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Abstract

This paper seeks to understand the factors that go into the decision that a
power plant makes when choosing a cooling system, as well as the adaptations that
power plants make under drought conditions. I use a multinomial logit regression
model to demonstrate that water use and drought conditions are important factors
that plants consider in their cooling system choice. Additionally, I use a fixed
e↵ect panel data regression model to show that during droughts, power plants
with water-intensive cooling systems are likely to generate a lower proportion of
total energy demand than plants that use less water for cooling. The conclusions
of this study indicate that as climate change continues to cause more drought
throughout the US, plants will likely choose to implement cooling systems with
lower water use.
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I. Introduction

In August of 2012, Chicago was home to intense heat and drought, forcing all

water consumers in the city to diminish their use of water. This had an espe-

cially serious impact on the energy industry, the sector with the greatest water

use across the US. Power plants use water to cool their generating equipment,

which is a necessary portion of the energy generating process. Due to statewide

regulations from the Illinois Envieronmental Protection Agency, plants must allow

their discharge water to cool to a maximum of 90 degrees before returning to the

river. Because of the higher temperatures, however, the IEPA feared that plants

would be unable to continue generating electricity as the water would be unable to

cool enough after cooling the plant’s equipment. This would cause power plants to

scale back production, to the point that brownouts would be a risk throughout the

state. To this e↵ect, the IEPA issued special exceptions to four coal-fired plants

and four nuclear plants, allowing them to discharge up to 97 degree water into the

rivers. Plants were able to maintain generation levels, at the expense of increasing

risk to the ecosystems present in rivers and lakes (Meyers, 2012).

This case raises an interesting question: how do power plants plan for droughts

that may occur during their operations? The purpose of this study is to investigate

the rationale behind some of the decisions that power plants make, related to

drought conditions. Specifically, our interest is in the choice of cooling systems

that power plants employ to cool their water. There are a number of factors that

vary across cooling systems and may make the di↵erence in the final decisions

that these firms make. One of these, water use, is the main variable of interest

throughout this study. Therefore, we seek to understand the relationship between

the water use of various cooling systems and the choice of cooling system that a

power plant makes.

This relationship has become particularly relevant in the last several years, as
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droughts have become more frequent throughout the US as a result of climate

change (Intergovernmental Panel on Climate Change, 2007). Droughts decrease

the supply of water available to power plants for cooling, resulting in the scaling

back of production for power plants with water intensive cooling systems, as seen

in the 2012 case in Chicago. This causes firms to lose revenue and for costs to rise

for consumers.

Van Vliet et al (2012) analyzed the specific e↵ects that drought may have on

electricity supply, accounting for climate change in their analysis. The researchers

modeled the daily river flow and water temperature projections for Europe and

the US over the course of the 21st century. The model produced daily simulations

for the river flow and water temperatures based on two of the Intergovernmental

Panel on Climate Change’s scenarios in its Special Report on Emissions Scenarios

(IPCC, 2000). These simulations describe possible outcomes over the next century

for America as climate change continues, under the scenarios presented by the

IPCC.

Based on their simulations, van Vliet et al find that it will become increasingly

likely that flows will be below a certain threshold as climate change continues.

Specifically, the authors estimate a 4-12% decrease in low flows in the US by

the 2040s, with a 15-19% decrease by the 2080s. Additionally, an average water

temperature increase is estimated to be 0.7-0.9�C by the 2040s and 1.4-2.4�C by

the 2080s.

These findings are largely the basis for our research; if it is likely that the usable

summer capacity for thermoelectric generating plants will diminish significantly,

what role will this play in the determination of which cooling systems to use

at the plants? In this sense, our study analyzes the economics of van Vliet et

al’s research. We will investigate how the situation changes when allowing power

plants to adapt to new drought conditions, by determining the factors that go into

a power plant’s choice of cooling system.
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II. Industry Background

Before discussing the water use associated with energy generation, it is im-

portant to understand the basics of how electricity is generated in thermoelectric

plants.3 These plants generate heat, often by combustion of a fossil fuel such as

coal or natural gas, in order to convert water into steam. This steam then spins

a turbine, which drives an electrical generator to produce electricity. The steam

is then condensed and returned to the heat source to go through the process once

again. All of this water is in a closed system, and requires very little additional

water to make up for losses. The primary use of water is in the condensation

process, when external water is required in order to cool the steam in the closed

system so that it begin the process once again. Cooling systems, then, are the sys-

tems put in place to facilitate the condensation process. Our interest throughout

this study is in how power plants make the decision of which cooling system to

utilize (US Energy Information Administration, 2014).

While there are many types of thermoelectric power plants, in this study, we

will narrow our focus to only natural gas power plants. These plants use the

combustion of natural gas as their heat source for converting water into steam.

