our goal in this study is to develop
a decision analysis tool capable to address WEF-nexus issues at
regional and national scales. As a result, only the most essential
WEF elements including energy supply, water supply, food produc-
tion, electricity generation, and CO, emission mitigation are incor-
porated into the WEFO model. WEFO only considers a few of the
relationships between society and environment such as food pro-
duction, water supply, and CO, emission control; issues related to
other types of WEF resources withdrawals and emissions as well
as impacts on ecosystems are not addressed. Energy demands for
water and food subsystems are simplified using unit energy de-
mand for water collection, treatment and delivery, and food pro-
duction, respectively; water demands for electricity and food pro-
duction are simplified using unit water consumption per unit of
electricity generation and food production, respectively, instead of
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Fig. 6. Global sensitivity analysis of impact of resource constraints (listed also in Table 2) on the total system cost in the WEFO model (GW: groundwater; SW: surface water;

RW: recycled water).
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Fig. 7. Effects of maximum allowable CO, emission levels on the total system cost
(0 means the existing level of 15.2 million tonnes; a positive/negative percentage
represents an increase/decrease from the existing level).

direct measurements (Zhang and Vesselinov, 2016). Approxima-
tions were done for societal demands of electricity and food dur-
ing the planning periods. In practice, future electricity and food
demands can be accurately predicted based on simulation and/or
stochastic models for better characterization of the practical WEF
systems. WEFO accounts for temporal aspect of the WEF-nexus
problem but does not take into account the spatial dimensions; the
spatial characteristics of WEF systems may have important impacts
on the generated decision strategies and policies but they are ig-
nored in the WEFO model; this is also consistent with our goal to
target WEF-nexus problems at regional and national scales. All the
modeling parameters are assumed to be deterministic. Over the
planning horizon, economic quantities such as costs of energy sup-
ply, water supply, electricity generation, food production, and CO,
abatement are approximated to be constant values. In the future,
various forms of uncertainties associated with the parameters and
the model can be systematically analyzed using stochastic meth-
ods. Assessments of robustness of decisions against uncertainties
are also frequently desired for the WEF nexus management and
we plan to add these types of analyses in the WEFO model in the
future as well. Climatic factors are not directly incorporated into
the WEFO model; climate change may significantly affect WEF re-
sources, and consequently the generated WEF nexus management
strategies. Incorporation of climate change into the WEFO model
will help development of optimal WEF nexus management strate-
gies and polices for climate adaptation and resilience planning in
responding to changing climatic conditions. In real-world appli-

cations, site-specific information needs to be considered depend-
ing on local hydrological, glaciological, oceanological, climatological
and geographical conditions, as well as the complex relationships
among the WEF components (Bongio et al., 2016).

The WEFO analyses presented here are performed for a rep-
resentative synthetic example problem that should be sufficient
to demonstrate real-world applicability of the integrated WEFO
framework. In the future, we plan to apply the WEFO framework
for real-world case studies. For example, WEFO can be applied to
analyze the WEF problems discussed in (Bazilian et al., 2011).

4. Conclusions

An integrated model analysis framework and tool called WEFO
is developed to support the decisions of the water-energy-food
nexus management. The multi-period WEFO model is a linear
mathematical programming model, where various components of
the nexus management are incorporated, including planning of en-
ergy supply, electricity generation, water supply and demand, food
production and GHG emission control. The WEFO model is capa-
ble of simultaneously addressing interactions among the water, en-
ergy, and food subsystems, as well as their effects on the deci-
sion alternatives and strategies for supporting nexus management.
The WEFO model is applied to a hypothetical nexus management
problem consistent with real-world management scenarios. Opti-
mal solutions are obtained for management of limited water re-
sources, energy supplies, electricity generation, and food produc-
tion for meeting the current and future demands of the society.
Using the WEFO model, decision- and policy- makers may make
corresponding alternatives for integrated WEF nexus management
through adjustment of socioeconomic demands of electricity and
food (for example, by promoting conservation efforts), availability
of water resources and environmental impacts constraints. Trade-
offs among economic objectives, resource constraints, and environ-
mental protection (e.g., GHG emission control) should be consid-
ered in practical WEF nexus management. Analyses of the effects
of parameter uncertainties indicated that high societal demands for
electricity and food will result in a higher total system cost, while
the increases of maximum available water quantity and maximum
allowable CO, emissions will decrease the total system cost. The
WEFO model is computationally efficient, enabling it to be appli-
cable to large-scale water-energy-food nexus management prob-
lems. The results demonstrate how these types of analyses can be
useful for decision-makers and stakeholders to quantify the trade-
offs among complex interrelationships of water, energy and food
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subsystems, and to make informed decisions for integrated water-
energy-food nexus management.

