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The paper introduces a holistic framework that identifies the links between energy and other systems (water,
land, environment, finance, etc.), and measures the impact of energy portfolios, to offer a solid foundation for
the best sustainable decision making in energy planning. The paper presents a scenario-based holistic nexus
tool, Energy Portfolio Assessment Tool (EPAT) that provides a platform for energy stakeholders and policymakers
to create and evaluate the sustainability of various scenarios based on the water-energy-food (WEF) nexus ap-
proach. The tool is applied to a case study in Texas, USA. Scenarios considered are set by the U.S. Energy Informa-
tion Administration (EIA): EIA Reference Case — 2015, EIA Clean Power Plan (CPP) & Reference Case - 2030, and
EIA No-CPP & Reference Case - 2030. In the presence of the CPP, total water withdrawal is expected to decrease
significantly, while total water consumption is projected to experience a slight decrease due to the increase in
water consumption in electricity generation caused by the new electricity mix. The CPP is successful in decreasing
emissions, but is accompanied by tradeoffs, such as increased water consumption and land use by electricity gen-
eration. The absence of the CPP will lead to an extreme surge in total water withdrawn and consumed, and in
emissions. Therefore, conservation policies should move from the silo to the nexus mentality to avoid unintended
consequences that result in improving one part of the nexus while worsening the other parts.
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1. Introduction

From a political perspective, the term ‘energy security’ is commonly
perceived by policy makers to mean safeguarding a continuous supply
of energy. However, of equal importance to ‘energy security’ is the
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notion of sustainable energy supply, give the interdependence of energy
with natural resources such as water, land, and even climate. To date,
there is no precise consensus on the two (Kruyt et al., 2009). It is essen-
tial, for the modern economy, to produce sufficient energy to meet the
growing demand: energy is the fuel of the engine driving the economy.
At the same time, unclean energy and or its unsustainable production
make the process of energy security a complex challenge (Obaidullah
et al., 2016). Mishandling natural resources poses serious threats to a
nation's future water, energy, food (WEF), and land securities. Policy
makers governing energy, water and other resources are the major
stakeholders in the journey to a sustainable future (Daher and Mohtar,
2015). Thus far, the focus of energy policy makers has been solely on se-
curing the supply of energy and electricity demanded by growing pop-
ulations and economies. In a rapidly changing world, climate change is a
serious global concern, clean renewable energy technologies are ad-
vancing at unprecedented rates; water-energy efficient technologies
are vastly improved; and competition for natural resources such as
water and land is increasingly fierce. In a world where natural resources
were viewed as abundant, sufficient, accessible, and without threat
from climate challenges, failure to consider the tradeoffs between re-
source allocation strategies appeared less threatening. However, the
world is increasingly cognizant of serious global concerns and increas-
ing competition for finite natural resources, including land and water,
and especially as the impacts of a changing climate are increasingly
felt by all.

A better understanding of the impacts of the systems on one another
can assist policy makers by showing the benefits of a holistic assessment
framework for the interconnected systems and quantifying the
resulting tradeoffs (Mohtar and Daher, 2012). Scenario-based assess-
ment tools enable policy makers to plan and select more sustainable en-
ergy portfolios for the future. Appropriate policies that acknowledge
and respect the WEF interlinkages are fundamental to mitigating future
energy, water, and other resource security risks.

Using energy as a focal point, all phases of energy production and
electricity generation consume water. Global energy demand is rising;
consequently, the water demanded by the energy sector is also rising.
Yet, to date, water and energy are regulated independently of one an-
other (Hussey and Pittock, 2012).

The resource nexus has only recently become a point of interest for
research and public policy making (Webber et al., 2008). Experience
has taught that while working in silos does create effective water and
energy policies, it often results in the policy makers disregarding the in-
terconnectedness of water and energy, producing separate and contra-
dictory policies for the two sectors (Poumadere et al., 2005). Water
policy makers seek optimal solutions that ensure the sustainability of
water resources. At the same time, energy policy makers seek to ensure
energy resources. From a sustainability perspective, neither results in a
truly optimal solution because the systems were considered to be
uncoupled: working in silos exposes both the water and the energy sys-
tems to vulnerabilities such as drought, heat waves, contamination, grid
outages, and unfair competition for water resources.

Given the global dwindling of water resources and the challenges of
its availability, high reliance on water-intensive technologies to meet
energy demands puts the US energy sector at risk: water is neither tem-
porally nor spatially evenly distributed across the United States (DOE,
2014). If one considers water as a “pie”, with the energy, food, munici-
pal, industrial, and other sectors competing to secure shares of the
water pie, then securing water presents a challenge to energy policy
makers. Although inefficient, unsustainable water allocation strategies
may currently work, as populations grow, economies expand, and cli-
mate change worsens, the vulnerabilities within the energy system
will increasingly appear and expand (Intergovernmental Panel on
Climate Change, 2008).

Questions arise, such as: how should the energy production portfolio
be altered to reduce its water footprint, yet still meet demand; how can
the electricity generation portfolio be changed to be less water intensive

but still reliable; what adjustments are required in the energy technol-
ogy portfolio; what are the environmental, land, and economic costs
of such adjustments? The inclusive, sustainable energy planning offered
by the WEF platform addresses these questions, but requires a deep un-
derstanding of the interconnections between the associated systems
(energy, water, land, environment, economics) and the accompanying
sustainability tradeoffs comprising in proposed scenarios. This paper
presents a unique scenario-based framework and tool together with
its application to a Texas case study, namely the Energy Portfolio Assess-
ment Tool (EPAT).

1.1. Research objectives

1. Develop a tool to assess the sustainability of energy portfolios
through quantification of the tradeoffs between water, environment,
land, and energy economics.

2. Use the developed Energy Portfolio Assessment Tool (EPAT) to assess
the sustainability and tradeoffs of current and projected energy port-
folios of the US Energy Information Administration (EIA) in Texas,
considering sustainable energy development, water conservation,
environmental impact, and energy economics.

2. Literature review
2.1. Water-energy-food nexus

It is increasingly clear to the world that water, energy, and food
(WEF) are deeply interconnected systems also intensely linked with
economic and environmental sustainability (Bhaduri et al., 2015).
Water, energy, and food securities are interdependent, as evidenced in
simple examples: water extraction, treatment, and transport demand
energy; energy production and electricity generation require water;
and food production needs both water and energy. The linkages be-
tween the WEF systems are intensified with increased natural resource
scarcity, environmental pressure, climate change, and population
growth (Mohtar and Daher, 2012). Recognizing these interlinkages in
natural resource systems implies that a holistic nexus methodology
could support decisions toward sustainable development: such an ap-
proach builds synergies and quantifies tradeoffs between the WEF sys-
tems, to the benefit of both humans and nature, and to increased
efficiency in the management of water, energy and food resources. His-
torically, development and policy work have overlooked the real costs
to environment, due in part to opposition to the systematic methodolo-
gies that consider these linkages across sectors and resources (Bhaduri
et al., 2015).

A key goal of the water-energy-food nexus approach is to reduce
carbon-intensive water, energy, and food production. This paper focuses
on the energy aspect of the nexus, and renewable energy is the perfect
solution because renewable energy supplies are naturally harvested
from sources such as the sun, wind, and water. Looking at outputs, in re-
newable energy power generation process does not require combustion
thus is technically a zero carbon source of power, thus apparently sus-
tainable. However, sustainability refers not only to infinite sources, but
also to a non-detrimental supply of the renewable resources, economi-
cally, environmentally and socially (Owusu and Asumadu-Sarkodie,
2016). For instance, a sustainable biofuel resource should not increase
the net greenhouse gas emissions, should not affect food security, and
should not affect water security (Twidell and Weir, 2015). However,
the water-energy-food nexus methodology for natural resource man-
agement ensures efficient, productive, and sustainable utilization of nat-
ural resources by looking at the three resources as a single system of
systems.

The WEF Nexus approach supports policy and decision makers in
achieving several sustainability goals by:
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quantifying interlinkages between water, energy, and food,
identifying existing and potential hotspots,

accounting for trade-offs in policy and strategy selections,
informing important scientific dialogue at the policy level.

The WEF nexus analytics platform is not sector-centric. The dialogue
it enables is inclusive and supports all existing initiatives for water re-
source management, energy efficiency and food production efficiency
(Mohtar, 2015).

2.2. Knowledge gap and tool review

Policy makers can benefit from a holistic framework that illustrates
the connections between the associated systems and displays the
resulting tradeoffs, making it possible to better understand the manner
in which the separate systems impact one another (Mohtar and Daher,
2012). The policy maker lacks efficient tools to evaluate the sustainabil-
ity of energy portfolios and demonstrate the consequent trade-offs
across nexus systems. Integrating the methodology of sustainable de-
velopment measures into national energy policies, strategies and plan-
ning by promoting interdisciplinary scientific research and technology
development will increase institutional capacity by offering early warn-
ings and impacting energy planning (Asumadu-Sarkodie and Owusu,
2017).

Tools that address both general and specific aspects of energy impact
within the nexus already exist and include LEAP (SEI, 2013), CLEWS
(KTH, 2013), Global Calculator (Strapasson et al., 2014), among many
others. LEAP (Long-range Energy Alternatives Planning System) is a
tool that analyses the effects of energy policy on climate and assesses
mitigation approaches to climate change. CLEWS (Climate, Land, Energy
and Water Strategies) use a systems approach to determine and address
issues of interconnected resources and their interactions. Global Calcu-
lator is a tool that links energy to lifestyle to illustrate the consequences
of pathways in energy, food, and land on the climate. A more complete
list of nexus tools can be found in IRENA (2015).

All these tools address the energy part of the nexus; each has a
unique approach to analyzing the interactions of energy resources
with climate and land. However, even with all the existing tools, the pol-
icy maker still lacks a comprehensive, multi-scale energy assessment
tool capable of quantifying interconnectivity (between energy, water,

Table 1
Review of nexus tools (IRENA, 2015; Strapasson et al., 2014).

land, climate and economics). In short, a generic, holistic framework
that considers the existing interlinkages between the systems and offers
decision/policy-makers a solid foundation for debate, discussion and ac-
tion (Table 1).

