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A review of water use in the U.S. electric power sector:
insights from systems-level perspectives
Rebecca S Dodder

Thermoelectric power production comprised 41% of total

freshwater withdrawals in the U.S., surpassing even

agriculture. This review highlights scenarios of the electric

sector’s future demands for water, including scenarios that limit

both CO2 and water availability. A number of studies show

withdrawals decreasing with retirement of existing electricity

generating units. Consumption, the evaporative losses, also

decreases in many scenarios. However, climate mitigation

scenarios relying heavily on nuclear and carbon capture

technologies may induce increases in water consumption.

These increases in consumption represent a potential tradeoff

between climate mitigation and adaptation of the electric

sector to climate-related changes in water resources. It also

points to the need for both analyses and technological

solutions from the chemical engineering community.
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Introduction
When discussing the water-energy nexus [1,2], the electric

power sector stands out as a crucial link between water and

energy systems. Thermoelectric power production has now

surpassed agriculture as the largest withdrawer of fresh

water in the U.S., comprising 41% of total withdrawals

[3]. Water from fresh surface and groundwater sources, as

well as saline and brackish sources, is used in electric power

operations, which provide electricity to end-uses in the

residential, commercial, industrial, and transportation sec-

tors (Figure 1). Specific events in recent years have under-

scored the growing vulnerability of the electric power sector

in the water-energy nexus. In 2007, drought in the South-

eastern U.S. led to several facilities shutting down or

reducing production. Hydroelectric facilities reduced

power generation due to low flows on the Chattahoochee

and other rivers, while elevated water temperatures led to

reduced production at coal-fired and nuclear power plants

[4��]. Browns Ferry Nuclear Power Plant in Alabama has

seen shutdown and idling of generators in 2007, 2008, 2011

and 2012 to avoid exceeding maximum temperatures of

discharge water [4��,5]. With drought and triple degree heat

in Texas in 2011, the combination of heightened demand

for electricity and unplanned plant outages led the Electric

Reliability Council of Texas (ERCOT) to declare power

emergencies [4��,5]. In addition, low water levels at Texas

power plant reservoirs reduced generation at one power

plant and threatened to reduce or curtail production at other

plants [6]. The 2003 heat wave and drought in Europe also

affected power production and forced a number of plants to

operate outside of their design limits [7,8�,9]. There are also

concerns in China with the boom in energy production

potentially exacerbating the competition for limited water

resources [10].

The concept of the water-energy nexus was highlighted

twenty years ago in Gleick’s seminal 1994 article [12�], while

efforts to forecast water use in the electric sector go back

another twenty years earlier [13]. However, the growing

catalog of water-related pressures and vulnerabilities of the

electric power sector [4��] has heightened the focus on the

water demands for meeting current and future electricity

demands in the context of global climate change [14]. In this

review, I focus on analyses of water use by the U.S. electric

sector, specifically the systems-level studies that attempt to

quantify how electric sector water demands may change

over the next several decades. As the literature has looked

ahead to future water demands, studies have attempted to

project water use in the context of global climate change and

its implications for the water resources upon which the

electric sector depends. Beyond the water-energy nexus,

complex combinations of terms have become common,

including the electricity-water-climate change nexus

[15,16], electricity-water tradeoffs [17], CCS-water nexus

[18], water-CO2 tradeoffs [19�], as well as the water-energy-

food nexus [20] and even the society-biosphere-climate-

economy-energy system [21]. All of these combinations

underscore the systems-level perspective as well as the

diversity of modeling approaches that are used to quantify

these linkages. This review will distil some of the insights

and additional research questions emerging from this grow-

ing body of literature with a focus on questions of most

relevance to the chemical engineering community.

Water use in electric power generation
Significant quantities of water are required for the oper-

ation of thermoelectric power plants [22,23��], with the vast
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majority of water used for cooling systems [4��,24–26].

Other water uses include process steam to drive turbines

and operation of environmental control systems, such as

flue gas desulfurization (FGD). Future use of carbon

capture systems such as amine-based CO2 capture, would

also require additional water use [27�]. A number of water

quality implications are related to the operation of power

plants, as well as water impacts of the extraction and

processing of primary energy resources such as coal and

natural gas. I will focus here on water demands only from

the operational phase of electric power generation, but will

later discuss broader life cycle implications and related

research directions.

