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Recent droughts and heat waves have revealed the vulnerability of some power

plants to effects from higher temperature intake water for cooling. Climate projec-

tions estimate higher air temperatures in future years, indicating that these problems

could increase. This research seeks to understand the magnitude of influence that

higher temperatures will have on power plant effluent water temperatures to quantify

a power plant’s exposure to risk of de-rating induced by low or warm cooling water

availability. The objective of this analysis is to help policymakers and plant opera-

tors plan for future electricity supplies without damaging the natural environment of

the cooling reservoirs and rivers. This objective is met via assessment of water con-

straints associated with current technology, policy, and environmental conditions in

two river basins, the Gulf Coast Basin in Texas and the Upper Mississippi River Basin

in the Midwestern United States. Risk of reduced operations at these power plants

associated with thermal discharge limits is then assessed by estimating intake and

effluent water temperatures and comparing these estimates to current restrictions.

Of the thirty-three plants analyzed, none are estimated to exceed effluent tempera-

ture limits within the study period of 2015 to 2035. However, twelve power plants

could face increasing intake temperatures, leading to potential issues with cooling effi-

ciency. Fourteen plants could discharge slightly higher effluent temperatures, possibly

vi



influencing the ecosystem of the return water body upon discharge beyond today’s

impacts. To help with planning for future issues, this analysis also identifies many

of the ways by which power plants mitigate issues with low water levels and high

temperatures. Designing plants for potentially scarce water resources and making

policies that protect water supplies and support energy resources could be beneficial

in coming years. This research is intended to inform that objective.
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Chapter 1

Introduction

1.1 Motivation

In 2011, thermoelectric power plants across the United States provided 87%

of the country’s electricity generation [1]. Much of that power generation occurred

at coal, natural gas, petroleum, or nuclear power plants. According to EIA’s 2014

Annual Energy Outlook, thermoelectric power plants will account for about 70% of

the increase in power generation in the next 30 years [11]. Many of these power plants

withdraw a significant amount of water—about 40% of total fresh water withdrawals

in the country in 2005 [12]. These water withdrawals could significantly increase in

that time if cooling technologies remain the same.

At the same time, ongoing drought has revealed the vulnerability of ther-

moelectric power plants to the risks of low water levels coupled with high water

temperatures. These high temperatures can limit withdrawals at power plants with

intake temperature safety restrictions set by the Nuclear Regulatory Commission

and cause the cooling process at impacted power plants to become less efficient. The

relationship between a power plant’s efficiency, thermal loading, and cooling water

characteristics are determined by thermodynamic principles. The heat dissipated

from a plant greatly affects the temperature of the cooling water. As water passes

through the power plant, heat is transferred to the cooling water and into the pond,

river, or lake as the water is discharged. Thus, for the plant to condense the same

amount of steam in the cooling process, it needs to withdraw water at higher rates,
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heat the withdrawn water to higher temperatures, or both.

Generally, higher electricity demand is correlated with increases in air temper-

ature (because of demand for air conditioning) and the resulting increase in power

generation requires that a larger supply of heat is transferred to the cooling water at

the same time that cooling efficiency is reduced [13]. However, when water levels are

low, plants might not have the option to withdraw at a higher rate, in which case the

power plant is de-rated and its output is turned down. Similarly, if the plant’s dis-

charge temperature is subject to maximum daily, average daily, and average monthly

temperature limits set through the National Pollutant Discharge Elimination System

(NPDES) to protect the environment, the plant might not be allowed to heat the

withdrawn water to higher temperatures without exceeding those discharge limits,

which also causes de-rating of the power plant. Moreover, with higher cooling water

temperatures at the intake of the plant (either because of the hotter meteorological

conditions, or because of thermal loading from other users upstream), less additional

heat can be transferred from the power plant to the environment than could be trans-

ferred under cooler ambient conditions. Because of this thermal constraint, at times

of high electricity demand more water is needed for cooling, but the same conditions

that drive higher water temperatures also occur at times when water levels are low.

That is, higher temperatures trigger demand for more power generation that occurs at

times when less water can be used to operate those same power plants. Consequently,

in the midst of a heat wave, a power plant might face a higher energy demand from

the population with a decreased ability to shed as much heat from the power plant’s

electricity generation process with the same amount of cooling water; consequently,

the power plant might be forced to curtail its electricity generation despite the in-

creased demand for that electricity. In summary, cooling water that is warmer and

scarcer than normal can reduce the power plant’s efficiency in two ways:
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1. reduced heat transfer in the cooling system, or

2. increased water pumping which increases the parasitic load on the power plant

because of the water pumps.

If increased pumping is not an option because of low water levels, then the plant

is at risk of de-rating or violating its thermal discharge limits. This risk to loss of

generation is important because

1. it affects the reliability of the power system and puts human lives at risk, and

2. decisions are made today about long-lived capital assets that will be operating

under different climatic conditions in the future

Therefore, analysis and methods as presented in this thesis can be used to inform

those decisions with the intent of improving the reliability of current and future

power sector.

1.2 Scope

Given that climate projections estimate higher air temperatures in future

years, this research seeks to understand the magnitude of influence that higher tem-

peratures will have on power plant effluent water temperatures to quantify a power

plant’s exposure to risk of de-rating induced by low or warm cooling water availabil-

ity. The objective of this analysis is to help policymakers plan for future electricity

supplies without damaging the natural environment of the cooling reservoirs and

rivers. This objective is met via assessment of water constraints associated with cur-

rent technology, policy, and environmental conditions. Risk of reduced operations at

these power plants associated with thermal discharge limits is then assessed through
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estimation of intake and effluent water temperatures and comparison to current re-

strictions. While many studies have assessed the impacts of low water levels, fewer

have attempted to quantify the vulnerability to reduced operations associated with

higher water temperatures. Yet most reported cases of de-rating or shut-down were

not associated with low water levels at the intake but rather elevated cooling water

intake or effluent temperatures [9].This work seeks to fill the gap in knowledge re-

garding the risk of reduced operations at thermoelectric power plants due to higher

water temperatures. Chapter 2 gives background information. Chapter 3 gives the

methodology for the analysis of effluent temperatures. Chapter 4 gives the results of

the effluent temperature analysis including estimated future temperatures. Chapter

5 gives the mitigation techniques possible at power plants with temperature or water

level concerns. Chapter 6 gives the conclusions of this document and the possible

future work that could enhance this area of study.
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Chapter 2

Background: Water for Power

According to the Energy Information Administration (EIA), in 2011, thermo-

electric power plants withdrew more than 420,000 billion gallons (Bgal) or 1.6× 1012

cubic meters (m3) of water, 37% of which occurred from May through August [1].

“Withdrawal” in this case refers to the amount of water diverted from a water source

or removed from the ground for use [12]. “Consumption,” on the other hand, refers

to the amount of water removed from the immediate water environment through

evaporation, transpiration, or other means [12].

Thermoelectric power plants generally require water as the working fluid as

part of the Rankine cycle, the thermodynamic process that drives the steam cycle [14].

However, the largest demand for water in thermoelectric plants is for the cooling water

used in condensing the steam back into a usable working fluid [15].

2.1 Cooling Technologies

Power plants differ in the process used to cool the steam. Most thermoelectric

power plants use variations of two different wet cooling technologies, once-through

and wet-recirculating cooling systems, although use of alternative cooling technologies

is increasing in some areas. The type of cooling technology used greatly influences

the amount of cooling water withdrawn or consumed at the plant.
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Figure 2.1: The diagram shows a typical steam cycle for a thermoelectric plant pow-
ered by fossil fuel. Cooling water constitutes the major water demand at such a plant.
(Image courtesy of Phillips and Sanders.)
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2.1.1 Once-Through Cooling

Plants using once-through cooling generated more than 30% of electricity sup-

plies in the United States in 2011 and represented almost 70% of water withdrawals

by power plants [1]. These plants withdraw large amounts of water from rivers, lakes,

ponds, and groundwater wells and pass it through tubes of a condenser to cool the

passing steam from the boiler as it exits the turbine. The steam cools and returns

back into boiler water for use in generating electricity once again. The cooling water

then returns to the environment at an elevated temperature [14].

Plants using once-through cooling withdraw a significant amount of water but

directly consume little to no water [16]. Because of the large diversions, concerns exist

over the impact to the environment, especially to aquatic organisms [4]. Power plant

cooling withdrawals can inadvertently pull organisms into the system or against water

intake screens [4]. Elevations in temperature can cause destruction of vegetation or

increased oxygen depletion and algae growth [17]. Temperatures can also strain the

temperature range tolerance of organisms, sending the wrong temperature signal to

species in the area and allowing life stages to shift out of sync with normal cycles [17].

The policy- and drought-related implications of these cooling structures are discussed

in later sections.

2.1.2 Wet-Recirculating Systems

Wet-recirculating systems use cooling towers or cooling ponds to dissipate heat

from cooling water to the atmosphere, reusing the cooling water multiple times in the

process [4]. In a wet-recirculating system, water is only withdrawn from a water body

to replace cooling water lost through evaporation in the tower or pond, so the systems

have relatively low water withdrawal but much higher water consumption compared
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to once-through cooling systems [15]. Power plants using wet-recirculating systems

supplied more than 60% of the electricity generated in the United States in 2011.

Wet-recirculating systems are usually less vulnerable to the environmental

temperature concerns that once-through power plants face due to evaporation of

hotter water from the system before discharge. However, some power plants using

wet-recirculating ponds might still be susceptible to issues involving high effluent

discharge temperatures.

Due to changes in cooling technologies, power plants have become more effi-

cient in water use. In 1950, thermoelectric power plants withdrew about 63 gallons/

kilowatt-hour (gal/kWh); in 2009 thermoelectric power plants withdrew about 25

gal/kWh [18]. However, many power plants are still vulnerable to water availability

issues. In 2010, the National Energy Technology Laboratory (NETL) released a re-

port highlighting vulnerabilities in the fleet of coal plants across the United States [9].

The study found about half of the vulnerable plants (53%) use once-through cooling

systems, and half (47%) use recirculating systems [9]. The water sources identified

in the study varied among once-through cooling power plants, but most vulnerable

plants relied on fresh water. Most vulnerable recirculating cooling plants relied on

cooling towers, and the highest incidence of vulnerability occurred at plants employing

forced or induced draft cooling towers.

2.1.3 Alternative Cooling Technologies

Some operators have turned to alternative cooling technologies to lower water

withdrawals and consumption at power plants. Dry cooling and hybrid cooling are

among the more common technologies employed. Limiting water use at thermoelectric

power plants could reduce the impact to the environment associated with withdrawal

and consumption [4]. Power generation by these low water use technologies could
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offset power generation from more water intensive technologies and reduce overall

water use [19]. However, these technologies come at higher costs and with cooling

efficiency losses that could result in higher electricity consumption.

2.1.3.1 Dry Cooling

Dry cooling systems use little to no water, but capital costs could be about 3-4

times as much as wet tower or pond systems, depending on the size and type of the

system [16]. Moreover, because air is a less effective medium for cooling than water

is, dry cooling plants cool at a lower efficiency than wet cooling plants do and are

less effective at high temperatures [16]. This reduced cooling translates to an energy

penalty of about 2-7% depending on the ambient temperature in the area [16]. Despite

the increased cost and lower efficiency, many areas have installed dry cooling plants

because the benefit of lower dependence on water outweighs the other consequences.

About six hundred power plants around the world use dry cooling, in both hot and

cold climates [17].

2.1.3.2 Hybrid Cooling

Hybrid cooling plants employ a combination of wet and dry cooling. Often

dry cooling plants integrate water nozzles the system can use when water supplies are

available and in hot temperatures when dry cooling would less efficient [17]. Some

hybrid systems can also operate both cooling systems in unison to increase cooling

efficiency.

Each cooling technology presents some challenges for efficient water cooling

or effective water withdrawal or consumption. The table below displays the main

differences between the four cooling technologies discussed in this chapter, including

the advantages and disadvantages.
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Table 2.1: The table outlines the main advantages and disadvantages of four types of
cooling systems used for thermoelectric power generation.

Cooling system Advantages Disadvantages
Once-through/ • Low water consumption • Fossil fuel and nuclear have
Open-loop • Mature technology 20-80 times higher water

• Lower capital costs withdrawals compared to
than other technologies wet re-circulating

• Impact on ecosystem
• Exposure to cooling water

intake, thermal discharge
limits

Wet-recirculating/ • Significantly lower water • Higher water consumption
Closed-loop withdrawal than once- than once-through

through • Energy penalty: Lower
• Mature technology power plant efficiency

than once-through
• 40% higher capital cost

than once-through
• Greater land requirements

than once-through
Dry • Zero or minimal water • 3-4 times higher costs

withdrawal and than for wet re-circulating
consumption or once-through cooling

• Little to no vulnerability • Energy penalty: Reduces
to water availability, average generation by
temperature limits, about 2-7%, especially
cooling intake constraints when ambient

temperatures are high
• Large land area

requirements than other
technologies

Hybrid • Lower capital cost than • Higher capital cost than
dry cooling wet re-circulating

• Reduced water • Limited technology
consumption compared experience
to wet re-circulating • Energy penalty: Lower

• No efficiency penalty on power plant efficiency
hot days compared to wet than once-through
re-circulating and wet-recirculating

• Operational flexibility
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2.1.4 Water Use by Cooling Technology

Due to high power production in the state, Texas diverts much of the water

used for power in the United States—about 14% of total water withdrawals for power

and about 4% of water consumed while consuming 12% of national energy generated.

To generate almost the same amount of power, Texas power plants withdraw almost

four times as much water for power than the combined withdrawals of power plants in

Arizona, California, Colorado, Nevada, and New Mexico. Much of these high water

withdrawals depend on the cooling technology used at power plants in the state. The

most common cooling types, relative to the amount of power generated, are cooling

towers, once-through systems, and cooling ponds. Of the plants that use water for

cooling in Texas, much of the withdrawals come from those power plants using once-

through technologies or recirculating cooling accompanied by a pond. Power plants in

Texas with cooling ponds also represent a greater percentage of state power generation

than the same types of plants do in other regions of the country. In other regions of the

country, withdrawals occur more often at once-through cooling plants, and, to a lesser

extent, at those plants using a combination of open-loop cooling and recirculating.

In 2011, power plants using water for cooling generated about 80% of power

produced in the nation. Texas and Northeastern states mirrored national totals,

generating just over 80% of regional power at power plants that require water for

cooling. Meanwhile, the same types of plants in Southeastern states generated close

to 90% of regional power, and, in the Southwest, these plants generated about 70%

of regional power. This distribution shows the heavy reliance on water for power

generation across the nation.
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Figure 2.2: Surface water provided almost 99% of water withdrawn and about 88% of
that consumed by power plants in the United States in 2011. Groundwater provided
about 10% of water consumed, but less than 1% of water withdrawn [1].

2.2 Water Sources Used for Cooling in the United States

Most power plants report use of surface water for cooling [1]. Surface water use

provides almost 99% of withdrawals and about 88% of consumption [1]. About 30%

of those surface water withdrawals come from saline water sources [12]. Power plants

rely more on groundwater, municipal effluent, and other sources for consumptive

needs than for withdrawals. In 2011, groundwater provided 10% of consumed water,

but only 0.3% of water withdrawals.