3. Methodology
3.1. Conceptual scenario framework

The energy portfolio is generally governed by policy choices that are
driven by preferences, either toward an expensive, sustainable, secure
energy portfolio, or toward an inexpensive, unsustainable, secure en-
ergy portfolio. The feasibility of a given energy scenario should respect
the interconnections between the systems: the foundation of any port-
folio assessment initiative.

Energy production and electricity generation are directly linked to
water, land, environment, and financials. Energy production includes
extraction, transport, and refining. Each component of energy produc-
tion has a water, land, and carbon footprint and is associated with a fi-
nancial measure. Similarly, electricity represented by its various
facades of generation, is associated with water and land as inputs
and carries financial and environmental costs. State and municipal en-
ergy portfolios are increasingly vulnerable due to the direct link with
and reliance upon natural resource systems. At the same time, local
natural resources are at risk of exploitation. Vulnerabilities are charac-
terized by non-sustainable water planning in energy activities, high
competition for land, environmental concerns, and lack of financial af-
fordability. Moderating this high dependence on natural resources and
ensuring sustainable energy planning that is compatible with the con-
servation of natural resources require an understanding of the require-
ments accompanying energy security and the ability of a state to
secure sustainable energy portfolios. Considerations for energy portfo-
lio development and policies should include the tradeoffs described
below.

3.1.1. Water

Quantify the water demands for any energy portfolio scenario.
Water use in energy production and electricity generation depends on
production techniques, water reuse, generation technologies, and
cooling systems.

Tools Inputs

Outputs

Main inputs

Energy Water Food

LEAP Extensive data requirement.
Techno-economic details of energy technologies.

CLEW Extensive data requirements.
Technical and economic parameters of power plants, farming machinery,
water supply chain, desalination terminals, irrigation technologies,
fertilizer production, etc.

Global Global scale.

Calculator Minimum data available.
Very general.

Detailed analysis of energy
demand, transformations
and stocks.

Energy balances.

Watershed hydrology and water
planning.

Physical and geographical
simulation water demands and
supplies.

Groundwater, water quality and
conservation, reservoirs and
hydropower.

Water balance.

Water supply and desalination.

Irrigation
technologies.

Energy balance, including
power generation and

refining. Water pumping. Use of fertilizers.
Energy for Food. Water for food. Use of farming
Foreign (virtual) energy. Water for energy (hydropower, — machinery.
power plant cooling, biofuel
crops).
Fixed pre-created global Land use.
energy scenarios. Farm yields and
Very general and basic practices.
technology and fuel Very basic and
alteration. general

diet alteration.
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Energy
- Energy production: techniques & water reuse factors
- Electricity generation: technologies & cooling systems

Water

- Technique of energy production per source (Gal/GJ)

- Refining of energy production per source (Gal/GJ)

- Technology of electricity generation per source (Gal/GJ)

- Cooling system of electricity generation per source (Gal/GJ)

7EPAT

The Sustainable Energy Planning Tool

Emissions
- Carbon footprint of energy production per source (Tons/GJ)
- Carbon footprint of electricity generation by source (Tons/GJ)

Land
- Land use for energy production per source (km?/GJ)
- Land use for electricity generation by source (km?/GJ)

Economics

- Revenue of energy production per source ($/GJ)
- Cost of electricity generation per source ($/GJ)

Energy Portfolio Scenario

Assessment Parameters

| Energy Production Portfolio

| Water Consumption (Gal)

| Energy Production Technique & Water Reuse Factor

| Water Withdrawal (Gal)

Electricity Generation Portfolio

ad

| Electricity Generation Technology & Cooling Systems

| Land (km?)

| Energy Production Portfolio

| Revenue of Energy Production ($)

|
|
I‘ "
|

Carbon Emissions (Tons) |

| Cost of Electricity Generation ($)

|

Trade-offs of Energy Portfolios/Policies

Fig. 1. Tool structure: input-output.

3.1.2. Environment

Quantify the environmental impact of energy portfolio scenarios on
the atmosphere. The amount of carbon emitted depends on both the en-
ergy produced and the electricity generation mix; it is also associated
with the intensity of the energy demanded for the scenario.

3.1.3. Land

Quantify land use for each energy portfolio scenario. Land used in
energy production and electricity generation depends not only on the
energy and electricity mix, but also on the total energy demand
intensity.

3.1.4. Economics

Quantify the revenue from energy production and the cost of elec-
tricity generation as the economic measures of the energy portfolio
scenario.

3.2. Energy Portfolio Assessment Tool (EPAT) Framework

Having defined the technicality of energy portfolios and their inter-
connections with other systems, this section introduces the structure of
the Energy Portfolio Assessment Tool (EPAT). The Tool was developed
using the Water-Energy-Food (WEF) Nexus systemic approach to inte-
grated energy portfolio systems. It offers an alternative to the ‘silo’ ap-
proach and addresses the associated environmental and economic
systems. EPAT is a scenario-based tool that enables the policy maker
to create an energy portfolio scenario using various energy and electric-
ity sources. It then evaluates the environmental and economic sustain-
ability of the scenario. The tool assesses various energy portfolio
options, taking as input energy production and electricity generation
mix (in Giga Joules), and generating quantitative parameters in terms

of water withdrawal and consumption (Million Gallons), economics of
energy and electricity (US Dollars), carbon emissions (Ton CO;), and
land required (km?).

The tool framework is energy-centric, allowing the user to apply it to
any given governance or geographic area. The impact and tradeoffs of
each energy portfolio are evaluated using two sets of data as input: en-
ergy production and electricity generation (Fig. 1).

An energy portfolio comprises two sub portfolios: energy production
and electricity generation. Energy production corresponds to the phys-
ical energy volume mix; electricity generation is the mix of electricity
generation sources. There is a link between energy production and elec-
tricity generation portfolios: the first is the input of the second. EPAT as-
sesses each system separately, using a two-step input framework: first,
the definition of the total energy portfolio, and second, its
customization.

The user creates the scenario by inserting the following inputs:

« Defining the energy portfolio requires the input of the energy and
electricity portfolios by source (GJ/source). The sources of energy pro-
duction embedded in the tool include: oil, natural gas, coal, and
bioenergy. The sources of electricity generation embedded in the
tool include: natural gas, coal, nuclear, wind, hydro and solar.

Table 2
Notations and water factors for oil production used in EPAT.
0il (OL)
i PTOL; WPOL; WROL
(gal/GJ) (gal/GJ)
1 Primary 1 7
EOR 91
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Table 3
Notations and water factors for natural gas production used in EPAT.

Table 5
Notations and water factors for bioenergy used in EPAT.

Natural gas (NG)

Bioenergy (BE)

i PTNG; WPNG; (gal/GJ) WRNG (gal/GJ) i PTBE; WPBE; (gal/GJ)
1 Conventional 0.11 2 1 Ethanol from corn 198
2 Unconventional 3 2 Biodiesel from soy 438

« After inputting the portfolio, the user can independently customize
the energy production and electricity generation portfolios in terms
of production techniques, water reuse, generation technologies, and
cooling systems.

The strength of EPAT lies in this customization step: for the same
portfolio, each customization has a unique end tradeoff result. For ex-
ample, in energy production, natural gas came 20% from conventional
techniques and 80% from unconventional techniques with 100% refined,
and 10% water reuse. An example in electricity generation could be:
total coal electricity generated was 100% with steam turbine generator
technology, and a cooling portfolio of 70% once-through, 20% cooling
tower and 10% recirculating reservoir. Given the scenario energy portfo-
lio inputs, and based on the customization of the sub-portfolios, the tool
assesses the proposed scenario by quantifying the following tradeoffs:

* Total water consumed for energy production in the scenario WCEP
(million gallons).

« Total water consumed for electricity generation in the scenario WCEG
(million gallons).

» Total water withdrawn for electricity generation in the scenario
WWEG (million gallons).

« Total land requirement for energy production in the scenario LEP
(km?)

* Total land requirement for electricity generation in the scenario LEG
(km?)

* Total carbon emissions from energy production in the scenario EEP
(Tons COy)

* Total carbon emissions from electricity generation in the scenario EEG
(Tons COy)

« Total revenue from energy production in the scenario REP (US $)

« Total cost of electricity generation in the scenario CEG (US $)

While the structure of the EPAT tool is generic, local customization
data are area-specific and play a huge role in quantifying the tradeoffs
for a given scenario.

3.3. Quantifying tradeoffs

The presented framework offers a platform that defines the connec-
tions between energy, water, environment, land, and economics. The
resulting tradeoffs quantification and analysis from these connections
is necessary for a complete assessment of various energy scenarios
and offers a means to proper decision-making.

An energy portfolio comprises two sub portfolios: energy production
and electricity generation. By proposing a scenario, energy produced
and electricity generated are quantified in Giga Joules (GJ). The energy

Table 4
Notations and water factors for coal production used in EPAT.
Coal (CO)
PTCO WPCO (gal/GJ) WRCO (gal/G])

Avg. surf. & undgrnd. 19 11

production portfolio corresponds to the physical energy volume mix.
The tradeoffs of an energy production portfolio are a function of: energy
source, production technique, refining percentage, and water reuse fac-
tors. Land requirement (km?) is quantified depending on the choice of
production technique. The amount of water consumed (Million Gal-
lons) in energy production processes depends on the extraction tech-
nique, refining energy product percentage, and overall water reuse
factor in all practices. Water tradeoffs are highly affected by the produc-
tion technique: each technique has a unique water footprint and varies
greatly from one technique to another. More importantly, the concen-
tration of water reuse activities impacts total water tradeoff. Total reve-
nue (US §) of the energy production portfolio is a function of total
energy produced and the respective commodity price. In addition, the
carbon footprint (Tons CO,) is quantified based on the amount of en-
ergy produced and its mix.

The electricity generation portfolio corresponds to the mix of power
sources. Tradeoffs of electricity generation depend of the electricity source,
generator technology, and cooling system. The amount of water needed
(Million Gallons), consumed and withdrawn, are directly linked to the
choice of generation technology and cooling system for each source. The
water requirement is greatly impacted by the combination of generation
technology and cooling systems: water withdrawal and consumption foot-
prints are unique for each combination. The cost (US $) of generation for an
electricity portfolio is a function of the electricity sources in the portfolio.
Nonetheless, carbon (Tons CO,) emitted into the atmosphere from electric-
ity generation depends on the electricity sources comprising the total elec-
tricity portfolio. Land (km?) is a major tradeoff in electricity generation: the
total land occupied by the electricity portfolio is based not only on the elec-
tricity generation source, but also its capacity.

