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Energy systems face a growing vulnerability to the availability and quality of water sources as a consequence of
rising energy demand and increasing climate variability. The vulnerability of energy systems to water utilization
constraints could be mitigated by the effective design and implementation of water management strategies in
energy conversion process and supply chain systems. Based on a broad literature review, this study provides a
comprehensive examination of the recent advances in methodologies to support decision-making processes in-
volving water management in the energy sector. Water management issues which require more attention by the
research community, include: (i) development of decision-support models for biofuel supply chains that deal
with water scarcity scenarios, (ii) integration of wastewater quality variability into the design and planning of
water management strategies for the development of unconventional fossil fuels, (iii) improvements in the ef-
ficiency of cooling systems, and (iv) integration of decision-support tools with climate and weather models for
the optimal design, planning, and operation of integrated water and energy supply chains, especially power
systems. The systematic targeting of the aforementioned issues in the near future is critical and requires the joint
efforts of the energy modeling as well as the weather and climate research communities, which to date have

principally addressed water management issues from their own individual perspectives.

1. Introduction

Energy sources, including fossil fuels and renewable energy sources,
have supported and will continue to support human prosperity across
the globe. The International Energy Agency (IEA) systematically as-
sesses and presents three different scenarios, i.e. New Policies, Current
Policies, and 450 scenarios, to forecast global energy demand by 2040.
The 450 scenario refers to an energy pathway that curbs greenhouse gas
emissions so that their atmospheric concentration does not exceeds
450 ppm of CO- in order to keep global warming below 2 °C. According
to the projections of the IEA, in the Current Policy, New Policy, and 450
scenarios, world's primary energy demand is expected to growth by
45%, 32%, and 12% from 2013 to 2040, respectively. Likewise, global
electricity demand is projected to increase over the same time period by
86%, 71% and 49%, for the same three scenarios, respectively [1].
However, the development of energy sources relies on water, which is
subject to physical limitations and government regulations that can and
do constraint its availability and accessibility.

As shown in Fig. 1, water is used in energy systems for the extrac-
tion, transportation, and processing of fossil energy sources, the irri-
gation of feedstock crops used to produce biofuels, as well as for power
generation. Moreover, water of varying quality is also generated during
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the extraction of fossil and geothermal energy sources. As will be dis-
cussed in more detail in subsequent sections of this paper, the manner
and extent to which water is utilized in energy systems is very tech-
nology and scenario specific and thus requires case by case analysis.
However, on a macroscopic level, according to the IEA [2] in 2010
world's water withdrawal for the energy sector constituted 15% (~ 583
billion cubic meters (bcm)) of the total global water withdrawal, with
the power sector accounting for roughly 90% of that share. Ad-
ditionally, water consumption (here consumption is understood to be
the portion of withdrawal that is not returned to the water source) for
energy production was estimated to be about 11% (~ 66 bcm) of the
water withdrawals for the energy sector. Water consumption in the
energy sector is driven mostly by the production of fossil fuels, ethanol,
and electricity from coal. For instance, the production of coal, oil and
gas, ethanol, and electricity from coal, accounted for 11.9%, 39.6%,
14.8%, and 15.5% of the total water consumption for energy produc-
tion in 2008 (~ 52 bcm), respectively [3]. It is noteworthy that global
water consumption for ethanol production is comparable with that of
electricity production from coal power plants and is higher than global
water consumption for coal production, although the energy content of
global ethanol production is roughly 1/100th that of global electricity
production from coal power plants [3]. On a regional basis, the high
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Fig. 1. Water use in energy systems. Arrows represent energy (red) and water (blue) flows. The thick and thin arrows denote main and secondary pathways or uses, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

energy consuming countries, the U.S. and BRIC (Brazil, Russia, India,
and China) countries dominate the water consumption for the pro-
duction of fuels and electricity [3]. However, the impacts of the water
consumption of these countries is not confined within their boundaries.
As shown in Ref. [4], while the gas and electricity sectors consume fresh
water which originates mainly within the countries where the energy
demand arises, the petroleum sector has a fresh water footprint that is
largely international and thus impacts other regions as well. Clearly, the
water-energy nexus ultimately has no geographic boundaries.

Under the New Policy Scenario, which constitutes the IEA baseline
scenario, water withdrawals are estimated to increase by roughly 20%
from 2010 to 2035. By contrast, water consumption is estimated to
growth by 85% during the same time horizon. This remarkable increase
in water consumption is driven by the expected expansion in the pro-
duction of biofuels and implementation of technologies for energy ef-
ficiency improvements in the power sector (particularly in thermal
power plants), which include innovation in the use of advanced cooling
systems. Another metric of water utilization by energy systems is water
intensity, which is defined as water utilization per unit of energy pro-
duced. It has been projected that, over the 2005-2090 period, the
global water withdrawal intensity for electricity generation would
likely decrease, while the water consumption intensity is expected to
increase [5]. This trend in water intensity is expected to be driven by
the ongoing shift from once-through to evaporative cooling systems in
power plants and the expanded use of advanced power generation
technologies.