Acknowledgments

The authors would like to thank the support from Director-
funded Postdoctoral Fellowship at Los Alamos National Laboratory.
We are appreciative of the Editors and anonymous reviewers for
their insightful comments and suggestions.

References

Ackerman, F, Fisher, J., 2013. Is there a water-energy nexus in electricity generation?
Long-term scenarios for the western United States. Energy Policy 59, 235-241.
http://dx.doi.org/10.1016/j.enpol.2013.03.027.

AlQattan, N., Ross, M., Sunol, A., 2015. A multi-period mixed integer linear program-
ming model for water and energy supply planning in Kuwait. Clean Technol.
Environ. Policy 17, 485-499. http://dx.doi.org/10.1007/s10098-014-0806-8.

Bartos, M.D., Chester, M.V., 2014. The conservation nexus: valuing interdependent
water and energy savings in Arizona. Environ. Sci. Technol. 48, 2139-2149.
http://dx.doi.org/10.1021/es4033343.

Bazilian, M., Rogner, H., Howells, M., Hermann, S., Arent, D., Gielen, D., et al., 2011.
Considering the energy, water and food nexus: towards an integrated modelling
approach. Energy Policy 39, 7896-7906. http://dx.doi.org/10.1016/j.enpol.2011.
09.039.

Biggs, E.M., Bruce, E., Boruff, B.,, Duncan, J.M.A., Horsley, J., Pauli, N., et al., 2015. Sus-
tainable development and the water-energy-food nexus: a perspective on liveli-
hoods. Environ. Sci. Policy 54, 389-397. http://dx.doi.org/10.1016/j.envsci.2015.
08.002.

Bongio, M., Avanzi, F,, De Michele, C., 2016. Hydroelectric power generation in an
Alpine basin: future water-energy scenarios in a run-of-the-river plant. Adv.
Water Resour. 94, 318-331. http://dx.doi.org/10.1016/j.advwatres.2016.05.017.

Canning, P, Charles, A., Huang, S., Polenske, K.R., Waters, A., 2010. Energy Use in
the U.S. Food System. Economic Research Service Number 94. U.S. Department
of Agriculture.

Chung, T, Li, Y., Wang, Z., 2004. Optimal generation expansion planning via im-
proved genetic algorithm approach. Int. J. Electr. Power Energy Syst. 26, 655-
659. http://dx.doi.org/10.1016/j.ijepes.2004.04.012.

Copeland, C., 2014. Energy-Water Nexus: The Water Sector’s Energy Use. Congres-
sional Research Service Report R43200.

Dantzig, G.B., 1998. Linear Programming and Extensions. Princeton University Press,
Princeton, New Jersey.

Diehl, T.H., Harris, M.A., 2010. Withdrawal and Consumption of Water by Ther-
moelectric Power Plants in the United States, Scientific Investigations Report
2014-5184: 2014. U.S. Geological Survey.

Dubreuil, A., Assoumou, E., Bouckaert, S., Selosse, S., Maizi, N., 2013. Water modeling
in an energy optimization framework - the water-scarce middle east context.
Appl. Energy 101, 268-279. http://dx.doi.org/10.1016/j.apenergy.2012.06.032.

EIA. How much carbon dioxide is produced per kilowatthour when generating elec-
tricity with fossil fuels? (accessed November 18, 2015).

EIA, 2015. Annual Energy Outlook 2015 with Projections to 2040. US Energy Infor-
mation Administration, Washington, DC DOE/EIA-0383.

FAO, 2003. World Agriculture: Towards 2015/2030. Food and Agriculture Organiza-
tion of the United Nations (FAO), Rome.