To better evaluate the implications for water resources,

electric power water use is measured in two ways: con-

sumption and withdrawal. According to the U.S. Geologi-

cal Survey (USGS), thermoelectric water consumption is

‘the water evaporated or incorporated into by-products as

a result of the production of electricity from heat,’ and

withdrawal is ‘the water removed from groundwater or

surface water for use in a thermoelectric power plant’

[3,28]. Thermoelectric power plants have typically used

two methods for condensing steam for electricity gener-

ation which have vastly different implications for with-

drawals and consumption [23��,24]. Earlier power plants

built in the 1950s to 1970s typically used once-through or

open-loop cooling systems that withdraw fresh or saline

water from a river, lake, or ocean, then pass the water

through the cooling system and return to the water body

at a higher temperature. In the mid-1970s, power plants

began to shift away from once-through systems to recir-

culating systems, with annual builds of once-through

systems dropping precipitously [29]. Recirculating systems

withdraw substantially less water, but have higher rates of

evaporation (consumptive use) as the water is recirculated

in a closed-loop with forced, induced or natural draft

cooling towers. Dry cooling systems, as the name indicates,

are air cooled, but can also be coupled with recirculating

towers or ponds to form a hybrid system. Dry cooling and

hybrid systems have recently surpassed once-through

systems in terms of new installations [29].

Figure 2 provides a snapshot of the range of water with-

drawals that are associated with different fuel, technology

and cooling system combinations. The Energy Infor-

mation Administration (EIA) has collected information

reported by power plant operators for water consumption

and withdrawals since 1985. However, these data have

often had important discrepancies and inconsistencies,

particularly when compared to calculated values [22,30].

Recent efforts have focused on consolidating and com-

paring calculated operational water use factors by fuel,

technology and cooling system [23��,24]. Figure 2 shows

range of water withdrawals for a small subset of technol-

ogies, and illustrates the impact of cooling system choice

on water use. Once-through cooling systems (Figure 2b)

can be orders of magnitude higher than recirculating

systems (cooling towers) (Figure 2a) for the same gener-

ation technologies, while dry systems and renewables

(Figure 2a) have minimal water withdrawal needs. How-

ever, fuel and technology matter as well. The higher

thermal efficiencies of natural gas combined cycle relative

to a less efficient coal steam or nuclear facility translate

into improved water efficiencies. This comparison is

intended to highlight differences among some major fuel

types/technologies and cooling systems, but does not

represent the full range of withdrawal factors. For a
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The water-energy nexus: water resources to electricity generation to end-use energy demands. Share of groundwater and surface water based on

total thermoelectric-power water withdrawals in 2005, measured as million gallons per day (M gal/day) [3]. Updated estimated water use for 2010 will

be available in late 2014 from USGS. Share of total electricity generation by fuel and end-use electricity sales by sector for 2010 from the Energy

Information Administration (EIA) [11]. Note that water withdrawals would be only for nuclear, natural gas and coal, because the reported water

withdrawals are for thermoelectric cooling.
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comprehensive treatment of water withdrawal and con-

sumption, with references to all primary literature from

which the operational water use factors are derived, see

[23��,24].

Long-term system-level trends in water for
energy
Given the diversity of water withdrawal and consumption

rates by technology class and cooling type, recent studies

have attempted to quantify the impact of a changing

electricity technology mix on aggregate water demands

across the U.S. and for specific water-scarce regions

within the U.S. Both 2012 and 2013 were exceptionally

productive years for studies looking at the water-energy

nexus for long-range scenarios of electricity generation

[8�,18,19�,31,32,33,34��,35–38]. Table 1 summarizes

recent electricity-water studies using a range of modeling

approaches, geographic scales and time horizons, and

varying levels of linkage with water resources. In the

remainder of this section, I will briefly discuss a subset of

these studies and draw out some of the common trends

and themes.

Earlier studies utilized existing projections for electricity

mix coupled with the best available data on water factors to

calculate the associated water demands out into the future

[17,39]. In many cases, these studies were Annual Energy

Outlook (AEO) reference cases or data on planned capacity

expansions reported to the EIA. These studies attempted to

provide a baseline for water demands out into the future.

However, the emerging question was whether there were

trade-offs or synergies between CO2 reductions from the

electric sector and water demands, in other words, the

climate-electricity-water nexus. On the one hand, the low

water requirements  for operation of non-thermoelectric

renewable power, such as wind and solar PV, promised both

low carbon and low water solutions (excluding water use and

carbon emissions from the lifecycle perspective). On the

other hand, reducing CO2 emissions through nuclear power,

coal with carbon capture and sequestration (CCS) and even

concentrating solar power (CSP) with wet cooling would

imply higher water demands out into the future if relied

upon heavily for reaching carbon reduction goals.