By limiting the fuel types of power plants that we consider, we simplify the choice

of cooling systems, which will allow us to make more meaningful observations

about the factors that go into a plant’s decision.

There are four major types of cooling systems that natural gas power gener-

ators use: once-through, recirculating, dry, and hybrid cooling systems (Natural

Resources Defense Council, 2014). We will view each separately, from the per-

spective of how it works, the cost associated with building the system, and the

water use required with the system.

First, we must explore the di↵erent ways that water can be used. There are

3Thermoelectric plants are power plants that use steam to spin a turbine in order to generate
electricity.
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four terms we will rely on to describe water use, and each di↵ers in important

ways. Diversion occurs when the water is moved from a watercourse without

immediate beneficial use (such as filling cooling pond, adding water to lake from

which withdrawals can occur). Withdrawal is when water is removed from a body

of water for beneficial use, such as cooling water. Consumption occurs when

the water is removed from the source, then is evaporated into the atmosphere in

the form of vapor. Discharge is when water is returned to a body of water (US

Energy Information Administration Form 860, 2012). The following equation is

an important relationship between each of these terms:

Withdrawal = Discharge + Consumption

The main variable of interest throughout this analysis is water withdrawal, due

to the fact that this value incorporates all water that is removed from a body of

water for beneficial use. Withdrawal is also regulated in each state by a state-

wide government agency, and is therefore the greatest concern for power plants

themselves.

In 2010, water withdrawals due to thermoelectric power resulted in 45% of the

total water use in the US, far greater than any other sector. The next highest

water use was due to irrigation, accounting for 33% of all water use. Interestingly,

total water use in 2010 was actually the lowest that it has been since before 1970,

with withdrawals due to thermoelectric power the lowest that they have been over

the same period. Table 1 demonstrates the trends in estimated water use in the

United States since 1950 (Maupin, 2014).

Table 1: Trends in Estimated Water Use in the US, 1950-2010 (billion gallons per
day) (Maupin, 2014)

Year

1950 1960 1970 1980 1990 2000 2010

Total withdrawals 180 270 370 430 404 413 355
Thermoelectric power 40 100 170 210 194 195 161
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In 2010, thermoelectric power water withdrawals still accounted for almost half

of the entire water use of the US (Maupin, 2014). This is a very high proportion,

especially given relatively frequent droughts that have occurred in recent years in

the western portion of the country. Tellinghuisen (2012) examines the impacts

that drought can have on the energy sector in her paper, using droughts in Texas

and Australia as case studies.

Before discussing the cases themselves, we must first understand the theoretical

e↵ects that drought can have on power plants. There are four major cooling

systems that we are interested in: once-through (wet), recirculating (wet), dry

(dry), and hybrid (wet/dry). We will briefly explore the details of each cooling

system.

a. Once-Through

In once-through cooling systems, cool water is taken from a nearby water

source, such as a river or lake, and used to cool the steam in the system. After

running through the system, this heated water is then discharged back into the

body of water from where it was taken. Due to regulations about the temperature

of the water that returns to the water source, there is often a cooling pond, where

the water is discharged, and cools to the point where it can be returned to the body

of water. Eventually, the water is returned at a temperature within a certain range

of the temperature at which it was withdrawn (this di↵erence in temperatures is

regulated at the state level and varies across states) (NRDC, 2014).

We are specifically interested in the water use required by once-through cool-

ing systems. In this type of cooling system, the vast majority of water used is

discharged (it is withdrawn and returned to the body of water), where a small

percentage is consumed through evaporation in the cooling pond. There are eco-

logical concerns with discharge water, as it raises the temperature of the water
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source, which can present issues for wildlife (NRDC, 2014). Meanwhile, the cost

of once-through cooling systems is generally much lower than other cooling sys-

tems. This low cost is generally what has driven utility companies to employ

once-through cooling systems in the past.

b. Recirculating

Recirculating cooling systems begin in the same way as once-through cooling

systems, where water is initially withdrawn from a nearby water source, and runs

through the system to cool the steam. However, instead of simply being put into

a cooling pond to be returned to the water source, recirculating systems send the

water to cooling towers. This water cools until it can be used again, when it is

sent back to the power plant to cool the steam once again (NRDC, 2014).

Recirculating plants have a much higher consumption rate than once-through

plants, since a significant portion of the water in the cooling towers evaporates into

the atmosphere. However, recirculating plants require much less water to be with-

drawn, as the system only needs to withdraw enough water to replenish the losses

due to evaporation. The main environmental issues associated with recirculating

plants are the potential for lower river levels, due to the consumption of water.

This is widely considered to be a less significant environmental threat than the

ecological issues caused by once-through power plants (NRDC, 2014). As for cost,

recirculating systems are generally more expensive than once-through systems.