FAO, 2011. Energy Smart Food for People and Climate. Food and Agriculture Organi-
zation of the United Nations (FAO), Rome.

FAO, 2014. The Water-Energy-Food Nexus - A New Approach in Support of Food
Security and Sustainable Agriculture. Food and Agriculture Organization of the
United Nations (FAO), Rome.

Fulton, J., Cooley, H., 2015. The water footprint of California’s energy system, 1990-
2012. Environ. Sci. Technol. 49, 3314-3321. http://dx.doi.org/10.1021/es505034x.

Gold, G., Webber, M., 2015. The energy-water nexus: an analysis and comparison
of various configurations integrating desalination with renewable power. Re-
sources 4, 227-276. http://dx.doi.org/10.3390/resources4020227.

Hellegers, P., Zilberman, D., Steduto, P., McCornick, P., 2008. Interactions between
water, energy, food and environment: Evolving perspectives and policy issues.
Water Policy 10, 1-10.

Hightower, M., Pierce, S.A., 2008. The energy challenge. Nature 452, 285-286.

Hoff, H., 2011. Understanding the nexus. Background Paper for the Bonn 2011 Con-
ference: The Water, Energy and Food Security Nexus. Environment Stockholm
Institute.

Howells, M., Hermann, S., Welsch, M., Bazilian, M., Segerstrom, R., Alfstad, T, et al.,
2013. Integrated analysis of climate change, land-use, energy and water strate-
gies. Nat. Clim. Chang. 3, 621-626.

Hu, Q., Huang, G., Cai, Y., Huang, Y., 2011. Feasibility-based inexact fuzzy program-
ming for electric power generation systems planning under dual uncertainties.
Appl. Energy 88, 4642-4654. http://dx.doi.org/10.1016/j.apenergy.2011.06.004.

Institution of Mechanical Engineers, 2013. Global Food Waste Not, Want Not. Insti-
tution of Mechanical Engineers, London.

IPCC, 2007. Climate Change 2007: Synthesis Report. Intergovernmental Panel on Cli-
mate Change.

Khan, S., Hanjra, M.A.,, 2009. Footprints of water and energy inputs in food produc-
tion - global perspectives. Food Policy 34, 130-140. http://dx.doi.org/10.1016/j.
foodpol.2008.09.001.

Lall, U., Mays, L.W., 1981. Model for planning water-energy systems. Water Resour.
Res. 17, 853-865. http://dx.doi.org/10.1029/WR017i004p00853.

Lazarus, J., 2010. Water/energy/food nexus: sustaining agricultural production. Wa-
ter Resour. Impact 12, 12-15.

Li, Y.E, Huang, G.H,, Li, Y.P, Xu, Y., Chen, W.T,, 2010. Regional-scale electric power
system planning under uncertainty - a multistage interval-stochastic integer
linear programming approach. Energy Policy 38, 475-490. http://dx.doi.org/10.
1016/j.enpol.2009.09.038.

Li, G.C., Huang, G.H., Lin, Q.G., Zhang, X.D., Tan, Q., Chen, Y.M., 2011. Development of
a GHG-mitigation oriented inexact dynamic model for regional energy system
management. Energy 36, 3388-3398.

Lotfi, M.M., Ghaderi, S.F, 2012. Possibilistic programming approach for mid-term
electric power planning in deregulated markets. Int. ]. Electr. Power Energy Syst.
34, 161-170. http://dx.doi.org/10.1016/j.ijepes.2011.10.014.

Mo, W., Nasiri, F, Eckelman, M., Zhang, Q., Zimmerman, J., 2010. Measuring the
embodied energy in drinking water supply systems: a case study in The Great
Lakes Region. Environ. Sci. Technol. 44, 9516-9521.

Mo, W., Wang, R., Zimmerman, ].B., 2014. Energy-water nexus analysis of enhanced
water supply scenarios: a regional comparison of Tampa Bay, Florida, and San
Diego, California. Environ. Sci. Technol. 48, 5883-5891. http://dx.doi.org/10.1021/
es405648x.

Nilsson, ].S., Mdrtensson, A., 2003. Municipal energy-planning and development
of local energy-systems. Appl. Energy 76, 179-187. http://dx.doi.org/10.1016/
S0306-2619(03)00062-X.