Choice of water source can lead to vulnerabilities at certain power plants. In

a study of vulnerable power plants, NETL found that most vulnerable power plants

rely on surface water for cooling. Of the vulnerable coal power plants that use once-

through systems, about 95% use surface water, 2% use groundwater, and 3% use

municipal or recycled water [9]. Of the vulnerable plants that use recirculating sys-
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tems, about 70% use surface water, 16% use groundwater, and 13% use municipal

or recycled water. Because surface water storage changes with the amount of pre-

cipitation a region receives, dependence on declining lakes, reservoirs, or ponds could

lead to reduced power generation at associated power plants. Similarly, some plants

withdraw groundwater from aquifers that have experienced declining water levels in

the same portion of the aquifer upon which the power plant relies [9]. Dependence on

declining water aquifers could lead to water availability issues at these power plants.

2.2.1 Water Use by Cooling Water Source

Texas power plants, like most of the rest of the nation rely on surface water

for cooling. In the Southwest, however, where water availability and stringent water

policies can restrict surface water use, power plants might seek other sources. South-

western power plants report about 26% of water withdrawals from sources other than

surface water. These plants might use groundwater, plant discharge (often treated

effluent from a nearby wastewater treatment plant), or other water which might in-

clude municipal water, storm water runoff, or seawater from the Pacific Ocean. While

most plants in the Eastern United States withdraw fresh surface water for cooling,

some power plants in the Northeast rely on ocean water for their cooling.

Table 2.2: The table shows water withdrawals at power plants in the United States in
2011 by water source. Water withdrawals for power depend largely on surface water.
(Data were extracted from [1]).

US Texas Southeast Southwest Northeast
Surface 98.7% 99.7% 99.7% 74.0% 99.9%
Ground 0.3% 0.1% 0.2% 1.9% 0.0%

Plant Discharge 0.1% 0.2% 0.1% 1.8% 0.0%
Other 0.9% 0.0% 0.0% 22.2% 0.0%
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2.2.2 Water Use by Cooling Water Type

As with surface water, most power plants in the United States rely on fresh-

water for withdrawals and consumption. Texas relies more heavily on freshwater

than other states do, withdrawing about 87% of its water for power from fresh water

sources, meaning only about 13% of surface water withdrawals in the state are from

brackish, saline, or municipal effluent sources. In contrast, in the Southwest, only

about 4% of water withdrawn comes from fresh water sources while 71% of water

withdrawals originate from other sources. In California, this distinction might be

partially due to a policy that requires plants to source all other types of water before

applying for a permit to use fresh water in the state.

Table 2.3: The table shows water withdrawals at power plants in the United States
in 2011 by source water quality. On average, power plants withdraw fresh water more
than other water sources, especially in Texas. However, in the Northeast, and even
more so in the Southwest, power plants rely on other sources including saline and
brackish water. The data are also visualized in Figure 2.3. (Data were extracted
from [1]).

US Texas Southeast Southwest Northeast
Fresh 77.8% 86.6% 72.1% 4.4% 55.2%
Saline 11.4% 2.6% 16.3% 71.0% 18.9%

Brackish 9.5% 8.2% 11.5% 0.5% 25.8%
Reclaimed Water 0.1% 0.2% 0.1% 1.8% 0.0%

Other 1.2% 2.4% 0.0% 22.3% 0.0%

Other factors, including fuel type, combustion technology, and changes in cli-

mate, might affect the amount of water a plant will withdraw or consume. The age

of the plant, the thermal efficiency of the plant, and the age of the cooling system

might also influence water use at power plants [20].
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Figure 2.3: The figure shows water withdrawals at power plants in the United States
in 2011 by source water quality. On average, power plants withdraw fresh water more
than other water sources, especially in Texas. However, in the Northeast, and even
more so in the Southwest, power plants rely on other sources including saline and
brackish water. The data are also displayed in Figure 2.3. (Data were extracted
from [1]).
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2.3 Water Use by Generation Technology and Fuel Type

In addition to cooling technologies, fuel type and power cycle can also affect

water withdrawals and consumption. The United States relies heavily on coal, natural

gas, and nuclear resources for power generation. These facilities often employ steam

electric generating processes and require large quantities of water for cooling. The

maximum water consumption per unit electricity often occurs in low-carbon emitting

technologies using cooling towers [20].

2.3.1 Steam Turbines

Traditional steam electric power plants employ a steam turbine to turn heat

into mechanical energy [14]. The idealized process is described by the Rankine Cycle.

The plants burn fossil fuels to boil water, pressurizing steam enough to rotate a

generator and produce electricity. In a typical steam cycle, thermoelectric generation

relies on a fuel source to heat water to steam used to drive a turbine and generate

electricity [15]. Steam exhausted from the turbine is condensed by the flow of cooling

water and recycled to a steam generator or boiler for reuse in generating electricity

[15].

2.3.2 Gas Turbines

Gas turbines do not require water. Rather, air is pulled in and compressed.

Natural gas or low-sulfur fuel oil is burned to ignite the air. The air expands as

it’s heated to temperature of more than 1000 ◦C, producing a high temperature,

high pressure gas stream that enters and expands through the turbine, spinning the

rotating blades [14,21,22]. The blades draw more pressurized air into the combustion

section and turn the generator to produce electricity [14,22,23]. The idealized process

is described by the Brayton Cycle. In practice, natural gas-fired combustion turbines
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are generally used to meet peak electricity load [24].

2.3.3 Combined Cycle Gas Turbines

A combined-cycle natural gas power plant employs both a gas turbine and a

steam turbine. A heat recovery system pulls the excess heat from the gas turbine’s

exhaust to power a steam turbine, producing additional electric power. This added

output means combined-cycle plants have a higher thermal efficiency than plants

employing gas or steam turbines alone. Though the smallest water withdrawals result

from non-thermal renewable technologies, among thermoelectric power plants, natural

gas combined cycle plants have the lowest water demand [2, 20]. These power plants

have the highest water use efficiency of fossil-based electricity-generating technologies

because the steam cycle is only responsible for part of the overall electricity generation

process in combined cycle systems, so generation is less water intensive in these power

plants than in plants using steam only generating units [19].

2.3.4 Water Use at Coal Plants

In 2011, coal-fired plants generated about 27% of the nation’s energy while

capturing about 28% of the nation’s water withdrawals and 18% of consumption.

The fuel’s domestic abundance makes it cheap and dependable. However, due in part

to increased coal taxes, more stringent environmental regulations, and cheaper fuel

alternatives, the fraction of coal generation has decreased in recent years [25].

In 2011, coal plants required about 28% of the nation’s water withdrawals for

power to produce about 27% of the nation’s coal power but varied in water with-

drawal and consumption levels across the nation [1]. Texas coal plants withdrew and

consumed water at disproportionately high levels compared to the rest of the nation.

In Texas, coal-fired power plants produced only 33% of power for the state, but with-
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drew about 42% and consumed about 56% of water used for cooling in the state [1].

In contrast, coal plants in the Southwest withdrew only 2.5% but consumed more

than 45% of regional water used for power to produce more than 20% of the region’s

power [1].

2.3.5 Water Use at Nuclear Plants

Nuclear plants require large water withdrawals for cooling, especially those

that depend on once-through cooling technologies. In 2011, nuclear energy accounted

for around 18% of U.S. power generation, but about 32% of withdrawals and 36%

of water consumption [1]. Nuclear plants in Texas produced only 9% of power but

withdrew more than 23% of water withdrawn by power plants [1]. These plants

consumed less than 10% of the state’s water for power, though. Nuclear plants in

other parts of the Southern United States behaved similarly, withdrawing more than

54% of regional water for power in the Southwest to produce about 14% of the region’s

power and over 34% of water for power in the Southeast to produce about 21% of the

region’s power [1].

2.3.6 Water Use at Natural Gas Plants

Natural gas plants require less water than plants using other fuels. U.S. plants

generated about 22% of power at natural gas plants, withdrawing about 11% and

consuming about 14% of national water used for power [1]. The Texas power mix

in 2011 heavily depended on natural gas, at about 47% of power generated for the

state. These facilities only withdrew about 30% of water and consumed about 36% of

water used for power [1]. Similarly, Northeastern states withdrew about 3% of water

diverted and consumed about 11% of their water consumed for power to produce

21% of the region’s power [1]. In contrast, natural gas plants in Southeastern states
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recorded higher water consumption levels than other regions while natural gas plants

in Southwestern states recorded higher withdrawals than other regions. Overall, nat-

ural gas power plants withdraw and consume less than coal or nuclear plants. Natural

gas facilities, including both steam and combined cycle power plants, generated 22%

of America’s electricity in 2011 while drawing only 11% of withdrawals and 14% of

consumption [1].

2.3.7 Water Use by Renewable Resources

Renewable energy technologies such as wind turbines and photovoltaic (PV)

panels use little or no water and emit no carbon pollution in producing electricity [26].

Wind and PV panels might require water for cleaning, though industry practices

indicate more operators do not wash the panels. However, not all renewable energy

sources use less water than fossil fuel generators [26]. Hydroelectric facilities with

associated reservoirs have evaporative losses. Thermal renewable technologies such

as geothermal, biomass, and some concentrating solar plants rely on recirculating

cooling systems. Some withdraw more water per unit of energy than coal or nuclear

plants. As shown in Table 2.4, the average concentrating solar power plant using

closed-loop cooling towers withdraws more water per unit of energy than the average

coal-fired power plant with closed-loop cooling towers [26].

A summary of the average water withdrawals and consumption for power

plants using various fuel sources and either open-loop and closed-loop cooling is shown

in Tables 2.4 and 2.5.
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Table 2.4: The table shows water withdrawals based on cooling type and fuel as
reported originally in [2]. The error associated with these estimates is not included in
this reprint. Natural gas combustion turbine, solar PV, and wind all have negligible
water withdrawals. Of those fossil fuels that withdraw water, natural gas combined-
cycle uses the lowest amount of water.

Cooling Technologies – Water Withdrawal [m3/MWh]
Open-Loop Closed-Loop Closed-Loop Hybrid Air

Reservoir Cooling Cooling Cooling
Tower

Coal 132 1.7 2.1 between <0.4
Nuclear 161 3 3.6 between <0.4

Nature Gas negligible negligible negligible negligible negligible
(Combustion

Turbine)
Natural Gas 52 0.6 0.9 between <0.4

(Combined-Cycle)
Integrated not used not used 1.5 between <0.4

Gasification
Combined-Cycle

Concentrated not used not used 3.2 between <0.4
Solar Power

Photovoltaic Solar negligible negligible negligible negligible negligible
Wind negligible negligible negligible negligible negligible

2.4 Risks to Operability

2.4.1 National Climate Outlook

Power plants across the United States have encountered water and tempera-

ture constraints that led to decreased operability. Drought in the Southeastern states

during 2007 and 2008 posed a risk to baseload thermoelectric generation facilities [15].

Perpetual drought and increased temperatures in Texas caused certain thermoelectric

facilities to dial back electricity generation in recent summers while extraordinarily

low temperatures shut down power plants in the state and in the Southwest in Febru-

ary 2011. Major climate issues causing vulnerability across the United States could

be exacerbated by low water levels and high temperatures. Climate predictions show
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Table 2.5: The table shows water consumption based on cooling type and fuel as
reported originally in [2]. The error associated with these estimates is not included in
this reprint. Natural gas combustion turbine, solar PV, and wind all have negligible
water consumption. Of those fossil fuels that consume water, natural gas combined-
cycle uses the lowest amount of water.

Cooling Technologies – Water Withdrawal [m3/MWh]
Open-Loop Closed-Loop Closed-Loop Hybrid Air

Reservoir Cooling Cooling Cooling
Tower

Coal 1.1 1.5 1.8 between <0.2
Nuclear 1.5 2.4 2.7 between <0.2

Nature Gas negligible negligible negligible negligible negligible
(Combustion

Turbine)
Natural Gas .4 0.5 0.7 between <0.2

(Combined-Cycle)
Integrated not used not used 1.3 between <0.2

Gasification
Combined-Cycle

Concentrated not used not used 3.2 between <0.3
Solar Power

Photovoltaic Solar negligible negligible negligible negligible negligible
Wind negligible negligible negligible negligible negligible

this trend are likely to worsen in the coming years [27, 28]. According to the 2014

Intergovernmental Panel on Climate Change, global mean surface temperatures dur-

ing each of the last three decades have been warmer than any preceding decade since

1850 [28]. The panel also reported that the mean surface temperature between 2016

and 2035 will likely be 0.3 ◦C to 0.7 ◦C warmer than surface temperatures were be-

tween 1986 and 2005 [28]. Similarly, the surface temperatures between 2081 and 2100

will likely be more than 1.5 ◦C warmer than surface temperatures were between 1850

and 1900 [28]. The report also asserted that, over most areas on the Earth, there will

be more frequent hot temperature extremes and fewer cold temperature extremes on

both daily and seasonal timescales [28].
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Figure 2.4: The figure shows total freshwater withdrawals in 1995 as a percentage of
available precipitation. Withdrawals exceed availability most often in western states,
especially in southern California, southwestern Arizona, the panhandle of Texas, and
southern Idaho [4].

2.4.2 Water Supplies and Shortages

Precipitation is a major source of water for the nation, filling reservoirs and

forming snowpack that later melts to support river systems. Variation in timing

and location of precipitation affects water availability and water storage and could

exacerbate drought. The long-standing impacts of variation in precipitation often

inhibit water use. What’s more, water supply and demand are not geographically

linked. In 1995, 316 counties in the United States were overdrawing water supplies

compared to their recharge in precipitation. Since 1995, demand has not decreased in

these regions. Many of these same counties, especially those in Southwestern states

and Texas have seen increases in population, but water supplies have not increased.
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Figure 2.5: The figure shows relative streamflow in the United States on August
8, 2013. Streamflow varies seasonally and regionally. On this date, much of the
country’s water supplies resided between 25% and 75% of capacity, Texas and the
western states still had the lowest water levels, and rivers in Kansas and Missouri
were overflowing [5].

Major reservoirs were at capacity in 1980; however, since then, water levels

have declined [19]. As shown in Figure 2.5, water levels at various stream gages across

the United States on August 8, 2013. Much of the Northeastern and Midwestern

states saw streamflow levels between 25% and 75% of capacity while some gages

recorded streamflows at or above the 90th percentile in Eastern states. Streams in

Kansas and Missouri were at abnormally high levels after the states received 15 inches

of rain [29]. Meanwhile, stream gages in western states recorded levels of 10% or lower.

The same regions of low precipitation in August 2013 coincide with the areas of high

withdrawal and low water availability in 1995. Groundwater levels in many areas

across the country have also declined substantially [19].

Reduced precipitation, earlier snow melt, increased evaporation, and increased

water use by industries and growing populations could all cause reservoir levels to
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decline. These water constraints create vulnerabilities for many water use sectors, in-

cluding energy water use and sometimes motivate users to look for alternative sources

like diverting wastewater. However, while diverting wastewater effluent from return

flows for consumptive use reduces water withdrawals, the diversion does not reduce

water consumption [19].

Much of the nation relies on water storage to fulfill its water supply needs.

When storage wanes, the region might feel the impacts of low water availability.

Fluctuations in precipitation, coupled with increased drought have resulted in lower

than normal flows along the Colorado River. Predicted flows for April-July in this

main-stem of the west were around 42% of average [15]. Lake levels along the river

are visibly lower; storage in Lake Powell has decreased to 47% of normal levels while

storage in Lake Mead has lowered to 49% [15]. Despite these low levels, the United

States Bureau of Reclamation, one of the river’s largest power suppliers still met all

of its electricity contracts [15].