3.3.1. Water for energy production

The quantification of water consumption for energy production re-
quires only 2 steps after the input of the energy production portfolio.
For each energy resource, the user must identify the fraction of energy
produced per production technique (listed in the tool). The extraction
of an energy source is done through multiple techniques; each tech-
nique has a unique water footprint. In addition to partitioning produc-
tion per technique, the user must input the percentage of water reuse
through the process. The techniques and calculation of water footprints
for all energy sources in the tool are discussed below.

3.3.1.1. Oil. The total amount of water consumed in oil production
(WEPOL) is a function of type of production (PTOL;) and refining
(WROL). The types of oil production included in the tool are primary
and enhanced oil recovery (EOR). Each type has a unique water con-
sumption factor (WPOL;). Therefore, after inserting the total oil

Table 6
Fuel type and efficiencies of generator technologies in EPAT.
Fuel type Generator technology Efficiency
Coal ST 35%
IGCC 39%
Natural gas ST 35%
CC 54%
GT 59%
Nuclear ST 35%
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Table 7 Table 9
Notations and water factors for natural gas electricity used in EPAT. Notations and water factors for nuclear electricity used in EPAT.
Natural gas (NG) Nuclear (NU)
i GINU; j CTNGy WCNG WWNG;; GTINU i CTNU; WCNU; (gal/GJ) WWNU; (gal/GJ)
(gal/G)) (8al/Gh) ST 1 Once-through 111 12,778
1 CcC 1 Once-through 28 2306 2 Recirc.res. 178 1889
2 Tower 58 69 3 Tower 200 306
3 Dry 1 1
4 Recirc. res. 67 1653
2 ST 1 Once-through 82 9722 for coal production and refining (WEPCO) is the multiplication of the
2 Tower 203 i total coal duced by water factors (Table 4)
3 GT 1 No cooling 2 2 otal coal energy produced by water factors (1able 4).

production data (EPOL), the user must specify the fractions of produc-
tion type, so that each production type matches its water consumption
factor to achieve a better water consumption estimate. The percentage
of water reuse (RUOL) in oil production must be defined. The refining
water consumption factor is applied to the total oil production value;
it is assumed that all the oil produced goes through the same refining
process. WEPOL is the summation of the water footprint values of oil
production types and refining (Table 2).

WEPOL = EPOL x

1

2
(PTOL; x WPOL;)(1—RUOL) + WROL
=1

3.3.1.2. Natural gas. Two types of natural gas production (PTNG;) are
considered in EPAT: conventional and unconventional. Each technique
has an associated water footprint (WPNG;). The total natural gas pro-
duction data (EPNG) is split in ratios, then multiplied with its water con-
sumption tag. The percentage of water reuse (RUNG) in natural gas
production is input. The water consumed for refining natural gas is ob-
tained by multiplying the total natural gas production value by the
water consumption factor for refining (WRNG). The same refining pro-
cedure is assumed for natural gas produced. Table 3 displays natural gas
production types, water consumption factors for production and refin-
ing, respective notations, and the equation used to calculate the total
water consumed for natural gas production (WEPNG).

2
WEPNG = EPNG x | 3" (PING; x WPNG;)(1—RUNG) + WRNG

i=1

3.3.1.3. Coal. A single technique of production was considered for coal
production. The technique (PTCO) is a mix of surface and underground
mining; its water consumption factor (WPCO) reflects the average of
both techniques. The percentage of water reuse (RUCO) in coal produc-
tion must be specified to reflect any current water conservation. Simi-
larly, a uniform water consumption factor for refining (WRCO) is
assumed to the total coal produced. Then, the total water consumed

Table 8
Notations and water factors for coal electricity used in EPAT.
COAL (CO)
i GTCO; j CTCO; WCCO; WWCO;;
(gal/GJ) (gal/GJ)
1 ST 1 Once-through 42 9722
2 Tower 146 181
3 Recirc. res. 139 3375
2 IGCC 1 Tower 89 104

WEPCO = EPCO x (WPCO + WRCO)

3.3.1.4. Bioenergy. Mainly biofuels, the types of ethanol production tech-
niques (PTBE;) considered in the tool are from soy and corn; the
bioenergy produced must be split between them, and each technique
has a unique water tag (WPBE;). The water consumption factor for
bioenergy covers production and refining. The total water consumed
for bioenergy production (WEPBE) is the summation of energy pro-
duced by the technique multiplied by the water consumption factor.
Table 5 reflects the notations used and the equation.

2
WEPBE = EPBE x }_(PTBE; x WPBE;)

i=1

3.3.2. Water for electricity generation

Quantification of water usage, consumption and withdrawal, for the
electricity generation portfolio requires two steps after the insertion of
the electricity sources data. In the first step, the user identifies the elec-
tricity generation percentage in accordance with the type of generator
for each source. Almost all electricity generation sources have multiple
prime movers, and each has its own withdrawal and consumption fac-
tors: it is important to split the source generation per type of generator.
In the second step, and after forming the generator portfolio within each
source, the user labels the fraction of cooling technology used for each
type of generator. Cooling technologies vary within each electricity
source: each type of generator and cooling technique has a unique
water consumption dynamic. The embedded water consumption and
withdrawal factors consider the current overall efficiency of the gener-
ators (Table 6).

Should an increase in the overall efficiency of a generator occur, the
heat dumped decreases, therefore, fuel input and water used for cooling
decrease. Efficiency is inversely proportional to fuel input and water
use. Consequently, an increase in efficiency translates into a decrease
in input fuel: less heat is dumped, which translates into less water
used. EPAT allows the user to multiply the fuel input value by the incre-
mental efficiency increase.

The electricity generation sources are coal, natural gas, nuclear,
hydro, wind and solar. Sources are in either of two categories: non-
renewable or renewable. The non-renewables (natural gas, coal, nu-
clear) require cooling, whereas renewables do not. Electricity from nu-
clear, hydro, and wind have only one type of production: generic
steam, hydro turbine, and wind turbine respectively. Cooling technolo-
gies considered are cooling towers, once-through, recirculating reser-
voirs, and dry cooling. The generator types, cooling technologies and

Table 10
Notations and water factors for wind electricity used in EPAT.

Wind (WI)
WCWI (gal/GJ)
0.1
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Table 11
Notations and water factors for hydroelectricity used in EPAT.

Hydroelectric (HY)
WCHY (gal/GJ)
2000

calculation of water footprints for all electricity sources in the tool are
discussed below.

3.3.2.1. Natural gas. After inserting the total electricity generated from
natural gas sources (EGNG), the first step is splitting this value
(GTNU;) among the generator types used. The three generator types
are steam (ST), combined cycle (CC), and gas turbine (GT), the main
natural gas generator types found in Texas. The constant n; refers to
the number of cooling technologies for each generator type (i): each i
has n; cooling technology options. The cooling technology for each gen-
erator type (i) is referred to with the notation j. Step two is identifying
the fraction of electricity produced by generator i using cooling technol-
ogy j (CTNUy). After identifying the total natural gas electricity genera-
tion by type of generator types and each generator type by cooling
technologies, the product of each is multiplied by its associated water
consumption factor (WCNU). Finally, the total water consumed by nat-
ural gas electricity generation (WCGNG) is the summation of water con-
sumed by generators with cooling technologies. Table 7 shows the
notations for natural gas generator and cooling types, and the tool
equation used to calculate the total water consumed by natural gas
electricity.

3 n;
WWGNG = EGNG x Y " GTNG; » " CTNG;; x WWNG;;
i=1 j=1

for {ny,ny,n3} = {4,2,1}

3 n;
WCGNG = EGNG x > GTING; y _ CTNG;; x WCNG;;
i=1 j=1

for {ny,ny,n3} = {4,2,1}

3.3.2.2. Coal. In the state of Texas, electricity generated from coal is
mainly through two technologies: generic steam (ST), and integrated
gasification combined cycle (IGCC). To calculate the water needed for
the natural gas electricity process, the user splits the total coal electric
power generated (EGCO) into fractions representing each type
(GTCO;). Then, for each generator i, there are n; cooling technologies.
The next step involves further splitting the electricity generated from i
by type of cooling used (CTCOj). The total electricity generated with
coal is then multiplied to the product of the fractions, GTCO; and CTCOj;,
and then further multiplied with its respective water consumption fac-
tor WCCOj;. Total water consumed by coal electricity generation
(WEGCO) is the summation of products. Table 8 shows coal generator

Table 12
Notations and water factors for solar electricity used in EPAT.
Solar (SO)
i GTSO; WCSO; (gal/GJ)

1 PV 0.1
CSP 250

Table 13
Notations and carbon footprints of energy sources used in EPAT.

Energy source Notation Carbon footprint (g CO,/GJ)
0il CPOL 9778

Natural gas CPNG 32,694

Coal CPCO 8889

Bioenergy CPBE 36,000

and cooling types with their notations, and the tool equation used to
calculate the total water consumed.

2 n;
WWGCO = EGCO x > GTCO; » ~ CTCO;; x WCCO;;  for {ny,ny}

i=1 j=1
={3,1}

2
WCGCO = EGCO x 3" GTCO; 3 CTCO; x WCCO;  for {ny, np}

i=1 j=1
={3.1)

n;

3.3.2.3. Nuclear. Unlike previously discussed sources, nuclear sources
have only 1 type of generator: the steam turbine (ST). Thus, there is
no need to identify a generator portfolio. Nuclear power uses three
types of cooling: the user must define their fractions (CTNU;) among
the total nuclear power generated (EGNU). Each cooling system has a
unique water tag (WCNU;): the summation of the products gives the
total water consumed in nuclear power generation (WEGNU). The
cooling types, their water tags, notations, and the tool equation used
to calculate the total water consumed are shown in Table 9.

3
WEGNU = EGNU x » ~ CINU;; x WWNUj;
i=1

3
WCGNU = EGNU x " CTNU;; x WCNUj
i=1

i=

3.3.24. Wind. As a renewable electricity source, wind does not directly
consume water in its process, nevertheless, wind does have a water
consumption factor. Water is consumed when manufacturing and con-
structing the wind turbines and must be accounted for. The total wind
power generated (EGWI) is multiplied by the water factor (WCWI) to
obtain the total water consumed by wind power (WEGWI). Table 10 re-
flects the notations for wind power used in the tool calculations.

