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Executve Summary

Growing concerns abotieshwater availability must be reconciled with growing demand

for power if the United States is to maintain economic growth and current standards of

living. Thermoelectric generating capacity is expected to increasaebyly 11%

bet ween 2005 and 2030, based on t WAWwmuaEner gy |
Energy Outlook2009 (AEO 2009) projections: Previous water needs analgseave
beenconducted by the Depart meedinologyfLab&atoeyr gy 6 s N
(DOE/NETL); one in 20042006 2008, and 2007 The 2004 report suggested that

national freshwater withdrawals may increase slightly or decliepending on

assumptions maglewhile freshwater consumption will likely increase dramatically.

However, regional water impacts can be significantly different than national data
averages might suggest. To characterize the significance of the regional impacts on water
use,the post 2004repors compareregional electricity demand and capacity forégas
usingcorresponding AEO rep@tvith representative water withdrawal and consumption

estimates to identify regions where water issues could become acute.

This report is an update to ttf&eptembeR0®B reportusingpr oj ect i oMEG r om EI A
2009 (ARRA) forecast With increasedi c | i mat econcehsaandghe gossible

future policies regardingcarbon capture and sequegon (CCS) this reportalso

examines the impact that CCS technologies would have der wdthdrawal and

consumption. Future freshwater withdrawal and consumption requirements for the U.S.
thermoelectric generation sector were estimated for five cases, usin@@®@egional

projections for capacity additions and retireménts:

Case 1i Additions and retirements aregmortional to current water source and type of
cooling system.

Case 2 All additions use freshwater and wet recirculating cooling, while retirements are
proportional to current water source and cooling system.

Case 3i 90% of additions use freshwater amet recirculating cooling, and 10% of
additions use saline water and oftlseough cooling, while retirements are proportional to
current water source and cooling system.

Case 4 25% of additions use dry cooling and 75% of additions use freshwater and wet
recirculating cooling. Retirements are proportional to current water source and cooling
system.

Case 51 Additions use freshwater and wet recirculating cooling, while retirements are
proportional to current water source and cooling systeRive percent b existing
freshwater oncghrough cooling capacity is retrofitted with wet recirculating cooling
every five years starting in 2010.

Summary results for the five cases, on a national basis, are presen&dderES1. For
Casas 2 though 5 withdrawal isexpected to decline, and consumptfonall 5 casess
expected to increase. These results are consistent with amceanticipatedegulations
and industry practice, which favor the use of freshwater recirculating cooling systems

@SeeTable6 in the body bthe report for a description of the rationale behind each of these cases and their
assumptions.
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that have lower witdrawal requirementsut higher consumption requirementean
oncethrough cooling systems. Case 5 provides the most extreme watsumption
impacts. Converting a significant share of existing ethceugh freshwater power plants

to recirculating frehwater plants significantly reduces water withdrawal, but significantly
increases water consumption. Case 4 indicates that dry cooling could have a significant
impact on water consumptiongompared to Cases-3, which have an average
consumption of4.3BGD, Case 4 results imaalmost1.6% decline, equivalent to more
than25 billion gallons per year.

Table ES-1 - Thermoelectric Water Impacts, National Results

Freshwater withdrawal or consumption BGD)

2005 2010 2015 2020 2025 2030

Case 1 Withdrawal 146.3 149.2 145.1 147.4 147.6 146.8
Consumption 3.6 3.7 3.8 4.0 4.0 4.2

Case 2 Withdrawal 146.3 146.4 140.5 141.1 141.3 139.9
Consumption 3.6 3.8 3.9 4.1 4.2 4.4

Case 3 Withdrawal 146.3 146.4 140.5 141.1 141.2 139.8
Consumption 3.6 3.7 3.9 4.1 4.1 4.3

Case 4 Withdrawal 146.3 146.2 140.2 140.7 140.9 139.4
Consumption 3.6 3.7 3.8 4.0 4.1 4.2

Case 5 Withdrawal 146.3 140.5 128.6 123.9 119.1 113.0
Consumption 3.6 3.8 4.0 4.3 4.4 4.7

Each of thecases usedifferent assumptions (s@&ble6 for rationale behind each case
and their assumptions)Due tothe differences in assumptions, none of the cases can
truly be considered a baseline for comparison with other cases. However, theOgar 20
can be used as a baseliagainst which to measure projected future withdrawal and
consumption. As seen in the 2005 column of TablelEghe 2005 withdrawal and
consumption values for each case are the same. Using this baseline, T2bieaES
generated to show the percenaicbe from the 2005 baseline to each of the future years.
The negative values in Table 2Sfor withdrawal indicate decreased withdrawal while
the positive consumption values indicate increasing consumption over time.