It is evident that growth in demand for energy in various forms is
directly constrained by water resources which are in limited supply and
subject to variability. Thus, planning of energy system developments to
meet the expected demand must be addressed in an integrated manner
taking into account the technologies relevant to both energy production
and water utilization. This paper seeks to provide a review of the

current status of integrated water management strategies within the
context of energy systems and suggest areas where advances in meth-
odology are required. In the next section, we provide a global context
for the water-energy nexus in term of national/regional energy demand
and spatial distribution of water risk. In Section 3 we summarize the
water intensity of different primary energy sources and power genera-
tion technologies. In Section 4 the decision elements associated with the
water management in energy systems are discussed and the systems
studies reported in the literature for primary energy and the power
sector are reviewed. Finally, based on this literature review, in Section
5, the challenges and opportunities for advances in water management
methodologies related to energy systems are identified.

2. Energy demand and water risk

Beyond the expected increase in water withdrawal and consumption
for energy production discussed in the preceding section, various stu-
dies envisage important consequences on water availability due to in-
creases in climate variability, including El Nifo and La Niha abnormal
weather patterns, in the coming decades [6-12]. For instance, rainfall
shifts in tropical regions [6,12] along with increases in the frequency of
El Nifo and La Nina have been projected [10,11]. Additionally, it is
expected that large CO, emission reduction targets in power systems
would likely cause an increase in water demand for electricity gen-
eration, as would arise if coal generation is reduced in favour of nuclear
power generation [13]. Furthermore, on a global scale, climate change
mitigation policies are expected to decrease freshwater withdrawal and
increase freshwater consumption in the energy sector [14,15]. Climate
change is also expected to impact surface water quality, as a result of
factors such as increased water temperature, toxic algal blooms, decline
of dissolved oxygen levels, and increases in dissolved organic carbon
[16]. Therefore, the worldwide vulnerability of energy systems to
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Fig. 2. Energy demand by 2040 [1] and 2014 water risk for different countries and regions [17]. Numbers inside the bubbles represent the numerical values of primary energy (green
bubbles) or electricity (beige bubbles) demand by 2040; colours on the map represent spatial distribution of water risk (yellow indicates low water risk and maroon indicates extremely
high water risk). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

availability and quality of water resources can be expected to be ag-
gravated in the near future. Fig. 2 shows primary energy and electricity
demand by 2040 and current (2014) water risk around the globe. Water
risk is an aggregate qualitative measure of 12 indicators grouped into
three categories: physical risk quantity, physical risk quality, and reg-
ulatory and reputational risk [17]. Primary energy demand will in-
crease in all the regions except in U.S., Japan, and the European Union,
while electricity demand is expected to grow in all of the regions. As is
evident from Fig. 2, the Southwest of the U.S., North Africa, the Middle
East, India and North China are regions wherein energy systems de-
velopments will be particularly impacted by water resource constraints.
Consequently, the creation and implementation of decision-support
tools to evaluate the impact of water management strategies on energy
systems will play an increasingly important role not only in supporting
the development of energy sources, but especially in the design, plan-
ning, and operation of integrated energy supply chains.

Even though the basic concepts of integrated water-energy system
modeling, simulation, and optimization were established by the 1980s
[18,19], the water-energy nexus has only been systematically addressed
by the research community for the past two decades. Indeed, research
studies on the water-energy nexus have undergone a rapid expansion in
the last decade [20-25], including local [22] or regional/multi-regional
[20,21,24] integrated water-energy systems in China [21,22], Middle
East [20], and U.S. [23,24]. Detailed reviews of water-energy nexus
approaches are reported in Refs. [26,27]. Specifically, the major chal-
lenges associated with the water-energy nexus include the appropriate
modeling of the complexity and multidimensional nature of such in-
tegrated systems, spanning environmental, social, economic, technolo-
gical, and political components [26]. Moreover, the need for decision-
support frameworks with appropriate spatial and temporal resolutions
has been recognized [27]. Additionally, the challenge of translating
water-energy issues into local or regional political systems policy,

governance, and regulations has been identified [27]. In the next sec-
tions we focus on specific cases of the water-energy nexus, including
water intensity and water management strategies associated with the
production and conversion of the principal energy sources.