For many rivers, during cold months, water is stored as snowpack; in warmer

months, when the snow melts, water is then delivered downstream. For example,

snowpack provides about 75% of the water supply in western states [19]. Fluctuations

in weather patterns can adversely affect snowpack, harming water storage and flows

for the entire region. Warmer temperatures might cause rain instead of snow or earlier

snow melt and lower flows later in the year. In the past 50 years, spring snow pack has

decreased by 11% and peak stream flow has occurred about 10 to 40 days earlier [19].

In drought periods, man-made lakes are more at risk than natural reservoirs

because often only a single river or stream rather than multiple streams and natural

aquifers feeds these lakes [19]. Certain areas like Texas where almost every lake

is man-made might see higher instances of drought or worsening effects of existing
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droughts due to heavy reliance on man-made lakes. Many of these lakes support

electricity generation, whether as cooling reservoirs for thermoelectric power plants

or as storage for a hydroelectric dam. Lower flows or increased evaporation due to a

changing climate could adversely affect electricity generation at these reservoirs.

2.4.3 Drought

Drought originates from an extended period, often a season or more, of scarce

precipitation [6]. Drought is often referred to as a creeping phenomenon because of

its slow but substantial effect. The impacts of drought vary across regions depending

on climate and human interaction. Human demand on water supplies often intensifies

the effects of drought.

While drought conditions often vary in strength and duration, some part of

the country is in drought at any given time during the year [6]. Shown in Figure 2.6

are drought conditions during the first week of July for each of the last ten years.

The Southwestern states and Texas suffer severe, extreme, or exceptional droughts

more frequently than other areas of the nation. Northeastern states often experience

abnormally dry or moderate drought. Southeastern states have suffered more intense

droughts in recent years.

Frequent or intense droughts can build on each other, leaving long-term im-

pacts, and the repercussions of droughts are difficult to remedy. In a drought, the

average amount of precipitation might not change. Instead, the region might expe-

rience longer or more frequent periods of little to no rain followed by large storm

events [30]. A flood does not fix a drought. During the periods without rain, the

air, land, and plants become dry. The dry land cannot store heavy rains, often leav-

ing supplies unchanged despite the influx of precipitation [30]. Therefore, even if

precipitation levels do not decrease, if rain events occur in higher amounts at lower
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Figure 2.6: The figure shows drought conditions in the United States in July be-
tween 2004 and 2013. Drought intensity has varied over the past decade. However,
drought impacts certain regions more often than others. Southwestern states have
suffered drought each summer while Northeastern states only experience abnormally
dry conditions every few years [6].
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frequencies, water supplies could decline, potentially leaving power plants that rely

heavily on surface water without adequate supplies.

2.4.4 Elevated Atmospheric Temperatures

The Environmental Protection Agency (EPA) has assembled yearly tempera-

ture since 1900 and determined that the average temperature across the continental

United States has risen by an average 0.08 ◦C per decade. Since 1970, the average

per decade has risen by approximately 0.20-0.31 ◦C per decade. Temperatures have

been significantly higher since 1998; seven of the 10 warmest years on record occurred

in that period.

These increasing temperatures could adversely affect cooling processes at ther-

moelectric power plants. Efficient cooling relies on a large temperature difference

between the cooling water and the steam. The hotter the cooling water at intake, the

less efficient the process. There is a correlation between increasing intake tempera-

tures and increasing water use per unit of electricity generated, possibly due to the

decreased efficiency of the cooling process [25].

Predicted warming from heat waves, droughts, or possible change in climate

might increase ambient air and river water temperature (two of the primary factors

affecting temperature of effluent as it exits the power plant [31]) that could trigger

curtailment of electricity generation due to lack of adequately abundant and/or low

temperature cooling water. Because both air and water temperatures are affected

by solar radiation, increases in air temperature are a good indicator for increases

in cooling water inlet temperature [31]. The amount of moisture in the air and

the speed of wind flowing over the lake or pond surface affects evaporation from

the water body, which lowers water temperatures but also lowers water levels [31].

Because evaporation of the hot water from a lake or pond cools the body of water,
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a change in wind speed might also change the temperature of the influent cooling

water [27]. In summary, a month with high air temperature and low wind speed

might have a higher potential for electricity curtailment due to the high influent

water temperatures (due to reduced surface water evaporation) translating to higher

effluent water temperatures (assuming the same heat transfer in the condenser).

Climate estimations provided by Pacific Northwest National Laboratory (PNNL)

and Argonne National Laboratory predict monthly temperatures increasing slightly

over the next thirty years [27]. With increased temperatures and population growth

predicted for the future, stress on power plants and cooling water sources will most

likely increase resulting in high power demands and low water levels while the power

plants in the area experience lower efficiencies as a result of hotter air and water

temperatures.

2.4.5 Changes in Energy and Water Demand

In addition to changes in climate, increasing population that yields increasing

water and energy demand create implications for thermoelectric power generation and

cooling. In the last decade, the largest population growth occurred in the Southwest

and Texas, the most drought-prone areas of the country. These regions also have

the highest instance of drought and higher instance of water shortages compared to

population growth.

Changes in population, like changes in climate, can significantly affect power

generation. Population increases result in increases in energy and water demand,

causing strain on both resources. The need to produce more electricity creates an

even larger strain on water resources if that electricity comes from thermoelectric

or hydroelectric power [25]. The increased strain on energy and water resources,
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possibly coupled with increased drought and higher temperatures could have far-

reaching implications for power generation.

2.5 National Policy and Decision-Making Framework

2.5.1 Surface Water Allocation

While the EPA governs water quality issues, the United States does not have

a national agency to govern water supplies or water allocation. Various agencies can

cover different water allocation issues depending on area of influence. Because water

issues vary locally or regionally and because the United States does not possess a

national water policy, water resources policies vary from state to state [32]. States

often have a variation of either the Riparian Doctrine or the Doctrine of Prior Appro-

priation, though some states combine elements of both systems into a hybrid water

policy. These differences in policies affect how and where power plants get there wa-

ter including whether new power plants will be able to source water for their cooling

needs and whether a power plant under drought or heat wave conditions could find

more water to supplement its supply.

2.5.1.1 Riparian Doctrine

The Riparian Doctrine, also called the common law doctrine, links water use

to land ownership [8]. Under this system, owners of land bordering waterways have a

right to use water that flows past the land for any reasonable purpose. All landowners

have equal right to use the water, and no one gains a greater right through prior use.

Therefore, in a drought, users share the shortage in proportion to their rights [32].

Because land ownership defines the right, water users may not buy or sell

water rights [8]. The riparian right changes ownership when land changes ownership.

Unlike the Prior Appropriation Doctrine, a person with a riparian right to water does
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Figure 2.7: Average water withdrawal per power plant in differs across regions relative
to water availability, water requirements, and water policies. The figure shows the
difference in average water use at power plants in areas of Riparian, Prior Appropri-
ation, and Hybrid or Other Doctrine. Power plants in riparian states withdraw more
water than those in states with more stringent water policies. Power plants in hybrid
or other states behave similarly to power plants in prior appropriation states [1].

not lose that right by not using the water. A water right holder can begin or end

using the water as needed. In some states, known as regulated riparian states, water

is tracked. Users must apply for a permit to withdraw water. Some regulated riparian

states allow transfer of water rights upstream to other riparian users.

The Riparian Doctrine is used in eastern states. Due to the relative lack of

regulation on quantity of water withdrawn, power plants in riparian areas have less

issues finding and using surface water for cooling than power plants in areas with

prior appropriation policies as discussed later in this section. As a result, open-loop

cooling, with its higher generating efficiency and higher water withdrawal, is more

prevalent in these areas. Power plants in riparian states withdraw and consume more

water per power plant on average compared to power plants in other states.
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Regulated Riparian Doctrine

Most Southeastern states follow the Riparian Doctrine, often with some varia-

tion, sometimes including reasonable use standards, but usually including some form

of regulation where states might require registration of all water withdrawals or of

withdrawals that exceed a certain threshold. For example, all water users in Alabama

must register planned water use with the Alabama Office of Water Resources. Non-

public water users with the potential to withdraw more than 100,000 gallons per day

(gpd) on average must report water usage and legal right information to the state [33].

While the state has no state policy regarding water use by power plants, Alabama

requires power plant developers to obtain water permits through the Alabama Office

of Water Resources, the state agency that regulates water supply [4].

In Georgia, power plants, like all other users, must apply to the state permit-

ting agency for a permit to withdraw water [32]. The state does not limit the amount

of water riparian users can withdraw, but users must apply for and receive a water

permit from the Georgia Environmental Protection Division. Courts in the state re-

solve water disputes. Water users who withdraw more than 100,000 gal per day for

public, industrial, commercial, and power water use must provide information to the

state regarding their legal rights to the water and their actual usage [33]. Because

few power plant developers submit applications for water use in Georgia and because

Georgia Environmental Protection Division staff work with developers to mitigate

water concerns prior to permit approval, the division has never denied a power plant

developer a water withdrawal permit due to insufficient water [4].

In South Carolina, landowners holding riparian rights can withdraw unlimited

amount of water as long as they put that water to a reasonable use. The state requires

registration of large water withdrawals and, in areas of strained water supplies called
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capacity use areas, the state requires permits for large water withdrawals [34]. In most

situations in the state, water is viewed as common property, though some situations

allow ownership of water [35]. Regardless of status, water is available for reasonable

use in the state without ownership [35]. South Carolina also allows for transfer of

riparian rights from a downstream riparian owner to an upstream user [35].

The court case Webster v. Fleming outlined identified riparian water law for

rivers and lakes in Tennessee and established a clause protecting the water body from

overuse or impairment by one riparian user [36]. The Water Resources Information

Act of 2002 requires registration of surface and groundwater withdrawals of 10,000

gpd or more. The law does not require reporting of consumptive use. The state

allows inter-basin transfers between 10 designated basins through the Inter-basin

Water Transfer Act, passed in 2000. The Tennessee Department of Environment and

Conservation (TDEC) requires permits for all transfers and considers this water use

100% consumptive [34].

Delaware, Georgia, Iowa, Kentucky, Maryland, Minnesota, New York, New

Jersey, South Carolina, and Wisconsin have statewide withdrawal permits.

Reasonable Use Riparian Doctrine

Most Northeastern states follow reasonable use riparian water governance. A

landowner adjacent to a stream can legally withdraw an unlimited supply of water as

long as the landowner puts the water to a beneficial use, but the landowner must take

into account how that water use will affect other users downstream and the well-being

of the water body.

Courts established riparian water law in Connecticut and Ohio. Page Motor

Co. v. Baker identified the Riparian Doctrine and required landowners to take into
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account the landowner’s advantage in using the water, and the disadvantage to other

water users, and social utility [37]. City of Canton v. Shock (1902) laid out the

Riparian Doctrine in Ohio [38].

New York follows a reasonable use Riparian Doctrine, though some of the

restrictions might classify it as a regulated riparian state [39]. New York requires

permits for withdrawals of 100,000 gpd or more for public water supplies with five or

more service connections and for commercial, manufacturing, industrial, and other

purposes [40].

Total water withdrawal in Pennsylvania approaches about 10 billion gpd, with

most of that withdrawal from thermoelectric power plants [41]. Pennsylvania fol-

lows the Riparian Doctrine where water use by landowners adjacent to a stream is

considered reasonable, but transfer and use of the water off the riparian property is

considered “unreasonable per se [42]. Municipalities can withdraw water from outside

their boundaries, but must replace water supplies affected by their withdrawal [42].

The Water Resources Planning Act of 2002 established a statewide program for reg-

istering and reporting withdrawals of more than 10,000 gpd over a thirty-day period.

Users withdrawing less than 10,000 gpd can voluntarily register their withdrawals for

inventory purposes [41].

Overall, Riparian states in the east rely more heavily on water for cooling.

Riparian states in the Northeast use dry cooling and hybrid cooling for part of the

region’s power generation, but much of the power supply in the region still requires

wet-cooling technologies. The EIA records the highest percentage of power generation

at wet-cooled plants in riparian states in the Southeast.
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2.5.1.2 Prior Appropriation Doctrine

In the Doctrine of Prior Appropriation, right to water is based not on land

ownership but on the point in time when the right was acquired [8]. The system is

often simplified as “first in time, first in right” because, upon application, a permitting

authority gives a water right holder a priority date and an allocation amount that

resides with the water right as long as it remains valid. Thus, water shortages fall

on those who last obtained a legal right to use the water unlike riparian water law

where shortages are shared equally among landowners adjacent to the water source.

Moreover, since water rights are not tied to land ownership, they can be bought, sold,

or transferred.

The doctrine of prior appropriation developed in western states where water

scarcity led to the need for allocation. Because of this scarcity, water rights only al-

low the owner to use water in a specific basin, and many states have policies against

transfers between basins. Furthermore, users must prove their rights are being exer-

cised and put to a beneficial use for the rights to remain valid. Otherwise, a right

can be deemed abandoned or terminated.

If a power plant attains an older or “senior” water right, its water supply is

unlikely to be interrupted. In contrast, a power plant with a newer or “junior” water

right might not receive its water if drought reduced surface water supplies. Due to

scarce water supplies and more stringent water policies in prior appropriation states,

power plants in many of these states are encouraged to find other sources of water

(brackish, seawater, groundwater) or to choose cooling or generating technologies

with a lower water footprint.

For most rivers in Texas and the Southwestern U.S., water permitting author-

ity resides with a state agency or official. For example, in Arizona, the Department
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of Water Resources issues permits for surface water use [4]. In New Mexico, the state

engineer issues these permits. However, many conflicts have arisen over water alloca-

tion from the Colorado River because it traverses much of the Southwestern United

States, providing millions of gallons of water to users in these states [32]. The federal

government has intervened through legislation, executive orders, and Supreme Court

decisions in attempts to divide the waters of the Colorado equitably. The United

States Bureau of Reclamation now issues permits for water use from the Colorado

River.

All of the surface water rights in Texas are held in a trust for the people

and are administered by the Texas Commission on Environmental Quality with two

exceptions [43]:

1. the state of Texas allows riparian use of water along streams and rivers for

domestic and livestock purposes [43], and

2. water rights in the Middle and Lower Rio Grande are distributed through the

Falcon-Amistad system based on the result of a 1969 court case and interna-

tional treaty [44].

Under this system, priority for water below Amistad dam is given to all municipal

accounts [44]. The water balance for municipal users is reset each year. On the other

hand, irrigation accounts must rely on balances carried forward as their accounts are

not reset each year. If surplus water supplies are identified within the Falcon-Amistad

system, water is allocated to irrigation accounts on a monthly basis. Upon use, the

amount of water is subtracted from the user’s account [44]. Despite having the more

stringent doctrine of Prior Appropriation, Texas power plants behave more like their

Eastern counterparts than like those in the Southwest where Prior Appropriation is
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Figure 2.8: Water governance in the United States is divided mainly between Eastern
States which abide by the Riparian or Regulated Riparian Doctrine and Western
States which abide by Prior Appropriation or a hybrid system of water use. Data
extracted from [7,8].

also the dominant water strategy. Texas uses water at slightly higher than average

levels for the nation, but relies more on cooling ponds than other states or regions do.

Southwestern States, on the other hand, depend on dry cooling or no cooling more

often than their counterparts do in other states.