WEGWI = EGWI x WCWI

3.3.2.5. Hydro. A renewable source of electricity similar to wind, hydro-
power has only one type of generator: the turbine. Water is consumed
through evaporation in the process of hydroelectric generation. To
quantify the total water consumed by hydropower (WEGHY), the
total inserted hydropower generation (EGHY) is multiplied by the

Table 14
Notations and carbon footprints of electricity sources used in EPAT.

Electricity source Notation Carbon footprint (g CO,/GJ)
Natural gas CGNG 132,750

Coal CGCO 246,334

Nuclear CGNU 5806

Wind CGWI 8194

Hydro CGHY 3139

Solar CGSO 14,833
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Table 15 Table 17

Notations and land use factors of energy sources used in EPAT. Notations and spot prices energy sources used in EPAT.
Energy sources Notation Land transformation (m?/GJ) Energy sources Notation Spot prices
0il LPOL 21 0il SPOL 50.45 $/bbl 8.606982489 $/GJ
Natural gas LPNG 31 Natural gas SPNG 2.9 $/MMBtu 2.748815166 $/GJ
Coal LPCO 83 Coal SPCO 31.83 $/ton 1.5487 $/GJ
Bioenergy LPBE 120 Ethanol SPBE 1.49 $/gal 16.81247028 $/GJ

water consumption factor (WCHY); notations for hydropower used in
the tool calculations are shown in Table 11.

WEGHY = EGHY x WCHY

3.3.2.6. Solar. While a renewable source of electricity, solar is different
from wind and hydro in that it has two generation types embedded in
the tool: photovoltaic (PV) and concentrated solar power (CSP). Photo-
voltaic does not consume water directly, but like the wind turbine, pho-
tovoltaic electricity generation consumes water indirectly.
Concentrated solar generation consumes water through both genera-
tion and cooling. After inserting the total solar power generated
(EGSO0), the fraction generated by each type i (GTSO;) must be identified
and the generator type fractions are multiplied by their respective water
consumption factors (WCSO;). The summation of the product of the
fractions and water tags gives the total water consumed by solar
power (WEGSO). The notations used in the tool calculations for solar
power are shown in Table 12.

2
WEGS0 = EGSO x }_ GTSO0; x WCSO;
i=1

i=

3.3.3. Emissions

Carbon footprint is an environmental cost associated with energy
portfolios. Every energy production and electricity generation activity
has a carbon footprint. The quantification of carbon emissions is a
must when performing energy planning. To ensure a clean future, un-
derstanding the connection between energy portfolios and carbon
emissions is vital. Now that climate change is becoming a global issue,
huge pressures are placed on nations to pay attention to the carbon di-
oxide emissions of their energy portfolios. EPAT label the carbon emis-
sions of an energy profile. The volume of carbon dioxide discharged
depends on the energy source and the activities associated with produc-
tion and generation. Each energy source has a unique carbon footprint
measure that reflects its lifecycle emissions based on its chemical for-
mation and accompanying processes. The emissions produced by each
energy and electricity source are the product of the total energy and
electricity of the source and its respective carbon factor.

EPAT considers both direct and indirect contributions of energy
portfolios to carbon emissions. Direct contribution is through combus-
tion of energy sources. Indirect contribution is the emission produced
by the operational processes. Electricity generated from fossil fuels
have a direct impact on the atmosphere: fuel combustion is part of the
process. Thus, the carbon footprints of natural gas and coal electricity
generation are considered in the calculations. Each fossil fuel electricity

Table 16
Notations and land use factors of electricity sources used in EPAT.

source has a unique carbon tag that reflects its direct contribution. EPAT
assumes that all energy production and some electricity generation ac-
tivities produce indirect emissions, since no combustion occurs. The car-
bon footprints for oil, natural gas and coal energy sources reflect the
lifecycle emissions produced in the production, extraction, refining
and transporting phases. The electricity generation sources that indi-
rectly impact are nuclear, wind, hydro, and solar. The nuclear energy
carbon footprint in the tool reflects the lifecycle emissions of the process
by considering the emissions produced in mining, milling, refining and
disposal. Although some of these activities might not take place in the
studied region, these carbon footprints are somehow imported when
generating electricity from nuclear. Wind, hydro and solar are renew-
able energy sources that do not directly emit carbon dioxide when gen-
erating electricity. Nevertheless, these renewable energy sources have
an indirect contribution when manufactured and constructed, there-
fore, their indirect carbon footprint is accounted for in the tool.
Bioenergy is a renewable energy source, and, in fact, has a positive effect
on the atmosphere by sequestrating the carbon dioxide; however, the
production process also has a negative effect on the atmosphere. EPAT
considers the indirect emissions of bioenergy. Tables 13 and 14 show
the carbon footprint factor for the energy and electricity sources, their
notations, and the equation used to quantify the carbon dioxide
emissions.

3.3.3.1. Carbon footprint of energy production.

CEP = EPOL x CPOL + EPNG x CPNG + EPCO x CPCO + EPBE x CPBE

3.3.3.2. Carbon footprint of electricity generation.

CEG = EGNG x CGNG + EGCO x CGCO + EGNU x CGNU + EGWI
x CGWI + EGHY x CGHY + EGSO x CGSO

3.34. Land

Energy production and electricity generation take up a lot of land.
Every constituent of the energy portfolio requires a dedicated piece of
land, and makes land availability a constraint for energy portfolios:
land may sometimes be considered more crucial than water in energy
planning. The customization of an energy portfolio is directly related
to the available land. Land is sometimes introduced as an ecological
cost accompanying the energy portfolio because every energy activity
has an ecological footprint. Moreover, land often competes with the ag-
riculture sector, making land mapping and quantification a condition to
any expansion decision. For example, when a policy maker is planning

Table 18
Notations and cost of generation of electricity sources used in EPAT.

Electricity sources Notation Land transformation (m?/GJ) Electricity sources Notation Cost of electricity generation ($/GJ)
Natural gas LGNG 2 Coal CECO 1.138

Coal LGCO 3 Natural gas CENG 14167

Nuclear LGNU 13 Nuclear CENU 0.972

Wind LGWI 286 Wind CEWI 1.194

Hydro LGHY 2778 Hydro CEHY 0.9167

Solar LGSO 115 Solar PV CESO 2.138
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Table 19

Scenario 1 - electricity generation portfolio.
Electricity sources (billion kWh) 2015

No CPP %

Natural gas 214 57%
Coal 84 22%
Nuclear 40 11%
Wind 36 9%
Other (solar/hydro) 3 1%

to modify the energy portfolio, plans are strictly governed by land
availability.

The generation of electricity demands substantial land. Oil, natural
gas, and coal production all require onsite mining, extraction, and refin-
ing. Mining for oil and gas is a major land user, particularly with the
adoption of horizontal drilling. Coal surface and underground mining
uses land, and sometimes deteriorates the original formation. Transpor-
tation of energy products through pipeline networks is a major land
users in the fossil fuel energy sector. Bioenergy is by far the biggest
user of land due to crop plantations. Land used in electricity generation
is either through on site mining and construction of fossil fuel power
plants, or through the development of renewable energy farms and
sites. Renewable energy requires significantly more land for electricity
generation that conventional fossil fuel sources. Identifying areas of
land to be dedicated to energy production and electricity generation
while limiting the ecological, economic, and social harm done repre-
sents a major challenge to both the policy makers and the energy sector.
EPAT quantifies land demands for each proposed energy portfolio sce-
nario. Every energy production source has a respective land footprint,
and similarly for electricity generation. The land factors embedded in
the tool consider the whole lifecycle of the energy and electricity
sources. Land factors used in the calculations, along with its equation
are shown in Tables 15 and 16.

3.3.4.1. Land for energy production.

LEP = EPOL x LPOL + EPNG x LPNG + EPCO x LPCO + EPBE x LPBE

3.3.4.2. Land for electricity generation.

LEG = EGNG x LGNG + EGCO x LGCO + EGNU x LGNU + EGWI x LGWI
+ EGHY x LGHY + EGSO x LGSO

100%
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70%
60%
50%
40%
30%
20%
10%

0%

Wind 10% ——

5

Fuel
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Table 20
Scenario 1 - energy production portfolio.
Energy sources 2015
Reference
QOil (trillion barrels) 1.148
Natural gas (trillion cubic feet) 8.14

Coal (million short tons) 35
Ethanol (million gallons) 390

3.3.5. Economics

Cost is a major parameter to consider when investigating energy
portfolios. The total cost of energy production is a function of technol-
ogy, production costs, capital spending, operational cost, subsidies and
gross tax. The cost of energy varies around the world, depending on
the geographic location, technology and the global economy. It is nei-
ther constant nor independent of externalities. Most nations produce
energy to reach self-sufficiency and meet the energy demands of its
population and economy. Yet, some nations export energy, making a
business of it. Some policy makers favor the maximization of profit
over natural resource conservation, arguing that revenue can be consid-
ered as a societal and economic label. High revenues translate into more
jobs, which translates into societal benefits. Thus, the goals of financial
profit, environmental preservation, cost reduction, and social benefit
may clash.

The exact cost of energy production is extremely difficult to calcu-
late: first, companies often merge the costs of oil and gas production
into a single total figure. Even though production data is split, compa-
nies may not separate the costs of oil production from those of natural
gas production. Bundling costs masks the individual energy cost of oil
and gas; second, the cost of energy production is a combination of mul-
tiple financial and economic factors, which makes it complex to calcu-
late. Therefore, for energy production, the spot price of energy sources
is used as an economic measure. The exact magnitude of change is
less important than the direction of the change, therefore, for energy
production, the EPAT uses energy price as a measure of the economics
of energy production. The revenues from the energy production portfo-
lio are quantified as a function of spot prices. For coal production, the
spot price of lignite coal is considered (assuming all coal production in
Texas is lignite). For simplicity, bioenergy refers to ethanol, thus the
spot price of ethanol is considered.