The costs have become more competitive with once-through systems, especially

with increased regulation for water discharges, driving more utility companies to

choose recirculating plants.

c. Dry Cooling

The term dry cooling refers to cooling systems that do not rely on a water
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source to cool the steam in a generator. There are two main categories of dry

cooling, direct and indirect systems.

In a direct dry cooling system, steam from the turbine runs through a heat

exchanger, which cools down and condensates the steam into water. This water

is then directed back to the generator, where it is used again. These cooling

systems require very high capital costs and lower overall power plant performance,

especially on hot days. They do, however, use a small fraction of water compared

wet cooling systems.

In an indirect cooling system, the cooling water remains in a closed loop

throughout the cooling process. The steam is cooled using convection, to the

point that it condenses and can be run back through the generator. Again, these

systems require very high capital costs, but they do not reduce the plant’s perfor-

mance significantly (NRDC, 2014).

d. Hybrid Cooling

Hybrid cooling is designed as a combination of wet and dry cooling. During

cooler weather, hybrid cooling systems operate essentially the same as dry cooling

systems. During hotter seasons, however, they supplement their systems with wet

cooling in order to avoid the e�ciency losses that occur under purely dry cooling

(NRDC, 2014). Even when using partially wet cooling, hyrid systems use far less

water than either recirculating or once-through systems, making hybrid cooling

preferable in the presence of drought.

Hybrid systems are very similar to dry systems in cost, withdrawal, and con-

sumption, and are much more rare. Currently, there are only a total of five hybrid

cooling systems in operation in the US (EIA, 2014). Because of their rarity and

the similarity that hybrid systems have with dry cooling systems, we will often

group dry and hybrid cooling systems together during our analyses.
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The vast majority of plants in the US rely on once-through and recirculating

cooling systems, both of which are very water intensive. Macknick et al (2011)

modeled the typical water withdrawal and consumption at each type of thermo-

electric power plant, a result that is presented in Table 2 for natural gas power

plants.

Table 2: Water Withdrawal Factors for Natural Gas Cooling Technologies
(gal/MWh) (Macknick, 2011)

Fuel Type Cooling Technology Median Min Max

Natural Gas

Recirculating
Combined
Cycle

253 150 283

Steam 1,203 950 1,460
Combined
Cycle with
CCS

496 487 506

Once-through
Combined
Cycle

11,380 7,500 20,000

Steam 35,000 10,000 60,000
Dry Combined

Cycle
2 0 4

Due to the high water intensity of most cooling systems, droughts can have

a significant negative impact on the power that a plant can produce. For once-

through cooling systems, a drought can reduce the water levels and increase the

temperature of the body of water from which the plant withdraws. This can de-

crease the e↵ectiveness of the cooling, or even force the plant to stop withdrawing

water entirely, causing potential brownouts. For recirculating cooling systems,

droughts can shrink the size of the cooling reservoirs, thereby reducing the quan-

tity of water available for cooling and potentially causing power plants to scale

back their production (Tellinghuisen, 2014). We see this e↵ect occurring in the

example presented early in this paper, where the Illinois EPA was forced to issue

special exceptions for power plants in Chicago to discharge hot water back into

the water source in order to avoid brownouts (Meyers, 2012).

In another example, Tellinghuisen describes the e↵ects of a drought in Texas

in 2011, when sources of cooling water were at historic lows for almost 11,000
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Figure 1: Texas Heat Wave, August 2011: E↵ects of an Electricity Supply
Shortage in $/MWh (EIA, 2011)

MW of generating capacity. Texas regulators projected that up to 3,000 MW

of capacity may have been curtailed by May 2012, had the drought continued

(Electric Reliability Council of Texas, 2011). Fortunately, the drought did end

before that point, and there were not quite e↵ects to that scale: a small power

unit (24 MW) shut down entirely during the drought and a larger unit was forced

to curtail generation at night in order to maintain enough water supplies to cool

during peak hours of the day. Additionally, wholesale electricity prices skyrocketed

in August of 2011, to the point that at some point during five separate days of the

month, the wholesale hourly price hit the state’s cost cap of $3,000 per MWh. As

a whole, the entire month of August saw power prices rise far beyond the normal

August wholesale prices, as shown in Figure 1 (EIA, 2011).

In the introduction, we briefly discussed van Vliet’s study on the e↵ects of

drought on electricity supply after accounting for climate change. This study also

included an analysis of the e↵ects on usable electricity capacity for plants that

implement both once-through and recirculating cooling systems. For plants using

once-through cooling systems, the usable capacity was projected to decrease by
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12-16% by the 2040s, and for plants with recirculating cooling systems, the usable

capacity will likely diminish by 4.4-5.9% by the 2040s. The study did not analyze

the decrease in usable capacity for dry cooling systems, but because the water

use associated with these cooling systems is extremely low, it sees unlikely that

decreased water flows would not have a significant e↵ect on the usable capacity of

either of these cooling systems.