Table ES21 Percent Change from 2008Baseline, National Results
Percent change from 2005 baseline

2010 2015 2020 | 2025

Withdrawal 2.0 -0.8 0.8 0.9 0.4
Casel I onsumption | 25 47 9.0 11.0 142

Withdrawal 0.1 -3.9 -3.5 -3.4 -4.4
Case 2 .

Consumption 3.3 6.7 12.3 14.6 19.8

Withdrawal 0.1 3.9 35 35 4.4
Case3 I onsumption | 2.8 6.0 114 136 183

Withdrawal 0.0 42 38 3.7 4.7
GBS e | 20 47 96 117 156

Withdrawal 4.0 121 | -163 | -185 | -22.8
CaseS I onsumption | 5.0 10.3 17.9 218 287
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The regional component of th2009 water needs analysis revealed some sigmific
differences from the national averages. For example, consider Case 2, which represents a
plausible futurecooling system scenario. The natiopaircent changem Table ES2

indicate that watewithdrawal will fall by 4.4% and that watr consumptionwill rise by

19.8% between 2005 and 203@s shown inFigure ES1 and Figure E& on a regional

basis, however, water withdrawal ranges frorh786 increase inthe FRCCregionto a

25% decline INERCOT regionn and while freshwater consumption incsea in all
regions,except in Californiaand New Englandthe biggest gains come the Florida

(119%) andNew York ©67%) regiors.

Figure ES-17 AverageDaily Regional Freshwater Withdrawal for Thermoelectric Power Generation
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Figure ES-2 - Average Daily Regional Freshwater Consumption for Thermoelectric Power
Generationi Case 2

15
1.0
=)
)
a4
c
S
a
£ 0.5
2
c
o
o
0.0 -
T E S R E R R D >
¥ 9 A\ S R S SIS MR DN
L FF & Q(S*\ QcSJ\ & s \x\\$ & <<§S’\
S (0(5’ RN
0.5

m Water Consumption, 2005 ® Incremental Water Consumption, 2005 - 2030

The regional results reflect recent U.S. population shifts. Regions with strong population
growth, such as the southeast andtlseast, generallyexhibit high growth in water
consumption requirements, while regions with minimal to modest population growth,
such as theMidwest and Mid-Atlantic, exhibit modesgrowth in water consumption
requirements.

Specific to coafired generatin, the analysis projects that by 2030, average daily
national freshwater withdrawals malecreasdo 76.7 BGD or increase t®7.8 BGD
from a baseline level &1.9BGD, depending upon case assumptiofise 2005 baseline
coakfired plant withdrawal épresents % of the total thermoelectric plant withdrawal.
Average daily national freshwater consumption resulting from U.S-frcedl power
generation could reacf.8 BGD to 3.1 BGD from a baseline level of £2.BGD,
depending upon case assumption§he 2005 baseline coefifed plant consumption
represents67/% of the total thermoelectric plant consumptiorCase 2, codlired,
regional water withdrawal and consumption are illustrated in Figure8 Bl ESA
respectively.
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Figure ES-37 Average Daly Regional Freshwater Withdrawal for Coal-Fired Power Generationi
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Figure ES-4 - Average Daily Regional Freshwater Consumption for CoaFired Power Generationi
Case 2
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This analysis and accompanying report were completed to atstifaturefreshwater
needs both for codired generation and for total thermoelectric generati®he results
from this report will beused as a base forecast against which to compare
accomplishmentén freshwater withdrawal and consumption reductions. Addilipna
report results will be used tmetter understand the regional impadts@nstrained water
resources.