Similarly, for electricity generation, the real cost for any electricity
generating system is difficult to acquire from normally accessible infor-
mation. Cost information for technologies with significant historic data
are available and include conventional coal power plants, generic

WT 16%

—— I

GT 1%
CC32%
Sha1% Open-Loop
41%
Generator Cooling

Fig. 2. Relationships between fuel, generator, and cooling system for Texas electricity generation portfolio in 2015.
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Table 21 Table 23

Scenario 2 - electricity generation portfolio (EIA AEO, 2016). Scenario 3 - electricity generation portfolio (EIA AEO, 2016).
Electricity sources (billion kWh) 2030 Electricity sources (billion kWh) 2030

CPP % CPP %

Natural gas 231 52% Natural gas 230 51%
Coal 73 16% Coal 115 26%
Nuclear 40 9% Nuclear 40 9%
Wind 99 25% Wind 60 13%
Other (solar/hydro) 4 1% Other (solar/hydro) 4 1%

nuclear power plants, and older renewable energy technologies. New
technologies have not operated long enough to formulate costs covering
the life-span of operational and maintenance costs. These new technol-
ogies include the natural gas combined cycle, modern nuclear power
plants, and emerging renewable energy technologies. Furthermore,
the accessible cost data of the new technologies does not reflect the
lifecycle cost. Thus, the costs of generation adopted by the tool represent
an average of old and new generation costs.

The economic parameter of EPAT considers the $ price/G]J for energy
produced and $ cost/G]J of electricity generation. The framework is sim-
plified by calculating revenue for energy production, and cost for elec-
tricity generation. These two parameters represent the economic
aspect of the portfolio. Tables 17 and 18 offer the spot prices for energy
production and costs of electricity generation used in EPAT, as well as
the notations and equations used to quantify the revenue and cost.

3.3.5.1. Revenue from energy production.

REP = EPOL x SPOL + EPNG x SPNG + EPCO x SPCO + EPBE x SPBE

3.3.5.2. End user cost of electricity generation.

EGC = EGNG x CENG + EGCO x CECO + EGNU x CENU + EGWI x CEWI
+ EGHY x CEHY + EGSO x CESO

3.4. Assumptions and limitations

In this research, some assumptions were set to simplify the complex
nature of the problem. These assumptions follow.

» Assessed energy production and electricity generation sources are
limited to the studied region and do not include biomass or expanded
techniques and technologies.

Information on water, land, and carbon footprints for the energy
sources with technologies and techniques are based on extensive lit-
erature review, data from U.S. Energy Information Administration,
and national laboratories databases.

EPAT quantifies the carbon footprint resulting from the energy portfo-
lio as the only indication for environmental impact of a scenario; it
does not include environmental impact on water, land, soil, and ecol-
ogy.

Relationships between system components are based on empirical
data (not process-based).

Table 22
Scenario 2 - energy production portfolio (EIA AEO, 2016).
Energy sources 2030
Reference
Qil (trillion barrels) 0.975
Natural gas (trillion cubic feet) 12.1
Coal (million short tons) 27

Ethanol (million gallons) 371

EPAT assumes a linear relationship between the energy systems and
the assessed tradeoffs.

EPAT only captures current prices of energy and does not include pro-
jections. Moderately, it replicates a given point in time with respect to
user defined attributes.

With the purpose of supporting national sustainable policy develop-
ment, the scale of the EPAT tool is national or state: it does not con-
sider the global context.

The financial component in EPAT calculates the cost of electricity gen-
eration from a consumer perspective does not account for fluctuations
in capital costs due to alterations in portfolios. Unit costs are based on
market price data.

The created scenarios are associated with risks; future work should in-
clude a methodology to quantify these risks.

EPAT, as it stands today (including assumptions and limitations), sup-
ports the sustainability of energy development by providing a rapid
assessment of tradeoffs.

The analysis aims to present itself as evidence based research for pol-
icy making, and offers a path to avoid contradiction and unintended
consequences in energy development. The EPAT analysis highlights
alarming tradeoffs of given policies and portfolios; it points toward
the directions that need extensive addressing. The tool could be
sustained with a refined methodology, and detailed data.

4. Texas case study

The state of Texas leads the United States in crude oil and natural gas
production, and is the largest generator and consumer of electricity in
the country with a share of 12.5% (EIA AEO, 2016). Demographically,
the state has the second largest population in the country. Environmen-
tally, Texas has the highest carbon dioxide emissions in the US, and it is
anticipated that Texas will experience a 40% water shortfall by 2070
(TWDB - SWP17).

The state's overall energy portfolio is unique in that it features al-
most all possible energy sources. Given its broad energy portfolio,
major federal energy policies affect the energy portfolio of Texas. Cur-
rent policies practiced in Texas include the Renewable Portfolio Stan-
dard (RPS) and the Clean Power Plan (CPP), which primarily target
the electricity generation sector. RPS mandates the provision of a mini-
mum amount of generation from renewable energy sources, with a
unique target for each state. The CPP mandates reduced carbon dioxide
emissions from fossil fuels and extends tax credits for renewable

Table 24

Scenario 3 - energy production portfolio (EIA AEO, 2016).
Energy sources 2030

Reference

0Oil (trillion barrels) 0.975
Natural gas (trillion cubic feet) 121
Coal (million short tons) 27
Ethanol (million gallons) 371
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Table 25
Scenario 1 - summary of results for energy production portfolio.

Energy production

Qil Natural gas  Coal Bioenergy  Total
Energy prod. (M GJ) 7072 9896 609 46 17,623
Water con. (M gal) 103,351 34,177 18,257 9150 164,934
Emissions (M tons) 69 324 5 2 400
Land (km?) 106 208 24 5545 5883
Revenue (M USD) $57917  $23,606 $1114  $581 $83,218

energy, mainly solar and wind. As a result, RPS policy directly impacts
the electricity mix, whereas the CPP does so indirectly. Although both
policies directly address the electricity generation portfolio, both indi-
rectly affect the energy production portfolio. Texas, then, represents a
convenient geographical region to study and assess current and future
implications of energy portfolios. The size of Texas is suitable for pilot
analysis, yet, due to its large area, results can be extrapolated to a na-
tional level. The state also represents a typical case in which policies
have huge impact on projected energy portfolios due to its diverse en-
ergy production and electricity generation portfolios.

4.1. Scenarios

The water-energy-food nexus approach will be applied to the whole
state of Texas, by assessing the sustainability of its current and projected
state energy portfolios, and these assessments will be evaluated using
EPAT. The portfolios analyzed in this research are provided by the En-
ergy Information Administration (EIA) database. A level of uncertainty
exists in every projection process and is related to many variables, in-
cluding policy, disruptive technology, economic activity, and climate
change.

The 2016 EIA Annual Energy Outlook (EIA AEO) projected the energy
production and electricity generation of Texas. For energy production,
the report presents reference cases for 2015 and 2030. According to
the EIA, the projected reference case is the most realistic projection as
it considers technological improvement, economic and demographic
trends, and current laws and regulations in the energy production sec-
tor (EIA AEO, 2016). To avoid uncertainties, this paper considers one
projected scenario for energy production: the projected reference
case. For electricity generation, the outlook projects the overall Texas
electricity portfolio. The paper considers two scenarios for electricity
generation: CPP, No-CPP. EIA predicts that EPA's CPP hugely affect the
state's electricity mix. Overall, three scenarios are assessed for sustain-
ability: EIA Energy Portfolio Case - 2015, EIA CPP with Energy Reference
Case - 2030, and EIA No-CPP with Energy Reference Case - 2030.

4.1.1. Scenario 1 - EIA Energy Portfolio Case - 2015

When projecting energy portfolios and assessing associated impacts,
it is essential to have a base scenario. In this research, projected scenar-
ios are compared to the base scenario to enable comparison of observed
changes. The table Scenario 1 shows the energy production and electric-
ity generation portfolios for 2015 in Texas. Railroad Commission of
Texas (RRC) data for 2015 indicate production of around

Table 26
Scenario 1 - summary of results for electricity generation portfolio.
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1148 billion barrels of oil and 8 trillion cubic feet of natural gas. In this
research, it was assumed that 90% of oil came from primary recovery
and 10% from EOR; 80% of the produced natural gas from hydraulic frac-
turing and 20% extracted using conventional techniques (RRC, 2015).
The average water reuse of 20% in oil and gas operations was consid-
ered. Coal (mainly lignite) and bioenergy (mainly corn-ethanol) are
not as popular as oil and gas in Texas: in 2015, 35 million short tons
and 390 million gallons were produced respectively (Table 19, NREL,
2017).

Demand for and generation of electricity vary from year to year, as
do the generator technologies and cooling systems. As shown in Fig. 2,
in 2015, 83% of the power plants used water-based electricity generat-
ing and cooling systems. In other words, 51% of power plants operated
on the steam cycle (coal, natural gas and nuclear), and 32% operated
on the combined cycle (natural gas). The remaining 17% of power gen-
erating plants operated on wind and gas turbines that require negligible
volumes of water for cooling (only gas turbines).

4.1.2. Scenario 2 - EIA CPP with Energy Reference — 2030

The 2016 Annual Energy Outlook projects energy production rates
based on commodity price, prospective technology advancements,
and anticipated policies. The referenced scenario, represents the aver-
age scenario of all probable outcomes and extremes. According to the
Outlook, oil production is set to decrease by 15%, coal production by
23%, and ethanol production by 5%, as a reference case for the year
2030. On the other hand, natural gas production is set to increase by
48%. As an assumption based on feedback from experts, EOR and uncon-
ventional natural gas production in Texas are set to increase in the fu-
ture to become 15% and 90% of the total respectively. Also, as an
optimistic conservative assumption going hand in hand with the CPP,
an expected water reuse policy of 40% was assumed in this scenario
(Table 21).

In the presence of the Clean Power Plan, a big portion of coal electric-
ity generation is retired, leading to increased natural gas and renewable
energy generation. Texas is projected to decrease its coal-fired genera-
tion capacity by 13% by 2030, reaching 73 billion kWh. This is not sur-
prising, given that Texas is not a coal-dependent state: coal generation
already diminished from 34% to 22% between 2014 and 2015. The
15 billion kWh additional capacity from natural gas in 2030 will be gen-
erated from the combined cycle technology using the recirculating
cooling system. Nuclear power's share of electricity generation is ex-
pected to remain constant between 2015 and 2030, at 40 billion kWh.
The renewable energy added capacity expected to supply 25%, mainly
from wind, with solar supplying the remainder of the electricity portfo-
lio in 2030 and reaching 99 billion kWh. Even with policies encouraging
water and environmental conservation, water dependent electricity
generation power plants will continue to be dominant, despite expected
technological advancements and deployment of renewables.