2.5.1.3 Hybrid or Other Doctrine

Some states have combination of the riparian and Prior Appropriation Doc-

trines, sometimes referred to as the California Doctrine, because California developed

the system first and most extensively [8]. All other hybrid states originally followed

the Riparian Doctrine and now still honor these rights due to the existence of sig-

nificant riparian claims before the passage of appropriation laws [8]. Each hybrid
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state has its own water policies and varies in the extent to which Riparian or Prior

Appropriation Doctrines are applied.

The state of California does not require a permit for riparian water use. Own-

ership of land bordering a water source guarantees right to the water senior to that

of any other appropriative right [4]. A water user applying for an appropriative right

to state water must prove that the user will put the water to a beneficial use [4]. In

addition to California, Nebraska and Oklahoma follow a combination of both Prior

Appropriation and Riparian Doctrine [7]. Other states have discontinued riparian

rights, but allow domestic users to claim water rights superior to all other rights [8].

Water law in Louisiana and Hawaii began not from riparian or appropriative

roots but from the former kingdom of control. Water law in Louisiana was adapted

from the French Civil Code and now follows pure Riparian Doctrine [8]. Water law

in Hawaii differs from other states in that it combines Prior Appropriation Doctrine

with the system of land tenure from the former Hawaiian Kingdom [8]. The state

now requires water rights to have permits. Once an area is designated as a water

management area, the common law is replaced by water right permitting.

2.5.1.4 Commissions and Compacts

Because watersheds often intersect multiple states, many states have formed

water commissions or compacts to govern their shared water resources [32]. Commis-

sions and compacts include states that possess land in the watershed area and state

that use the water. Commissions and compacts might also include among their mem-

bership agencies of the federal government, such as the United States Army Corps of

Engineers and the United States Bureau of Reclamation, and Indian tribes. Because

commissions involve water settlements between multiple states, disagreements must

be settled at the federal level.
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2.5.2 Groundwater Allocation

Groundwater policies differ across the United States, often as variants of ripar-

ian or prior appropriation [4]. However, unlike surface water policies, groundwater

policies do not vary in regional patterns. Some states separate their groundwater

regulation by whether the water moves in underground streams or percolates through

the soil. Most states follow some form of Reasonable Use Doctrine in groundwater

management. Landowners have the right to use water under their land, but they

must use the water reasonably. In Reasonable Use states, permits might be required

prior to use. In Rule of Capture Doctrine states, landowners have the right to capture

all the water under their land for any use.

Groundwater is unregulated at the state level in certain states, including Al-

abama, California, Illinois, and Texas, though, in some of these states, regional groups

monitor or regulate groundwater use. State issued water permits are required for wa-

ter withdrawals for some or all regions in Arizona, Georgia, and Nevada [4]. In

Louisiana, the Department of Public Works only regulates wells producing more than

50,000 gallons of water per day. In addition to the groundwater use limitations, the

level of restriction in surface water policies could affect groundwater use across the

nation.

2.5.2.1 Water in Underground Streams

In certain states, if groundwater moves in a subterranean stream, the state gov-

erns that water with its surface water. Because proving water flows in an underground

stream is often difficult, this type of governance does not frequently occur. Tennessee

and California both govern underground streams separately from water that perco-

lates, oozes or trickles, through soil. Tennessee applies its Riparian Doctrine to sub-

38



terranean streams [36]. while the State Water Resources Control Board of California

requires permits for withdrawals from underground streams in the state [45].

2.5.2.2 Riparian Doctrine: Reasonable Use, Regulation, and Permitting

Many states view all underground waters as percolating waters or classify them

as percolating unless proven otherwise. In certain cases, courts have established initial

state groundwater regulations, giving deference to the landowner over the state. These

courts applied the absolute dominion doctrine, which treats groundwater as private

property and allows the overlying landowner to withdraw without limit, regardless of

the effect on other landowners. Many states have since modified this doctrine to put

limits on withdrawal that protect all water users or to require permits.

Similar to surface water governance, groundwater rights in Northeastern states

follow the Riparian Doctrine, allowing withdrawal based on land ownership. Most

states provide for reasonable use; a landowner can withdraw groundwater as long as

it will not inhibit the water rights of other landowners. As in other states, court cases

often established the groundwater policies in the Northeast. In New York, where

groundwater follows reasonable use guidelines, a 1900 New York Court of Appeals

held that a transfer of water from the overlying land would be unreasonable if it

harmed other water users [46].

In Ohio, groundwater use had originally followed strict Riparian Doctrine,

allowing for absolute ownership of water under the land without respect for the rights

of other landowners [47]. The court case Cline v. American Aggregates Corporation

established that the right to use water is associated with ownership of the land within

which the water flows and outlined the reasonable use clause, putting pressure on the

landowner to establish a beneficial use for water while protecting the rights of other

landowners to the water under their property [38]. Currently, Ohio County health
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departments issue groundwater withdrawal permits.

Unlike other states, Pennsylvania allows landowners to withdraw percolat-

ing groundwater for natural and ordinary uses regardless of effect on neighboring

landowners [42]. Under this policy, the deepest well and the most powerful pump

wins [42].

While most Southeastern states still follow the Riparian Doctrine for ground-

water withdrawals, each has amended this doctrine depending on water needs in the

state. Alabama, North Carolina, South Carolina, and Tennessee require registration

of groundwater withdrawals [48]. North Carolina, South Carolina, and Tennessee also

require permits in certain circumstances. Georgia, Mississippi, and Kentucky require

permits for all groundwater withdrawals [48]. Florida has completely replaced the

absolute dominion doctrine with groundwater permitting.

Groundwater in most Southwestern states is largely unregulated, though states

advocate reasonable use of groundwater. As in many other states, in California, the

courts established groundwater governance. In the 1903 case Katz v. Walkinshaw,

the California Supreme Court decided that the reasonable use policy that governed

all other waters should also govern groundwater use [45]. With this decision, the

court outlined that water users must take into account the rights of others with land

overlying the aquifer. Prior to this decision, groundwater could be used without

regulation. New Mexico permits groundwater rights at the state level.

2.5.2.3 Rule of Capture

Unlike other drought-prone states, Texas does not incorporate permitting or

reasonable use into its groundwater policy. Groundwater in Texas follows the Rule of

Capture, attributing the right to groundwater to the landowner residing above that
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water and providing that, absent malice or willful waste, landowners can withdraw

as much water as they want without incurring liability even if that withdrawal will

inhibit access to water by neighboring landowners [49]. Few power plants in Texas

rely on groundwater resources as their primary cooling water supply.

2.5.2.4 Regional Groundwater Monitoring and Permitting

Several southern states govern groundwater resources at the regional level,

grouping counties, water basins, or aquifers. Groundwater in Texas remains the prop-

erty of the landowner, but groundwater conservation districts authorized by the Texas

Legislature can protect and manage groundwater resources to maintain supplies in the

area [4]. Groundwater conservation districts have the ability to require permits and

to place restrictions on water withdrawals or well location [4]. Florida, Mississippi,

North Carolina, and Kentucky all have systems for regional groundwater manage-

ment [48]. Florida’s groundwater governance is based on a comprehensive planning

by water management districts. Mississippi requires its joint water management dis-

trict to develop and submit a plan to receive program authority. North Carolina and

Kentucky require local planning relating to public water supply services [48].

While groundwater in Southwestern states is largely unregulated, some states

have developed regional management plans to curtail water waste, specifically in

drought-prone areas. Groundwater in Arizona is largely unregulated except in regions

of the state where groundwater supplies are strained. In these five areas, known as

Active Management Areas, power plants with a capacity of 100 megawatts (MW) or

more must undergo a certification and permitting process [4]. The management area

may require the power plants to minimize water use. Developers of new power plants

with a capacity of 25 MW or greater that plan to use groundwater in a cooling tower

must recycle that water at least 15 times, instead of the normal 3-7 times. In most
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cases in California, a landowner can extract groundwater for beneficial use without a

permit, but courts have adjudicated groundwater rights within certain basins [45].

Northeastern states within the Delaware River Basin Commission (DRBC)

must register groundwater withdrawals that average or exceed 10,000 gpd to register

their wells with the appropriate state agency [9]. The requirement initially targeted

only the areas where drought limited water supplies. However, the DRBC has since

expanded the requirement to include its entire jurisdiction. Under DRBC policies, if

withdrawals by new users interfere with withdrawals by established users, new users

must limit their withdrawals or replace affected supplies.

2.5.3 Drought Response

In 1982, only three states had drought plans [32]. As of 2006, thirty-seven

states now have drought plans. Only two of these states, Ohio and Missouri, include

priority water use by essential, important, and non-essential uses in their drought

plans [32]. For both states, water use by power plants classifies as an essential use

and would be unrestricted or less restricted during drought. Connecticut, Indiana,

and Maryland also classify non-essential water uses, but not essential uses. States

like Texas that already operate under a prior appropriation system might adjust

their priorities in drought. Examples of state responses to drought are included in

the following sections.

In Texas, the Texas Commission on Environmental Quality (TCEQ) requires

an applicant desiring a new or additional appropriation of water to submit a water

conservation plan that includes information on the applicant’s proposed use of water

and evaluation of conservation, reuse, recycling, and other feasible alternatives to a

new appropriation of water [50]. During a drought in Texas, the Executive Director

of the Texas Commission on Environmental Quality can announce a priority cut-off
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date for withdrawal. In May 2012, the TCEQ began allowing the Executive Director

to give allowances to water rights holders that benefit the health and welfare of

the state, a classification that often includes power plants [50]. However, in June

2013, a district court in Texas invalidated this practice due to its inconsistency with

provision of water rights in the state code. The TCEQ has appealed this decision,

and the ruling has been suspended until the resolution of the appeal [51]. On April

9, 2014, the TCEQ Commissioners directed that a new watermaster be appointed for

the Brazos River Basin to monitor water use and ensure water rights holders receive

their allotted amount of water [52].

The Alabama Department of Economic and Community Affairs developed

Alabama’s Drought Management Plan [32]. Though the plan did not establish any

priorities, it did promote conservation within sectors of water use [32].

Drought planning in Georgia takes a regional approach, mainly in response

to the drought in the late 1990s and early 2000s, which, coupled with population

growth, prompted the state to concentrate more on water supply needs [34]. In 2001,

Georgia created the 15-county Metropolitan North Georgia Water Planning District

(WNGWMD). The planning district created the first regional water plan in the state

in 2003 [34]. George has since created 10 other water planning regions along major

basin boundaries (Institute for a Secure and Sustainable Environment, 2010). Each

region has its own water council and is tasked with creating a water development and

conservation plan. In 2008, the state created its first state water plan [4].

In 2002, the North Carolina Division of Emergency Management developed

the State of North Carolina Emergency Operations Plan [32]. In the appendix, the

document tasks five different task forces with addressing drought. One of the groups

must assess the energy loss attributable to drought, evaluate the impact to electricity
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generation caused by water shortages, and identify other potential problems [32].

Though length and severity of drought has varied greatly, droughts are a com-

mon occurrence in South Carolina [53]. The three-year drought from 1999 to 2002

was one of the longest and most severe droughts in the state in more than 100 years.

Accordingly, the South Carolina Department of Natural Resources developed the

South Carolina Drought Response Plan. The plan does not identify any priorities for

essential or non-essential uses, but regulations developed by the department allow it

to require mandatory reduction or curtailment of non-essential water use in affected

areas during severe or extreme drought conditions if recommended by the Drought

Response Committee [35].

Arizona’s Emergency Response and Recovery Plan developed by the Arizona

Division of Emergency Management deals with the state’s drought issues [32]. The

plan establishes no priority system for essential and non-essential uses. However, the

Drought Preparedness Plan developed by the Arizona Department of Water Resources

addresses response progress, requiring reductions in certain categories of water use.

Under this plan, a Work Group can recommend state or locally imposed short-term

emergency restrictions to reduce water in its category of use.

The Colorado Water Conservation Board produced The Colorado Drought

Mitigation and Response Plan in 2001 [32]. The plan does not identify a priority

system for essential or non-essential uses.

In New Mexico, the State Engineer evaluates applications for new or amended

water appropriations to determine whether enough water is available, if the new right

will disturb existing rights or public welfare, and that the new use would fit within

state water conservation efforts [54].

The Connecticut Drought Preparedness and Response Plan authorizes the
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government to take actions aimed at water conservation and defines non-essential

uses of water during drought [32]. The State of Ohio Emergency Operations Plan

Drought Annex establishes a priority system for allocation of water during drought.

The system classifies water use into three classes, Essential Water Uses, Socially or

Economically Important Uses of Water, and Non-Essential Uses of Water [32]. In this

plan, use of water for electrical power generation falls under Essential Water Uses with

domestic use, health care facilities, fire-fighting, and wastewater management.

2.5.4 Contaminated Discharge

Thermoelectric power plants have associated environmental effects. Aquatic

life can be adversely affected by impingement on intake screens, entrainment in the

cooling water, or discharge of water that is significantly warmer than the source

[19]. Lower water levels and increased air temperatures result in elevated water

temperatures within the lake system [32]. Addition of heated cooling water from the

power plants reduces dissolved oxygen levels below levels needed for sustaining the

local ecology [32]. Increased effluent nutrient levels can contribute to algal blooms.

Because of these environmental impacts, power plants were included among the

entities regulated under the Clean Water Act. The EPA facilitates the now primarily

state-run National Pollutant Discharge Elimination System (NPDES). The NPDES

state permitting authority, usually the state environmental protection agency, sets a

statewide limit on discharge temperature and contaminants [32].

According to the EPA, steam electric power plants alone contribute more than

half of the toxic pollutants discharged to water bodies by all industrial categories

currently regulated in the Unites States [55]. The EPA last updated its rules for dis-

charges from steam electric power plants in 1982 [55]. On April 19, 2013, EPA signed

a notice of proposed rule-making to revise the technology-based effluent limitations
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guidelines and standards for this industry that would strengthen the existing controls

on discharges from steam electric power plants. The agency is considering four differ-

ent alternatives for regulation of discharges from existing sources [56]. The targeted

pollutants are nutrients and metals such as mercury, arsenic, lead, and selenium. The

requirements could annually reduce pollutant discharges by 470 million to 2.62 billion

pounds and reduce water use by 50 billion to 103 billion gallons per year [55]. EPA’s

analysis estimates 0.32 GW of generating capacity out of the more than 1000 ground

water that make up the nation’s electric generating capacity would likely retire due

to this proposed rule [55].

The implications of policies set to protect the environment from contaminated

discharge are not included in this report.

2.5.5 Effluent Temperature Regulations

The EPA also regulates heated effluent. Heat is a unique type of pollutant.

It does not accumulate in the environment, nor is it a toxic or hazardous substance,

although excessive heat can harm aquatic organisms [57]. Upon entering a body of

water, heat rapidly dissipates to the surrounding water and to the atmosphere, so its

impacts are limited to a relatively local zone around the source of heat. Heat is not

included in the EPA’s list of priority pollutants [58]. However, the EPA regulates

heated discharges from power plants that withdraw water, and then release it back

into the environment through effluent temperature limits set by the NPDES program

[57]. In higher temperatures, power plants might reduce electricity production to

meet the discharge temperature limit when they are approaching their respective

temperature limits. Some power plants instead exceed their effluent temperature

limit to keep generating electricity.

According to a study conducted by NETL, most reported cases where power
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plants have had to curtail or shut down operations were not due to shallow depth

of the intake, but rather were due to the high temperature of the cooling water and

the relatively high temperature of the receiving water, and the concern of protecting

the ecosystem [9]. Among water-related policies and climatological impacts, efflu-

ent temperature limitations lead to the highest percentage of electricity generation

curtailment.