Carbon capture technologies could increase the water deafiahdrmoelectric power

plants. With increasing political and public interest regardingl i mat e changeo
mitigation, coupled with future water usage concerns, it is of interest to estimate and
explore the possible effects @itigation will have on future water demands. This
analysis assumes that carbon mitigation policies wilpbein place in the near future
thatwould require all new and existing PC plants with scrubbers and IGCC plants utilize
carbon capture technologies by 203lhis analysis follows the EIA AEQO® forecast

and assumes the generation mix would nainge under such a climate control scenario.

This analysisprovides an upper boundary of the estimated additional water usage for
carbon capture.

Four scenariogegarding theadditional capacityneededto make up for théiparasitio
power lossof the carlon capture retrofitsvere evaluated.The 4 scenarios were applied

to the 5cases. Scenario 1 only accounts for the increased water requirements for the
carbon capture technologies used for the retrofits and new buithlCCSand does not
account for tke 66.8 GW of reduced capacity due to the retrofits. Scenario 2 builds off of
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Scenario 1 and assumes that the additional capacity needed to make up for the parasitic
loss of the retrofits are supplementeda®y8 GW of new IGCC plants with recircating
cooling and include carbon capture technologies. Scenario 3 is simi&ebario2
except instead of IGCC plants making up the parasitic loss, superdA@gallants are
used. The fourth scenario assumes that the additional capacity needeeéauméor the
parasitic loss of the retrofits are supplementeds®8 GW of new nuclear plants with
recirculating coolingThe projected results for R@ants with scrubberand IGCC plants
with 90% CQ capture for the year 2030 showm acrease in wir withdrawal and
consumption. Figure ES5 shows the additional amount of water withdraaal each
Case and Scenarib all forecasted P(lants with scrubberand IGCC plants were to
deploy carbon capture technologies comparawbtoarbon capture diggyment across all
thermoelectric generation for the projected year 2(3f. example,he bar forCase2 in
Figure ES5 showvs that in 2030,139.9 BGD of water withdrawal is projected for all
thermoelectric plants without carbon captdeployment By deploying carbon capture
technologieson the scrubbed codlired fleetand all new buildsanadditionall.7 BGD
would be requiredinder Scenario,Iresulting in a total 0141.6BGD. If Scenario2 is
applied,0.9 BGD would be added t&cenariol, resulting in a total ofl42.5BGD.
Scenario 3 would add.6 BGD to Scerario 1 resulting in a total df44 BGD withdrawal.
Scenario 4would addapproximatelyan additional0.6 BGD to the 139 BGD non
capture foecast 1.7 BGD for the rerofits and new builds and 2BGD for the additional
nuclear plants to make up for the capacity lost due to the retrofitted coal plants

Figure ES'5 - Thermoelectric Generation with Additional Water Withdrawal for PC and IGCC
Carbon Capture Deployment or Year 2030
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Figure ES6 shows the additional amount of wateonsumptionfor each Case and
Scenarig if all of the forecasted P@ith scrubbersand IGCC plants were to deploy
carbon capture technologies compared to all thermoelectric plants withboh @apture
technologies.The bar for Case2 in Figure ES6 shovs that in 20304.4 BGD of water
consumption is projected for all thermoelectric plants without carbon capture
deployment. By deploying carbon capture technologies to the scrubbeeficedlfleet
and all new buildsan additionall.2 BGD would be requirednder Scenario,Iesulting
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in a total of5.6 BGD. If Scenario 2 is applied).7 BGD would be added t8cenario 1,
resulting in a total 06.3BGD. Scenario 3 would adddl14BGD to Scenaio 1 resulting

in a total water consumption @.7 BGD for Scenario 3 Scenario 4 would add
approximately an addition&.4 BGD to the4.4 BGD non capture forecast.2 BGD for

the retrofits and new builds a4 BGD for the additional nuclear plants to make up for
the capacity lost due to the retrofitted coal plar@sice recirculating cooling systems are
used in three scenarios, additional water withdrawal is lower relative to water
consumption.