These findings demonstrate the e↵ect that climate change may have on plants

implementing any type of wet cooling system. In order to evaluate whether these

e↵ects are likely, however, we must investigate the economics of this research and

answer the question of how power plants will adapt to avoid the reductions in

their usable capacity.

III. Data

a. Description of Data

This study relied upon numerous data sources to provide accurate information

on utility companies, power plants, cooling systems, and drought conditions. Two

main data sources were used: the Energy Information Administration and the US

Drought Monitor.

1. US Energy Information Administration

The EIA requires utility companies to submit yearly and months forms on all

practices in order to continue running. The result is an abundance of data that

is publicly available. For this study, Forms 923 and 860 were used as the main

sources of data.

Form 860 is required by all electricity generators that have a nameplate ca-

pacity of at least one megawatt (MW) and are connected to the electricity grid.

The form is submitted by utility companies once per year, detailing generator-
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level specific information about current and planned generators. The form also

contains information about associated environmental equipment and, more specif-

ically, cooling systems. The main information of interest in Form 860 is the type

of cooling system that each electric generator utilizes, along with the year that

the cooling system was built and the total cost to date of the cooling system.

Form 923 is, similarly, required by all electricity generators with capacity of

one MW and connected to the grid. One main di↵erence between Forms 923

and 860 is that Form 923 requires that plants report some data for each month

of the year, even for plants in which the data is collected annually. We will

use monthly reports of electricity generation on a plant level, along with water

withdrawal, consumption, diversion, and discharge. Additionally, we will use the

annual reported value of the total installed capacity of each plant.

2. US Drought Monitor

The US Drought Monitor is the result of a partnership between the National

Drought Mitigation Center at the University of Nebraska-Lincoln, the US Depart-

ment of Agriculture, and the National Oceanic and Atmospheric Administration.

The collaboration tabulates drought conditions throughout the US each week to

come up with a clear picture of drought across the entire country. We are specifi-

cally interested in weekly state-level data on droughts throughout the US, dating

all the way back to 2000. Specifically, the data measures the percentage of a

given state that is under a drought at any point during a specified week. While

this is a somewhat crude measurement of whether a specific power plant is under

a drought, it does provide a fairly accurate estimate of the drought conditions

present for the region, therefore allowing us to investigate the relationships be-

tween drought conditions, water use, and cooling systems.

b. Descriptive Statistics
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In order to adequately perform an analysis of the factors that are taken into

account in the choice of cooling systems, there are a number of statistics that we

must understand. Table 3 gives a basic overview of the data between 2010 and

2012, describing the averages of six variables that are relevant to our analysis.

I will briefly describe each variable and how each varies across the three plants.

In each of these tables, we look only at natural gas plants that are currently in

operation in the US. There were a total of 1,714 natural gas plants in the US

in 2012, although many of these are small plants that provide power to a small

audience. We will limit our study to natural gas plants with a nameplate capacity

of at least 100 MW that were in operation in 2012, giving us a total of 527 plants

(US EIA, 2014). The data for these plants comes from EIA Forms 860 and 923,

as previously discussed.

Table 3: Cooling System Summary Statistics

(1) (2) (3)
Once-Through Recirculating Dry/Hybrid

Cost (thousand dollars) 9046 12922 47052
Capacity (MW) 825 859 843
Capacity Factor .231 .228 .188
Withdrawal (gallons per minute) 402 70 10
Consumption (gallons per minute) 1.6 4.9 1.0
N 170 337 20

Cost is one of the most di�cult variables to work with throughout this analy-

sis.4 For now, however, it su�ces to say that cost appears to behave as we would

expect for natural gas plants using each of the three cooling systems. Once-through

requires the lowest capital investment, while recirculating is approximately 30%

4This is because our cost data is not normalized to present day dollars. Plants simply report
to total real dollars to date that have been spent on construction and maintenance of their cooling
systems. This is an issue, because a system costing the same number of real dollars 50 years
ago and today are certainly of far di↵erent nominal value, but this distinction is not represented
in the data. Because of potential maintenance costs throughout the years, it is impossible to
accurately represent the nominal dollars spent on each cooling system based on the EIA data.
Therefore, in each of our regressions, we do not include cost as a regressor, even though it is
likely an important variable in the determination of which cooling systems to choose.
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more expensive in capital cost. Meanwhile, dry and hybrid cooling systems are

significantly more expensive, at more than five times the cost of once-through.