Pereira-Cardenal, S.J., Mo, B., Gjelsvik, A., Riegels, N.D., Arnbjerg-Nielsen, K., Bauer-
Gottwein, P, 2016. Joint optimization of regional water-power systems. Adv. Wa-
ter Resour. 92, 200-207. http://dx.doi.org/10.1016/j.advwatres.2016.04.004.

Perrone, D., Murphy, ]J., Hornberger, G.M., 2011. Gaining perspective on the water-
energy nexus at the community scale. Environ. Sci. Technol. 45, 4228-4234.
http://dx.doi.org/10.1021/es103230n.

Rasul, G., Sharma, B., 2015. The nexus approach to water-energy-food security: an
option for adaptation to climate change. Clim. Policy 1-21. http://dx.doi.org/10.
1080/14693062.2015.1029865.

Saltelli, A., Tarantola, S. Chan, K.P-S., 1999. A quantitative model-independent
method for global sensitivity analysis of model output. Technometrics 41, 39-
56. http://dx.doi.org/10.2307/1270993.

Scanlon, B.R,, Duncan, I, Reedy, R.C., 2013. Drought and the water-energy nexus
in Texas. Environ. Res. Lett. 8, 45033. http://dx.doi.org/10.1088/1748-9326/8/4/
045033.

Scanlon, B.R., Reedy, R.C., Duncan, I., Mullican, W.F,, Young, M., 2013. Controls on
water use for thermoelectric generation: case study Texas. U.S. Environ. Sci.
Technol. 47, 11326-11334. http://dx.doi.org/10.1021/es4029183.

Schlesinger, W.H., 1999. Carbon sequestration in soils. Science 284, 2095. http://dx.
doi.org/10.1126/science.284.5423.2095.

Shiklomanov, L.A., 2000. Appraisal and assessment of world water resources. Water
Int. 25, 11-32. http://dx.doi.org/10.1080/02508060008686794.

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P, et al., 2007. Agricul-
ture, Climate Change 2007: Mitigation. In: Metz, B., Davidson, O.R., Bosch, PR,
Dave LAM, R. (Eds.), Contribution of Working Group III to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA.

Sobol’, LM., 2001. Global sensitivity indices for nonlinear mathematical models and
their Monte Carlo estimates. Math. Comput. Simul. 55, 271-280. http://dx.doi.
0rg/10.1016/S0378-4754(00)00270-6.

Stillwell, A.S., King, CW., Webber, M.E., Duncan, 1J., Hardberger, A., 2011. The ener-
gy-water nexus in Texas. Ecol. Soc. 16, 2.

USDOE, 2014. The Water-Energy Nexus: Challenges and Opportunities. U.S. Depart-
ment of Energy DOE/EPSA-0002.

Wang, Y.-D., Lee, ].S., Agbemabiese, L., Zame, K., Kang, S.-G., 2015. Virtual water
management and the water-energy nexus: a case study of three Mid-Atlantic
states. Resour. Conserv. Recycl. 98, 76-84. http://dx.doi.org/10.1016/j.resconrec.
2015.01.005.

West, T.0., Marland, G., 2002. A synthesis of carbon sequestration, carbon emis-
sions, and net carbon flux in agriculture: comparing tillage practices in the
United States. Agric. Ecosyst. Environ. 91, 217-232. http://dx.doi.org/10.1016/
S0167-8809(01)00233-X.

Woods, J., Williams, A., Hughes, J.K., Black, M., Murphy, R., 2010. Energy and the
food system. Philos. Trans. R. Soc. London B Biol. Sci. 365, 2991-3006.

World Economic Forum, 2011. Water Security: The Water-Food-Energy-Climate
Nexus. World Economic Forum, Washington, DC.

Zhang, X., Huang, G., 2013. Optimization of environmental management strategies
through a dynamic stochastic possibilistic multiobjective program. J. Hazard
Mater. 246-247, 257-266. http://dx.doi.org/10.1016/j.jhazmat.2012.12.036.

Zhang, X., Vesselinov, V.V., 2016. Energy-water nexus: Balancing the tradeoffs be-
tween two-level decision makers. Appl. Energy 183, 77-87. http://dx.doi.org/10.
1016/j.apenergy.2016.08.156.