The Clean Water Act requires all point sources releasing pollutants, including

heated effluent, into waters of the United States to acquire a National Pollutant

Discharge Elimination System (NPDES) permit and abide by limits set by the permit

[59]. The EPA has authorized most state governments to perform the permitting,

administrative, and enforcement aspects of the NPDES program in their states [59].

Some states include specific policies for effluent temperature.

2.5.5.1 State Effluent Temperature Policies

The Texas Administrative Code includes specific regulations for effluent tem-

perature from power plants. The TCEQ administers the state pollutant discharge

elimination system for Texas, the TPDES. According to the state water code, the

limit for cooling water discharges is based on the temperature change from ambient

conditions, the temperature differential [60]. In freshwater streams, the temperature

differential cannot exceed 2.8◦C; in freshwater lakes and impoundments, the temper-

ature change cannot exceed 1.7◦C; and in tidal river reaches, bay, and gulf waters, the

temperature differential cannot exceed 2.2◦C in the fall, winter, and spring, or 0.8◦C

in June, July, or August. The code gives an exception for industrial cooling impound-

ments, water bodies owned or operated by the water rights holder, used specifically

to reduce the temperature and remove heat from an industrial effluent [60]. A closed-

loop cooling plant using a pond would fall under this exception.
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California and Arizona also include effluent temperature as a part of their state

water policy. The state of California has charged nine Regional Water Boards with

setting discharge requirements for National Pollutant Discharge Elimination System

Program permits [4]. Arizona does not supply the EPA with data about its Clean

Water Act NPDES Program due to issues with development of the data, and New

Mexico does not operate an authorized NPDES program.

2.5.5.2 Effluent Temperature Permit Variances

Section 316(a) of the Clean Water Act (CWA) allows a thermal discharger

to demonstrate that less stringent thermal effluent limitations would still protect

aquatic life [57]. The discharger must demonstrate to the regulatory agency that a

discharge that exceeds the otherwise applicable thermal requirements will still protect

a balanced, indigenous aquatic population in and on the receiving water. Variance

demonstration requires extensive evaluation of potential impacts and characterization

of local aquatic populations. In 1992, about 32% of the total steam electric generating

capacity in the United States operated under Section 316(a) variances [57].

In some cases, due to increased damage in the area surrounding a power plant,

the EPA might increase the stringency of the plant’s NPDES permit. According to

the EPA, hot discharge water from Dominion Energy’s Brayton Point Power Station

contributed to an 87% reduction in fin fish in Mount Hope Bay [19]. In 2003, EPA

Region I renewed Brayton Point’s NPDES permit but increased its stringency, setting

strict limits on discharges of heated wastewater to Mount Hope Bay and mandating

that the power plant reduce water withdrawals by 94% and switch from seawater to

freshwater [61]. Dominion appealed the permit, but, as of 2007, the company has

withdrawn its legal challenges and agreed to retrofit the existing open-cycle cooling

system with a closed-cycle cooling system to reduce withdrawals [61].
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2.5.6 Cooling Water Intake Structures

EPA also regulates power plant cooling water intake structures as a means

to reduce impingement and entrainment of aquatic organisms. Impingement occurs

when a CWIS traps aquatic life against its screen. Entrainment occurs when a CWIS

draws aquatic organisms into the cooling system, through the heat exchanger, and

then pumps the aquatic life back out. Section 316(b) of the Clean Water Act requires

that the location, design, construction, and capacity of a power plant’s cooling water

intake structure (CWIS) reflect the best technology available to minimize adverse

environmental impacts, including the impingement and entrainment of fish and other

aquatic organisms [59].

The EPA, through its Phase I regulations, defines closed-cycle cooling struc-

tures or the equivalent as the best technology available for mitigating these impacts

at new facilities with a design flow of greater than 2 million gallons per day (MGD)

and will use at least one cooling water intake structure that will use at least 25% of

the water it withdraws for cooling purposes. As a result, power plants have moved

increasingly toward closed-cycle cooling structures [57].

The Phase II regulations, which applied to existing large electric-generating

facilities, and the part of the Phase III regulations that applied to small facilities

were initially remanded and returned to the EPA in 2009 and 2010, respectively. The

agency has recently revised its rule for both types of facilities [62]. Under the new rule,

existing facilities that withdraw at least 25% of their water from an adjacent water

body exclusively for cooling purposes and have a design intake flow of more than 2

MGD would be subject to an upper limit on how many fish can be killed by being

pinned against intake screens or other parts at the facility. The ruling would require

power plants withdrawing significant quantities of water to lower their intake rate to
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0.5 feet per second or switch to an alternative water source or cooling technology.

Depending on the solutions available, the response could be costly for these power

plants.

2.5.7 Nuclear Safety Regulations

In addition to preventing environmental damage from warmer discharge and

loss of efficiency from warmer intake waters, nuclear plants must also protect their

reactors from warmer intake waters [63]. In this case, the Nuclear Regulatory Com-

mission (NRC) sets an intake temperature limit on cooling water supplies to protect

nuclear safety equipment (Eaton, 2012). Usually this water is sourced underground

through a well, but, if the water is the same as that sourced for condenser cooling and

if the source water body temperature exceeds the NRC limit, then the plant might

need to dial back or halt its power generation, not because it could not continue to

operate the condenser and generate electricity, but because the temperature has ex-

ceeded the limit the NRC specified as required for cooling the safety equipment. This

type of response happened recently during the summer of 2012 at Millstone Nuclear

Power Station in Connecticut and during the summer of 2013 at Pilgrim Nuclear

Power Station in Massachusetts [64].

2.5.8 State Integrated Water and Energy Policies

In addition to state water policies, some states have policies regarding water

use at power plants. In some states, a centralized agency considers applications to

build new power plants. In other states, applications might be filed with multiple

state agencies including state water regulators and public utility commissions. State

water regulators issue permits for power plants to regulate water use and ensure com-

pliance with relevant regulations. Public utility commissions approve rates and might
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consider whether specific power plant design and cooling technologies are reasonable.

In states where a centralized agency looks at water use by power plants, a

power plant might have its permit denied due to lack of sufficient resources or the

impact the plant might have on other water users in the area. The increased scrutiny

allows the governing body to evaluate the effect on all water users in the network

rather than one plant’s needs.

Legislative bodies in thirty-five states have passed water and energy related

legislation in the last five years. States in every region of the country have passed

policies related to water and energy conservation and efficiency with most efforts

focused in California, Hawaii, Illinois, and Texas. In general, states differ on water

and energy decision-making depending upon the types of issues facing that area of

the nation. The Texas legislature has passed bills regarding drought planning and

water contracts or sales for energy. Many nearby states in the Southwest and the

Southeast, both drought-prone regions, have passed drought- and water and energy

efficiency-related policies.

The state of Texas does not possess policies regarding reporting or limiting wa-

ter use at power plants. However, the state’s independent system operator, ERCOT,

has begun requiring new generators to provide proof of water rights before the council

will include them in planning models for future scenarios [65]. Plants cannot connect

to the electricity transmission network if not included in grid planning. ERCOT also

requires existing plants to estimate and submit the amount of electricity the plant

can generate each season.

In 2002, because of cooling constraints Tennessee Governor, Don Sundquist,

imposed a moratorium on the installation of new power plants [19]. Georgia, on the

other hand, has no state water-energy policy. Power plants in the state, like all other
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users, must apply for a permit to withdraw water from the Georgia Environmental

Protection Division [32]. Because few power plant developers submit applications for

water use and because division staff work with developers to mitigate water concerns

prior to permit approval, the division has never denied a power plant developer a water

withdrawal permit due to insufficient water [4]. Also, power plants that withdraw

more than 100,000 gpd on average must report their water usage and legal right to the

water to the Environmental Protection Division. When interviewed by GAO in 2009,

state regulators did not know of any regulated power plant developers proposing the

use of dry cooling, hybrid cooling, or other advanced cooling technologies [4]. Georgia

established its first statewide water plan in 2008 [4]. The plan did not include any

references to water use by power production, but the state intends to develop a new

water plan, possibly considering how future power generation siting decisions align

with state water supplies [4].

Due to scarcity, water has played an increasingly more important role in per-

mitting decisions in Southwestern states [17]. Governing bodies in water-stressed

areas in the Southwest have more stringent water requirements for power generators

than their counterparts do in other states. In Arizona, the state permitting authority

reviews environmental concerns when certifying power plants [4]. The authority has

denied at least one power plant its Certificate of Environmental Compatibility due

to the potential for groundwater depletion and the loss of habitat for an endangered

species.

State agencies in California began regulating water use for power in the 1970s.

The State Water Resources Control Board of California, the agency which controls

water pollution and administers surface water rights, passed a policy in 1975 to limit

the use of fresh water at thermoelectric power plants to cases where the use of another
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source would be environmentally undesirable or economically unsound [4]. The agency

encourages the use of alternative cooling water sources or technologies and discourages

the use of once-through cooling due to the high water intake and the harm to aquatic

organisms. The agency has considered requiring plants using once-through cooling to

switch to other technologies or retire.

The California Energy Commission (CEC), the organization for energy policy

and planning, added to the 1975 rule by requiring developers to consider zero-liquid

discharge technologies like dry cooling unless the use of those technologies would

be environmentally undesirable or economically unsound [4]. The agency must also

issue permits for power plants and review applicants with regard to water needs and

impacts. CEC staff looks at how the proposed water use might affect other users in the

area and the effect to the overall water supply in the state. The CEC coordinates with

other agencies, including the State Water Resources Control Board, to ensure power

plant developers have considered the viability of alternative cooling technologies and

water sources and that they have addressed the implications of wastewater disposal

and its effect on water supply and water quality in the state.

In 2003, the New Mexico Legislature considered legislation to require review of

water efficiency in plants exceeding 50 MW and, in new plants, an analysis of water

use and consideration of dry cooling. However, the legislation failed [66].

In July 2011, the New York State Department of Environmental Conservation

(DEC) issued a policy identifying closed-cycle cooling or the equivalent as the best

technology available (BTA) to minimize adverse environmental impacts in the state

[67]. The policy applies to all existing and proposed industrial facilities designed to

withdraw 20 MGD or more of water in New York, where at least 25% of the water

would be used for cooling [67]. For new industrial facilities sited in the marine and
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coastal district, the policy identifies dry cooling as the performance goal [67]. The

policy also places an impingement and entrainment restriction on power plants [67].

New York already required closed-cycle cooling technology for all new facilities

and for electric generating facilities being re-powered, so this policy change only affects

existing facilities and those facilities within the marine and coastal districts [67].

Through this policy, the DEC intends to minimize or eliminate the use of once-

through, non-contact cooling water from the surface waters of New York State [67].

2.6 Implications for Power Generation

Because climate differs across the country, circumstances might affect plants in

certain regions of the United States in different ways than they would affect plants in

other regions. Variation in water levels across the United States can mean some power

plants suffer while others have an abundance of water. Problems with cooling water

availability disrupt regular operations at power plants. For example, pumps can only

withdraw water until pressure hits a certain threshold [68]. If a pump were to keep

operating beyond the threshold point, the vapor would implode and cause significant

harm to the pump. To avoid damaging their pumps, power plants stop withdrawing

water when water levels dip below the pressure threshold. Because thermoelectric

power plants cannot cool the steam used to generate electricity without a steady

stream of water, they must curtail or halt power generation.

In addition to the effects on cooling caused by regional variation in water

availability, the location of a power plant and its corresponding climatic conditions

might affect the plant’s efficiency and, in turn, its rate of water use [20]. These

disparities create vulnerabilities in certain parts of the country over others. According

to NETL, while forty-three states contain at least one vulnerable plant, about one-
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third of the vulnerable plants are located in Southeastern states [9]. Shown in Figure

2.9 is the count of vulnerable plants per state with Southeastern states in green and

other states in blue. The largest concentrations of vulnerable plants occur in North

Carolina, Virginia, and South Carolina.

The 2007 drought in the Southeast exposed many thermal generators to higher

water temperatures and lower flows, causing some curtailment to avoid unlawfully

high discharge temperature and shallow or exposed cooling water inlet locations [20].

Higher temperatures forced plants within Tennessee Valley Authority system to shut

down some reactors including Browns Ferry in August 2007 [32]. When power plants

shut down during a point of high electricity demand, operators must purchase firming

power at higher costs that are then passed on to the consumers.

Curtailment or shut downs due to low flows or high temperatures results in

electricity lost, possibly leading to power outages or increased prices for customers.

Argonne National Laboratory modeled drought in western states to determine the

impact on electricity prices. The model showed increases ranging from 4% to 35%

depending on the month and year [15].

Texas contains a unique mix of increasing population, high energy production

and consumption, and recurrent drought. Texas has seen the highest growth in pop-

ulation in the last decade and is second only to California in total population [69].

According to the United States Census Bureau, eight of the fifteen fastest growing

major cities in the United States reside in Texas [69]. These increases in population

translate into increases in demand on energy and water resources. Texas also pro-

duces the greatest amount of energy of any state, especially from crude oil, natural

gas, and wind, and generates more electricity than any other state [70].

Meanwhile, at 471 million British Thermal Units (MMBTUs) consumed per
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Figure 2.9: NETL analyzed vulnerabilities at coal-fired power plants across the United
States. The figure shows the number of vulnerable coal plants by state according to
their analysis. Southeastern states (shown in green) contain the largest proportion of
vulnerable coal plants [9].
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capita in 2014, Texas already ranks 5th in energy consumption in the United States

[70]. Texas consumers used less than half the amount of energy that consumers

in Wyoming used but more than twice the amount that users consumed in South-

western states like Arizona, California, and Nevada and in Northeastern states like

Connecticut, Massachusetts, New Hampshire, New York, and Rhode Island [70]. At

the same time, Texas suffered major water shortages. The drought in 2011 ranked

as the worst one-year drought in Texas’ recorded history, and, despite decreases in

severity in much of the state, the drought continued through 2014. Between 2011 and

2014, many reservoirs reached critical lows, and some public water systems reached

critical supply. In October 2013, the TCEQ listed six public water systems (PWSs)

that could run out of water in 45 days or less, twenty-three PWSs that could run out

within 90 days or less, and sixteen PWSs that could run out within 180 days.

2.7 Previous Research on Water Constraints for Power Plants

In recent years, there have been many assessments of water use for power as

well as advancements in evaluating the impacts of water stress and increased energy

and water demand on the power sector [18, 71–80]. Many of these assessments seek

to evaluate the power plant productivity in the face of low water levels or high air or

water temperatures [71, 81]. Building on past research in the field as well as work in

Texas [18, 71–77, 81–83], this study assesses the effect of meteorological parameters

and heat dissipated from power plant cooling to determine the change in water tem-

perature at various power plants in the Upper Mississippi River Basin and the Gulf

Coast Basin. We then evaluate the risk of reduced operations at these thermoelectric

power plants with regard to thermal discharge limits.

Given that climate projections estimate higher air temperatures in future
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years, this research seeks to fill the gap in knowledge of the magnitude of influ-

ence that higher temperatures will have on power plant effluent water temperatures

to quantify a power plant’s exposure to risk of de-rating induced by low or warm

cooling water availability. The objective of this analysis is to help policymakers plan

for future electricity supplies without damaging the natural environment of the cool-

ing reservoirs and rivers. This objective is met via assessment of water temperature

constraints associated with current technology, policy, and environmental conditions.