As for capacity and the capacity factor, there is a minimal amount of variation

between the three types of plants. Each average capacity is between 820 and 860

MW, while average capacity factor for each cooling type over the three year period

is between 18% and 24%. Power plants using recirculating cooling systems were

slightly higher in average capacity and plants using dry/hybrid systems were lower

in capacity factor but each set of plants was similar in both size and use.

Moving on to water use, Withdrawal and Consumption are both measured

as rates with a unit of gallons per minute. As expected, once-through plants

required far higher withdrawals than either recirculating or dry/hybrid plants.

Recirculating plants came next in water withdrawals, with dry and hybrid plants

in a distant third. As for consumption, recirculating plants consumed the most

water, due to the use of cooling towers as a main cooling technology. Neither

once-through nor dry/hybrid plants required much consumption. These water use

statistics reflect our expectations, as described in the Technical Details section.

Figure 2 gives a summary of drought conditions in each state, in 2010 through

2013. For the purposes of this study, the term drought refers to a week that is

abnormally dry, or put into a classification of “D0” by the US Drought Monitor.

This classification is caused by short-term dryness leading to a slowing of planting

and growth and will result in some lingering water deficits.5 The measured variable

in our study is the percentage of a state that was under drought in a given week,

averaged throughout the year. Unsurprisingly, western states such as California,

Nevada, Utah, New Mexico, and Texas were particularly prone to drought in

2012, due to the drought that occurred in that year. The extent of the drought

is, however, somewhat surprising. For more than half of the US in the year 2012,

5There is no current consensus on a definition of drought from a numerical standpoint. For
more information on the di↵erent classifications of drought, see the US Drought Monitor’s clas-
sification scheme in the References section.
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Figure 2: State Drought Conditions, 2010 to 2012
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Figure 3: Vintage of Cooling Systems Operating Between 2007 and 2012 (EIA,
2014)

some form of drought was occurring in 2012, compared with under 30% in 2010.6

Figure 2 gives the number of cooling systems built in each year, which were

in operation between 2007 and 2012. This figure demonstrates how recirculating

cooling systems are being used much more than they previously were. It is im-

portant to note that power plants can retrofit once-through cooling systems to

become recirculating systems. While this process can be costly, it significantly

decreases the water use of the cooling system. Additionally, this figure shows the

increased use of dry cooling since 1990, as the technology became more feasible

and less costly.

IV. Research Design

In this analysis, we can think of the water use at power plants as having two

major components: the first is discrete choice of cooling system, while the second is

based in the operational decisions that determine water withdrawals. The discrete

6All drought data used is a state-wide statistic. While this statistic give some idea of the
likely drought conditions of a particular power plant, it does not necessarily accurately represent
the true drought conditions of the plant. In the vast majority of cases, however, the drought
conditions throughout a state will reflect the specific conditions at a specific plant, giving us a
fairly accurate estimate of the drought conditions at the plant itself.
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choice of cooling system is generally a decision made at the initial construction of

the plant, and will only change with a major retrofit to the entire system. The

operational decisions, however, will vary even over the course of a week, based on

the plant’s output, the temperature, and a number of other factors.

In this study, we use separate regression models to estimate each component

of a plant’s water use. We begin with our model for the variation within a given

plant caused by decisions made on the operations of the plant. There are two main

decisions that a plant make that interest us: the energy that a plant is willing to

generate and the quantity of water that the plant deems necessary for cooling.

This model will attempt to discern which (if any) action a plant chooses to take

when facing increased drought conditions. Each portion of the model relies on a

simple OLS regression of the following form:

Withdrawalsit = �0 + �1*Drought + �2*i + �3*t + ✏it

NetGenerationit = �0 + �1*Drought + �2*i + �3*t + ✏it

It is important to note that our design of this regression takes into account fixed

plant and time e↵ects. In the regression model, i represents the plant number,

while t represents the time. Without these terms, there may have been correlation

between the error term and the drought term, resulting in biased estimated of

the e↵ect of drought. By using the fixed plant and time e↵ects, we control for

unobservable plant-level characteristics that do not change over time, as well as

changes over time that a↵ect all plants equally.

In this regression, Withdrawals is a rate in the form of gallons per minute

per kilowatt-hour. This variable is self-reported in EIA Form 860 on a monthly

basis. Meanwhile, Net Generation measures a plant’s monthly net generation,

as reported in EIA Form 923. Finally, Drought represents the percentage of the
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power plant’s state that was under some form of drought.7 Because this data is

given on a weekly basis, we average the values in each month to give a monthly

drought statistic.

The analysis uses data from 2010-2012, giving us a total of 36 months of data

on withdrawals, net generation, and drought for each plant. In this period, there

was at least one major drought across the US (in the summer of 2012), ensuring

that there will be su�cient variation in Drought over the three-year period. Based

on these regressions, we should be able to discern the operational decisions that a

plant makes to respond to increased drought conditions.