3. Water intensity

In an energy and water demanding world, the quantification of the
efficiency associated with the use of water to produce energy is un-
doubtedly an important aspect in evaluating energy sources and asso-
ciated processing systems. For example, water intensity, defined as
quantity of water utilized per unit of primary energy produced (gal/
MMBtu), can be used to evaluate the merits of a given alternative fuel
technology development. Additionally, water intensity can provide in-
formation about water use efficiency in energy conversion processes
and technologies as well as energy supply chain systems. Water in-
tensity is usually quantified via two distinct metrics: water withdrawal
and water consumption. The former is used to denote the water volume
taken from a surface or underground water source, i.e. the cool water
pumped from a river or lake for cooling purposes in a thermal power
plant. Water consumption pertains to the volume of water removed from
a surface or underground water source that is not directly return to the
source, i.e. the water evaporated in a cooling tower. Thus, water con-
sumption is less than or equal to water withdrawal. Additionally, water
consumption limits the water availability for supplying downstream
demand, while water withdrawal impacts water quality of downstream
users. A number of studies have addressed the quantification of water
intensity for primary energy [28-38] and electricity generation
[28,29,34,35,39-41].
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3.1. Primary energy

As summarized in Fig. 1, water is used to produce both fossil (coal,
gas and crude oil) and renewable, (bioethanol and biodiesel) primary
energy sources. In the fuel cycle, which includes extraction (fossil fuels)
or production of feedstock crops (biofuels), processing, and transpor-
tation, water is used for different purposes and at varying intensities.
For instance, water is used in drilling and fracturing operations asso-
ciated with the production of conventional and unconventional gas and
crude oil. Additionally, in coal mines, water is used for drilling as well
as for coal cutting and washing. In the case of biofuels, water is used
extensively for the irrigation of feedstock crops for biomass production.
However, no water is needed directly for the production of solar, wind,
and geothermal energy sources. Water intensity for the extraction of
fossil fuels varies from 0.6 to 15 gal/MMBtu, from 0.8 to 94 gal/
MMBtu, and from 1 to 8 gal/MMBtu for shale gas, crude oil (conven-
tional and enhanced oil recovery (EOR)), and coal, respectively
[34,36,42]. As might be expected, water intensity for enhanced oil re-
covery is relatively high when compared with conventional oil. More-
over, water intensity for the extraction of conventional natural gas is
close to zero [34,36]. By contrast, higher water intensities are asso-
ciated with the production of feedstock crops for biofuel production.
Specifically, water intensity for the production of corn and soybean
ranges from 83 to 3805 gal/MMBtu and from 13,800 to 75,000 gal/
MMBtu, respectively [34,36]. In general, water consumption for the
transformation of fossil energy sources and the production of biofuels is
lower than that for the extraction of fossil fuels or production of crops.
For instance, water consumption for oil refining and for ethanol pro-
duction ranges from 7 to 18 gal/MMBtu and from 13 to 14 gal/MMBtu,
respectively [34,36]. A summary of ranges of water intensity for pri-
mary energy production, in terms of withdrawal and consumption, is
shown in Fig. 3. It is evident that water intensity of biofuels production
is generally higher than that of fossil fuels. Additionally, the wider
ranges of the biofuel water intensities are due to variations in irrigation
demand for different crops and regions. The high water intensities for
biofuels are associated with the production of feedstock crops via irri-
gation, while the lower water intensities are associated with biofuels
produced from feedstock crops that do not use irrigation and thus the
water requirements are mostly for biomass processing. In general, un-
conventional fossil fuels are more water demanding than conventional
fossil fuels due to the use of advanced technologies such as hydraulic
fracturing, cyclic steam stimulation, and steam-assisted gravity
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3.2. Power sector

Fossil-fired (coal and natural gas) and nuclear power plants are
among the most demanding water users in the power sector. Moreover,
the integration of carbon capture and sequestration (CCS) with coal
power plants significantly increases the water intensity of coal power
plants. Water withdrawal and consumption for electricity generation in
thermal power plants are dominated by cooling needs during their
operation [2,39,43]. Cooling systems for power plants can be classified
as once-through and re-circulating, where re-circulating cooling sys-
tems can be subdivided into three subcategories: wet, dry, and hybrid
[2]. Each cooling system alternative involves trade-offs associated with
water withdrawal and consumption, effects on the quality of water
sources, and impacts on the efficiency and cost of the power plants. For
instance, the advantages of once-through cooling systems consist of
lower water consumption as well as relatively low capital and operating
costs. However, such systems have disadvantages in terms of environ-
mental impact due to higher water withdrawals and the higher tem-
perature of the downstream discharge, which can and does affect eco-
systems and aquatic life [2,34]. On the other hand, dry cooling systems
require near zero or minimal water withdrawal and consumption but do
so at the expense of higher capital cost, lower plant efficiency (espe-
cially in hot climates), and large land area needs [2,34]. For example,
water withdrawal and consumption for natural gas combined cycle
power plants with once-through cooling systems ranges from 7500 to
20,000 gal/MWh and from O to 100 gal/MWh, respectively [39]. By
contrast, both water withdrawal and consumption range from 0 to 4
gal/MWh for the same type of natural gas power plants but operating
with dry cooling systems [39].