Figure ES-6 - Thermoelectric Generation with Additional Water Consumption for PC and IGCC
Carbon Capture Deployment for Year 20®
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Introduction

The purpose of this report is to estimate future freshwater needs for thermoelectric power
generation. Thermoelectric poweplantsi coal, oil, natural gasand nuclearfueled
power generatrs using a steam turbine based on the Rankine thermodynamici cycle
require significant quantities of water for generating electrical efferggr example, a

500 MW coakfired power plantusesover 12 million gallons per hour of water for
cooling steam turbine exhaust® The water required fothermoelectric plantss
withdrawn primarily from large volume sources, such as lakes, rivers, oceans, and
underground aquifers.While both freshwater (gproximately 70%) and saline water
(approximately 30%arecurrently used for thermoelectric generation, this report focuses
on freshwatetbecause freshwater sources are becorimingeasingly strainel Water
consumptions used to describe the losstbatwater, typically through evaporation into

® Natural gasand oilfired combustion turbines are not sources of thermoelectric generation.

‘Mo st o fpoweppihatsuSeswater as the cooling medanaithe amount of water required to
condensehe steam turbine exhaustsisnilar whether an opetoop or closedoop cooling system is used
depending on design conditior@penloop cooling systems continuously withdraw water from a local
water source, ahreturn the same quantity of water to the source. Climsgricooling systems circulate a
similar total volume of water as opéwop systems for a given plant size, but only withdraw a limited
amount of water to replace evaporative loss and blowddvddlitional information orpower plantwater
requirementgan be found in th&v/ater Requirements for Thermoelectric Generasiection of this report
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the air. The United States Geological Survey (USGS) estimated that thermoelectric
generation accounted for approximat&§b6 of freshwater withdrawals, ranking only
slightly behind agricultural irrigation as the largest source of freshwater withdrawals in
the United States in 20d0.However, the corresponding water consumption associated
with thermoelectric generation accounted for ordyp% of total U.S. freshwater
consumption in 1998. As U.S. population and associated economic development
continues to expand, the demand for electricity will increaBee E | Alatest forecast
estimates U.Shermoelectrigenerating capacity will grow from approximat&§0 GW

in 20( to 775 GW in 2B0.° As such,thermoelectricopower plants may increasingly
compete for freshwater with other sectors such as domestic, commercial, agricultural,
industrial, and irstream usei particularly in regions of the country with limited
freshwater supplies. In addition, current and future waterlated environmental
regulations and requirements will also challenge the operation of existing power plants
and the permitting of new thermoelectric generation projects.

Energy-Waterlssues

At the nexus of water and energy lies a wide variety of socisesaks, policy and
regulatory debate, environmental questions, technological challenges, and economic
concerns. Water is emerging as a significant factor in economic development activities.
Planning efforts must consider the availability and quality of water resources in a given
locality or region to ensure that supplies are available to accommodate existing and future
water consumers over the long term. Failure to do so can result in sgroteth,
economic flight, inequitable development, and even open conflict. In order for the power
industry to be ecologically responsible, technologically ready, and economically stable,
advanced research is imperativEnergywaterissues have becomecieasingly visible

in recent years, with a variety of concerns on the mind of industry, regulators, Congress,
DOE, and the general public. A sampling of these issues includes the passing of the
Energy Policy Act of 2005; repeated introduction of the Ep&kgter Efficiency and
Supply Technology BIll; increasingly severe regional drought conditions across the
country; additional difficulty siting new power generating facilities in arid regions; and
further media attention and public concern over water aidity and supply. The
following is a brief summary of some of the technical, regulatory, and political issues that
help explain the importance of water to thermoelectric generation. Additional
background information o@nergywaterissues is presentéa Appendix A.

Water Availability

Water shortages, potentially the greatest challenge to face all sectors of the United States

in the 2" century, will be an especially difficult issue for thermoelectric generators due

to the large amount of cooling veaitrequired for power generation. According to a GAO

2003 report, national water availability has not been comprehensively assessed in 25

years, thus water availability on a national level is ultimately unknown. However, as the

report goes ontosay,cuy ent trends indicate that demand
growing while the nat i-waterdssincreagipgly mord lynitetl o st or
and grouneévater is being depleted.
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Water availability issues are intensified by the fact that pojpulaticreases are occurring

in waterstressed areasigure 1shows the percent change in population by state from
1990 to 2000 andrigure 2 displays mean annual precipitation from 1890 to 2002.

Comparison of thdéigures shows that areas where precipitation is low, especially in the
southwest, are also areas of greatest population growth.