Risk of reduced operations at these power plants associated with thermal discharge

limits is then assessed through estimation of intake and effluent water temperatures

and comparison to current restrictions.

58



Chapter 3

Methodology

Many power plants in the Upper Mississippi River Basin (UMRB) and the

Gulf Coast Basin (GCB) are thermoelectric power plants and withdraw surface water

from the Mississippi River or one of its tributaries for cooling and discharge that

water back into the river.

To analyze the risk of power plant curtailment due to high effluent discharge

temperatures, a multiple linear regression model for intake cooling water temperature

in combination with an energy balance of the power plant is utilized to estimate the

historical cooling water effluent temperatures (Teff ) for power plants in the UMRB

and GCB that had reported discharge temperatures and utilized an open loop or

recirculating cooling pond system. These plants are shown in Figure 3.1 and in Table

3.1. Cooling water intake temperature and heat dissipated in electricity generation

are the main factors that affect effluent temperature; thus, the model employs proxies

for both of these influences.

Table 3.1: The table includes the ID, name, state, energy source, nameplate capacity,
and cooling water source for the plants included in this study where “NG” represents
natural gas and “DFO” represents distillate fuel oil. The information is available
in [3].

Plant Plant State Energy Nameplate Name of
ID Name Source Capacity Water

(MW) Source
204 Clinton IL Nuclear 1138.3 Salt Creek
384 Joliet 29 IL Coal/NG 660 Desplaines

River
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Table 3.1: The table includes the ID, name, state, energy source, nameplate capacity,
and cooling water source for the plants included in this study where “NG” represents
natural gas and “DFO” represents distillate fuel oil. The information is available
in [3].

Plant Plant State Energy Nameplate Name of
ID Name Source Capacity Water

(MW) Source
856 E D Edwards IL Coal 136 Illinois River
869 Dresden IL Nuclear 1009.3 Kankakee

River
874 Joliet 9 IL Coal 360.4 Desplaines

River
876 Kincaid IL Coal/NG 659.5 Sangchris

Lake
880 Quad Cities IL Nuclear 1009.3 Mississippi

River
884 Will County IL Coal/DFO 299.2 Chicago Sanit-

ary and Ship
886 Fisk Street IL DFO 38 Chicago Sanit-

ary and Ship
889 Baldwin IL Coal/DFO 625.1 Baldwin Lake &

Kaskaskia River
898 Wood River IL Coal/NG 112.5 Mississippi

River
1047 Lansing IA Coal 37.5 Mississippi

River
1048 Milton L Kapp IA Coal/NG 218.5 Mississippi

River
1073 Prairie Creek IA Coal/NG 14.6 Cedar River
1104 Burlington IA Coal/NG 212 Mississippi

River
1167 Muscatine IA Coal/NG 25 Mississippi

River
1904 Black Dog MN NG 136.9 Minnesota

River
2104 Meramec MO Coal/NG 137.5 Mississippi

River
2107 Sioux MO Coal/DFO 549.7 Mississippi

River
3459 Sabine TX NG 239.4 Sabine Lake
3470 W. A. Parish TX NG 187.8 Smithers Lake
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Table 3.1: The table includes the ID, name, state, energy source, nameplate capacity,
and cooling water source for the plants included in this study where “NG” represents
natural gas and “DFO” represents distillate fuel oil. The information is available
in [3].

Plant Plant State Energy Nameplate Name of
ID Name Source Capacity Water

(MW) Source
3497 Big Brown TX Coal/NG/ 593.4 Fairfield

DFO Lake
3601 Sim Gideon TX NG 144 Lake Bastrop
3611 O. W. Sommers TX NG/DFO 446 San Antonio

River
3612 V. H. Braunig TX NG/DFO 225 San Antonio

River
6022 Braidwood IL Nuclear 1224.9 Kanakee River
6026 LaSalle IL Nuclear 1170 Illinois River
6145 Comanche Peak TX Nuclear 1215 Squaw Creek
6155 Rush Island MO Coal/DFO 621 Mississippi

River
6180 Oak Grove TX Coal/NG 916.8 Twin Oak

Reservoir
6181 J. T. Deely TX Coal/NG 486 San Antonio

River
6243 Dansby TX NG/DFO 105 Lake Bryan
7097 J. K. Spruce TX Coal/NG 566 San Antonio

River

3.1 Calculation of Intake Temperature via Multiple Linear
Regression

Linear regression analysis is used to find the best model for intake temper-

ature for each power plant. Many variables were tested, including air temperature,

wind speed, dew point, intake temperature of the previous month (to estimate the

time required for thermal transfer from air to water), flow of the source water, va-
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Figure 3.1: Intake and effluent temperatures at 33 plants in the Gulf Coast Basin and
the Upper Mississippi River Basin were modeled based on historical temperatures to
estimate potential for issues in the future.

por pressure, the effluent temperature of the upstream plant, and upstream effluent

temperature as a function of the distance from the upstream plant. These variables

were tested in a singlel multiple regression for all plants in the analysis. A t-test was

conducted for each parameter in the equation. Many of these variables were rejected

based on a t-test of the coefficient (where the null hypothesis asserted that the coeffi-

cient was not significantly different from zero). Where the p-value, the probability of

obtaining a result as extreme as that observed, did not meet the significance level of

0.1, the estimates were rejected. Only the statistically significant variables from the

global equation are used in the plant-specific regression analyses shown in Equation

3.1 in this report.

The model estimated monthly average cooling water intake temperature at

month, t, with ambient dry bulb air temperature (TDB(t) [◦C]), intake temperature of

the previous month (Tin(t− 1) [◦C]), average wind speed for the month (V (t) [m/s]),
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and temperature of the cooling water discharged from the upstream plant (Tup(t)

[◦C]). A panel regression is employed using fixed effects for each power plant and

historical data from 2010-2012 to determine the four parameter coefficients, β1 − β4,

and constant β0. The resulting model for estimated power plant cooling water intake

temperature, Tin(t), is shown in equation 3.1 below. While the equation is the same

for each power plant, the estimates for β0−β4 are specific to each power plant tested.

The illustration in Figure 3.2 shows the relationship between Tin(t), Tup(t), and the

plant’s effluent temperatures, Teff (t), estimated later in this chapter.

Tin(t) = β5TDB(t) + β4V (t) + β3TDP (t) + β2Tin(t− 1) + β1Tup(t) + β0 (3.1)

Air temperature, dew point, and wind speed approximations for each of the

subbasins in the GCB and the UMRB were provided by Pacific Northwest National

Laboratory (PNNL) and Argonne National Laboratory (Argonne). To determine the

climate parameters, PNNL and Argonne evaluated historical climate scenarios us-

ing existing monitoring stations and estimated the average monthly value for each

HUC-8 subbasin of GCB and UMRB. Historical intake and effluent temperatures data

were extracted from the Environmental Protection Agency (EPA) databases, Enforce-

ment and Compliance History Online (ECHO) or the Integrated Climate Information

System (ICIS), and the Energy Information Administration (EIA) form 923 [1, 84].

Because of limited availability of data, only thirty-three of the power plants using

open-loop and closed-loop cooling ponds were evaluated in this study. These plants

are shown in Figure 3.1. The availability of data also restricted the period of time

that the models could estimate to 2010-2012. There is uncertainty associated with

each climatic estimate and reported intake and effluent temperature provided; this

uncertainty in each estimate increases the uncertainty in the regression model itself.
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Figure 3.2: The illustration shows two plants, a downstream plant (1) and an up-
stream plant (2), and the relationship between the temperature of the water pulled
into the downstream plant for cooling (Tin(t)), the temperature of the cooling water
as it is discharged from the downstream plant (Teff (t)), and the temperature of the
cooling water discharged from the upstream plant (Tup(t)). The upstream plant’s
discharge temperature could affect intake temperature of the downstream plant.
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The estimates for β0 − β5 and their tests for significance are shown in Table 3.2.

Table 3.2: The estimated values for the regression constants, β0-β5, are shown for the
plants analyzed in this study. Negative values are shown in parenthesis. The plant
ID numbers are those used by the EIA.

Plant ID β5 β4 β3 β2 β1 β0
204 0.63 (0.96) 0.02 0.15 0.00 10.78
384 0.23 0.07 0.15 0.36 0.31 0.61
869 0.00 0.00 0.00 0.00 0.00 0.00
874 (0.07) 0.88 0.32 0.07 0.80 (4.63)
876 0.72 0.49 0.10 0.20 0.00 2.86
880 0.59 0.42 0.16 0.21 0.00 (0.04)
884 0.41 0.54 0.14 0.36 0.00 4.59
886 0.92 (0.38) (0.68) 0.49 1.00 (0.55)
889 0.44 1.52 0.45 0.23 0.00 4.26
892 0.03 1.34 0.23 0.23 0.81 (14.71)
898 0.26 1.20 0.15 0.15 0.53 (7.03)
1047 1.01 (2.41) (0.53) (0.04) 0.14 11.28
1048 0.94 (2.38) (0.06) (0.12) 0.00 14.64
1073 0.90 (0.72) (0.05) (0.04) 0.00 8.29
1167 0.58 (1.54) 0.29 0.12 0.00 13.19
1904 0.71 (1.95) (0.08) 0.09 0.00 12.84
2104 0.30 1.24 0.22 0.11 0.53 (9.42)
2107 0.24 1.08 0.18 0.09 0.68 (11.91)
3452 0.06 (1.88) 0.70 0.03 0.00 15.21
3490 1.90 (5.55) (0.99) (0.45) 0.00 22.81
3497 1.18 (4.94) (0.43) (0.33) 0.00 31.03
3504 1.03 (1.33) 0.15 (0.36) 0.00 10.63
3507 2.16 (7.64) (0.84) (1.21) 0.00 41.27
3548 1.37 (0.25) (0.54) (0.15) 0.00 6.26
3611 0.49 (1.92) (0.01) 0.18 0.00 17.19
3612 0.53 (0.74) 0.24 0.05 0.00 10.96
6145 0.18 (14.02) (0.29) (0.04) 0.00 65.85
6146 0.51 (3.78) 0.28 (0.10) 0.00 23.36
6155 0.67 0.70 0.18 0.23 0.01 (1.46)
6180 1.07 (2.03) (0.19) (0.21) 0.00 19.81
6181 0.49 (1.92) (0.01) 0.18 0.00 17.19
6251 0.33 (1.85) 0.16 0.12 0.00 19.86
7097 0.49 (1.92) (0.01) 0.18 0.00 17.19
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3.1.1 Discussion of Error

The coefficient of determination (R2) for the regression models for each power

plants ranges between 83.2% and 98.4% and averages 92.1%, indicating that, depend-

ing on the plant, 83.2% to 98.4% of the variation in the intake temperature might be

explained by the independent variables used in each power plant’s model.

The standard error for each of the regression models ranges between 1.0 ◦C

and 4.5 ◦C and averages 2.1 ◦C, indicating that the average distance that the observed

values fall from the regression line estimated by the model is between 1.0 ◦C and 4.5

◦C. Some of this error could be inherent in the climate estimates used to generate

the regression models. In addition, the intake temperatures used to calibrate the

regression models carry their own reporting error; the EIA and EPA databases from

which the intake temperatures were extracted are only reliable if reporting from power

plant operators is reliable. Thus, the estimates of those intake temperatures are also

only reliable if that reporting is reliable. The regression models in this section were

created on the assumption that temperatures were reported accurately.

An example of the implementation of Equation 3.1 at one plant in the UMRB

is shown in Figure 3.3. The estimates of Tin (t) are shown in the solid circles. The

historical values for intake temperature are shown using empty circles and a solid

line. The standard error for this plant’s model is equivalent to the average standard

error in each of the models, 2.1 ◦C.

3.1.2 Use of The Intake Temperature Model

The plant-specific regression models for intake temperature could be used to

estimate current or future intake water temperatures for power plants concerned with
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Figure 3.3: The historical reported average monthly intake temperature and the
calculated intake temperature for one of the plants in the study are shown. The
standard error for this plant’s model is equivalent to the average standard error in
each of the models, 2.1 ◦C. Source data: [1, 10]
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intake temperature including plants concerned about exceeding their permitted intake

temperature limit, about reduced cooling efficiency due to higher intake temperatures,

or about reduced cooling capacity of water associated with higher intake temperatures

combined with effluent temperature constraints.

In chapter 4, the intake temperatures for thirty-three power plants in the

UMRB and GCB are modeled for 2015-2035. In the discussion below, the intake

temperature model is employed as an input to an energy balance to model effluent

temperatures, the results of which are also discussed in chapter 4.

3.2 Calculation of the Change in Temperature at the Plant
via Energy Balance

A rate-based energy balance is used to estimate the increase in cooling water

effluent temperature relative to the influent temperature that occurs within the power

plant condenser, as shown in equation 3.2 where ΣĖinitial is the sum of all the initial

changes in energy at the plant, ΣĖfinal is the sum of all final changes in energy at

the plant, ΣĖin is the sum of all energy flowing into the plant, and ΣĖout is the sum

of all energy flowing out of the plant.

ΣĖfinal = ΣĖinitial + ΣĖin − ΣĖout (3.2)

It is assumed that the power plant is operating at steady state, steady flow,

which means the power plant is not accumulating energy, and energy leaves the power

plant at the same rate energy enters it. That means dE/dt = 0, which reduces

Equation 3.2 to the one shown in Equation 3.3 and 3.4.

ΣĖin = ΣĖout (3.3)

0 = ΣĖin − ΣĖout (3.4)
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The control volume drawn to estimate the steady state, steady flow rate-

based energy balance of a typical once-through power plant is shown in Figure 3.4.

The energy flows into and out of the system are represented in the figure and in

equation 3.5 and 3.6 using the rate of energy input via fuel (Ėchemical,in(t)), the rate

of work output via electricity (Ẇout(t) [MWh]), the rate of energy flow into the plant

via withdrawn cooling water (Ėcw,in(t)), the rate of energy flow out of the plant

via cooling water effluent (Ėcw,eff (t)), the rate of energy flow out of the plant via

evaporated cooling water (Ėcw,evap(t)), the rate of energy flow into the plant in the

air (Ėair,in(t)), the rate of energy flow out of the plant through the stack (Ėstack,out(t)),

and other net energy losses at the plant such as unspent fuel and radiating to the

environment (Ėother,out). The model is based on an energy balance found in [85].

Equation 3.5 shows that the energy flows into the plant are equivalent to the energy

flows out of the plant.

Ėchemical,in(t) + Ėair,in(t) + Ėcw,in(t) =

Ẇout(t) + Ėstack,out(t) + Ėother,out(t) + Ėcw,eff (t) + Ėcw,evap(t)
(3.5)

Equation 3.6 shows that the sum of the flows in Equation 3.5 is equal to zero because

the plant is at steady-state and steady-flow. Equation 3.6 will be used in the rest of

this section to determine the effluent temperature at the exit of the plant.

0 = Ėchemical,in(t) + Ėair,in(t) + Ėcw,in(t) − Ẇout(t) − Ėstack,out(t)

−Ėother,out(t) − Ėcw,eff (t) − Ėcw,evap(t)
(3.6)

A rate-based mass balance is then used to estimate the cooling water entering

and leaving the plant as shown in Equation 3.7 where Σṁcw,initial is the sum of the

initial changes in the mass of water at the plant, Σṁcw,final [kg/s] is the sum of the

final changes in the mass of water at the plant, Σṁcw,in [kg/s] is sum of the mass

flows into the plant, and Σṁcw,out [kg/s] is the sum of the mass flows of cooling water
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Figure 3.4: The control volume around a typical once-through cooling power plant
and the energy movement across that boundary are shown. The energy balance for
this control volume is shown in equations 3.2-3.11.
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out of the plant.