The second model used in this study analyzes the discrete choice of cooling

system on the basis of drought conditions and water withdrawals. This model

uses a alternative specific conditional logit regression8, which fits McFadden’s

choice model. The strength of this model is that it allows for multiple types

of independent variables: those that stay constant for the same cooling system

but vary across plants, those that vary across cooling system but remain constant

for each plant, and those that vary across both cooling systems and plants.

In this model, our dependent variable, called Choice, determines the cooling

system that is used at each plant. One independent variable is Withdrawal, which

again measures the withdrawal rate of the plant in gallons per minute per kilowatt-

hour. Additionally, Drought is a case-specific independent variable that measures

the percentage of the power plant’s state that was under some form of drought at

the time of observation. In this model, we use data from 2010 through 2012 for

each natural gas power plant.

The alternative specific conditional logit regression generates a likelihood func-

tion, to determine how the independent variable contribute to the choice in cooling

7One limitation of the data is that we only use drought data between the years 2010 and
2012 for this analysis. We assume that regions that are drought-prone in this period will also
have been historically more prone to drought.

8See Stata’s manual in our References section for more details on this regression model.
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system. Specifically, the model will describe how Drought a↵ects the cooling sys-

tem choice, accounting for the change in the withdrawal that occurs across di↵erent

cooling systems. Once-through cooling systems will be treated as a base case, so

that all interpretation of other cooling system types will determined relative to

once-through cooling systems.

It is important to note that there are a number of factors that go into the

the decision of which cooling system a plant may choose, some more limiting that

others. Regulations regarding water withdrawals and discharge temperatures that

vary from state to state may have di↵erent impacts in di↵erent states on how

plants make their decision. These regulations may limit a plant to certain cooling

systems, resulting in the plant having fewer choices to consider for their cooling

system. Despite these potential limitations, we will assume that a power plant

has the option of choosing each of the four cooling systems.9

V. Results

The results of the three regressions are shown in Tables 5 through 7. Tables

5 and 6 are dedicated to the analysis of within-plant e↵ects of drought on water

withdrawals. These regressions are divided among the two tables: Table 5 is

dedicated to the model with Withdrawals as our dependent variable, while Table

6 is devoted to the regression with Net Generation as the dependent variable.

Each table follows the same format: the coe�cients on Drought in Table 5

represent the variable �1, as written in our model above, while the coe�cients on

Drought in Table 6 represent �1. These are the primary variables of interest, as

they describe how power plants respond to changing drought conditions, either

through altering their withdrawal rates or by scaling back their production.

In each of the three cooling systems, �1 is not statistically significant, indicating

9This is a fair assumption, as no states have specifically banned the use of a particular cooling
system. Plants do have a legitimate choice among the four cooling systems, even if a state’s
regulations and drought conditions make a specific cooling system impractical to implement.
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Table 4: Panel Regression of Drought on Withdrawal

Once-Through
Withdrawal rate

Coe�cient Std. Err. p-value

Drought .592 .585 .311
Constant 39.4 31.8 .216

Observations 5447

Recirculating
Withdrawal rate

Coe�cient Std. Err. p-value

Drought -.026 .065 .689
Constant 6.63 4.12 .108

Observations 10240

Dry/Hybrid
Withdrawal rate

Coe�cient Std. Err. p-value

Drought -.0109 .00812 .181
Constant 1.45*** .402 .00036

Observations 466

Table 5: Panel Regression of Drought on Net Generation

Once-Through
NetGen

Coe�cient Std. Err. p-value

Drought 4.47 28.4 .875
Constant 156000*** 1540 0

Observations 5564

Recirculating
NetGen

Coe�cient Std. Err. p-value

Drought 71.4** 23.2 .00214
Constant 164000*** 1470 0

Observations 10700

Dry/Hybrid
NetGen

Coe�cient Std. Err. p-value

Drought 286*** 69.0 .0000406
Constant 96000*** 3680 3.65e-97

Observations 545
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that plants are unlikely to alter their withdrawal rates on the basis of increased

drought conditions. This may be because altering the withdrawal rate reduces the

e�ciency of the plant, thereby decreasing the plant’s profits significantly.

Meanwhile, the di↵erences between �1 in each type of cooling system are il-

luminating. At once-through plants, �1 is positive but insignificant, giving us

little indication of whether or not plants with once-through cooling systems are

likely to curb their production as drought conditions increase. However, for both

recirculating and dry cooling plants, �1 is positive and significant. In fact, for

plants with dry cooling, the coe�cient is about four times the that of plants with

recirculating.