Hydropower plants are the biggest water users in power systems but
most of the water used passes through turbines with minor water losses.
Thus, water consumption for hydropower generation in power plants
that rely upon stored water in reservoirs for power generation is mainly
due to seepage and evaporation from reservoirs [2]. Average evapora-
tive losses for hydropower plants in the U.S. is about 4500 gal/MWh
[29]. By contrast, water intensity of renewable power generation
technologies is much lower. Specifically, solar photovoltaic (PV) and
wind (non-thermal renewables), use negligible amounts of water. Water
uses for this type of technology are mostly associated with cleaning and
washing panels [2,34,36]. However, water withdrawal and

Fig. 3. Water intensity for primary energy produc-
tion [2,28,29,41]. Horizontal bars represent ranges
of water withdrawal intensity (dark blue bars) or
water consumption intensity (light blue bars).
Adapted with permission from IEA [2]. (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article).
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consumption for thermal renewable power generation, i.e. geothermal
and concentrating solar power (CSP), are generally higher when com-
pared with the non-thermal technologies and vary significantly de-
pending on the particular technology and cooling system used [2,34].
Specifically, water consumption for geothermal and CSP technologies
ranges from 5 to 720 gal/MWh and from 4 to 1109 gal/MWh [39],
respectively. An extensive review and harmonization of data associated
with life cycle water withdrawal and consumption for electricity gen-
eration including fuel cycle, power plant cycle, and power plant op-
eration can be found in Ref. [43]. A comprehensive summary of water
intensity, based on withdrawal and consumption, for power generation
technologies is given in Fig. 4. In general, non-thermal renewable
power generation technologies, i.e. wind and solar PV, have lower
water intensity than any other technology, while thermal power plants,
which include geothermal, CSP, fossil, and nuclear, exhibit higher
water intensities due to cooling needs. Water intensity of geothermal
and CSP technologies varies widely depending on the power generation
technology and the cooling system employed. Water intensity for
thermal power generation varies based on the choice of cooling system
technology. For instance, water withdrawals for power plants with
once-through cooling systems are higher than those for power plants
that employ cooling ponds, cooling towers, or dry cooling systems.
However, a reverse trend is observed for water consumption intensity.
Furthermore, water intensities for gas power plants with dry cooling
systems are within the range of those of both non-thermal and thermal
renewable power generation technologies. On a positive note, a recent
study conducted on a regional U.S. power system demonstrated that the
penetration of renewable energies could significantly reduce the water
intensity of power generation [44].

4. Water management

Water management in energy systems encompasses the procure-
ment, planning, development, distribution, and utilization of water
resources in energy production and conversion processes as well as in
energy supply chains. In this section, we briefly review the important
decision elements that are part of any systems approach to water
management, followed by a review of the extent and manner in which
these elements have been addressed in systems studies involving pri-
mary energy production and power systems.

4.1. Decision elements

Systematic approaches for water management involve the following
components: characterization of water resources, design of water dis-
tribution networks, design of water and wastewater treatment systems,
and selection of cooling technologies. The first component consists of
identifying the availability, expressed in terms of quantity and quality,
and cost of water resources. The quantification of water availability
must be based on information regarding downstream water demand
and environmental flow requirements merged with hydrological bal-
ances, which include the forecast of precipitation, estimation of eva-
potranspiration, and the assessment of changes in groundwater and
surface water storage. The accurate projection of rainfall conditions,
specially over a long-term horizon, is still a challenging problem despite
the decades long efforts of the weather and climate research community
[46,47]. Moreover, the cost of water acquisition depends on access and
usage charges imposed by state or country regulations. The design of
water distribution networks involves the design of infrastructure, se-
lection and sizing of transportation modes, and selection of water in-
tegration policies for water supply, considering water demand and
quality requirements at each node as known parameters. The total cost,
which is mostly associated with capital investments in water trans-
portation infrastructure, is the most common economic performance
metric used in formulating the water distribution problem [48,49]. The
complexity of this problem increases with the number of water re-
sources, demand nodes, and pollutants that are considered in the
system.