Σṁcw,final(t) = Σṁcw,initial(t) + Σṁcw,in(t) − Σṁcw,out(t) (3.7)

It is assumed that the power plant is operating at steady state, steady flow,

which means the power plant is not accumulating water, and the cooling water leaves

the power plant at the same rate that it enters the plant. That means dmcw/dt = 0,

which reduces Equation 3.7 to the one shown in Equation 3.8 and 3.9 where ṁcw,in(t)

[kg/s] is the mass flow rate of the cooling water into the plant, ṁcw,eff (t) [kg/s] is the

mass flow rate of the cooling water out of the plant, and ṁcw,evap(t) [kg/s] is the mass

flow rate of the cooling water consumed. It is assumed the cooling water consumption

reported by each power plant to the EIA is consumed via evaporation.

Σṁcw,in(t) = Σṁcw,out(t) (3.8)

ṁcw,in(t) = ṁcw,eff (t) + ṁcw,evap(t) (3.9)

The energy entering and leaving the pant via the cooling water is determined

using equations 3.10, 3.11, and 3.12 below using the temperature of the cooling wa-

ter (Tin(t) or Teff (t) [◦C]), the enthalpy of vaporization (hvap(t) [kJ/kg]), and the

specific heat of water (Ccw[kJ/kg-◦C]). It is assumed the specific heat of water is 4.2

kJ/kg−◦C.

Ėcw,in(t) = ṁcw,in(t) × Ccw × Tin(t) (3.10)

Ėcw,eff (t) = ṁcw,eff (t) × Ccw × Teff (t) (3.11)

Ėcw,evap(t) = ṁcw,evap(t) × hvap (3.12)

Substituting equations 3.10-3.12 into equation 3.6 yields equation 3.13.

0 = Ėchemical,in(t) − Ẇout(t) + Ėair,in(t) − Ėstack,out(t) − Ėother,out(t)

+ṁcw,in(t) × Ccw × Tin(t) − ṁcw,eff (t) × Ccw × Teff (t)

−ṁcw,evap(t) × hvap

(3.13)
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The rate of energy flow into the plant via air, the rate of energy flow out of the

plant through the stack, and the other net energy losses at the plant such as unspent

fuel and shedding to the environment could be determined in a similar fashion to the

energy flow via cooling water. However, these flows are estimated as ratios of the

energy flow out of the plant using equations 3.14, 3.15, and 3.16 where R in each case

is the ratio of air into the plant, the stack gases out of the plant, and other energy

losses relative to total energy out of the plant.

Rair,in =
Ėair,in

Ėchemical,in(t) − Ẇout(t)
(3.14)

Rstack,out =
Ėstack,out

Ėchemical,in(t) − Ẇout(t)
(3.15)

Rother,out =
Ėother,out

Ėchemical,in(t) − Ẇout(t)
(3.16)

The combined ratio of rate of energy flow into the plant via air, the rate of

energy flow out of the plant through the stack, and the other net energy losses at the

plant such as unspent fuel and shedding to the environment compared to the total

energy flow out of the plant is shown in equation 3.17.

Rcombined,out = Rstack,out +Rother,out −Rair,in (3.17)

Substituting equation 3.17 into 3.13 gives 3.18.

0 = (1 −Rcombined,out) × (Ėchemical,in(t) − Ẇout(t)) + ṁcw,in(t) × Ccw × Tin(t)

−ṁcw,eff (t) × Ccw × Teff (t) − ṁcw,evap(t) × hvap

(3.18)

Isolating the effluent temperature in 3.18 gives equation 3.19.

Teff (t) =
(1 −Rcombined,out)(Ėchemical,in(t) − Ẇout(t)) − ṁcw,evap(t)hvap + ṁcw,in(t)CcwTin(t)

ṁcw,eff (t)Ccw

(3.19)
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Figure 3.5: Included in the flow chart are the combination of models employed in the
calculation of effluent temperature of certain power plants in the UMRB and GCB.
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A summary of this process, including the multiple linear regression in equation

3.1 and the energy balance in equation 3.19, is shown in Figure 3.5.

Table 3.3 includes estimates used for Rcombined,out in this analysis. The ratio can

also be adjusted for site-specific analysis. There are different ratios for nuclear plants

than for other plants because nuclear plants do not have a smoke stack through which

to lose heat via stack gases. There are different ratios in summer because it is assumed

that the temperature difference between the operating plant and the environment in

the summer would change the rate of heat flowing out through the stack, shed to the

environment, or lost in other entropic processes.

Table 3.3: Included in this table are the estimated values for, Rcombined,out, the ratio
of the rate of net heat lost in the stack, to the environment, and left in unspent fuel
to the total rate of energy that leaves the plant. The ratios included here refer to
once-through or recirculating cooling systems with cooling ponds.

Fuel Source Summer Other
Nuclear 0.55 0.65
Other 0.45 0.5

3.2.1 Limitations on the Implementation of the Energy Balance

The model included in Equation 3.19 should only be used on power plants

with open-loop cooling or recirculating cooling involving a cooling pond. Thus, data

from months where a power plant behaved more like recirculating cooling plants

with cooling towers were removed from the analysis. An evaluation of the data was

conducted based on the average water intensity of consumption identified in Chapter

2. Under this evaluation, data describing a plant’s operations during months where

it consumed more than 1.5 m3/kWh for nuclear plants, more than 1.1 m3/kWh for

coal plants, or more than 0.4 m3/kWh for natural gas plants were removed.
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Figure 3.6: The historical average monthly effluent temperature and the estimated
effluent temperature is shown for a power plant in UMRB. The estimates are approx-
imately 4.4 ◦C different from the actual historical values. Source data: [1, 10].

Months where a plant reported a higher consumption than withdrawal were

also removed from the analysis on the assumption that a plant functioning at steady-

state, steady-flow should not be able to consume more than it withdrew and thus

there is a reporting error.

An example of the implementation of Equation 3.19 is shown in Figure 3.6.

The estimates of Teff (t) are shown in the solid circles. The historical values for

effluent temperature are shown using empty circles and a solid line.
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3.2.2 Discussion of Error

At the plant in Figure 3.6, the estimates for Teff (t) are an average 2.4◦C

from the actual values in either direction. In general, estimates generated using

the energy balance and the reported intake temperature are about 3.6◦C from the

historical values for the entire sample of thirty-three plants. The model under-predicts

values by 3.2◦C and over-predicts by 4.3◦C. This residual error varies by season. In

fall, estimates are about 3.3◦C from the historical values. In winter, estimates are

about 4.2◦C from the historical values. In spring, estimates are about 3.6◦C from the

historical values. In summer, when risk of exceeding permitted effluent temperature

limit is greatest, estimates are about 3.4◦C from the historical values. The model

under-predicts summer values in 166 months by 3.1◦C and over-predicts summer

values in 66 months by 4.3◦C. The standard error of the model is 0.16. Using the

intake temperature model to estimate Tin(t) for the energy balance results in an

average error of 5.7◦C.

Similar to the error inherent in the calculation of Tin(t), the data extracted

from the EIA for this analysis are only reliable if reporting from power plant operators

is reliable. Thus, the estimates of effluent temperatures are also only reliable if that

reporting is reliable. The energy balance models in this section were created on the

assumption that temperature, hours of operation, water and fuel used, and electricity

generated were reported accurately.

Error in the model could be attributed to variation in plant performance.

The model estimates monthly performance, but a plant might change behavior daily.

In the summer, a plant might increase its baseload in the summer for over-night

cooling. There might be other seasonal changes in power plant performance unable

to be estimated with the model. In addition, any changes in the weather such as
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non-linearities with wind speed could change power plant efficiency and cooling needs

beyond that captured in the intake temperature model, incurring errors in estimating

effluent temperatures with this model.

3.2.3 Use of the Energy Balance Model for Effluent Temperature

The plant-specific energy balance used to estimate effluent temperature could

be used to estimate current or future effluent water temperatures for power plants

concerned with exceeding their permitted effluent temperature limit or reduced cool-

ing efficiency.

In chapter 4, the plant-specific energy balances are used in tandem with the

plant-specific intake temperature models to estimate future effluent temperatures.
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Chapter 4

Modeled Power Plant Effluent Temperatures

between 2015 and 2035

Monthly average intake and effluent temperatures at thirty-three open-loop

and closed-loop cooling pond plants in the Gulf Coast Basin and the Upper Mississippi

River Basin were modeled based on historical intake and effluent temperatures to

estimate potential for concerns between 2015 and 2035.

Of plants modeled, most do not have average monthly effluent temperature

permits listed. Instead, concern at these plants would be about losses to plant effi-

ciency associated with higher intake temperatures or concern for the environment into

which the plants might discharge higher temperatures. Of the plants with permits

that were modeled in this study, none are expected to exceed their average monthly,

maximum daily, or average daily limits.

4.1 Results of Modeling Intake Temperature

Future climate estimates generated at Pacific Northwest National Laboratory

and upstream effluent temperatures modeled using equation 3.19 were used as inputs

to equation 3.1 to estimate future average monthly intake temperatures at thirty three

plants in UMRB and GCB. Of the thirty-three plants at which the intake temperature

model was applied, the model shows that twelve plants could face slightly elevated

intake temperatures between 2015 and 2035 compared to the 2010-2012 baseline used

in this analysis. Twenty-four plants could face average monthly intake temperatures
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Figure 4.1: Twelve of the plants modeled in this analysis, shown in red, could face
slightly elevated intake temperatures between 2015 and 2035 compared to the 2010-
2012 baseline.

in excess of 23.9 ◦C. Three of these plants are nuclear plants (Clinton Power Station,

Dresden Generating Station, and Quad Cities Generating Station) that could poten-

tially be concerned with rising intake temperatures. Each of the twelve plants with

elevated intake temperatures and the twenty-four plants with high average monthly

temperatures might face reductions in cooling efficiency as a direct result of these

high intake temperatures.

Nine of the thirty-three plants modeled could face average monthly intake

temperatures in excess of 32.2 ◦C. Four plants in the UMRB could face monthly intake

temperatures in excess of 37.8 ◦C, and one plant could face intake temperatures in

excess of 43.3 ◦C, a relatively common maximum daily effluent temperature limit at

other plants in the area. At such high intake temperatures, these plants are likely to

experience reduced cooling efficiency in summer months.
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Figure 4.2: Nine plants modeled in this analysis could face intake temperatures in
excess of 32.2 ◦C between 2015 and 2035.

4.2 Results from Modeling Effluent Temperature

Intake temperatures generated using equation 3.1 as well as average monthly

fuel input, net generation, withdrawals, and consumption between 2010 and 2012 were

used to estimate future average monthly effluent temperatures at thirty three plants in

UMRB and GCB using equation 3.19. Use of average monthly power plant operations

(fuel, generation, withdrawal, and consumption) is based on the assumption that

plants will operate at similar levels between 2015 and 2035 that they operated at

between 2010 and 2012. If these plants attempt to increase their electricity generation,

fuel input, withdrawals, and effluent temperatures could increase, as well, making

these plants more vulnerable to water stress.

Of the thirty-three plants at which the energy balance in Equation 3.19 was

applied, the model shows that nine plants could discharge slightly higher effluent

temperatures between 2015 and 2035 compared to the 2010-2012 baseline used in
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Figure 4.3: Despite generating at similar levels, fourteen of the plants modeled in this
analysis, shown in red, could discharge higher effluent temperatures between 2015 and
2035 compared to the 2010-2012 baseline.

this analysis.

While generating at 2010-2012 levels, fourteen of the plants in the UMRB

could discharge average monthly intake temperatures in excess of 37.8 ◦C between

2015 and 2035. Six of these plants could discharge at monthly effluent temperatures

in excess of 43.3 ◦C. While these plants do not have limits for their discharge, the

heated effluent could still impact the environment into which the cooling water is

discharged, including increasing the evaporation in a potentially water-stressed area.

Implications and potential mitigation techniques for low water levels and high

water temperatures are included in Chapter 5.
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Figure 4.4: Four of the plants in the UMRB could discharge average monthly intake
temperatures in excess of 37.8 ◦C. One of these plants could discharge at monthly
effluent temperatures in excess of 43.3 ◦C.
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Chapter 5

Mitigation Techniques

The collection of past incidences and potential for future issues highlighted in

this report indicates a pattern that could get worse under changing climate, lower

water flows, and increasing electricity demand. Rising water temperatures could be

of concern for a variety of reasons, including

1. intake temperature restrictions,

2. reduced efficiency in the cooling process, and

3. increased potential for exceeding effluent discharge temperature limits.

Each has its own implications as power plants might reduce power generation or

increase water withdrawals to confront any of these issues. However, high temper-

atures coupled with low water levels could eliminate the option to withdraw more

water. This section highlights how power plants and policy makers have dealt with

both high water temperatures and low water levels, as well as potential opportunities

to increase plant-level and grid-level resiliency. Because mitigation techniques are

site-specific, power plants and planning entities should evaluate the various solutions

available to find the best fit.

5.1 Plant-Level Response to High Water Temperatures

Due to the dependence on large amounts of water for cooling, power plants are

vulnerable to many water-related issues, especially the implications of low flows and
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warm waters. Certain power plants have run into drought- or heat-related issues in

the past causing them to curtail or halt generation. Other power plants have opted

to exceed their effluent temperature permits rather than curtail generation. This

section details some plant-specific and policy solutions to problems with elevated

water temperatures.

5.1.1 Reducing Power Generation

Curtailing power generation in proportion to the loss of cooling efficiency is a

common response to elevated cooling water temperatures. Due to frequent drought in

recent years, power plants in the Southeast have reduced their power output to avoid

using or discharging warmer water for cooling. In August 2007, due to drought and

higher water temperatures, Duke Energy curtailed operations at Allen Steam Station

and River Bend Steam Station, two of its coal-fired power plants in North Carolina.

In 2007, 2010, and 2011, Browns Ferry Nuclear Plant, a Tennessee Valley Authority

(TVA) plant in Athens, Alabama, reduced its power generation to avoid discharging

water at temperatures too high for the Tennessee River. TVA has reduced generation

at certain nuclear reactors for stretches nearing two months. These reductions did

not trigger power outages. However, replacement power costs reached an estimated

$50 million [86].

In summer 2010 in the Northeastern US, two power plants, Hope Creek Nuclear

Generating Station in New Jersey and Limerick Generating Station in Pennsylvania

reduced power generation due to elevated water temperatures in the Delaware and

Schuylkill Rivers. The warmer waters could not deliver adequate cooling for complete

operation [86]. Dominion’s Millstone Nuclear Power Station shut down one of two

reactors in August 2012 due to high intake water temperatures in Long Island Sound

[86]. The water body had reached its highest temperature since the facility began
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monitoring in 1971 [63]. No power outages were reported, but the two-week shutdown

resulted in the loss of 255,000 megawatt-hours of power [86].

Reducing power generation in response to high temperatures is not usually the

preferred solution for utilities and might create more problems. In Texas, with hotter

than average temperatures and lower than average flows, some power plants have had

to curtail electricity generation [65]. Consecutive days of record heat and drought

during the summer of 2011 caused power plant outages and curtailment, prompting

ERCOT to declare power emergencies [86].