There are a couple of important takeaways from these results: first, total net

generation rises as drought conditions increase. This is likely due to increased

temperatures that cause energy consumers to turn on their air conditioners and

increase their energy use. Secondly, and more importantly for the purposes of this

analysis, as drought conditions increase, a higher proportion of energy is generated

by plants whose cooling systems use less water. This is evidenced by �1 being

insignificant at plants using once-through (highest water use), and being significant

and rapidly increasing in magnitude at plants that use less water for cooling. We

can then infer that plants with lower water use are more willing to generate energy

under drier conditions. Meanwhile, plants employing once-through systems find

it more costly to continue to generate under drought conditions, giving them a

lower proportion of total energy supply.

Table 7, meanwhile, is dedicated to the second regression in this study – an

analysis of the choice of cooling system that a power plant makes. In this table,

once-through is the base case, while recirculating systems are represented by 2,

dry cooling systems are represented by 3 and hybrid cooling systems by 4. This

table demonstrates the e↵ect that an increase in drought conditions has on the

choice of cooling system that a power plant makes. The most significant takeaway

20



from this section is that an increase in drought conditions makes it significantly

more likely (p = 2.81e-08) that a power plant will choose a recirculating cooling

system (2) compared with a once through cooling system (1).

Table 6: Multinomial Logit Model Withdrawal

(1)
Choice

Coe�cient Std. Err. p-value

CoolingSys
withdrawal per kwh -.0129 .120 .914

2
Drought .0331*** .00595 2.81e-08
Constant -.732** .274 .00748

3
Drought .0289 .0160 .0701
Constant -3.59*** .775 3.64e-06

4
Drought -.000121 .0310 .997
Constant -3.75** 1.29 .00352

Observations 2108

The explanation for this result is fairly straightforward: an increase in drought

conditions causes water resources to be less abundant in a given region, making

water supplies vulnerable to high temperatures and any thermal pollution. This

vulnerability can cause plants to be forced to scale back production or even shut

down entirely to comply with regulations.Therefore, it is more cost e↵ective where

drought is prevalent for plants to choose recirculating cooling, which has higher

capital costs than once-through but will prove to ultimately be more profitable in

the long run.

For dry cooling systems, the coe�cient is positive and significant at 90% con-

fidence (p = 0.07), making it fairly likely that with greater drought conditions,

a power plant will choose dry cooling over once-through. For hybrid plants, the

coe�cient is statistically insignificant (p = 0.997), likely due to the fact that there

are too few hybrid plants in the data to determine significant results.
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The result for dry cooling systems indicates that there is another significant

factor outside of drought conditions that plays a role in a plant’s decision to choose

dry cooling – cost. Because the capital costs of dry cooling systems are so high, it is

not necessarily clear that increased drought conditions will cause the choice of dry

cooling over once-through. As the cost of dry cooling continues to become more

competitive with other cooling systems, it is likely that more plants in regions with

high drought intensity will choose dry cooling systems. At the moment, however,

it is a rarity for natural gas plants because of the high cost.

As for hybrid cooling systems, there are not enough observations to make any

significant observations from this analysis. Currently, it is simply a technology

that is only used extremely rarely with natural gas power plants, resulting in

insignificant results in this study.

VI. Conclusions

The results of this study indicated that concerns regarding water use are im-

portant factors in a power plant’s choice of cooling system. Specifically, power

plants in regions with higher drought prevalence were significantly more likely to

choose recirculating cooling systems over once-through cooling systems. Similarly,

it was likely that plants in these areas would have a higher probability of choosing

dry cooling systems compared with once-through system. These results demon-

strate that in the long run, the higher capital costs of recirculating and dry cooling

systems can be outweighed by the increase in profit that occurs over the life of the

plant as a result of decreasing the plant’s water use.

While this discrete choice of cooling system was influenced by drought condi-

tions, the operational decisions that determine the other component of a plant’s

water use were not a↵ected by drought conditions in a very di↵erent way. In gen-

eral, plants were not likely to change their withdrawal rate as a result of increased
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drought conditions. However, the proportion of energy produced by once-through

plants declined as drought conditions increased, and recirculating and dry cooling

plants saw significant increases in their net generations. This demonstrates that

plants implementing recirculating and dry cooling systems were able to continue

producing more energy as the drought conditions worsened, while once-through

plants were forced to limit their generation due to higher temperatures and lower

river flows.

Looking forward, it is likely that as climate change continues to cause more

drought throughout the US, plants will continue to choose cooling systems that

require lower amounts of water withdrawals. This is consistent with the trends that

we have seen over the last forty years, as recirculating power plants have become

more popular as a result of decreasing cost and lower water availability. Therefore,

despite the expected lower water flows that are expected due to climate change,

it seems likely that power plants will continue to adapt by implementing cooling

systems that require less water, rather than simply curbing their generation or

shutting down during droughts.