Beyond the characterization of water resources and the design of
water distribution networks, water and wastewater treatment systems
are crucial for a better water use in production processes and systems,
especially in primary energy conversion processes and supply chains.
Water can be contaminated in energy systems by a variety of pollutants,
including: inorganic, (heavy metals, sands, nitrates, chlorides, sul-
phates, and phosphates), organic (phenols, aromatic hydrocarbons, and
methanol) and biological (bacteria, plankton, and fungi.) Alternative
water treatment technologies, such as primary, secondary, tertiary
treatments, are used for water source reduction, wastewater treatment,
and reuse/recycle (reclamation) through the total or partial removal of
the contaminants [50]. A summary of classification, applicability,
suitability, and treatment cost for wastewater treatment technologies is
provided in Fig. 5. For example, coagulation is classified as a primary
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Fig. 5. Classification, applicability, suitability, and treatment cost
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treatment technology in which a coagulant, i.e. a chemical based either Table 1

on aluminum or iron, is used to promote the settling of suspended and
soluble inorganic pollutants that do not settle under conventional se-
dimentation and gravity schemes. This treatment technology is suitable
for wastewater treatment and reclamation at a cost that ranges from
0.03 to 0.5 US$ per cubic meter of treated water. Primary treatments,
which utilize physical and/or chemical processes, are used as a pre-
liminary purification step. Then, secondary treatments (aerobic or
anaerobic) can be performed to remove insoluble and soluble con-
taminants using biological methods, i.e. microbe based processes. After
primary and secondary treatment, further removal of pollutants can be
achieved by implementing tertiary treatment technologies, such as
distillation, solvent extraction, and oxidation. These technologies are
used to produce fresh water quality treated water. More detailed re-
views of water treatment technologies, including individual processes,
combined technologies, and perspectives on science and technology
developments, are provided in Refs. [50-55]. The selection and con-
figuration of treatment technologies for water and wastewater depends
on many factors, including water or wastewater quality, environmental
regulations, capital and operating costs of the treatment technologies,
and water quality specifications for reuse/recycling. Therefore, effec-
tive water and wastewater treatment strategies usually require the use
of decision-support tools, including models and mathematical pro-
gramming techniques to arrive at optimal or at least good but sub-
optimal decisions.

In addition to the water and wastewater treatment issues, water use
for cooling is another important concern, particularly in the power
sector. In thermal power plants, water is required for cooling exhaust
steam from turbines. The water intensity, water withdrawal or con-
sumption per electricity output, for cooling depends mainly on the
technology employed by the cooling systems, i.e. once-through or re-
circulating. Moreover, every cooling system technology imposes energy
penalties on electricity generation (% of power plant energy output
consumed by the cooling system) and has a specific contribution to total
capital cost of the plant. Low water withdrawal intensity in power
plants usually implies a high energy penalty. Thus, the optimal design
and operation of cooling systems for power plants must be aided by
decision-support tools to effectively address the trade-offs that are in-
volved. A brief comparison of advantages, disadvantages, and energy
penalty levels for the most common cooling system technologies is
provided in Table 1. As can be seen from the ranges of energy penalties,
the details of implementation of cooling technologies can have a sig-
nificant impact on the energy efficiency of the power plant and the
integrated power system. Thus, these details must be part of any
system-level study.

A wide range of studies have addressed the aforementioned decision

Advantages, disadvantages, and energy penalty levels for cooling technologies in power
generation [34,56].

Cooling Advantages Disadvantages Energy penalty
system [% of output]
Once-through High cooling efficiency ~ High water 0.7-2.3
withdrawal
Low water Exposure to thermal
consumption discharge limits
Mature technology
Wet Towers/ Low water withdrawal =~ High water 1.8-6.3
Pond consumption
Mature technology High capital cost
Dry Minimal water High capital cost 3.2-11.2
withdrawal and High energy penalty
consumption High land
requirements
Hybrid Lower capital cost than  Higher capital cost 1.8-11.2
dry cooling than

Lower water
consumption than wet
tower/pond

wet tower/pond
Limited technology
experience

components of water management in the energy sector (See Table 2).
Some of these studies have focused on the production, processing, and
supply chain levels of primary energy, while others have concentrated
on the power sector at both plant and system levels. A detailed review
of these studies is presented in the next section.

4.2. Systems studies involving primary energy

A number of studies have been concentrated on the water man-
agement associated with primary energy production and processing
[57,58,60-62,66-68]. Pioneering studies, published decades ago, ad-
dressed the optimal water allocation and minimization of wastewater in
petroleum refinery operations including wastewater treatment to re-
move multiple contaminants [57,58]. For example, in a seminal study,
an optimization model for the simultaneous optimization of water
distribution and wastewater treatment in a petroleum refinery was
developed [57]. This study reported more that 50% reduction in the
total annual cost, which includes freshwater acquisition cost as well as
investment and operating costs of wastewater treatment facilities, of the
corresponding water management problem involving three con-
taminants. Additionally, the authors also reported a potential saving of
~ 24% in total fresh water demand. Another study reports similar po-
tential fresh water savings for the optimal water distribution in refinery
operations based on pinch analysis approaches and considered both
single and multiple contaminant cases [58]. Additionally, it was
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Table 2
Systematic approaches for water management in energy systems.
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Energy systems Decision elements Ref.
Water resources Water distribution network Water and wastewater treatment Cooling system
Primary energy Production/Processing %] %] [57-651¢
(66,6717, [68]"
Supply chain [69,70]
@ (711"
@ [721f
Power sector Power plant [73-78]
[79,80]
Power system %] [81-84]
[79,80,85-87]