5.1.2 Technological Solutions

To avoid curtailing electricity and supplement cooling provided by rivers and

reservoirs, plants might add cooling towers, helper cooling towers, or chillers [81]. F.

M. Wilkes Power Plant and J. R. Welsh Power Plant in Texas have such structures

[81]. To avoid these reductions at Browns Ferry, operators decided to add a small

auxiliary cooling tower on the discharge canal as a helper tower to cool the effluent

water before discharge. By using this auxiliary tower, operators at Browns Ferry

ensure they no longer have to suspend power generation on warmer days [86]. This

additional equipment carries a cost and a parasitic electrical load, though.

5.1.3 Increasing Temperature Limits

Instead of mitigating issues with high temperatures on-site, power plants op-

erating at high temperatures might seek to amend their permitted intake or effluent

temperature limits. In Texas, R. W. Miller Gas Plant and Coleto Creek Power Sta-

tion violated their effluent temperature limits between 2007 and 2011 [10,81]. Coleto

Creek has since been able to increase its permitted limit. Similarly, the effluent tem-

perature permit for Martin Lake Power Plant has been amended to allow the plant to
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discharge higher temperatures in the summer [10]. Millstone Nuclear Power Station

which shut down one of two reactors in August 2012 has since applied for and received

an operating license amendment from the NRC to use intake water at 80◦C rather

than 75◦C [15].

5.2 Plant-level Response to Low Water Levels

Power plants that run into problems with low water levels might respond in

different ways depending on plant design and available resources. This section details

some plant-specific solutions to problems with decreasing water availability.

Researchers at NETL have estimated that, of some 423 plants analyzed, 43%

of current power plants have cooling-water intake heights less than 10 feet below

the typical water level of their water source [9]. Under low flow conditions, these

power plants might not receive the water necessary for cooling. In response, power

plants can attempt to lower their intake pipes. However, intake rehabilitation can

cost millions of dollars, and, if this change occurs at a nuclear facility, the NRC must

review it. Moreover, even if a quick extension were possible, pipes can only be moved

so low before they begin to draw sediment, fish, or other debris that could clog the

system [63].

During a drought in the 1980s, Edwin Hatch Nuclear Power Plant in Georgia,

built a sandbag wall to divert water toward the intake pumps, creating a pool of water

for the pumps that kept the plant in operation [25]. The Alvin W. Vogtle Electric

Generating Plant, another nuclear plant in Georgia, planned to use the same solution

in the event that the Savannah River dropped below intake levels [25]. At another

plan in the Southeast, after renting barges and auxiliary pumps to withdraw cooling

water in response to the low water levels of the 2007 drought, McIntosh Power Plant,
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a natural gas plant in Alabama, installed a permanent auxiliary pump at a lower

depth in the Savannah River [25]. The North Anna Nuclear Power Plant in Virginia

added two extra feet of depth to their intake pipes to lower their minimum operating

depth from 74.4 to 73.8 m after a 2001 drought lowered water levels in Lake Anna, the

plant’s cooling water source, to 74.7 m, one foot above the intake [25]. In this case,

the company that built the intake structure could easily make the modifications, so

the process was relatively inexpensive. In response to decreasing water levels, Martin

Lake Power Plant has constructed a pipeline to divert water from Sabine River to its

lake [81]. The pipeline took a decade for the plant to permit and complete [81].

Other plants cannot make quick modifications and must instead curtail elec-

tricity generation. In the event of drought, the Robert W. Scherer Power Plant, a

coal plant in Georgia, plans to reduce electricity output relative to water supplies

until it could no longer operate [25].

Some power plants with available technologies might switch their prime mover

or cooling process to their more efficient technology. In response to low water levels

in its cooling source, Lake Colorado City, Morgan Creek Power Plant operated with

only its gas turbines [81]. Two power plants in Texas that rely on river water for

cooling have installed cooling towers in addition to their once-through systems for

use at times where their river supplies are lower than their water demand [81].

5.3 Policy Responses to High Temperatures and Low Water
Levels

Problems with high temperatures and low water levels cannot always be solved

at the plant level. Planners and policy-makers are integral to the process. Member

states of the Southern States Energy Board cited water availability as a key factor

87



in the power plant permitting process [19]. The Nevada State Engineer expressed

concern over the amount of water used for cooling in such a dry state [86]. In 2002,

because of possible effects on a nearby aquifer, Arizona prohibited construction of

a new power plant [19]. Moreover, in 2001, the Arizona Corporation Commission

(ACC) decided to stop two proposed gas-fired power plants, Big Sandy and Toltec, due

to concerns about groundwater pumping and intensifying existing ground subsidence

issues [17]. The ACC only approved the Arlington Valley power plant on the condition

that the plant recharge 1,000 acre-feet of water each year [17]. In 2010, the ACC

ruled that Hualapai Valley Solar LLC should use dry cooling or effluent rather than

groundwater due to concerns about water availability from the Hualapai Valley aquifer

[87].

With record high temperatures increasing electricity demand in Texas and

after three days of peak demands, the Electric Reliability Council of Texas (ERCOT),

the Independent System Operator for much of Texas, shed 1500 MW of interruptible

load on August 4 instead of responding with rolling blackouts [81]. ERCOT has

suggested in the past that it might bring mothballed plants on line to cover the lost

generation associated with plants de-rating to cope with high water temperatures [88].

In an effort to encourage planning for water supplies, ERCOT has begun requiring

new power plants to verify their water rights before it will include the power plants

in its planning models [65].

In Washoe County, Nevada residents opposed a coal-fired power plant’s planned

water use in 2005 [19], and in 2009, NV Energy abandoned its plans for Ely Energy

Center after local residents and environmentalists raised concerns over the proposed

use of 7.1 million gallons of water per hour at the coal-fired power plant [86].
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5.4 Designing for the Future

In making decisions for the future, utilities and developers of new power plants

can make use of water-smart practices by choosing efficient fuels, prime movers, and

cooling technologies to avert potential concerns with water availability and water

temperature in the future. Plant developers could also reduce fresh water use by

using alternative sources such as brackish water or treated wastewater. This section

explains some of those options.

5.4.1 Fuel and Prime Mover Choices

For gas power plants, choosing a combustion turbine or combined cycle over

traditional steam turbine reduces the water needed for cooling and the vulnerability

associated with that use [9]. When constructing an additional unit at a gas-fired plant

in Texas in 2009, NRG Energy, Inc. chose combined cycle instead of the steam cycle

because of the improved efficiency and lower water demand provided by combined

cycle technology [65].

Switching fuels could also reduce water demand. According to one study,

replacing Texas’ coal-fired power plants with natural gas combined cycle plants would

reduce water consumption by approximately 200 million m3 per year [89]. Other

states with coal-fired power plants could also see increases in water supply due to fuel

switching.

5.4.2 Cooling Technology Choices

Similarly, choosing a less water-intensive cooling process reduces water needed

for cooling, as well. Another study in Texas found that less water-intensive power

plant cooling technologies could reduce water diversions by 119–399 million m3 an-

nually in eleven of the state’s river basins [74]. The study found that implementation
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of dry cooling technologies achieves the most sizable increase in water availability,

but such installations incur an energy penalty [74]. Despite the energy penalty, a

planned coal gasification plant in Odessa, Texas intends to use dry cooling instead of

wet cooling due to water stress in the area [65].

Switching from open-loop to closed-loop cooling towers is often more achievable

because it also reduces withdrawals with less of a loss to plant generation efficiency

than use of dry cooling entails [74]. Plants in water-scarce West Texas are not more

vulnerable to drought than the wetter parts of the state because plants use cooling

towers rather than the cooling ponds common elsewhere [81]. Two plants in Texas

withdraw water directly from a river without storage, making them susceptible to

lower flows in the rivers, but each plant has the ability to switch from open-loop to

closed-loop cooling, trading slight energy penalty for the more water-efficient cooling

process [81]. Thus, the two plants could confront low water levels or high water

temperatures by deciding to use their alternate cooling technology.

5.4.3 Cooling Water Source Choices

Power plants at risk to lower water supplies might also consider augmenting

their current water supply. However, policies meant to protect the water supply of

current water users might hinder that acquisition or leave power plants with additional

supplies still vulnerable to drought. For example, acquiring a new water right in a

Prior Appropriation state might increase a plant’s water supply under normal flow

conditions, but under drought, the plant’s water right could be cut-off to supply more

senior water users. In a Riparian state, a plant with land abutting a river and thus

with right to the water would suffer a drought in the same proportion as its neighbors

with no secure water supply afforded to it. Plants relying on groundwater in Rule

of Capture states must ensure that their neighbors do not draw down their water
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supplies. Purchase of already appropriated water rather than new rights to over-

allocated streams, rivers, and aquifers can increase a plant’s water supply without

increasing the demand on stressed resources [90]. A plant would benefit most from

acquiring the most senior water right available.

The same power plants might also consider sourcing non-fresh water sources

including brackish water or reclaimed water [90,91]. Because brackish water is sourced

from groundwater, its temperature is not affected by surface temperatures to the same

extent that surface water is. One study integrated data on power plant and municipal

wastewater treatment plant operations in Texas to determine the feasibility of cool-

ing system retrofits [91]. Results indicated that sufficient reclaimed water resources

exist within 25 miles, a feasible piping distance, of 92 power plants in the sample of

125 plants [91]. Thus, reclaimed water could be used as a cooling water source for

these thermoelectric power plants. The potential for this type of water supply exists

elsewhere in the nation, especially for power plants near population centers. Another

study looked at eliminating fresh water use at power plants through the lowest cost

alternative cooling retrofit out of three choices: use of brackish water, reclaimed wa-

ter, or dry cooling [92]. The study found that of the 1178 power plants evaluated,

807 plants would retrofit to wastewater, 209 to dry cooling, and 140 to brackish

groundwater. Dry cooling retrofits are projected to be on average $12.31/MWh more

expensive than wastewater retrofits and $6.95/MWh more expensive than brackish

groundwater retrofits. Brackish groundwater retrofits are projected to be $1.35/MWh

more expensive than wastewater retrofits. The choice to retrofit to dry cooling was

driven by lack of nearby wastewater or brackish water sources [92]. The retrofits

would result in use of 10.9 Mm3 of wastewater, representing 7% of national supply,

and 2.4 Mm3 of brackish water, representing 2% of national supply.
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5.4.4 Planning Options

In a report for the Energy and Water in a Warming World Initiative, the Union

of Concerned Scientists highlighted multiple ways policymakers can avert problems

associated with energy and water. Public officials can use information on water use

for power to help owners of existing and proposed power plants avoid future problems

with water use [26]. Public utility commissions, entities that oversee utility plans and

plant proposals, can ensure these plans take water quantity and quality into account

to reduce impacts of power plants on water supplies and vice versa [26]. In 2010, the

Colorado Legislature decided to retire over 900 megawatts of coal-fired power plants

in favor of use of natural gas, renewable energy, and energy efficiency, saving water

in proportion to that used by about 50,000 citizens of the state [26].

5.4.4.1 Water and Energy Efficiency

Local, regional, state, or other planning authorities can alleviate stress on

power plants through other water- or energy-efficient measures. For example, use

of demand response or other measures to shave peak demands reduce the need to

run power plants near capacity, reducing the need for more water and the risk of

discharging water at temperatures higher than allowable. Smarter technologies could

help water and energy customers use their resources more efficiently. In general,

programs that reduce energy consumption also reduce the consumption of water em-

bedded in that energy [2]. In the same way, programs that reduce water consumption

also reduce the consumption of energy embedded in that water [2].

5.4.4.2 Renewable Energy

Choices about the future mix of plants used to generate electricity can ease the

tension between water and energy [26]y. Renewable energy technologies such as wind
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turbines and photovoltaic panels use little or no water and emit no carbon pollution

in producing electricity. However, not all renewable energy sources use less water

than fossil fuel generators [26]. Thermal renewable technologies such as geothermal,

biomass, and some concentrating solar plants rely on recirculating cooling systems.

Some withdraw more water per unit of energy than coal or nuclear plants. As shown

in Table 2.4, the average concentrating solar power plant using closed-loop cooling

towers withdraws more water per unit of energy than the average coal-fired power

plant with closed-loop cooling towers [26].
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Ongoing drought has revealed the vulnerability of thermoelectric power plants

to the risks of low water levels coupled with high water temperatures. High tempera-

tures can limit withdrawals at power plants with intake temperature safety restrictions

set by the Nuclear Regulatory Commission and cause the cooling process at impacted

power plants to become less efficient. Similarly, if the plant’s discharge temperature is

subject to temperature limits set through the National Pollutant Discharge Elimina-

tion System (NPDES) to protect the environment, the plant might not be allowed to

heat the withdrawn water to higher temperatures without exceeding those discharge

limits, which also causes de-rating of the power plant. At plants in areas of low water

availability, whether because of drought, over-allocation, or other constraints outlined

in this analysis, the ability to withdraw more water to compensate for the reduction

in cooling efficiency is restricted.

In this analysis, a model using a combination of linear regression on environ-

mental factors is used to estimate the intake temperature and a rate-based energy

balance on the mechanical system is used to estimate the effluent temperatures. For

the years modeled, 2010-2012, the linear regression estimates intake temperatures

within 2.1◦C of the observed values and the energy balance estimates effluent tem-

perature within 2.4◦C of the observed values. The combined model was then used to

estimate monthly average intake and effluent temperatures were then estimated for

94



the period 2015-2035. The intake model shows that twelve plants could face slightly

elevated intake temperatures between 2015 and 2035 compared to the 2010-2012 base-

line used in this analysis. One plant in the UMRB could also face monthly intake

temperatures in excess of 43.3◦C, a relatively common maximum daily limit at other

plants in the area. At such high intake temperatures, this plan is likely to experience

reduced cooling efficiency in summer months. The energy balance shows that fourteen

plants could discharge slightly higher effluent temperatures between 2015 and 2035

compared to the 2010-2012 baseline used in this analysis. Six plants in the UMRB

could also discharge at monthly effluent temperatures in excess of 43.3◦C. While these

plants do not have limits for their discharge, the heated effluent could still impact

the environment into which the cooling water is discharged, including increasing the

evaporation in a potentially water-stressed area.

There are many ways power plants mitigate issues with low water levels and

high temperatures. Designing plants for potentially scarce water resources and mak-

ing policies that protect water supplies and support energy resources will be necessary

in the future.

6.2 Future Work

The energy balance presented in this work is one step in assessing the vul-

nerability of certain thermoelectric power plants in the United States. Future work

intending to examine the impact of water constraints on power plants should enhance

the work in this thesis. An evaluation of the heat flows in each power plant, including

the heat lost to the stack, left in unspent fuel, and shed to the environment– those

values encompassed by the ratio, Rcombined, could improve the model. Similarly, an

evaluation of each plant’s specific seasonal Rcombined value would better tailor the
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energy balance to each plant. Further modeling of other areas of the United States

would highlight other plants that might be at risk to high intake or effluent tem-

peratures due to future changes in climate. Such an assessment would first require

modeling of future climate scenarios such as those conducted by PNNL that were

used in this analysis. In addition to the application of the energy balance to more re-

gions, future work could focus on adjusting the energy balance to accommodate more

power plants, specifically those employing closed-loop cooling towers. The adjust-

ment would require inclusion of the electricity required to power such towers. Future

work should also strive to integrate future resource planning for water and energy

such that engineering solutions inform policy decisions.
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