Figure 1 - Percent Change in Population by State: 1990 to 2060
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NETL Energy-WaterR&D Program

The U. S. Department of Energy, Of fice of
Laboratory (DOE/NETL) is carrying oud comprehensive, integrated research and
development (R&D) effort to enhance the efficiency and environmental performance of
the existing fleet of codired power plants, which represent more than 300 gigawatts
(GW) of generating capacity, and apply nbbeencepts to advanced power systerbe
program goal is to ensure that technologies are available for deployment by 2015 that can
reduce power plant freshwater withdrawal and consumption while minimizing the
impacts of power plant operation on water ldya To achieve this goal, the energy
water interface portion of the Innovations for Existing Plants (IEP) program conducts
research in four areas: Ndmaditional Sources of Process and Cooling Water;
Innovative Water Reuse and Recovery; Advanced Cgdliechnology; and Advanced
Water Treatment and Detection Technology. The portfolio of ensedgr nexus
technology R&D projects encompasses laboratory studies, modeling, acahpmeercial
demonstration fulkcale testing. Project success is intimatigt to key collaborations

and partnerships with industry, federal, state, and local agencies, and the academic and
research communities. This water needs analysis was conducted in support of the IEP
energywater R&D activity.

PreviousWaterNeeds Analyis

In 2004, NETL conducted a similar water needs analysis to estimate how thermoelectric
power plants will impact national freshwater resources through 20a5ing theEIA
2004 Annual E (AEQ) gelerenBaucide foedast for electricity generating
capacity, future freshwater requirements for both total and-lbassdd thermoelectric
generation were estimated and compared to current and past water use by the power
sector In 2006, NETL developed a newater aralysis which used a different
methodology and different cases. The comparisons oR@d and 2006tudies are
described in more detait the August 200&stimating Freshwater Needs to Meet Future
Thermoelectric Generation Requiremestigdy. All post 2004wateranaly®s utilize the
samemethodology as the August 2006 report and aserespondindelA AEO data

Water Requirements for Thermoelectric Generation

A significant quantiy of wateris required for thermoelectric power plants to support
electricity generation.The largest demand for water in thermoelectric plants is cooling
water for condensing steaniThermoelectric generation relies on a fuel source (fossil
nuclear or biomaspto heat water to steam that is used to drive a tuidpnerator.
Steam exhausted from the turbine is condensed and recyckedtéam generator or
boiler. The steam condensation typically occurs in a -simeltube heat exchanger
known as a condenser. The steam is condensed on the shell side by thectholngf

water through tube bundles located within the condenser. Cooling water mass flow rates
of greater tharb0 times the steam mass flow rate are necessary depending on the
allowable temperature rise of the cooling watetypically 1525°F. The degyn and
operating parameters of the cooling system are critically important to overall power
generation efficiency. At higher condenser cooling water inlet temperatures, the steam
condensate temperature is higher and subsequently turbine backpressgineris fihe
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turbine backpressure is inversely related to power generation efficiency: the higher the
turbine backpressure, the loweethower generation efficiency.

There are three general types of cooling system designs used for thermoelectric power
plarts: oncethrough, wet recirculating, and dry. In orAteough systems, the cooling
water is withdrawn from a local body of water such as a lake, river, or ocean and the
warm cooling water is subsequently discharged back to the same water body aftgr passin
through the surface condenser. As a result, plants equipped withhooagh cooling

water systems have relatively high water withdrawal, but low water consumption.