Abbreviations: f, fossil; r, renewable; h, hybrid.

reported that the wastewater treatment for water recycling could re-
duce fresh water demand by ~ 47.5%, while lowering final wastewater
flowrate by 58.3%. Several recent publications, while still concentrated
on applications in petroleum refinery operations, pose the water man-
agement problem as a mixed-integer nonlinear programming problem
(MINLP) which is solved using various mathematical decomposition
and global optimization strategies [59,60]. By including retrofitting of
existing infrastructure, it was reported that more than 10% reduction in
fresh water consumption can be achieved [59]. In a further develop-
ment along these lines, Koleva and coworkers [88] reported a general
MINLP model for the optimal design of water and wastewater treatment
problems. A notable features of this model is that it includes treatment
of multiple pollutants and integrates primary, secondary, and tertiary
treatment technologies.

The application of nonlinear programming (NLP) and MINLP opti-
mization models for the minimization of water consumption in first-
and second-generation bioethanol plants as well as in hybrid process
that rely on biomass for the production of transportation fuels have also
received attention in the literature [66-68]. For example, potential
reductions of up to 87% in fresh water consumption for a first-gen-
eration corn based ethanol plant have been achieved using an NLP
model to simultaneously optimize water distribution, wastewater
treatment, and the configuration of the cooling system [66]. Further-
more, using a similar optimization approach, it was estimated that
cooling water demand in thermo-chemical based second-generation
bioethanol production process can be reduced by at least 30% through
implementation of dry cooling systems [67]. In addition to these NLP
models for water management in bioethanol production, an integrated
MINLP model for the optimal water distribution, wastewater treatment,
and cooling in a hybrid biomass, coal, and natural gas to liquid (CBGTL)
process to produce transportation fuels has also been developed [68].
Potential fresh water savings of more than 50% were identified using
the aforementioned MINLP model. Given the fact that water intensity in
bioethanol and biodiesel plants is relatively low when compared with
that of the production of the corresponding feedstock crops, a variety of
studies have been devoted to address water issues in biofuels supply
chains using mixed-integer linear programming (MILP) models
[69-71,89]. Specifically, multi-objective MILP approaches have been
proposed to optimize not only the economics but also the carbon and
water footprints of corn- and stover-based bioethanol supply chains
[69,70]. In these two studies, water stress index (WSI)- defined as a
function of water withdrawal to water availability ratio- was considered
as a metric for the quantification of the water stress associated with the
bioethanol supply chain. Improvements in irrigation efficiency, i.e.
using drip rather than sprinkle irrigation, were found to have a great
impact on the water intensity of bioethanol. Another study developed
an MILP model, incorporating freshwater allocation problem and op-
timized process configurations based on heat, power, and water in-
tegration, for a nationwide CBGTL supply chain [71].

Water-related issues associated with the development of shale gas

resources have received increased attention even in the popular press.
Shale plays rely on horizontal drilling and hydraulic fracturing tech-
niques, which impose risks and impacts related to the depletion, de-
gradation, and contamination of surface and underground water
sources [90-95]. Accordingly, water management associated with the
development of unconventional fossil fuels, in particular shale gas, has
been subject of an intense research in recent years [61-65]. Most of
these studies have been focused primarily on the water distribution and
wastewater treatment subproblems, with little or no integration with
the shale gas supply chain design and planning problem. For example,
using either a mixed- integer linear fractional programming (MILFP) or
an MINLP approach, it has been shown that it is feasible to achieve
between 10.9% and 21% reduction in freshwater withdrawal by opti-
mizing water distribution and wastewater treatment in the production
of shale gas with fixed schedules of drilling and fracturing operations
[62,63]. Additionally, uncertainty in water availability [61], water
demand for fracturing operation and flow rate of flowback water [65],
and the capacities of underground injection disposal sites and waste-
water treatment plants [64] has also been evaluated. Recent studies
have demonstrated that the design and planning of shale gas supply
chains and the corresponding water management problem should be
addressed in an integrated fashion given the actual synergies and trade-
offs associated with fresh water availability, wastewater quality, dril-
ling schemes, and wastewater treatment strategies [72,96]. For ex-
ample, variations in water availability could change significantly the
optimal drilling scheme in term of well-pad configuration and schedule
of drilling operations as well as the optimal supply chain infrastructure
for the shale gas transportation and processing. Additionally, it has
been shown that wastewater quality, i.e. total dissolved solids (TDS)
concentration, can play an important role in the optimal development
strategy for shale gas resources [97]. Indeed, the treatment of shale gas
wastewater containing high TDS concentrations is technically challen-
ging and expensive [98]. Therefore, the optimization under uncertainty
in water management for shale gas development requires that more
systematic, rather than subjective, ways be employed to identify the key
uncertain parameters in the problem, for example, using global sensi-
tivity analysis strategies [99,100]. Finally, different authors have pro-
vided broad reviews on the approaches for decision-making support in
water management, which can be classified into mathematical pro-
gramming, conceptual engineering, and pinch analysis approaches
[101-103].