This interest in exploring the implications of carbon

reductions in the electric sector motivated a number of

researchers to explore a range of climate mitigation

scenarios using different modeling platforms. Although

not technically ‘scenarios’ in the same sense as the other

analyses reviewed here, Cooper and Sehlke (2012) built

on Pacala and Socolow’s [49] seminal climate wedges

proposal to identify the potential water use implications

of GHG mitigation strategies or ‘climate wedges’ across

the full energy system [41]. They included the water

impacts of electricity generation-based mitigation wedges

and suggested a number of water management strategies

for reducing the impact on freshwater resources [41].

Chandel et al. (2011) used a modified version of EIA’s

National Energy Modeling System (NEMS) to analyze

changes in the electric power mix under four climate

policy scenarios represented by a price on carbon out to

2030 [40]. Relative to the reference case, freshwater

withdrawals were reduced by up to 14%, with higher

carbon prices inducing the largest decreases in water

withdrawals as existing units were retired. Consumption,

however, increased under the high carbon price scenarios

as water intensive CCS retrofits for coal came online.

Tidwell et al. (2013) also assessed carbon constrained

Systems perspectives on the electricity-water nexus Dodder 9
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Water withdrawal factors (median, min, and max) (gallons per MWh) for selected combinations of fuel types and technologies for: (a) renewable power

and thermoelectric systems with recirculating (tower) or dry cooling systems, and (b) thermoelectric power with once-through (OT) systems.

PV = photovoltaic; CC = combined cycle. Note the difference in scale between recirculating and once-through systems. These factors represent

withdrawal only. For water consumption, recirculating systems such as towers can have twice the consumption of once-through systems due to

evaporative losses. Source: [23��].
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Table 1

Comparison of selected system-level studies of electric sector water demands.

Study Model/Method

for energy

Geographic scope/scale Time horizon Mapping to water resources Scenarios analyzed Refs.

Elcock 2010 Based on AEO 2007 U.S. 2005–2030 No, but assesses other

water demands

Reference case only [39]

Chandel et al., 2011 NEMS U.S., by NERC regions 2005–2030 No Business as usual and four climate

policy scenarios

[40]

Cooper and Sehlke 2012 AEO baseline and

‘mitigation wedges’

U.S. N/A No Mitigation wedges proposed by

Pacala and Socolow

[41]

Macknick et al. 2013 and

Clemmer et al. 2013

ReEDS U.S., ReEDS PCA regions

mapped to HUC2 regions.

2010–2050 Yes, link with WEAP model.

Case studies of SW [32,42]

and SE [31,43] U.S.

Reference base and three carbon

budget scenarios with different

technology targets, including an

energy efficiency scenario

[34��,37,44]

Davies et al. 2013 and

Kyle et al. 2013

GCAM Global, with 14 regions

including U.S.

2005–2095 No Scenarios include three futures of

climate mitigation policy and two

technology strategies

[35,36,45�,46]

Tidwell et al. 2013 System dynamics

architecture

U.S. at 6-digit HUC level 2009–2035 Thermoelectric and

non-thermoelectric

consumption mapped

to water availability

Three energy futures, reference

case and two CO2 prices, affected

capacity either retired or retrofitted

for CCS

[18]

Webster et al. 2013 Capacity expansion

model

Texas (ERCOT) 2005–2050 No, but water limits

are modeled

Monte Carlo analysis with 1,000

simulations for scenarios of CO2

limits and combined CO2 and H2O

limits

[19�]

Ackerman and Fisher 2013 System dynamics

framework

Western U.S. (11 states) 2008–2100 No, but models impacts

of price on water

Four scenarios, including limits on

carbon and water

[38]

Cameron 2013,

Dodder et al. 2011

MARKAL energy

systems model

U.S. by nine

Census Divisions

2005–2055 No Four scenarios of energy system-

wide CO2 reduction targets, with

sensitivity analysis by major

technology classes

[47,48]

Acronyms: NERC, North American Electricity Reliability Corporation; ERCOT, Electric Reliability Council of Texas; HUC, Hydrologic Unit Code; PCA, Power Control Area; ReEDS, Regional Energy

Deployment System model; WEAP, Water Evaluation and Planning system; GCAM, Global Change Assessment Model; AEO, Annual Energy Outlook (various years); NEMS, National Energy Modeling

System; MARKAL (MARket ALlocation) energy systems model.
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futures with a focus on the role of CCS in meeting varying

CO2 reduction goals [18]. Their bounding analysis con-

sidered either all affected capacity to be retired or retro-

fitted with CCS and found that for 2035 nationwide

withdrawals could either increase 1% or decrease 60%

relative to 2009 levels, but consumption could increase up

to 21% or decrease 28%. A recent set of studies using the

Global Change Assessment Model (GCAM), an inte-

grated assessment model of energy, agriculture and cli-

mate changes, also assessed water demands for electricity

at the global level, but with a regional level of resolution

that also provides insights into U.S. water demands

[35,36,45�]. The crucial role of turnover of existing

once-through capital stock in the electric sector in redu-

cing withdrawals was also emphasized.