There are two primary technologies used to support wet recirculating cooling systems
wet cooling towers and cooling ponds. The most common type of recirculating system
uses wet cooling towers to dissipate the heat from the cooling water to the atmosphere
(Figure3). In wet recirculating systemsjarm cooling water is pumped from the steam
condenser to a cooling tower. The heat from the warm water is transferred to ambient air
flowing through the cooling tower. In the process, a portion of the warm water
evaporates from the cooling tower andnfisra water vapor plume. The cooled water is
then recycled back to the condenser. Because of evaporative losses, a portion of the
cooling water needs to be discharged from the systerm o wn as bl owdown 1
the buildup of minerals and sedimenm the water that could adversely affect
performance. The quantity of blowdown required for a particular cooling water system is
determined by a parameter known as fAcycl es
ratio of dissolved solids in the circulag water to that in the makeup water. As the
cycles of concentration increases, the quantity of blowdown and makeup water decreases.
For a wet recirculating system, only makeup water needs to be withdrawn from the local
water body to replace water labirough evaporation and blowdown. As a result, plants
equipped with wet recirculating systems have relatively low water withdrawal, but high
water consumption, compared to otibeough systems. Wet cooling towers are
available in two basic desigris mechanical draft and natural draft. Mechanical draft
towers utilize a fan to move ambient air through the tower, while natural draft towers rely
on the difference in air density between the warm air in the tower and the cooler ambient
air outside the tower tdraw the air up through the tower. In both designs, the warm
cooling water is discharged into the tower for direct contact with the ambient air. A
cooling pond serves the same purpose as a wet cooling tower, but relies on natural
conduction/convection hearansfer from the water to the atmosphere as well as
evaporation to cool the recirculating water.

Dry cooling systems can use either a direct or indirect air cooling process. In direct dry
cooling, the turbine exhaust steam flows through tubes ofrazoaled condenser (ACC)
where the steam is cooled directly via conductive heat transfer using a high flow rate of
ambient air that is blown by fans across the outside surface of the tubes. Therefore,
cooling water is not used in the direct-aedoled syeem. For indirect dry cooling, a
conventional watecooled surface condenser is used to condense the turbine exhaust
steam, but a dry cooling tower, similar in design to an ACC, is used to conductively
transfer the heat from the water to the ambient As.a result, there is no evaporative
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loss of cooling water with an indirect dry cooling system and both water withdrawal and
consumption are minimal.

Figure 3 - Wet Recirculating Cooling Water System for a 20-MW Coal-Fired Boiler

: 3,804,950 Ib/hr
Evaporation St
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Feedwater
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Steam
Condenser

Make-up Water Blowdown Water
5,188 gpm 1,297 gpm

In the United States, existing thermoelectric power plantseas@of thesetypes of
systems, with estimates indicating th.®R6 of generating capacity is ont@ough,
419% wet recirculating0.9% dry coolingand 145% cooling pond$' Table 1 presents

a summary of the current percentage distribution of cooling technology by generation
type. It should be noted that the data for combined cycle plants represents only about 7%
of the total combined cycle plants currentlyoperation This is because not all plants
provided cooling data, so the table was created usfognationavailable at the timelf

all plants reported cooling data, it is most likely ttat cooling wold represent a much
smaller percentage of thetal combined cycle coolingFigure4 illustrates the location

of water dependentooling systems used for thermoelectric power generation by
technology type and watepurcée?.
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Table 1 - Cooling Technology by Generation Type
Percentage (%)

Generation Wet Once Cooling
Type Recirculating Through Dry Pond
Coal 48.0% 39.1% 0.2% 12.7%
Fossil Non
Coal 23.8% 59.2% 0.0% 17.1%
Combined
Cycle 30.8% 8.6% 59.0% 1.7%
Nuclear 43.6% 38.1% 0.0% 18.3%
Total 41.9% 42.7% 0.9% 14.5%
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Historically, the choice of cooling technolodgr a particular plandepended orthe
guantity and quality of local water sources coupled withst and performance
characteristicof the diffeent systems The use of closelbop systems, however, is
likely to become much more pronounced in the future due to the Clean Water Act 316(b)
provisions and public pressurésAlthough oncethrough cooling systems can still be
legally permitted under1¥®(b), the complexity of the permitting, analysis and reporting
requirementsnaydiscourage their use.

Figure 4- Cooling Systems byTechnologyand Water Source

Water Type

Cooling Type

Projections of Thermoelectric Capacity and Generation

The EIA publishes itsAnnual EnergyOutlook (AEO) to provide a forecast as to where

the energy sector will be in the future, including projections of thermoelectric capacity

and generation. The AEO projections are be
System (NEM), which is revised yearly to reflect technology advances, supply and

demand adjustments, and other market forcREO 2009 projections of capacity and

generation to 2030 are usedthis analysido calculate future thermoelectric generation

water withdrawal and consumption.Table 2 summarizes projected changes in U.S.

4 See Appendix A for more details on CWA 316(b).
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