4.1.3. Scenario 3 - EIA No CPP with Energy Reference — 2030

Similarly, the same projections for oil, natural gas, coal, and ethanol
are applied. Unlike Scenario 2, however, Scenario 3 carries a pessimistic
assumption of the removal of the CPP; water reuse is assumed to remain
at 20% in Scenario 3 (Table 23).

Electricity generation

Coal Natural gas Nuclear Wind Hydro Solar Total
Elec. gen (M GJ) 302 770 144 130 6 4 1357
Water with. (M gal) 2.1 x10° 1.1 x 10° 47 x 10° 0 o 0 3,678,518
Water con. (M gal) 22,050 45,511 25,280 13 12,960 0 105,815
Emissions (M tons) 74 102 1 1 0 0 179
Land (km?) 8 1 2 70 4 1 85
Cost (M USD) $344 $1091 $140 $155 $6 $9 $1745
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Table 27
Scenario 2 - summary of results for energy production portfolio.

Energy production

0il Natural gas  Coal Bioenergy  Total
Energy prod. (M GJ) 6011 14,646 456 43 21,157
Water con. (M gal) 92,477 40,790 13,693 8601 155,560
Emissions (M tons) 59 479 4 2 543
Land (km?) 90 308 18 5213 5628
Revenue (M USD) $49,189  $35,090 $859 553 $85,691

If the Clean Power Plan (CPP) is dropped, or if Texas pulls out of
the plan, then EIA projects the electricity generation portfolio
shown in Scenario 3. Predictably, the electricity generated from
coal power plants will increase significantly, 37%, by the year 2030.
The absence of regulations governing carbon emissions will pave
the way for added coal-fired capacity. Moreover, natural gas
electricity generation will increase by 7.5% by 2030. It is assumed
that natural gas-fired added capacity are combined cycle power
plants with cooling towers. Nuclear power capacity remains
constant at 40 billion kWh. Finally, renewable energy is set to
witness a very slight increase compared to the CPP case, reaching
only 66%. Electricity generation from coal, natural gas, and nuclear
will still represent almost 86% of total electricity generation by
2030, keeping thermoelectric power plants dominant in the absence
of CPP.

Each scenario was assessed based on the resource requirements and
environmental impacts of the energy portfolio. Requirements and im-
pacts assessed were:

» Water footprint (Million gal)

* Carbon footprint (Million ton CO;)

» Land footprint (km?)

» Revenue from energy production (Million USD)
* Cost of electricity generation (Million USD)

The results of the three studied scenarios are shown with tables
and bar charts indicating resource requirements and environmental
impacts of the complete energy portfolio, including water usage,
emissions, land use, and the cost or revenue for each energy and
electricity source.

5. Results
5.1. Scenario 1 - EIA Energy Portfolio Case - 2015

The most water intensive energy resource is oil:
200 thousand million gallons of water were consumed to produce

1148 billion barrels of oil in 2015. To produce 8.14 trillion cubic feet of
natural gas in 2015, 1200 thousand million gallons of water were

Table 28
Scenario 2 - summary of results for electricity generation portfolio.

consumed. Compared to oil and natural gas production, the amount of
water consumed by coal and bioenergy is minimal, but if the water con-
sumed per unit of energy is compared to those of oil and natural gas,
there is a huge difference. The ratio of water consumed per unit energy
for oil and natural gas are 29 gal/G], 3.5 gal/GJ, 29 gal/G]J and 198 gal/GJ
respectively. Clearly, oil production is the most water consuming energy
production process; and bioenergy the least (Table 25).

As for emissions, it was found that natural gas production is the larg-
est carbon dioxide emitting process: 324 tons of CO, produced in 2015.
The most land demanding energy production process is bioenergy:
around 5883 km? used in 2015. Natural gas production uses more
land than does oil production, nearly double. Finally, even amidst de-
clining oil production, oil still gives the highest revenue: $58,000
million.

In the electricity sector, the total water withdrawn and consumed
in Texas in 2015 was 3,678,518 and 105,815 million gallons, respec-
tively. Thermoelectric plants constituted 90% of the entire electricity
portfolio, and used coal, natural gas and nuclear energy sources.
Coal-fired power plants withdrew 2,074,382 million gallons of water
and consumed only 1% of what was withdrawn: 22,050 million gallons.
Natural gas and nuclear were second and third, respectively, in
water withdrawal. Around 80% of the natural gas cooling systems
are closed-loop systems, which explains why natural gas is the
highest water consumer. Natural gas power plants withdrew and
consumed 1,132,536 and 45,511 million gallons respectively.
Nuclear power uses a generator technology similar to that of coal,
steam turbines, and mainly closed loop cooling systems. Although
the electricity generated from nuclear is nearly half of that generated
from coal sources, the amount of water consumed by nuclear power
is almost equal to that consumed by coal. Renewable energy also
consumes water, especially hydro. Assuming hydroelectric generation
withdraws “infinite” amounts of water, the water consumed reached
13,000 million gallons in generating only 6 million GJ in 2015. Wind
and solar electricity generation do not consume water directly in their
processes, nevertheless, their lifecycles have a water factor. Compared
to the other electricity sources, however, the water consumed by their
lifecycles are negligible (Table 26).

Emissions are important byproducts of electricity generation.
From Table 20, it is clear that only coal-fired and natural gas-fired
electricity are associated with carbon dioxide emissions. Looking at
the ton of CO, emitted per unit of energy generated, natural gas
produces 0.13 tons of carbon dioxide per GJ, whereas coal produces
double with 0.26 tons of carbon dioxide per GJ. The impact of coal
on carbon emissions is significant: coal's 20% of the electricity
generation portfolio is responsible for 40% of the total emissions.
The carbon footprints of nuclear, hydro, wind, and solar are negligible:
electricity from these sources is generated without fuel combustion.
Land is also a factor in electricity generation, most specifically, when
it comes to renewable energy. Clearly, renewable energy requires
much more land than fossil fuel or nuclear power plants to supply
the same capacity. Currently, wind energy accounts for nearly 88%
of the total land used for electricity generation, 75 km?. Coal, natural
gas, and nuclear also require land for construction of power plants,

Electricity generation

Coal Natural gas Nuclear Wind Hydro Solar Total
Elec. gen (M GJ) 263 832 144 356 6 8 1609
Water with. (M gal) 1.3 x 10° 5.9 x 10° 4.7 x 108 0 0 0 2,363,427
Water con. (M gal) 24,638 47,270 25,280 36 12,960 1 110,184
Emissions (M tons) 65 110 1 3 0 0 179
Land (km?) 7 1 2 193 4 1 207
Cost (M USD) $299 $1178 $140 $426 $6 $16 $2065
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Table 29
Scenario 3 - summary of results for energy production portfolio.

Energy production

Qil Natural gas  Coal Bioenergy  Total
Energy prod. (MGJ) 6011 14,646 456 43 21,157
Water con. (M gal) 109,540 54,386 13,693 8601 186,220
Emissions (M tons) 59 479 4 2 543
Land (km?) 90 308 18 5213 5628
Revenue (M USD) $49,189  $35,090 $859 $553 $85,691

cooling systems and other facilities. Finally, yet importantly, is the
cost of generation. Taking the ratios of cost per unit of energy, we
conclude that nuclear power has the lowest cost of generation,
0.972 $/GJ, followed by coal, 1.138 $/GJ, and wind, 1.194 $/GJ. As a
result, from the clean energy preference, nuclear power and wind
energy are cheaper sources of electricity compared to natural gas.

5.2. Scenario 2 - EIA CPP with Energy Reference — 2030

This scenario is a conservative energy portfolio projection for the
year 2030. It considers the reference case for energy production,
with an increase in water reuse, and the CPP for electricity genera-
tion. The production decrease of oil, coal, and bioenergy translates
into a decrease in total water consumption. Therefore, water con-
sumed by oil, coal, and bioenergy production decrease, even though
EOR activities are expected to increase in the future. On the other
hand, the total water consumed by natural gas increased. The
decrease in water consumed in oil production and the increase in
water consumed in natural gas production were not proportional
to the change in production because the water reuse percentage
increased in 2030. The scenario indicates that, by 2030, there will
be policies and regulations that force oil and gas production activities
to increase their water reuse percentage, and 40% was the assumed
water reuse percentage for the year 2030 (Table 27).

Environmentally, emissions from oil, coal, and bioenergy production
will decrease as production activities decline, but emissions resulting
from natural gas production activities will increase. Therefore, the
total emissions of the energy production portfolio will increase by
2030, with the increase in natural gas emissions being larger than
the decrease in all the other energy sources. The total land used by
the 2030 energy production portfolio increases with the growing
natural gas production activities. While land used by oil, coal and
bioenergy decreases, the increase in natural gas activities dominates
the total land used, because unconventional gas production in-
creases year by year, and in 2030, 90% of the total produced natural
gas will be from unconventional sources. Hydraulic fracturing
along with horizontal drilling is used to extract the unconventional
natural gas. The total revenue resulting from the projected energy
portfolio increases by almost $2000 million, despite the continuing
decrease in oil production. The vast increase in natural gas revenue

Table 30
Scenario 3 - summary of results for electricity generation portfolio.

compensates for the reduced revenue from oil production. Neverthe-
less, the revenues from coal and bioenergy decreased as production
decreased (Table 28).

The CPP has a huge impact on the Texas electricity portfolio.
As the coal-fired capacity decreases, the total water withdrawn by
the electricity portfolio decreases. The total water withdrawn by
the electricity portfolio decreased by 1,300,000 million gallons.
Coal remains the largest water withdrawing electricity source,
even when the capacity is reduced. Nevertheless, the expected
stability in nuclear power supply keeps the water withdrawal rates
constant, assuming the cooling systems of the power plants remain
unchanged. Nuclear accounts for one sixth of the natural gas
capacity, yet withdraws a nearly equal volume of water (around
810,000 million gallons). Therefore, nuclear power is an inefficient
electricity source when it comes to water withdrawn. Unlike water
withdrawal, however, the total water consumed by the portfolio
increased by 5000 million gallons.