Zhang, X., Duncan, LJ., Huang, G., Li, G., 2014. Identification of management strate-
gies for CO2 capture and sequestration under uncertainty through inexact mod-
eling. Appl. Energy 113, 310-317. http://dx.doi.org/10.1016/j.apenergy.2013.07.
055

Zhou, Y., Zhang, B., Wang, H., Bi, ]., 2013. Drops of energy: conserving urban water to
reduce greenhouse gas emissions. Environ. Sci. Technol. 47, 10753-10761. http://
dx.doi.org/10.1021/es304816h.

Zhu, H., Huang, G.H., 2011. SLFP: a stochastic linear fractional programming ap-
proach for sustainable waste management. Waste Manag. 31, 2612-2619. http://
dx.doi.org/10.1016/j.wasman.2011.08.009.


http://dx.doi.org/10.1016/j.enpol.2013.03.027
http://dx.doi.org/10.1007/s10098-014-0806-8
http://dx.doi.org/10.1021/es4033343
http://dx.doi.org/10.1016/j.enpol.2011.09.039
http://dx.doi.org/10.1016/j.envsci.2015.08.002
http://dx.doi.org/10.1016/j.advwatres.2016.05.017
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0016
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0016
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0016
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0016
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0016
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0016
http://dx.doi.org/10.1016/j.ijepes.2004.04.012
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0012
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0012
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0041
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0041
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0046
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0046
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0046
http://dx.doi.org/10.1016/j.apenergy.2012.06.032
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0043
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0050
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0028
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0019
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0022
http://dx.doi.org/10.1021/es505034x
http://dx.doi.org/10.3390/resources4020227
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0020
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0020
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0020
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0020
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0020
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0032
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0032
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0032
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0005
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0005
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0024
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0024
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0024
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0024
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0024
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0024
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0024
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0024
http://dx.doi.org/10.1016/j.apenergy.2011.06.004
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0052
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0025
http://dx.doi.org/10.1016/j.foodpol.2008.09.001
http://dx.doi.org/10.1029/WR017i004p00853
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0023
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0023
http://dx.doi.org/10.1016/j.enpol.2009.09.038
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0034
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0034
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0034
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0034
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0034
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0034
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0034
http://dx.doi.org/10.1016/j.ijepes.2011.10.014
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0018
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0018
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0018
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0018
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0018
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0018
http://dx.doi.org/10.1021/es405648x
http://dx.doi.org/10.1016/S0306-2619(03)00062-X
http://dx.doi.org/10.1016/j.advwatres.2016.04.004
http://dx.doi.org/10.1021/es103230n
http://dx.doi.org/10.1080/14693062.2015.1029865
http://dx.doi.org/10.2307/1270993
http://dx.doi.org/10.1088/1748-9326/8/4/045033
http://dx.doi.org/10.1021/es4029183
http://dx.doi.org/10.1126/science.284.5423.2095
http://dx.doi.org/10.1080/02508060008686794
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0030
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0030
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0030
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0030
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0030
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0030
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0030
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0030
http://dx.doi.org/10.1016/S0378-4754(00)00270-6
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0049
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0049
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0049
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0049
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0049
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0049
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0004
http://dx.doi.org/10.1016/j.resconrec.2015.01.005
http://dx.doi.org/10.1016/S0167-8809(01)00233-X
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0053
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0053
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0053
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0053
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0053
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0053
http://refhub.elsevier.com/S0309-1708(16)30828-4/sbref0021
http://dx.doi.org/10.1016/j.jhazmat.2012.12.036
http://dx.doi.org/10.1016/j.apenergy.2016.08.156
http://dx.doi.org/10.1016/j.apenergy.2013.07.055
http://dx.doi.org/10.1021/es304816h
http://dx.doi.org/10.1016/j.wasman.2011.08.009

	Integrated modeling approach for optimal management of water, energy and food security nexus
	1 Introduction
	2 Methodology development
	3 Application
	3.1 Overview of the synthetic example system
	3.2 Results analyses
	3.3 Discussion

	4 Conclusions
	 Acknowledgments
	 References