One major effort that brought together researchers from

multiple institutions, including academic (University of

Texas at Austin; University of Colorado, Boulder), non-

governmental (Union of Concerned Scientists), and the

National Renewable Energy Laboratory, was the Energy

and Water in a Warming World (EW3) initiative. This

collaboration has led to a number of reports [50,51] and

journal articles, many of which were published in a Focus

Issue of Environmental Research Letters: Focus on Elec-
tricity, Water and Climate Connections. This issue provides

perhaps the most comprehensive and integrated effort to

assess the water implications of electric power generation

in the U.S., both at the national level and also with a high

enough level of spatial resolution to assess watershed-level

impacts. This issue includes the following sets of analyses:

(a) a review of water factors from the primary literature

[23��] and comparison of reported and calculated water use

[22]; (b) description of a linked energy and water modeling

framework (ReEDS and WEAP) [44]; (c) modeling of low

carbon electricity futures [37], with assessment of the water

impacts of those scenarios at the national and regional level

[34��]; and (d) linking the results of the electricity scenarios

with models of regional water systems for the southeastern

U.S. [31,43] and southwestern U.S. [32,42].

Despite the range of modeling approaches and scales,

several common themes have begun to emerge from

these systems-level studies of electric sector water

demands.

� Under a baseline scenario, water withdrawals are

generally anticipated to decrease over the next several

decades, relative to current water use. Driving this

trend is the turnover of existing electric power plants,

particularly the retirement of lower efficiency facilities

with once-through cooling systems being replaced by

higher efficiency facilities with recirculating systems.

� At both the national and regional level, reductions in

withdrawals can occur simultaneously with increases in

consumption, due to switching to recirculating systems

with higher consumptive losses through evaporation.

� Under carbon mitigation scenarios, retirements are

accelerated in the early years, potentially leading to

even more precipitous declines in withdrawals.

� Under climate mitigation scenarios, the role of CCS

technologies relative to the penetration of renewable

power, such as solar PV and wind turbines, is a crucial

determinant of the longer term trends in water use. In

particular, reliance upon coal with CCS, as well as

expansion of nuclear capacity, can potentially lead to

increases in water consumption, even relative to

current consumption levels.

� Global and national level trends do not necessarily

translate into similar patterns at a regional or local scale.

Depending upon the existing energy mix, cost and

performance of future technologies, regional resource

base, and future demands for electricity, changes in the

regional electricity generation mix may either increase

or decrease water consumption [19�,34��,36,40].

� Although the primary focus of most of these studies has

been to understand the drivers and implications of

different electricity generation mixes, some of these

studies also looked at demand side issues, such as the

impact of end-use efficiency measures. Yet, demand side

issues remain a somewhat unexplored topic. We lack

assessments  of how regional and temporal (i.e., seasonal

and time of day) changes in electricity demand — due to

demographic shifts, climate-related changes in residen-

tial/commercial heating and cooling needs, and increased

electrification of transportation and other end-uses

[47] — translate into changes in water demands.

Some missing pieces in the water-energy
puzzle
Together, these studies have made enormous progress in

assessing water withdrawal and consumption for the

major water users in the electric power sector, principally,

thermoelectric cooling (including coal, natural gas, bio-

mass-based, geothermal and CSP, but also non-thermo-

electric renewable electricity (such as wind and solar).

Nevertheless, some gaps and research needs remain.

With regard to renewable power, the uncertainty in the

consumptive water use of hydroelectric facilities is sub-

stantial with estimates ranging from 0 to 18,000 gallons

per MWh [26]. This uncertainty has been ‘singularly

problematic’ [36] both for studies that estimate water

use factors by type of electric power generation and for

studies that extrapolate the aggregate water demands for

energy scenarios based on those factors. Issues include

estimation of evaporative losses at reservoirs and allo-

cation of those losses to power generation relative to other

agricultural, recreational, and municipal uses of the reser-

voir. Many of the modeling approaches discussed in the

previous section, such as the ReEDS and GCAM anal-

yses, either excluded or treated as a separate category the

water consumption of hydropower from their estimates of

overall water demand. However, some related studies

Systems perspectives on the electricity-water nexus Dodder 11
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have tackled this issue by using estimates of water con-

sumption and withdrawal (or ‘manipulation’) for hydro-

electric power in their scenarios, particularly when the

focus has been on ecological impacts, including issues

such as fish species endangerment [52].