The goal of the CPP is to shift the electricity portfolio toward clean
power, and as observed in the Table 22, total emissions remain con-
stant at 179 million tons, even with the increase in total electricity
generation in 2030. If the calculations accounted for carbon capture,
the total emissions in 2030 would have been less than in 2015.
Nonetheless, this remains a significant advancement, as a 20%
capacity increase occurred without increasing emissions. The CPP in-
directly encourages renewable energy deployment, and as a result,
translates into an increase in land use. In 2030, the total land used
by the portfolio increased from 85 to 207 km? with renewable en-
ergy accounting for 193 km? (mainly wind). Finally, clean energy
and clean environment come at a financial cost: regardless of the
CPP, the cost of electricity generation increased by $250 million as
the generation capacity increased (excluding capital cost of the
added capacity).

5.3. Scenario 3 - EIA No CPP with Energy Reference — 2030

The scenario considers the same energy production portfolio
discussed in Scenario 2, with the assumption that water conserving poli-
cies will not be issued, and the current average water reuse factor of 20%
remains constant. The only difference in the energy production between
the two projected scenarios is the water footprint. In the absence of water
policies encouraging water reuse and conservation, and with the ex-
pected 48% increase in natural gas production by the year 2030, the en-
ergy portfolio water consumption increases by 85,000 million gallons
(Table 29).

Unsurprisingly, in the absence of regulations on emissions, coal-fired
generation increases. The scenario assumes the same generator technol-
ogy, steam turbines, still used in coal power plants in 2030. The effi-
ciency of coal turbine is one of the lowest available, therefore
increasing coal generation the electricity portfolio is not energy effi-
cient. On the other hand, the scenario assumes that all added capacity
from coal and natural gas use closed-loop cooling. Total water
withdrawn increases by almost 300,000 million gallons, due to the

Electricity generation

Coal Natural gas Nuclear Wind Hydro Solar Total
Elec. gen (M GJ) 414 828 144 216 6 8 1616
Water with. (M gal) 2.1 x10° 6.9 x 10° 47 x 10° 0 0 0 3,217,270
Water con. (M gal) 38,813 45,614 25,280 22 12,960 1 122,689
Emissions (M tons) 102 110 1 2 0 0 215
Land (km?) 10 1 2 117 4 1 135
Cost (M USD) $471 $1173 $140 $258 $6 $16 $2064
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Table 31
Energy portfolio scenario analysis of outputs.

Scenario 1 2 3

Energy prod. (GJ) 17,623 21,157 21,157
Elec. gen. (GJ) 1357 1609 1616

Water with. (elec.) (million gal) 3,678,518 2,363,427 3,217,270
Total water cons. (million gal) 270,749 265,744 308,909
Total emissions (million Tons) 579 722 758

Total land (km?) 5968 5835 5763
Total energy revenue (million USD) 83,218 85,691 85,691
Total electricity cost (million USD) $1745 $2065 $2064

coal-fired generation ramping up. Not only does water withdrawal in-
crease, but also the total water consumption increases. Total water con-
sumed also increased by 17,000 million gallons since 2015. Overall,
electricity generation's dependence on water increased in a scenario
without the CPP (Table 30).

Environmentally, and contrary to the previous scenario, the in-
crease in coal-fired generation led to an increase in total emissions,
in this scenario, 215 million tons. Thus, Scenario 3 is neither water
efficient nor environmentally friendly. The total land used in this
electricity portfolio is less than scenario 2 because the added capac-
ity of renewable energy is less: less land is used in wind and solar
farms. Surprisingly, with or without the CPP, the total costs of elec-
tricity generation are nearly equal in both scenarios, with Scenario
3 being less by $1 million (excluding capital cost of added capacity).
The conclusion is that for almost the same cost of generation,
Scenario 3 uses and consumes more water, and produces more carbon
emissions.

6. Tradeoff analysis

This section presents an analysis of the sustainability tradeoffs of fu-
ture energy portfolios in Texas. A comparison between the three scenar-
ios is found in Table 24.

The focus of CPP is decreasing the emissions of the electricity
portfolio through adoption of less polluting, cleaner energy, such as
natural gas and renewables. As the results show, CPP succeeded in
decreasing the total emissions of the electricity portfolio by reshaping
the generation mix. Nevertheless, total emissions increased between
2015 and 2030, as the increase in natural gas activities hugely increase
emissions. Energy production emits more pollutants to the atmosphere
than electricity generation. Therefore, the focus should also be on
energy production emissions and not only electricity generation
(Table 31).

As observed, in the presence of the CPP, the total water
withdrawal of energy portfolio, energy production and electricity
generation, decreased from 2015 to 2030. This happened for two
main reasons: first, energy production activities decreased in the
projected period; second, there was a huge increase in renewables
and natural gas electricity generation coupled with a decrease in
coal-fired generation. Of course, cooling systems also react to the
shifts in the electricity portfolio. In the second scenario, the number
of open-loop cooling systems decreased as coal-fired power plants
are substituted with natural gas power plants using closed-loop
cooling and renewables. This switch from open- to closed-loop
decreases the total withdrawn water of the electricity portfolio.
Also, the total water consumed by the whole energy portfolio
decreased by 5000 million gallons. Nonetheless, while the total
amount decreased, the CPP had a negative effect on the water con-
sumed by the electricity portfolio, which increased. Closed-loop
cooling systems consume more water than open-loop cooling and
CPP has no control over the water used in electricity generation,
therefore the added cooling system succeeded in reducing water

withdrawal rates, but caused a surge in water consumption. Still,
77% of the electricity portfolio depends on water for generation
and cooling. Water dependency is not only unsustainable, but also
can be considered as a weak spot in the electricity portfolio making
the electricity security vulnerable to any serious climatic changes,
such as droughts.

The third scenario illustrated what would happen if Texas drops CPP.
Not only do the total emissions increase, but water consumption in-
creases as well. The absence of regulatory actions targeting emissions
paved the way to additional coal-fired capacity. Texas is now the largest
carbon emitter in the United States, making regulations such as CPP a
must. Carbon capture and sequestration (CCS) is another way to
decrease carbon emissions. Newly built coal-fired power plants are
installing CCS systems to reduce carbon dioxide and toxic byproducts.
However, CCS can create additional water challenges, since it can double
the water consumption of power plants.

Every transformation has tradeoffs. In this case, land is the major
tradeoff: energy production and electricity generation are serious land
users. The increase in electricity generation through renewable energy
requires a lot of land, and with CPP in practice, renewable energy is
set to witness a surge, especially in wind energy. Overall, the expected
steep decrease in oil production will dominate land transformation
amidst an increase in natural gas production and wind energy genera-
tion. As a result, an anticipated oil production decrease leads to a de-
crease in the total land use for both projected scenarios. The third
scenario occupies the least land due to wind energy experiencing a
small increase in the absence of CPP. As bioenergy is projected to hold
its current expenditure, land used by bioenergy will remain the same
in 2030.

Oil production is the energy source with the highest revenue. Yet,
the decrease in oil production will be met by a huge increase, almost
48%, in natural gas generation by 2030. This rise in natural gas
production counterbalanced the lost oil money, translating into a
$2000 million increase in scenarios 2 and 3. While the price of
ethanol makes it profitable, especially with the current subsidies,
production is expected to remain stable. The current energy infra-
structure is not ready for an ethanol revolution, although there are
technologies capable of producing ethanol at a really cheap cost.
The United States has hit the “blend wall”, which is 10%, and surpass-
ing that amount requires a huge infrastructure transformation:
retrofitting cars, transportation, and distribution systems to accept
more ethanol feed.

The cost of electricity generation is important when projecting
energy portfolios. An increase in demand for electricity will lead to
an increase in the total cost of generation. However, the electricity
mix plays a big role in setting total costs. As observed, the total
generation cost of scenarios 2 and 3 are almost equivalent: Texas
could shift to a cleaner electricity portfolio without a big difference
in cost compared to an electricity mix dominated by fossil fuel and
rich in toxic emissions. Nonetheless, with the expected break-
throughs in renewable energy, especially solar and energy storage,
the price of electricity per kWh is expected to drop much further,
once technologies prove reliable. Currently, Texas dumps a lot of
wind power due to the huge uncertainty in wind activity forecasts.
Had there been efficient and economic energy storage technologies,
Texas would not have wasted renewable energy. More renewable
energy, along with economic and efficient storage, can significantly
decrease the cost of generation.

Future conservation and mitigation policies should not be limited by
targeting only one system: such a strategy could simultaneously worsen
another system. An increase in production means an increase in reve-
nue; an increase in land use for energy means fiercer competition
with the agriculture sector. Therefore, priorities should be set regarding
sustainable land management verses revenue above all. Agriculture is
the largest water user in Texas; its contribution to the economy is far
less than that of the energy sector.
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Fig. 3. Tradeoff analysis chart of Texas case study scenarios.

7. Conclusion

Economy and population growth drive the demand intensity of en-
ergy, but do not govern the source and supply of energy. Sustainably
meeting these demands represents a major challenge (Scott et al.,
2011). Energy portfolios are heavily linked with natural resources
needed for energy production (extraction, processing and refining)
and electricity generation (operation and cooling). The Energy Portfolio
Assessment Tool (EPAT) is a holistic nexus tool that links between en-
ergy and other systems (water, land, environment, economics, etc.), to
measure the impacts of alternative energy portfolios. It is beneficial to
a solid foundation for informed, sustainable decision making in energy
planning. EPAT enables the user to create energy portfolio scenarios
using various energy and electricity sources, which are then evaluated
from the perspectives of environmental and economic sustainability.

This research assessed projected energy portfolio scenarios for Texas
as set by the U.S. Energy Information Administration: EIA Reference
Case - 2015, EIA Clean Power Plan (CPP) & Reference Case - 2030, and
EIA No-CPP & Reference Case - 2030. Based on the Texas case study, en-
ergy portfolio and policy shifts highly impact water, land, emissions and
other systems. Results show that, while CPP succeeds in mitigating car-
bon emissions and decreasing water withdrawals, it also increases
water consumption in electricity generation and significantly increases
land use. Yet, in the absence of CPP, carbon footprint surges, as do water
withdrawal and consumption. Analysis showed the significance of
a supportive water reuse policy in energy production, and the
underestimated carbon footprint and land occupation of the energy
production lifecycle.