References

[1] Department of Environmental Quality. “Part 4. Water Quality Stan-

dards”. http://www7.dleg.state.mi.us/orr/Files/AdminCode/102 80 AdminCode.pdf

[2] Dorijets, Vlad. 2014. “Many newer power plants have cooling

systems that reuse water” U.S. Energy Information Administration.

www.eia.gov/todayinenergy/detail.cfm?id=14971.

[3] Electric Reliability Council of Texas. 2011. “ER-

COT News: October Board Meeting Highlights”.

http://www.ercot.com/news/press releases/print/451.

23



[4] Fleischli, Steve and Becky Hayat. 2014. “Power Plant Cooling and As-

sociated Impacts: The Need to Modernize U.S. Power Plants and Protect Our

Water Resources and Aquatic Ecosystems” Natural Resources Defense Council.

http://www.nrdc.org/water/files/power-plant-cooling-IB.pdf.

[5] Harto, C.B. and Y.E. Yan. 2011.“Analysis of Drought Im-

pacts on Electricity Production in the Western and Texas Inter-

connections of the United States” Argonne National Laboratory.

http://www.ipd.anl.gov/anlpubs/2012/02/72096.pdf.

[6] Intergovernmental Panel on Climate Change. 2000. “IPCC Spe-

cial Report: Emissions Scenarios”. https://www.ipcc.ch/pdf/special-

reports/spm/sres-en.pdf.

[7] Intergovernmental Panel on Climate Change. 2007. “Climate Change

2007: Working Group II: Impacts, Adaptation, and Vulnerability: 3.4.3 Floods

and Droughts”. http://www.ipcc.ch/publications and data/ar4/wg2/en/ch3s3-

4-3.html

[8] Macknick, Jordan, Robin Newmark, Garvin Heath, and KC Hallett.

2011. “A Review of Operational Water Consumption and Withdrawal Factors

for Electricity Generating Technologies” National Renewable Energy Laboratory.

http://www.nrel.gov/docs/fy11osti/50900.pdf.

[9] Maupin, Molly A., Joan F. Kenny, Susan S. Hutson, John K.

Lovelace, Nancy L. Barber, and Kristin S. Linsey. 2014. “Esti-

mated use of water in the United States in 2010” U.S. Geological Survey.

http://pubs.usgs.gov/circ/1405/pdf/circ1405.pdf.

[10] Meyers, Erin and Julie Wernau. 2012. “Power plants releasing

hotter water” Chicago Tribune. http://articles.chicagotribune.com/2012-08-

24



20/news/ct-met-nuclear-water-20120820 1 power-plants-midwest-generation-

plant-operators.

[11] Stata. “asclogit - Alternative-specific conditional logit (McFadden’s choice)

model” Stata. http://www.stata.com/manuals13/rasclogit.pdf.

[12] Tellinghuisen, Stacy. 2012. “A Powerful Thirst: Managing the Electric-

ity Sector’s Needs and the Risk of Drought” Western Resource Advocates.

http://www.westernresourceadvocates.org/media/pdf/powerfulthirstreport2012.pdf.

[13] van Vliet, Michelle T.H., John R. Yearsley, Fulco Ludwig, Stefan

Vogele, Dennis P. Lettenmaier, and Pavel Kabat. 2012. “Vulnerability of

US and European electricity supply to climate change” Nature Climate Change.

[14] U.S. Energy Information Administration. 2011. “Texas Heat Wave,

August 2011: Nature and E↵ects of an Electricity Supply Shortage”.

http://www.eia.gov/todayinenergy/detail.cfm?id=3010.

[15] U.S. Energy Information Administration. 2010-2012. “Form EIA-923”

http://www.eia.gov/electricity/data/eia923/ (accessed November 12, 2014).

[16] U.S. Energy Information Administration. 2010-2012. “Form EIA-860”

http://www.eia.gov/electricity/data/eia860/ (accessed November 12, 2014).

[17] U.S. Energy Information Administration. 2014. “Many

newer power plants have cooling systems that reuse water”.

http://www.eia.gov/todayinenergy/detail.cfm?id=14971

[18] United States Drought Monitor. 2000-2013. “Percent Area in

U.S. Drought Monitor Categories” The National Drought Mitigation Cen-

ter http://droughtmonitor.unl.edu/MapsAndData/DataTables.aspx (accessed

January 21, 2015).

25



[19] United States Drought Monitor. “U.S. Drought Moni-

tor Classification Scheme” The Nation Drought Mitigation Center

http://droughtmonitor.unl.edu/AboutUs/ClassificationScheme.aspx.

26