In terms of non-hydropower renewable electricity, energy

storage technologies (e.g., batteries) may be an important

aspect of scenarios with large increases in solar PV or wind

generation. Improvements in battery technologies can

support higher penetration of intermittent renewable

power and, by extension, may play an important support-

ing role in the water-electricity nexus. How break-

throughs in storage technologies would affect water use

and the vulnerability or resilience of the electric sector to

changes in water resources is an open question.

Carbon capture and sequestration will be an area where

continued analysis and R&D are needed both to assess

and also to improve the overall water performance of

these systems–by reducing both the plant water use for

cooling via a decreased parasitic load and the additional

water needs of amine-based carbon capture, which can

effectively double the water use (consumption and with-

drawal) of a recirculating (wet tower) system [27�]. As

highlighted in a number of studies [18,34��,40,47], carbon

mitigation scenarios generally show reduction in water

use, mainly withdrawal, in the near term with the retire-

ment of existing plants. However, growing shares of

water-intensive CCS for coal-based generation could

counteract those early gains, in particular for water con-

sumption. Improvements in overall thermal efficiency,

integrated water management strategies, reuse and recy-

cling of plant water and use of alternative water sources

can ease the stress on local freshwater resources [53]. Zhai

et al. (2011) emphasize that ‘lowering plant water use

needs to be explicitly considered in R&D programs for

advanced carbon capture technologies for pulverized coal

(PC) power plants’ [27�]. This observation is relevant not

only for coal with CCS but also for carbon capture

technologies for natural gas-based generation, which in

one analysis were shown to be more economically feasible

in a combined CO2 and water-constrained scenario [19�].

Combined heat and power (CHP) is an area that has

typically garnered less attention in the water-energy

literature. Nonetheless, CHP could provide opportunities

for improvements in energy efficiency, reducing indus-

trial sector electricity demand (see Figure 1) and thus

indirectly reducing pressure on water resources [34��].
Industrial steam systems, in general, have major data gaps

with respect to fresh water consumption as data collection

efforts, such as those by the USGS have typically not

covered industrial level water use at a high level of detail

for different manufacturing sectors or process technol-

ogies. However, an analysis of industrial steam systems

calculated that water consumption represented 11% of

total U.S. manufacturing water consumption. Moreover,

food, paper, petroleum refining and chemicals industries

accounted for nearly all of the freshwater consumption for

steam, making these specific sectors ‘attractive targets’ for

combined water and energy efficiency improvements

[54].

Finally, this review has focused on the systems-level

issues of the nexus between electric power generation

and water resources. However, a complementary and

important area of research is Life Cycle Assessment

(LCA), an area that chemical engineers are well posi-

tioned to support [55,56]. Both energy systems studies

and LCA can leverage and contribute to the development

of more reliable data on water consumption and with-

drawals for different electricity generation processes,

including CCS and CHP, but also upstream processes

for resource extraction, transportation and processing

[57�,58]. Together, these types of studies can provide a

more balanced picture of the full water footprint of

electricity demands out into the future.

Conclusions
The purpose of this review was to provide a systems-level

perspective and describe the context in which additional

research and new solutions are needed from the com-

munity of chemical engineering researchers and prac-

titioners. The list below, while not exhaustive,

summarizes some important and emerging research

needs:

� Continued improvement in water use factors, in

particular for technologies and processes such as carbon

capture and sequestration.

� Research and development of low-carbon and low-

water technologies, including renewable power with

inherently low water demands (and associated tech-

nologies such as storage), and carbon capture technol-

ogies with lower overall freshwater requirements.

� Expanding the consideration of the water-energy nexus

to other systems such as industrial steam systems and

combined heat and power.

� Improvements in characterizing the water use of

processes along the full lifecycle, from resource

extraction and fuel processing to power plant con-

struction and operation.

These efforts will advance our understanding of the

water-energy nexus and help support mitigation strat-

egies that do not compromise the ability of the electric

sector to adapt to future climate changes.

Disclaimer
Conclusions presented in this paper are those of the

author, do not necessarily represent, and shall not be

interpreted to represent the position of EPA.
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