A focus on strategy directed toward supporting clean power genera-
tion, water-efficient technologies for energy production and cooling,
and capitalizing on water reuse policies in energy production is needed.
Similarly, investment in research to increase land productivity when
used by energy activities is needed. Such alternatives may not be eco-
nomically attractive when compared to business-as-usual portfolios,
but do hold appeal in the sense of energy resilience, natural resource se-
curity, and sustainability. Developing robust energy strategies that mit-
igate negative tradeoffs and sustain natural resources is critical. To avoid
unintended consequences that might result from changing a policy
without considering the resultant impacts on other policies, decisions
should move from isolated “silos” toward a Nexus systems approach.

Conservation policies should be carefully studied: they sometimes cre-
ate additional problems even as they may solve others. Water reuse in
energy production is directly related to energy consumption and is a
key in water conservation. Therefore, new forms of decision making
are needed: forms that move away from isolated sector-oriented silos
and into acknowledging the systems approach offered by the nexus
mentality (Mohtar and Daher, 2016).

Acknowledgement

The authors gratefully acknowledge the funding provided by the
Texas A&M WEF Nexus Initiative for this research.

References

Asumadu-Sarkodie, Samuel, Owusu, Phebe Asantewaa, 2017. The impact of energy, agri-
culture, macroeconomic and human-induced indicators on environmental pollution:
evidence from Ghana. Environ. Sci. Pollut. Res. 24 (7), 6622-6633.

Bhaduri, A,, Ringler, C., Dombrowski, I., Mohtar, R., Scheumann, W., 2015. Sustainability in
the water-energy-food nexus. Water Int. 40 (5-6), 723-732. https://doi.org/
10.1080/02508060.2015.1096110.

Daher, B.T,, Mohtar, RH., 2015. Water-energy-food (WEF) Nexus Tool 2.0: guiding inte-
grative resource planning and decision-making. Water Int. https://doi.org/10.1080/
02508060.2015.1074148.

Department of Energy, 2014. The Water-Energy Nexus: Challenges and Opportunities. US
Department of Energy Available at. http://energy.gov/under-secretary-science-and-
energy/downloads/water-energy-nexus-challenges-and-opportunities.

Energy Information Administration, 2016. Annual Energy Outlook 2016. Energy Informa-
tion Administration, U.S. Department of Energy, Washington, D.C. Available at. http://
www.eia.gov/outlooks/aeo/.

Hussey, K., Pittock, J., 2012. The energy-water nexus: managing the links between energy
and water for a sustainable future. Ecol. Soc. 17 (1). https://doi.org/10.5751/ES-
04641-170131.

Intergovernmental Panel on Climate Change (IPCC), 2008. Technical paper on climate
change and water. UNEP Working Group II. 28th Session. Budapest URL:. http://
www.ipcc.ch/meetings/session28/doc13.pdf (online).

International Renewable Energy Agency (IRENA), 2015. Renewable energy and the water,
energy and food nexus. Retrieved from. http://www.irena.org/documentdownloads/
publications/irena_water_energy_food_nexus_2015.pdf.

Kruyt, B, van Vuuren, D.P., de Vries, H., Groenenberg, H., 2009. Indicators for energy secu-
rity. Energy Policy 37, 2166-2181. https://doi.org/10.1016/j.enpol.2009.02.006.

KTH, 2013. CLEWs - climate, land, energy and water strategies to navigate the nexus. Re-
trieved from: http://www.kth.se/en/itm/inst/energiteknik/forskning/ desa/
researchareas/clews-climate-land-energy-and-water-strategies-to-navigate-the-
nexus-1, 432255.

Mohtar, R.H., 2015. Ven Te chow memorial lecture: localizing water and food security.
Water Int. 40 (4), 559-567. https://doi.org/10.1080/02508060.2015.1084209.


http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0005
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0005
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0005
https://doi.org/10.1080/02508060.2015.1096110
https://doi.org/10.1080/02508060.2015.1096110
https://doi.org/10.1080/02508060.2015.1074148
https://doi.org/10.1080/02508060.2015.1074148
http://energy.gov/under-secretary-science-and-energy/downloads/water-energy-nexus-challenges-and-opportunities
http://energy.gov/under-secretary-science-and-energy/downloads/water-energy-nexus-challenges-and-opportunities
http://www.eia.gov/outlooks/aeo/
http://www.eia.gov/outlooks/aeo/
https://doi.org/10.5751/ES-04641-170131
https://doi.org/10.5751/ES-04641-170131
http://www.ipcc.ch/meetings/session28/doc13.pdf
http://www.ipcc.ch/meetings/session28/doc13.pdf
http://www.irena.org/documentdownloads/publications/irena_water_energy_food_nexus_2015.pdf
http://www.irena.org/documentdownloads/publications/irena_water_energy_food_nexus_2015.pdf
https://doi.org/10.1016/j.enpol.2009.02.006
http://www.kth.se/en/itm/inst/energiteknik/forskning/desa/researchareas/clews-climate-land-energy-and-water-strategies-to-navigate-the-nexus-1
http://www.kth.se/en/itm/inst/energiteknik/forskning/desa/researchareas/clews-climate-land-energy-and-water-strategies-to-navigate-the-nexus-1
http://www.kth.se/en/itm/inst/energiteknik/forskning/desa/researchareas/clews-climate-land-energy-and-water-strategies-to-navigate-the-nexus-1
https://doi.org/10.1080/02508060.2015.1084209

1664 A.M. Mroue et al. / Science of the Total Environment 648 (2019) 1649-1664

Mohtar, RH., Daher, B., 2012. Water, energy, and food: the ultimate nexus. Encyclopedia
of Agricultural, Food, and Biological Engineering. CRC Press, Taylor and Francis Group.

Mohtar, R.H., Daher, B., 2016. Water-energy-food Nexus framework for facilitating multi-
stakeholder dialogue. Water Int. 41 (5), 655-661. https://doi.org/10.1080/
02508060.2016.1149759.

National Renewable Energy Laboratory (NREL), 2017. Electricity Generation Baseline Re-
port. Retrieved from: https://www.nrel.gov/docs/fy170sti/67645.pdf.

Obaidullah, Mohiuddin, Asumadu-Sarkodie, Samuel, Obaidullah, Madina, 2016. The rela-
tionship between carbon dioxide emissions, energy consumption, and GDP: a recent
evidence from Pakistan. Cogent Eng. 3 (1), 1210491.

Owusu, Phebe Asantewaa, Asumadu-Sarkodie, Samuel, 2016. A review of renewable energy
sources, sustainability issues and climate change mitigation. Cogent Eng. 3 (1), 1167990.

Poumadere, M., Mays, C., Le Mer, S., Blong, R., 2005. The 2003 heat wave in France: dan-
gerous climate change here and now. Risk Anal. 25 (6), 1483-1494.

Railroad Commission of Texas, 2015. Available at: http://www.rrc.state.tx.us.

SEI, 2013. Long range energy alternatives planning system. Tool found on: http://sei-us.
org/soft ware/leap.

Scott, C.A.,, Pierce, S.A., Pasqualetti, MJ., Jones, AL, Montz, B.E., Hoover, J.H., 2011. Policy and
institutional dimensions of the water-energy nexus. Energy Policy 39 (10), 6622-6630.

Strapasson, A., Kalas, N., Woods, ]., 2014. Briefing paper on land. Food and Bioenergy of
the Global Calculator Project.

Twidell, ]., Weir, T., 2015. Renewable Energy Resources. Routledge.

Webber, M., Allen, D., Ferland, K., King, C., McGaughey, G., Goldman, S., Kimura, Y., 2008. A
Clean Energy Plan for Texas (Prepared for the Texas Commission on Environmental
Quality).


http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0055
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0055
https://doi.org/10.1080/02508060.2016.1149759
https://doi.org/10.1080/02508060.2016.1149759
https://www.nrel.gov/docs/fy17osti/67645.pdf
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0065
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0065
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0065
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0070
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0070
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0075
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0075
http://www.rrc.state.tx.us
http://sei-us.org/software/leap
http://sei-us.org/software/leap
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0080
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0080
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0085
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0085
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0090
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0100
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0100
http://refhub.elsevier.com/S0048-9697(18)33099-7/rf0100

	Energy Portfolio Assessment Tool (EPAT): Sustainable energy planning using the WEF nexus approach – Texas case
	1. Introduction
	1.1. Research objectives

	2. Literature review
	2.1. Water-energy-food nexus
	2.2. Knowledge gap and tool review

	3. Methodology
	3.1. Conceptual scenario framework
	3.1.1. Water
	3.1.2. Environment
	3.1.3. Land
	3.1.4. Economics

	3.2. Energy Portfolio Assessment Tool (EPAT) Framework
	3.3. Quantifying tradeoffs
	3.3.1. Water for energy production
	3.3.1.1. Oil
	3.3.1.2. Natural gas
	3.3.1.3. Coal
	3.3.1.4. Bioenergy

	3.3.2. Water for electricity generation
	3.3.2.1. Natural gas
	3.3.2.2. Coal
	3.3.2.3. Nuclear
	3.3.2.4. Wind
	3.3.2.5. Hydro
	3.3.2.6. Solar

	3.3.3. Emissions
	3.3.3.1. Carbon footprint of energy production
	3.3.3.2. Carbon footprint of electricity generation

	3.3.4. Land
	3.3.4.1. Land for energy production
	3.3.4.2. Land for electricity generation

	3.3.5. Economics
	3.3.5.1. Revenue from energy production
	3.3.5.2. End user cost of electricity generation


	3.4. Assumptions and limitations

	4. Texas case study
	4.1. Scenarios
	4.1.1. Scenario 1 - EIA Energy Portfolio Case – 2015
	4.1.2. Scenario 2 – EIA CPP with Energy Reference – 2030
	4.1.3. Scenario 3 – EIA No CPP with Energy Reference – 2030


	5. Results
	5.1. Scenario 1 - EIA Energy Portfolio Case – 2015
	5.2. Scenario 2 – EIA CPP with Energy Reference – 2030
	5.3. Scenario 3 – EIA No CPP with Energy Reference – 2030

	6. Tradeoff analysis
	7. Conclusion
	Acknowledgement
	References