4.3. Systems studies involving the power sector

Water management in the power sector is a critical issue since, as
noted previously, power generation technologies use water either for
power generation or for cooling purposes. For instance, hydropower
plants use potential and kinetic energy from dams and fast flowing
streams or rivers, respectively. On the other hand, thermal power plants
usually require considerable amounts of water for cooling in addition to
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the water required to generate process steam to drive turbine-generator
systems. Accordingly, the optimal design and operation of cooling
systems in industrial processes and particularly in the power sector has
received attention in the last two decades [73-77,104-107]. Conradie
and Kroger [73] developed a mathematical simulation model for per-
formance evaluation and design of a natural draft indirect dry cooling
system. Based on this simulation model, up to 2.57% reduction in
power generation cost was achieved using a sequential quadratic pro-
gramming (SQP) approach to optimize both design and operating
variables for the dry cooling system [74]. The inlet air temperature, in
addition to ambient humidity and pressure, was shown to have a direct
impact on the power output of gas turbines. For instance, a higher inlet
air temperature significantly increase the energy penalty for gas power
plants with dry cooling systems. Specifically, it is estimated that power
output is reduced between 5% and 10% of the international organiza-
tion for standards (ISO)-rated power output (ambient temperature of
15 °C) for every 10 °C increase in inlet air temperature [105]. Thus,
turbine inlet air cooling technologies, i.e. fogging systems, evaporative
coolers, and absorption chillers [108-110], to curb the energy penalty
of high inlet air temperature are desirable for gas turbines located in hot
regions or operated during hot seasons. Accordingly, the effects of inlet
ambient air temperature on dry cooling systems have also been studied
[76,77,105]. It was reported, based on an analytical model, that inlet
fogging is preferable, in term of power efficiency, when ambient tem-
perature is between 15 °C and 20 °C. Inlet chilling is desirable when
ambient temperature and relative humidity are greater than 25 °C and
0.4, respectively [76]. Other authors have focused on the optimal de-
sign and operation of wet cooling systems [75,104,106], wherein the
recirculation water flow rate and the water return temperature were
found to be the most important decision variables. However, it has been
shown that the improvement associated with the optimization of radial
fill profiles and layouts of water flows across the cooling tower are
marginal [75]. Moreover, an MINLP model for the synthesis of a system
of re-circulating cooling towers has also been developed [107]. It was
demonstrated (using the previous MINLP model) that a multiple cooling
towers configuration with different supply temperatures performs
better than traditional systems, which consist of a single cooling tower.
A stochastic optimization framework was also developed for the op-
timal operation of thermal power plants (focused on the cooling
system) with constraints in water intake and uncertain weather con-
ditions [78]. Variations between 5-10% in the maximum capacity of a
pulverized coal power plant were estimated as a result of daily fluc-
tuations in weather conditions.

As described previously, the power sector is particularly vulnerable
to water sources and climate change. For instance, over the 2040-2069
time horizon, reductions in usable power generation capacity for more
than 61% and 81% of worldwide hydropower and thermoelectric
power plants respectively, have been estimated [87]. Additionally, re-
ductions ranging from 7.2% to 8.8% for vulnerable power stations (~
46% of total existing capacity) in the Western United States considering
a ten-year drought were also predicted [86]. It has also been found that
the cooling system plays an important role in the adaptability of
thermal power plants to climate change [80], while, of course, hydro-
power plants are quite vulnerable to declining water inflows. Indeed,
using the 2005-2030 time frame, it was illustrated that water demand
for power generation in U.S. can be reduced by up to 30%, through the
change or reconfiguration of cooling systems [111]. At a regional scale,
a shift from open-loop to closed-loop cooling systems in the State of
Illinois, could decrease water withdrawals by ~ 96% (~ 21 becm/yr),
while increasing water consumption by ~ 58% (~ 0.18 bem/yr) [112].
Therefore, decision-support tools for the design, planning, and opera-
tion of power plants and power systems that rely primarily on thermal
generation or hydroelectricity are the key for the adaptation of the
power sector to constraints on water resources and CO, emissions as
well to climate change [79,81,82,113,114]. Koch and Vogele [79] de-
veloped a water management model for a system of thermal power
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plants, considering water demand forecast, future water availability,
water shortages, and water temperature. This study reports that, as-
suming a 2.1 °C of temperature increase by 2050, climate warming
could increase water demand up to 30% for power generation plants in
Germany. Moreover, an NLP model was developed for the optimal
operation of large-scale hydropower systems, i.e. from 2.3 GW to
69.4 GW of installed capacity, based on monthly inflow forecasts over a
5-year operation window [81]. This study reports that, using historical
operational data as reference, the NLP model provides solutions that
represent improvements between 4.1% and 6.9% in the total energy
production of the hydropower systems. Recently, Guerra et al. [113]
developed an integrated framework for the simultaneous design and
planning of generation and transmission expansion in power systems.
The framework, which is based on MILP models for both business as
usual and CO, mitigation policy scenarios, was applied to an inter-
connected power system where hydropower plants account for roughly
70% of the total installed capacity. It was shown that high CO, emission
reduction targets for such system can be achieved by simultaneously
integrating renewable generation, i.e. wind and geothermal power
sources, and increasing hydropower generation capacity, which allow
the reduction of CO, emissions without affecting the reliability of the
system. Uncertainty have also been considered in the planning of hy-
dropower systems [83,84]. For instance, a risk management approach
was used for the optimal scheduling and contract management of a
hydropower system considering uncertainty in both inflow and spot
market prices of electricity [83]. Moreover, general circulation models
(GCMs) were used to generate climate change scenarios that are in-
tegrated into a stochastic dynamic programming (SDP) approach to
provide optimal monthly operating policies for a multiuse reservoir
serving irrigation, flood control, and power generation [84].

5. Challenges and opportunities

Worldwide energy systems, which encompass water demanding
processes and systems, have and will continue to face vulnerability due
to availability and quality of water sources. This vulnerability will
undoubtedly increase in the near future as a consequence of the rising
energy demand and the intensification of climate variability.
Adaptation strategies include, among others, the strategic selection of
less water intensive energy sources and technologies, efficiency im-
provement in energy conversion processes and systems, and the re-
duction of fresh water consumption by increasing water reuse and re-
cycle within energy systems. An effective water management strategy
certainly would diminish the vulnerability of energy systems to this key
resource. However, water management involves complex decision
problems that must include the systematic assessment of different fresh
water source alternatives, water and wastewater treatment technolo-
gies, cooling technologies, and water integration strategies, while
considering quality and availability of water resources, environmental
constraints regarding water withdrawal and discharge, and specifica-
tions on water requirements within the energy processes and systems.

Although the research community has devoted significant attention
to water management problems to date, there are still challenges and
opportunities in the energy sector to be addressed. Specifically, the
development of high fidelity optimization tools for biofuel supply
chains that feature appropriate granularity and accuracy of process
models, while including constraints on water uses for the production of
feedstock crops, is a research area that requires more attention. Also,
the design of biofuel supply chains based on feedstock crops that rely
essentially upon natural precipitations rather than on irrigation is a
topic that should be addressed. Similarly, the main challenge associated
with water management in unconventional fossil fuel supply chains
derives from addressing spatial and temporal variations in wastewater
quality, i.e. total dissolved solid and total suspended solids. In the area
of power generation, the optimal design and operation of dry and hy-
brid cooling systems to mitigate the high capital costs and energy
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penalties is a topic that will gain importance in the next decades. The
effective development, implementation, and operation of such cooling
systems could alleviate the vulnerability of power systems to the in-
creasing climate variability. Moreover, the integration of climate and
weather models with decision-support tools for both the optimal long-
term and short-term design, planning, and operation of integrated
water and energy supply chains is an open research area that requires
the effective collaboration between the weather and climate modeling
and energy modeling research communities. However, since it seems
that interdisciplinary research projects are less successful at receiving
support when compared with those that have a narrower focus [115],
funding may constitutes one of the major barriers for the development
of robust and effective water management strategies in energy systems.

Finally, there are computing technology related issues that need
attention. The development of these kind of integrated decision-support
tools imposes challenges, from the computational point of view, in
terms of high variable dimensionality as well as model scale and non-
linearity. To tackle decision problems of realistic scale, the develop-
ment and implementation of problem decomposition and paralleliza-
tion approaches need to be investigated. Additionally, access to these
decision support tools and their outputs by non-specialists should be
facilitated via design and implementation of appropriate human-ma-
chine interfaces and data visualization tools.
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